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We have calculated the photoionization cross sections for the valence levels of SFg,using multiple-scattering
Xa methods for both the initial and final states. The theoretical curves are compared with measured cross
sections in an attempt to complete the identification of observed photoionization peaks with theoretically
predicted valence levels. We find general agreement between theory and experiment, although one notable

difficulty remains.

1. INTRODUCTION

In this paper we present and discuss a series of
calculations of the photoionization cross sections
from the valence levels of SF;. The primary mo-
tivation for this work was the idea that detailed
comparison between measured cross sections and
theoretically predicted ones would be useful in
completing the identification of peaks in the photo-
ionization spectrum of the SFg; molecule. In this
regard, we were partially successful. As a
practical matter, the accuracy of the theoretical
methods employed was sufficient to allow unique
identification of most, but not all, of the measured
photoionization peaks.

The general nature of the valence-hole spectrum
of SF, is best discussed with the molecular-orbital
diagram shown in Fig. 1.2 Group theoretical
considerations determine the atomic origins and
symmetries of the one-electron levels in the O,
point group of the molecule. The valence levels
of sulfur and fluorine combine to form seven en-
ergy levels in the molecule. The relative order-
ing of these levels cannot be determine by sym-
metry considerations alone; in Fig. 1 the levels
are drawn in accordance with the assignments
made by Gustafsson.?

The partial-photoionization-cross-section data
with which we are going to compare our calcula-
tions are acquired in the form of photoelectron-
energy distribution curves (EDC’s). These are

obtained by fixing the energy of the incident photon -

beam and measuring the number of emitted elec-
trons as a function of their kinetic energy.
Eigenstates of the residual ion give rise to peaks
in the EDC’s. If one knows from another experi-
ment the total photoionization cross section (that
is, the photoabsorption cross section times the
ionization probability), the partial-photoionization
cross section is obtained trivially from the EDC.
Some typical EDC’s are displayed in Fig. 2 (Ref.
3) and show only six peaks in the valence region.
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(There is a splitting of one peak around 21.2 eV
photon energy, but at no other energies. This has
been attributed to autoionization.?) Throughout this
paper we label the photoionization peaks as shown
in Fig. 2.

The assignment of molecular orbitals to peaks in
the photoelectron spectra is usually accomplished
by comparing theoretically computed electron
binding energies to the measured ionization poten-
tials.. The utility of this method is limited by the
accuracy of the calculations, which may be of the
same order as the energy separations of two
ionization potentials. Such a situation is exempli-
fied by molecular SFg.

The core-hole spectrum of SF; has been mea-
sured by several groups*® and discussed theoret-
ically by Dehmer! and Sachenko et al.® For final
state energies within 30 eV of threshold the spec-
tra are dominated by two strong peaks occurring
at fixed photoelectron kinetic energy. Using sym-
metry arguments, Dehmer inferred that these
peaks are caused by the existence of final state
(scattering) resonances of t,, and e, symmetry.

To some degree, these can be traced back to
virtual sulfur d-levels, split in the octahedral
symmetry of the molecular field. In a brief re-
port, Sachenko et al.® described multiple scattering
Xa(MS-Xa) calculations, presumably along the
lines of Dill and Dehmer,” and Davenport® which
confirmed Dehmer’s assignment.! The cross
sections calculated by these investigators were in
general agreement with the data.

Three peaks in the EDC’s shown in Fig. 2 ex-
hibit strong enhancements when the photoelectron
kinetic energy is close to 5 eV, which is roughly
the energy of the ¢,, resonance present in the core
spectra. Gustafsson assumed that these enhance-
ments were the result of coupling to this resonance
(or to some resonance of even parity, presumably
the tzg). The presumed even symmetry of the final
state resonance means that only odd-parity initial
states can couple to it. This assumption was in-

1089 © 1979 The American Physical Society



1090 HARRY LEVINSON, T. GUSTAFSSON, AND PAUL SOVEN 19

eg 4eq(0)
3d 7 t2q T 2124(0) }VIRTUAL LEVELS
(UNOCCUPIED) 6t,,(0)
[ 6a,4(0) |
=
// )\( eg  \
/— 1120(6)_\/ \\\
3p tu // —f 3ega_A tiu N 2p
(-10.36eV) \ 5t,,(6) A t2q // (-17.42eV)
3s 919 /\\‘ 1124(6) A tHu ///
(-20.20eV) : \\\ 4t,(6) O1q //
/
\\ 50‘0(2) //
3'1u(6) _ '1u
2e0(4) eg N 2s
40a14(2) Qg ,/ (-37.85eV)
2p tu
(-169ev) o 2(®)
a
2s - ‘e - 3010(2)
(-232eV) S—_——
11,,(6) . tye
leg(4) &g N s
2014(2) ag 7 (-694eV)
is __ 919
(-2476eV) St (2)
0O, FIELD
SULPHUR h SFg Op FIELD £ yoRrINE

