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Cross section and asymmetry parameter calculations for the C 1s photoionization
of CH4, CF4, and CCl4
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We have computed cross sections and asymmetry parameters for the C 1s photoionization of CX4 (X
5H, F, Cl! using the Schwinger variational method with Pade´ corrections. We present a comparative study that
shows the influence of the identity of theX atom on the computed cross sections. Predicted cross sections are
in good agreement with available photoionization and photoabsorption experimental data. We conclude that the
presence of heavy outer atoms produces resonance structures in the photoionization cross sections and in the
asymmetry parameters. We find a single nonvalence resonant state in the photoionization of CF4 and multiple
resonances in CCl4 that have significantd-orbital character in the vicinity of the Cl atoms.
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I. INTRODUCTION

Quantitative information on the interaction of photo
with molecules such as CH4, CF4, and CCl4 are of funda-
mental and practical interest. The two halogenated meth
compounds cited above, among others, play an impor
role in the depletion of Earth’s ozone layer@1#. Methane
itself is an important planetary atmosphere constituent
outer planets such as Uranus and Neptune@2# and is one of
the many gases that contribute to the development of
greenhouse effect@3#. It has also become a useful and inte
esting test system for theoreticians since it is one of the s
plest polyatomic molecules.

The Schwinger variational method~SVM! has been ap-
plied successfully to the study of the photoionization of s
eral molecules, within many different levels of approxim
tion. Some of the most recent applications for line
molecules include the frozen-core Hartree-Fock result for2

@4#, the relaxed-core Hartree-Fock calculation for CO@5#, the
multichannel configuration-interaction approximation for C
@6#, C2H2 @7,8#, and for N2 @9#, which also include a com
plete active space configuration-interaction approximati
Years ago, the SVM was implemented forC2v molecules
(H2O @10#! and for molecules that have a point group whi
hasC2v as a subgroup (SiH4 @11# and C2H4 @12#!. Recently
the SVM was generalized for polyatomic molecules of ar
trary symmetry, producing very good results for the Ss
photoionization of SF6 @13#, and the valence photoionizatio
of C60 @14#.

In this paper we present C 1s cross sections and asymm
try parameters for the photoionization of the systems CH4,
CF4, and CCl4 using the polyatomic Schwinger variation
method with Pade´ corrections. There have been several st
ies on the photoabsorption of CH4 @15–17#, CF4 @15,17–20#,
and CCl4 @19,21#. There is also an extensive bibliograph
and database available for inner-shell processes inclu
those considered here@22#. However, to our knowledge, only
1050-2947/2003/68~3!/032701~7!/$20.00 68 0327
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for CF4 have theoretical@23# and experimental@24# results
on the photoionization of the C 1s level been reported.

The version of the SVM that we use here is essentia
one-electron method. Thus in the computed cross sect
we will only see effects due to one-electron processes. T
in the study of core photoionization, we will not find an
autoionization resonance structures or effects due to in
channel coupling to shake-up channels@25#. The resonance
processes we will find are shape resonances. In molec
photoionization, shape resonances are primarily due to
namical angular-momentum barriers@26#. Thus resonance
wave functions are usually characterized by high angu
momentum states as seen through the structure of their n
surfaces. A high angular-momentum barrier leads to h
resonance energies and/or narrow resonances. Thus in
photoionization of SF6, a resonant state that asymptotica
corresponds tol 59 angular momentum is found to hav
photoelectron kinetic energy of 57 eV@13#, whereas a reso
nant state in the photoionization of N2 with asymptotic an-
gular momentum ofl 53 has a photoelectron kinetic energ
of 15 eV @26,27#. In molecular systems, the resonant sta
can also be characterized by the degree to which the w
function can be constructed by atomic centered valence
bitals. In general, some of the resonant states appear t
similar to the unoccupied states in a simple valen
molecular-orbital picture of the electronic structure of t
molecule, while others have a nonvalence character. Thu
the C 1s ionization of the three tetrahedral molecule cons
ered here, one must consider the unoccupied valence s
of t2 symmetry. In CH4 and CF4 there is one unoccupied
s* (C-X) orbital of t2 symmetry. In CH4, the H nuclei do not
have an attractive enough interaction with the photoelect
to support a shape resonance. In CF4, the C 1s→s* (C-X)
states are believed to occur below the C 1s ionization thresh-
old @19,23# and thus would not appear in the ionization co
tinuum. Thus any shape resonance in the C 1s ionization of
CF4 would be due to a nonvalence state. In CCl4 there would
©2003 The American Physical Society01-1
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NATALENSE, BRESCANSIN, AND LUCCHESE PHYSICAL REVIEW A68, 032701 ~2003!
be boths* (C-X) orbitals of t2 symmetry as well as state
that can be formed from the valence 3d atomic orbitals on
the Cl atoms. In the case of CCl4 the C1s→s* (C-X) states
are again expected to occur below the C 1s ionization thresh-
old @19#. However, we still might expect to see shape re
nances that have wave functions which have ad-orbital char-
acter around the Cl atoms.

