Studies of the photoionization cross sections of CH 4
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We present cross sections and asymmetry parameters for photoionization of the lt2 orbital of
CH 4 using static-exchange continuum orbitals of CH/ to represent the photoelectron wave
function. The calculations are done in the fixed-nuclei approximation at a single internuclear
geometry. To approximate the near-threshold behavior of these cross sections, we assumed
that the photoelectron spectrum is a composite of three electronic bands associated with the
Jahn-Teller components of the distorted ion. The resulting cross sections reproduce the sharp
rise seen at threshold in the experimental data and are in good agreement with experiment at
higher energy. The agreement between the calculated and measured photoelectron asymmetry
parameters is, however, less satisfactory.

INTRODUCTION

The high symmetry of the CH 4 molecule with its
1a~2a~ 1ti,. 1t~Y 1t~z electron configuration suggests that
many of the electronic properties of its valence orbitals could
be thought of qualitatively and, to some extent, quantitatively in terms of a neon-like model. 1 In fact, models using scaled
2p atomic orbitals were used earlier to estimate the photoionization cross section of the 1t2 orbital of methane. 2
Available experimental data3 •4 shows, however, that the 2p
and 1t2 cross sections ofNe and CH 4 , respectively, are significantly different both in shape and magnitude. For example,
the 1t2 cross section of methane rises steeply near threshold
and reaches a peak value four to five times larger than that of
neon and falls off rapidly with photoelectron energy. The 2p
photoionization cross section of neon, in contrast, behaves
quite differently. These features are illustrated in Fig. 1(a).
We have recently extended the iterative Schwinger variational method, 5 which has been used to study the photoionization cross sections and photoelectron angular distributions of many linear molecules, 6 to certain classes of
nonlinear molecules including systems such as H 2 0, CH4 ,
C 2 H 4 , and C 2 F 2 H 2 •7 In this paper we present the results of
applications of this method to study the photoionization
cross sections and photoelectron angular distributions of the
1t2 orbital of CH 4 • These cross sections and asymmetry parameters are obtained in both the length and velocity approximations using static-exchange frozen-core continuum
orbitals of CH/ to represent the photoelectron wave function. The calculations are done in the fixed-nuclei approximation and at one internuclear geometry. These cross sections agree well with those obtained by Cacelli eta/. 8 using a
one-center representation of the molecular wave function
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and the Stieltjes imaging technique, again with just functions
centered on carbon. Experimental data on the 1t2 orbital, 9
however, shows that the Jahn-Teller effect plays a role in
near-threshold structure of the photoionization spectrum of
CH4 • To approximate this behavior near threshold, we used
our calculated fixed-nuclei cross sections at a single tetrahedral geometry but assumed that the photoelectron spectrum
is a composite of three electronic bands associated with the
Jahn-Teller components of the 2 T2 ion of CH4 with respective maxima at 13.5, 14.5, and 14.8 eV. 9 The Franck-Condon factors associated with these Jahn-Teller distortions
can be expected to lead to a sharp rise in the cross section
near threshold. The calculated cross sections agree well with
the measured values of Backx et a/. 3 For example, they reproduce the sharp increase and prominent, but broad, maximum seen in the experimental cross sections within 5 eV of
threshold. Experiments with adequate photoelectron kinetic
energy resolution to resolve vibrational structure within
these Jahn-Teller components near threshold could provide
considerable insight into the photoionization dynamics of
CH4 • The agreement between the calculated and measured
photoelectron angular distributions 10 is, however, less satisfactory.
For purposes of comparison, we have also obtained
cross sections and photoelectron angular distributions for
the 2p orbital of neon using the same numerical procedures.
Our calculated cross sections and photoelectron angular distributions agree well with the experimental values ofMarr et
a/. 4 and Codling eta/., 11 respectively, as well as with previous Hartree-Fock calculations. 12 A comparison of these
results with those of methane shows that the molecular nature of the 1t2 orbital in CH4 leads to photoionization cross
sections significantly different from those of the 2p orbital of
neon.
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lecular ion. The photoelectron orbital ~k satisfies appropriate boundary conditions and we have chosen the normalization (~k l~k') = 8(k- k'). For ionization of closed-shell
targets, ~k can be assumed orthogonal to the ion orbitals
without loss of generality. 13
To solve Eq. (2) we work with the corresponding integral equation,
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where ~~ is a pure Coulomb scattering wave, G ~ - > is the
Coulomb Green's function, and U is twice the static-exchange potential with the long-range Coulomb potential of
the ionic core removed. The partial wave component t?,!jh of
~k• i.e.,
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where Xfl:(k) is a symmetry-adapted angular basis function,14
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FIG. 1. (a) Crosssectionsforphotoionizationofthe lt2 orbitalofCH4 and
the 2p orbital ofNe: -, present results for CH4 (dipole length); ---, present
results for CR. (dipole velocity). See the Results and Discussion section for
discussion of step-like behavior at threshold; 0, experimental data ofBackx
eta/. (Ref. 3) for CH4 ; - • - , present results for Ne (dipole length); 0, experimental data of Marr eta/. (Ref. 4) for neon. (b) Photoelectron asymmetry parameters for photoionization of the 1t 2 orbital of CH4 and the 2p
orbital ofNe: -,present results for CH4 (dipole length); ---, present results
for CH4 (dipole velocity); .[)., experimental data ofMarr eta/. (Ref. 10) for
CH4 ; -•-, present results for Ne; 0. experimental data of Codling et a/.
(Ref. 11) for Ne.