ATOMIC ORBITALS MOLECULAR ORBITALS .

strumental in allowing the assignment of peak 5
to 4t,,, and peaks 2 and 3 to1Z,, and 5¢,,, in some
order.® This assignment is reasonable as calcu-
lations of binding energies give an unambiguous
(in any event, uncontested) ordering for 4t,, and
(144, 5¢,,).°* It was somewhat more difficult to
assign the even-parity initial states.
Ground-state calculations have not led to a con-
sensus regarding the complete ordering of the
even-parity states; nevertheless, these calcula-
tions have provided a partial ordering, dividing
the even-parity states into two groups: (5a,,,
1#,,) at higher binding energy and (3e,, 1t,,).
Peak 6 is strong in the electron spectroscopy for
chemical analysis (ESCA) spectrum and presum-

ATOMIC ORBITALS

FIG. 1. Molecular-or-
bital (MO) diagram for SF.
The ground-state occupa-
tion numbers of the MO’s
are given in parentheses.
The atomic binding ener-
gies for the constituent
atoms?® are also shown.

ably arises from a level with appreciable s- char-
acter; the molecular-orbital diagram suggests
that it must be due to emission from the 5a,, level.
By elimination, peak 4 was assigned to 1¢,,. The
remaining even-parity states pose a difficult prob-
lem. On the basis of intensity, peak 1 was as~
signed 1t,,, and peak 2 was assumed (in agreement
with some, but not all, earlier work) to be a
doublet arising from 3e, as well as either 1¢,, or

Bt,,.3

II. METHOD OF CALCULATION

The partial-photoionization cross sections of
SFg were calculated using multiple scattering Xa
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FIG. 2. Representative energy-distribution curves for
SF, valence levels, taken from the work of Gustafsson.?

techniques. The details of ground-state calcula-
tions using these methods are discussed in re-
view articles by Slater!® and Johnson.!® Dill and
Dehmer,” and Davenport® have discussed its
application to the calculation of photoemission
cross sections.

In MS-Xa, exchange and correlation energies
are approximated by a self-consistently-deter-
mined local potential given by -ea[(3/8mn()]*/?,
where n(r) = n P¥E)P,; () is the electron dens1ty
n; is the occupation number of the molecular or-
bital ¥, (normalized to unity), and @ is a param-
eter of the calculation. Thus, the potential- and
initial-state wave functions are found by self-
consistently solving the following equations:

[(~72/2m) V2 + V ,(F)]9,(F) =€ 3,(F) , (12)

PEE ), ) ('"
Va('f)=—z I- i§|+e Z"fJ' %3

“sea[ 2 n@r@s,  aw)

where Z; is the nuclear charge for the atom at po-
sition R;. The €, are the X-a eigenvalues and are
not one-electron binding energies, though they do
have the units of energy. This is similar to the
situation in Hartree-Fock theory. One may obtain

eigenvalues which are electron binding energies

by doing a “transition state” calculation.}®*'® This
involves decreasing the occupation number by one-
half for the state whose binding energy is desired.
Since the MS-Xa method involves only the electron
density, nonintegral numbers of electrons do not
pose a problem. In our calculations, only the
valence levels were varied during the self-consis-
tency procedure, while the fluorine 1s and the
sulfur 1s, 2s, and 2p energies were “frozen” at
Herman-Skillman atomic eigenvalues.!” Spin-orbit
effects were not included.

The starting potential for the iterative procedure
leading to self-consistency is comprised of over-
lapping atomic orbitals. Herman-Skillman atomic
charge densities are placed at appropriate posi-
tions in the molecule. The charge densities are
summed at each point in space and then spherically
averaged within each muffin-tin sphere and volume
averaged in the intersphere region.

A local potential which is proportional to the
one-third power of the charge density was first
derived as an approximation to the exchange term
in the Hartree-Fock equations.'” Hence, the
method for choosing a frequently requires agree-
ment between X-a and Hartree-Fock in some
sense. One may, for example, require that the
two methods yield the same total energy. Alter-
natively, since our work is primarily concerned
with matrix elements involving wave functions
rather than energy eigenvalues, a procedure
which produces a more accurate wave function is
preferred. For this reason we have employed the
a values suggested by Schwarz,'® which produce
orbitals satisfying the virial theorem when they
are inserted into Hartree-Fock equations. The
single atom & values are used in the atomic
spheres for SFq. In the intersphere region we
employed @, .. =4(6a, +ag), while for the outer
sphere, @, =a;. The parameters of the calcula-
tion are given in Table I. None of these param-
eters were varied in order to improve agreement
between data and calculation,

A muffin-tin approximation is used. The muffin-

TABLE 1. Parameters of the calculation.

S-F bond distance 1.580 A(2.986 a.u.)