The organization of this paper is as follows: In Sec. II w
describe the main features of the theoretical method. Sec
III presents the computational details of our calculations. O
results are shown in Sec. IV and our conclusions are s
marized in Sec. V.

II. METHOD

The details of our method were described elsewh
@13,28,29#, so only some of its main features will be re
viewed here. The differential cross section, averaged over
molecular orientations, is given by

ds (L,V)

dVk
5

s (L,V)

4p
@11bk

(L,V)P2~cosu!#, ~1!

where the total cross sections (L,V) is

s (L,V)5
4p2

3c
E (

pm lhv
uI klhv,pm

(L,V) u2 ~2!

and where (L,V) stands for either the length~L! or velocity
~V! form of the cross section. In Eq.~2!, p is one of the
irreducible representations of the molecular point group,m is
a component of the representationp, h indexes the different
functions belonging to the same irreducible representa
(pm) with the same value ofl, v designates components o
the dipole moment operator,E is the photon energy,k is the
magnitude of the momentum of the photoelectron, andc is
the speed of light.

In Eq. ~1!, the asymmetry parameterb can be written as
@10#

bk
(L,V)5

3

5

1

(
pm lhv

uI klhv,pm
(L,V) u2

3 (
pm lhvmmv

p8m8 l 8h8v8m8mv8

~21!m82mvI klhv,pm
(L,V) ~ I kl8h8v8,p8m8

(L,V)
!*

3blhm
pm bl 8h8m8

p8m8* b1vmv

pvmv b
1v8mv8

pv8mv8*
@~2l 11!~2l 811!#1/2

3^1100u20&^ l 8l00u20&^1,1,2mv8 ,mvu2,M 8&

3^ l 8,l ,2m8,mu2,2M 8&, ~3!

where thê l 8lm8muL8M 8& are the usual Clebsch-Gordan c
efficients and theblhm

pm are expansion coefficients that defin
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the functionsx lh
pm , which are the symmetry-adapted angu

expansion functions@30# that are related to the usual sphe
cal harmonics by

x lh
pm~u,f!5(

m
blhm

pm Ylm~u,f!. ~4!

The quantitiesI klhv,pm
(L,V) appearing in Eqs.~2! and ~3! are the

partial-wave components of the dynamical coefficientsI k,n̂
(L,V)

@10#,

I k,n̂
(L,V)

5S 4p

3 D 1/2

(
pm lhv

I klhv,pm
(L,V) x lh

pm~ k̂!x1v
pvmv~ n̂!, ~5!

where

I k,n̂
L

5~k!1/2^C i ur•n̂uC f ,k
(2)& ~6!

for the dipole length form and

I k,n̂
V

5
~k!1/2

E
^C i u“•n̂uC f ,k

(2)& ~7!

for the dipole velocity form. In the above equations,C i is
the target ground-state wave function,C f ,k

(2) is the final con-
tinuum state wave function~with incoming-wave boundary
condition! of the system~ion plus photoelectron!, k is the
photoelectron momentum, andn̂ represents the unit vector i
the direction of polarization of the radiation, which is a
sumed to be linearly polarized.