and S Pf.jh is a corresponding symmetry-adapted partial wave
component of the Coulomb function.
We solve Eq. ( 5) by an iterative procedure which begins
by approximating the short-range potential Uby a separable
potential of the form
(riUir') =

L (riUia;)[U-']ii(ajiUir'),

(7)

a 1,a1

where a; and aj are appropriate basis functions, which need
not satisfy scattering boundary conditions, and
Uii = (a; IU Iaj). With this separable approximation for U,
the solution of Eq. ( 5) can be written as

(/l',:jh (r) = Sf:.ih (r)

+ ,L (riG~- >ula;) [D -'Jii
aflaJ

(8)

THEORY

The rotationally unresolved, fixed-nuclei photoionization cross section is given by
4~m
2
u=~l(\f/;(r;R)IJJ.I\f/f(r;R))I,

(1)

where
Dii = (a;IU- UG~->Uiaj).

Equation ( 8) provides an approximate solution

(9)

kth to the

t/l',:jh ofEq. (5). We have developed an iterative procedure
where J1 is the dipole moment operator and m the photon
frequency. In Eq. ( 1), \f/; represents the initial state of the
molecule with N bound electrons and \flf the final state with
a photoelectron in the electronic continuum. For the initial
state we use a Hartree-Fock wave function. For the final
state we assume the frozen-core approximation in which the
orbitals of the (N- 1) electrons of the molecular ion are
taken to be identical to those of the neutral molecule and the
photoelectron wave function is a continuum solution of the
one-electron Schrooinger equation,
[ -l/2V2 + VN_dr,R) -k 2/2]~k(r,R) =0,

(2)

where VN _ 1(r,R) is the static-exchange potential of the mo-

for obtaining converged solutions of Eq. ( 5). 13 To ensure
convergence of the photoionization cross sections, we used
photoelectron orbitals obtained after three steps in this iterative procedure.
COMPUTATIONAL DETAILS

Methane

The ground state SCF wave function of methane, with
an electronic configuration lai2aitt~('A 1 ), was obtained
in a ( 9s5p,4s) I [4s3p,3s] Cartesian Gaussian basis of Dunning. 15 For tetrahedral geometry and an equilibrium C-H
bond distance of2.0503 a.u., our basis gives an SCF energy
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of- 40.185 831 a.u. Forthebasisfunctions{a;}, inEq. (8)
we chose Cartesian Gaussian functions defined by
r/Ja,l,m,n,A(r)

z

= N(x- Ax )l(y- Ay )m(z- Az )n
xexp(- a\r- A\ 2 ).

(

10)

The basis sets used in solving for the photoelectron continuum orbitals are listed in Table I. All matrix ~lements arising
in the solution of Eq. ( 8) were evaluated using single-center
expansions about the carbon atom. The partial wave expansion of the photoelectron orbital, Eq. ( 4), was truncated at IP
= 7. Other parameters used in the required partial wave
expansions were as follows:
(i) /m =maximum I included in the expansion of the
scattering functions and of the Coulomb Green's function= 7;
( ii) I ~x = maximum I included in the expansion of the
scattering function in the exchange terms = 7;
(iii) I ~x = maximum I included in the expansion of the
occupied orbitals in the exchange terms= 7;
( iv) 11ir = maximum I included in the expansion of the
occupied orbitals in the static potential= 7;
( v) A. : = maximum I included in the expansion of 1/
r 12 in the exchange terms= 7;
(vi) A. = maximum I included in the expansion of 1/
r 12 in the static potential= 13.
The grid for quadrature of the radial integrals consisted of
400 points and extended to 44.8 a.u. with a step size varying
from 0.01 a.u. near the origin up to 0.64 a.u. at larger distances.
It is convenient to carry out these calculations in the C2 v
symmetry group. In these calculations we assume the orientation of the CH4 molecule to be as illustrated in Fig. 2.
Accordingly, the triply degenerate 1t2 orbital transforms to
b 2, b 1, and a 1 orbitals. The photoionization cross section is
then obtained by summing over the dipole-allowed

:r
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y

FIG. 2. Orientation of methane assumed in calculations.