Calculations using the dipole length and velocity forms
the dynamical coefficient would produce the same result
the exact wave functions were used. Since the wave-func
calculation involves the use of approximations, the diff
ences between the results of Eqs.~6! and~7! can be used as
a test of the quality of our wave function. In the calculatio
reported here, we use the mixed form, so that the differen
cross section is given by@31#

d2sM

dV k̂dV n̂

5
4p2E

c
Re$@ I k,n̂

L
#* I k,n̂

V
%. ~8!

The cross sections obtained in the mixed form usually
between the ones produced by the length and velocity fo
@32#.

We use the single-center expansion method@28# in the
solution of the scattering problem. In this method, all thre
dimensional functions are expanded in the set of ang
symmetry-adapted functionsx lh

pm(u,f), defined in Eq.~4!,
according to the irreducible representations of the molec
point group (Td for the three molecules studied here!. An
arbitrary three-dimensional functionFpm(r ,u,f) is then ex-
panded as

Fpm~r ,u,f!5(
lh

r 21f lh
pm~r !x lh

pm~u,f!, ~9!
1-2
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CROSS SECTION AND ASYMMETRY PARAMETER . . . PHYSICAL REVIEW A 68, 032701 ~2003!
where the radial functionsf lh
pm(r ) are represented on a nu

merical grid. When solving the scattering equations we
force orthogonality between the continuum solutions and
occupied orbitals@33#.

In the present study, the initial neutral molecule electro
wave functionC i and the final ionized molecule electron
wave function are described by single Slater determina
constructed using the Hartree-Fock orbitals of the initial n
tral state. The ionic orbitals are then constrained to be id
tical to those of the initial ground state. Our approximati
does not include the effect of relaxation of the ion due to
localized nature of the core hole, which is known to affe
the position, width, and magnitude of resonances@34#. With
this approximation we reduce the computation of the fi
photoionization problem to solving the problem of an ele
tron under the action of the potential of the molecular io
We then do not consider many-electron correlation effe
although we do include the nonlocal exchange interac
which is a consequence of the many-electron nature of
states involved. The photoelectron orbital is a solution of
one-electron Schro¨dinger equation@33# ~in atomic units!:

F2
1

2
¹21V~r !2

k2

2 Gck
(6)~r !50, ~10!

whereV(r ) is the static-exchange potential@13#, andck
(6)(r )

satisfies appropriate boundary conditions. We could incl
correlation and polarization effects in our calculatio
through the addition of a local, energy-independent, mo
correlation polarization potential~as described in Ref.@29#!,
but as in the case of the S 1s photoionization of SF6 @13#, we
found that such a polarization potential does not significan
affect our final results for the C 1s photoionization of CH4,
CF4, and CCl4.

To proceed, Eq.~10! is rewritten in an integral form, the
Lippmann-Schwinger equation, and is solved using an ite
tive procedure based on the Schwinger variational princ
and Pade´ approximants. This method provides photoioniz
tion matrix elements that have been found to converge to
exact values for a given projectile-target interaction poten
@13,29#.

We have studied some of the resonance structures fo
in our calculated cross sections using the local adiab
static model exchange method~ASME! @26#. In this method
we use a simplified model potential and we do not inclu
orthogonality constraints. The resonant energies are then
termined by locating the poles of the scattering matrix t
has been analytically continued to complex energies. O
the resonance energy is found the corresponding reson
wave function can be computed and analyzed. The AS
calculations allow for a qualitative understanding of the m
features of the resonant process by including sufficient
tails of the full scattering problem, but using a potential fo
that makes the analytic continuation feasible. The ASM
method has been successfully applied to photoionization@13#
and electron-scattering@26# studies.
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III. COMPUTATIONAL DETAILS

Our molecular targets were represented within
Hartree-Fock approximation using the 6-311G basis set fr
the GAUSSIAN98 code @35#, augmented with two sets ofd
polarization functions on the heavy atoms for all three m
ecules. At the experimental equilibrium ground-state d
tances of CH4, CF4, and CCl4 this basis set produces th
self-consistent field energies shown in Table I, where we a
compare them to other values available in the literature.
calculations were carried out in the fixed-nuclei approxim
tion. To calculate the matrix elements of Eqs.~6! and~7! we
only need to compute the final continuum statesuC f ,k

(2)& be-
longing to theT2 symmetry, since the three components
the dipole operator transform as theT2 irreducible represen-
tation of theTd point group. Since the C 1s hole states have
A1 symmetry in all of these molecules, the continuum orb
als will also havet2 symmetry. The photon energies in th
calculations were obtained using the experimental ioniza
potentials for the C 1s ionization which are 290.707 eV@36#,
301.8 eV@37#, and 296.3 eV@38# for CH4, CF4, and CCl4,
respectively.

Our partial-wave expansion for the molecular orbitals a
for the scattering wave functions included up tol 515 for
CH4 and up tol 550 for CF4 and CCl4. With this truncation,
the error in the normalization of the methane molecular
bitals was less than 1024. For CF4 the largest error was in
the four F 1s orbitals~0.5%!, while for CCl4 the largest error
was 13% for the Cl 1s orbitals. The error in the normaliza
tion of the C 1s orbitals, from which the photoelectron i
removed, for all three molecules was less than 1023.

The differences between the results obtained with the
pole length and velocity forms were not significative for a
of our calculations, indicating that our wave functions a
well described. The results shown here were obtained u
the mixed form. All cross sections shown below were co
verged with a maximum of seventh-order@N/N# Padé
approximants.

IV. RESULTS AND DISCUSSION

A. CH4

The methane molecule presents a very smooth photo
ization cross section, as shown in Fig. 1~a!. The asymmetry
parameter for this molecule is shown in Fig. 1~b!. It is seen
that the value ofb approaches 2 for higher photon energie
which resembles the behavior of theb parameter expected
for the ionization of ans orbital of an atom. This behavior is
consistent with the fact that methane’s electronic density

TABLE I. Interatomic distances (Å) and self-consistent fie
~SCF! energies~hartrees!.

Molecule Distance
SCF energy
~this work!

SCF energy
~from the literature!

CH4 1.091@44# 240.21027 240.1987@45,46#
CF4 1.323@47# 2435.78392 2435.76699@29#

CCl4 1.767@47# 21875.87501
1-3
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NATALENSE, BRESCANSIN, AND LUCCHESE PHYSICAL REVIEW A68, 032701 ~2003!
almost spherically symmetric@39#. In Fig. 1~a!, we have
compared the computed photoionization cross section to
measured dipole absorption cross section@16,22#. The dipole
absorption cross sections were obtained from small mom
tum transfer (e,2e) cross sections that can yield the corr
sponding dipole photoabsorption cross section. With a s
able subtraction of the background absorption leading
states with lower ionization potentials an estimate of the to
C 1s photoabsorption cross section can be obtained@22#.
This total absorption cross section as shown in Fig. 1~a! is
then an upper bound to the photoionization cross section.
note that there are no resonance features in the comp
cross sections and thus the feature seen at about 302 e
the experimental data is probably not due to a one-elect
scattering resonance, but is due to shake-up transition
suggested by Wight and Brion@40#.