components: h2 -+ka 1,ka2 ,kb2 ; b 1 -+ka 1,ka2 ,kb 1; and
a 1 -+ka 1,kb 1,kb2 •
As a confidence check on the computer codes used in
these calculations and to assess the convergence of the corresponding partial wave expansions, we obtained cross sections for photoionization of the 1b2 bonding orbital of linear
H 20 with procedures we have used previously for many linear molecules. 6 The partial wave expansions used in these
"linear" codes were approximately four times as large as
those in our present calculations on methane. The resulting
cross sections and asymmetry parameters and those obtained for H 2 0 with a bond angle of 179.9• using our present
procedures, with their smaller partial wave expansions, were
nearly identical.
RESULTS AND DISCUSSION

TABLE I. Basis sets used in obtaining photoelectron orbitals from Eq. ( 8).
Continuum
symmetry
Methane
AI

A2

Bl

B2

Center

Type of Gaussian
function

c
c

z

Hl;H2
H3;H4

s
s

s

c

xy

Hl;H2
H3;H4

X

y

c

y

Hl;H2
H3;H4

s

c

y
X

Hl;H2
H3;H4

X

Neon
s

Ne

s

d

Ne

d

s

Exponents

5.4, 1.8,0.6,0.2
1.2,0.4
1.2,0.4
1.2,0.4
7.2,2.4,0.8,0.27
1.2,0.4
1.2,0.4
7.2,2.4,0.8,0.27
1.2,0.4
1.2,0.4
7.2,2.4,0.8,0.27
1.2,0.4
1.2,0.4
16.0,8.0,4.0,2.0
1.0,0.5
16.0,8.0,4.0,2.0
1.0,0.5

Figure 1(a) shows our calculated photoionization cross
sections for the 1t2 orbital of methane along with the experimental data of Backx eta/. 3 The cross sections shown here,
in both the length and velocity form, were calculated at the
equilibrium internuclear geometry of methane and assume
that the photoelectron spectrum is made up of three electronic bands with maxima at 13.5, 14.5, and 14.8 eV, respectively resulting from the Jahn-Teller distortion of the 2 T2 ion
of CH4 •9 The actual cross sections used in each of these intervals were obtained from the fixed-nuclei 2 T2 ion calculation.
This procedure builds in step-like behavior very near threshold and gives essentially the same cross sections above - 18
eV as obtained assuming a single ionization threshold of 12.6
eV. From 14 to 16 eV photon energy there is a sharp increase
in the 1t2 experimental cross section from 25.8 to 45.2Mb.
Our calculations show the same sharp rise as experiment,
suggesting that this behavior arises from successive vibronic
contributions associated with Jahn-Teller components of
the ion. The raw fixed-nuclei cross sections without any such
assumed threshold behavior, which we do not show in Fig.
1 (a), agree well with the results obtained by Cacelli et a/. 8
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using a one-center representation of the CH4 wave function
and the Stieltjes imaging technique. With a resolution of - 1
eV, the experimental data shown in Fig. l(a) does notresolve any vibrational structure associated with the JahnTeller distorted components of the methane ion. Experiments with sufficient resolution to resolve such structure
near threshold would provide useful insight into the behavior of these cross sections at low energy. Above a photon
energy of 16 eV our calculated cross sections agree well with
the experimental data.
Figure 1(a) also shows experimental cross sections for
2p photoionization of neon. While the methane 1t 2cross section rises steeply at threshold and decreases dramatically
over an energy range of 40 eV, the neon 2p cross section
remains relatively fiat through the same energy range, with a
weak maximum about five times smaller in magnitude than
in the lt2 cross section. The molecular nature of the lt2 orbital clearly gives rise to significantly different photoionization cross sections from those of the 2p orbital of neon.
Our calculated lt2 photoelectron asymmetry parameters are compared with the measured values ofMarr eta/. 10
in Fig. l(b). These results were obtained by averaging the
values of the asymmetry parameters obtained by again assuming that the spectrum is a composite of three electronic
bands associated with the Jahn-Teller components of the
distorted ion of CH4 • The calculated photoelectron asymmetry parameters are larger than the measured values which
are only available up to 30 eV. The present results are, however, in substantially better agreement with experiment than
those of earlier orthogonalized plane-wave calculations. 16
Measurements above 30 eV would be useful in assessing the
quality of our calculated values in the higher energy range.

3001

CONCLUDING REMARKS
We have studied the cross sections and asymmetry parameters for photoionization of the 1t 2 orbital of CH4 using
static-exchange continuum orbitals ofCH4+ to represent the
photoelectron wave function. Threshold structure was incorporated into these calculated cross sections by assuming
that the photoelectron spectrum is made up of three electronic bands arising from Jahn-Teller distortions and having maxima at 13.5, 14.5, and 14.8 eV. The resulting cross
sections, including the sharp rise near threshold, agree well
with the experimental data. Measurements near threshold
with sufficient photoelectron energy resolution to resolve vibrational structure associated with these Jahn-Teller distortions of the methane ion would provide useful insight into
the behavior of these cross sections. The agreement between
our calculated asymmetry parameters and the experimentally measured values is less satisfactory.
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