B. CF4

In Fig. 2~a! we show our calculated cross sections for t
C 1s photoionization of CF4 where we compare our resul
to the multiple-scattering model results of Stephenset al.
@23# and to the experimental data of Truesdaleet al. @24#
~triangles! and of Hitchcock and co-workers@18,22#
~circles!. The relative cross sections of Truesdaleet al. @24#

FIG. 1. ~a! Cross sections for the C 1s photoionization of CH4.
Solid line, our results; circles, dipole absorption data of Hitchco
and co-workers@16,22#. ~b! Computed asymmetry parameter for th
C 1s photoionization of CH4.
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were normalized to the electron-energy-loss results of Hit
cock and co-workers@18,22# at the photon energy of 310.
eV. We see that our results are in good agreement with th
two sets of experimental data, although the feature see
the experiments near 320 eV is lacking in our calculatio
This discrepancy is again probably due to the neglect
shake-up channels@41# in our calculation. The multiple-
scattering model produces a curve with a very different
havior, especially near threshold, but for energies above
eV the results present about the same magnitude as our

From Fig. 2~a! it is seen that our cross sections for CF4
reproduce the broad structure centered at about 315 eV
signed by Truesdaleet al. @24# as a shape resonance. In o
full SVM calculation we can also compute the eigenpha
sums for the scattering relative to the Coulomb scatteri
The eigenphase sum in our calculation shows evidence
very broad resonance with an energyER5308.3 eV and a
width of G514.1 eV when fit to a Breit-Wigner form@42#

d~E!5a1b~ER2E!1c~ER2E!21tan21F G

2~ER2E!G .
~11!

k
FIG. 2. ~a! Cross sections for the C 1s photoionization of CF4.

Solid line, our results; dashed line, multiple-scattering model res
@23#; circles, dipole absorption data of Hitchcock and co-worke
@18,22#; triangles, experimental data of Truesdaleet al. @24# nor-
malized to the data of Hitchcock and co-workers@18,22# at 310.7
eV. ~b! Asymmetry parameter for the C 1s photoionization of CF4.
The symbols and lines are the same as in~a!.
1-4
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We have also examined this resonance with the AS
model and found a resonance withER5307.9 eV andG
513.9 eV. The three-dimensional picture of the wave fu
tion corresponding to this resonant state is shown in Fig
The connected black spheres represent the atoms and
light and dark surfaces show parts of the wave function w
opposite signs. We see that this state has significant am
tude between the F atoms on each side of the molecule.
resonant state appears to be a nonvalence state in agree
with the expectation discussed in the Introduction that al
the C 1s→s* (C-F) type states are located below the Cs
threshold@19,23#.

Our results for the asymmetry parameterb for CF4 are
shown in Fig. 2~b!, along with the multiple-scattering resu
of Stephenset al. @23# and the experimental results of True
dale et al. @24#. Our curve presents a minimum at a phot
energy of about 310 eV and is in very good agreement w
experiment@24#. For energies above 335 eV the curve ten
to a value of 1.3. The multiple-scattering results agree qu
tatively well with the experiment and with our results.

C. CCl4

The cross section curve for CCl4 presents more define
resonance structures, as shown in Fig. 4~a!. This molecule
has an asymmetry parameter that does not seem to conv
to any particular value@see Fig. 4~b!#. Comparing this result
with our b parameters for the two other molecules, we s
that heavier outer atoms produce more complex scatte
dynamics.

We have also examined the resonances in CCl4 using the

FIG. 3. Real part of the full resonant wave function for t
resonance at 307.9 eV in the CF4 cross sections from two differen
perspectives. Connected black spheres indicate the location o
nuclei; light and dark surfaces are constructed from the real pa
the resonant wave function at constant positive and negative va
of the wave function.
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ASME model. We found three prominent resonances w
ER5304.3 eV and G53.5 eV, ER5313.0 eV and G
58.3 eV, andER5317.2 eV andG59.5 eV. The lowest-
energy resonance is responsible for the narrow resona
feature in the cross section seen in Fig. 4~a!. The ASME
results indicate that the two higher energies are overlap
and probably correspond to the feature seen at about 32
in Fig. 4~a!.

In Figs. 5~a! and 5~b! we show a three-dimensional pic
ture of the real part of the low-energy resonant wave funct
for CCl4, from two different perspectives. Figure 5~b! indi-
cates that this resonance has a significant contributiond
orbitals around the Cl atoms. In this picture two of thed
orbitals are on Cl atoms above the plane containing the
atom ~the upper right and lower left! while the other twod
orbitals are on Cl atoms on a plane below the C atom. T
dashed lines represent the approximate positions of the n
of this wave function. Figure 6 presents only thel 55 con-
tribution of the resonant wave function. By comparing Fig
5 and 6, one can see that the nodal surfaces asymptoti
correspond to anl 55,m54 real harmonic state where thez

he
of
es

FIG. 4. ~a! Cross sections for the C 1s photoionization of CCl4.
Solid line, our results; circles, dipole absorption data of Burt
et al. @21# with background absorption removed to yield only the
1s contribution.~b! Computed asymmetry parameter for the Cs
photoionization of CCl4.
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axis is taken to be coming out of the plane in Figs. 5~b! and
6~b! and where thez axis is in the plane of Figs. 5~a! and 6~a!
and is orthogonal to the nodal line. Comparing Figs. 5~b! and
6~b! we see that the upper-right and lower-left quadra
have the same phase in the two figures. The apparent d
ence in phase between the upper-left and lower-right qu
rants of the figure comes from the fact that in the full wa
function shown in Fig. 5 there are no lobes of the state
front of the plane containing the C atom, so that the lob
that are visible are those from behind the plane contain
the C atom and thus have the same phase as the lobes
upper-left and lower-right quadrants of the state shown
Fig. 6~b! that are behind the plane of the C atom. The re
tively high-l characteristic of this state indicates that
angular-momentum barrier is responsible for the trapping
the state.

The other two resonances also have wave functions w
strong d character. That there are three such resonance
consistent with the fact that from 20d orbitals centered on
the four Cl atoms one can construct three sets oft2 orbitals.
The identification of the continuum resonances in CCl4 C 1s
ionization with thed orbitals has been previously suggest
by Zhanget al. @19#. Such d-orbital resonances have als
been found previously in other systems containing seco
row atoms@43#.

FIG. 5. Real part of the full resonant wave function for t
resonance at 304.3 eV in the CCl4 cross sections from two differen
perspectives. Connected black spheres indicate the location o
nuclei; light and dark surfaces are constructed from the real pa
the resonant wave function at constant positive and negative va
of the wave function; dashed lines indicate approximate position
the nodes of this wave function. In the lower view, the nodal lin
have a constant angular spacing of 45°.
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V. CONCLUSIONS

We have studied the C 1s photoionization of CH4, CF4,
and CCl4 using the polyatomic Schwinger variation
method with Pade´ corrections. Our computational model is
one-electron model so that we can only study the occurre
and nature of one-electron resonances, i.e., shape resona
In CH4 we find no such resonances leading to a structure
photoionization cross-section profile. The value of the ph
toelectron asymmetry parameterb is found to be very atom-
iclike at higher energies. In CF4 and CCl4 we do not expect
to find any resonances that look like C 1s→s* (C-X) exci-
tations since these states are known to occur below the Cs
ionization threshold. However, we do find shape resonan
in the C 1s ionization of both CF4 and CCl4 which have
significant effects on the cross sections in these system
CF4 the resonant state is a very broad nonvalence state an
CCl4 the resonant states all haved-like character in the re-
gion of the Cl atoms. In all the three systems conside
there are features in the experimental cross sections w
are not found in the one-electron calculations reported h
Thus these features are probably due to shake-up proce
in these systems.
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FIG. 6. Same as Fig. 5 but showing only thel 55 contribution.
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