S sphere radius 2 0.932

F sphere radius 0.648 A
ag 0.724 26
ap 0.736 51
a(,ut:ap 0.736 51
®yptor® 0.73476
Viater -15.84 eV

2The covalent radii of S and F are 1.04 and 0.64 4,
respectively.

b =
%inter= ’}‘(Ga.ﬁ‘ + aS>°
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tin radii are those used in the calculation of
Connolly and Johnson,'* who have done a MS-Xa
ground-state calculation for SFg;. This approx-
imation is believed to be rather suitable for the
relatively close-packed geometry of SF;. The
value of the potential in the intersphere region
Vinter 18 given in Table I. We employ a simple
model in which a fixed potential is found by a
self-consistent procedure involving only the
ground state of the molecule. A potential con-
structed from the ground-state orbitals falls off
exponentially at large distances from the molecule,
which is, of course, appropriate for a neutral
molecule. The potential used to find the wave
function of outgoing photoelectron should instead
fall off as —e2/ at large ». Therefore, the po-
tential used in our calculation is modified from
that of the neutral molecule so that at large 7 it
is either X-a or Coulombic, whichever is
stronger.!® This provides a continuous potential
and the necessary asymptotic behavior. Both the
initial and final states involved in the photoemis-
sion matrix element are calculated using this
modified potential.

The wave functions are constructed using standard
multiple scattering techniques.!®!® Thus, in each
sphere the wave functions are expanded in
terms of spherical harmonics. For the fluorine
spheres, =0, 1, and 2partialwaves were included
for the initial-state wave function and I =0~3 in
the final state. For the sulphur sphere and the
outer sphere I=0—4 and /=0—~ 6 were chosen for
the initial and final states, respectively. Cal-
culations using only partial waves [=0-2 on
all spheres yielded eigenvalues shifted ~2%,
usually towards higher-binding energy, from the
values listed inTable II. This, together with the
good agreement with previous work using the
same method,!® indicate a quite reasonable degree
of convergence.

The photoionization cross section for a molecule
of fixed orientation in a photon field is simply the
transition probability per unit time from the

initial to the final states, divided by the incident-
photon flux and summed over all final states.
Using the Golden Rule, one obtains

d%d e - 3. k
Tode = 2 Q:)I(f]eA'p|z>|22ﬂmﬁw ;@

where #%k?/2m =¢, is the Kinetic energy of the out-
going electron, %Zw is the photon energy 'éA is the
polarization of the incident radiation and { is the
‘momentum operator. Since the orbitals in this
calculation are derived from a local potential the
acceleration form for the matrix element may be
used:

(flEA'§|i)=£(fIEA-VV(?)Iz'), @)

where €; and €, are the X-a eigenvalues of the

initial state and final states, respectively.
Averaging Eq. (2) over all molecular orienta-

tions yields the gas-phase cross sections for po-

larized incident light:
d®c o,
m—‘—ﬁr—[l +BP,(cosO)], (4)

where o, is the angle-integrated cross section,
P, is the second-order Legendre polynomial,

B =B(E) is the asymmetry parameter, and © is the

angle of photoelectron emission measured with re-
spect to the incident electric field.

The one-electron eigenvalues €; calculated in
the Xa approximation are not even in principle
equal to the measured ionization energies. In
order to fix the photon energy used in Eq. (2), for
a given final-state kinetic energy, the relationship

€ =1%%/2m =liw -1

is used instead, where I is-the experimental ion-
ization potential. The X-a eigenvalues, €; and ¢,
are used in Eq. (3), as required by the model.

III. RESULTS AND DISCUSSION

The X -a eigenvalues for the valence states, as
calculated from the potential with the Coulomb

TABLE II. Eigenvalues and binding energies of the valence levels in SFg.

Xa Xa Transition-state -
Eigenvalues Eigenvalues energies

Valence (present work) (Connolly and Johnson) (Connolly and Johnson) Experimental
state eV) (ev) (eVv) (Gustafsson)
1t -~12.25 -12.10 -15.88 -15.7
1tg, -13.26 -13.08 -16.84 ~-16.9
5t -13.36 -13.03 ~16.76 -18.3
3ee -13.84 -13.76 -17.52 -16.9
1ty -14.96 -15,04 -18.74 -19.8
4ty -18.16 -18.09 —21.84 -22.7
5ay, —23.56 —-22.,96 -26.74 -27.0
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FIG. 3. Sulphur Ly, 1y core spectrum. The solid curve
is the calculated curve and is reduced by a factor of
three. The dashed curve is the data of Ref. 4.

tail, are given in Table II. They are seen to com-
pare closely to those of Connolly and Johnson,'?
indicating that our Coulomb tail modification of
the potential had only a small effect on the initial
state. The transition state eigenvalues are con-
sistently lower in energy, reflecting a more ionic
potential. The only relevant difference is the dif-
ferent order of the 5¢,, and 2¢,, states. However,
the separation of the eigenvalues involved is only
0.08 eV in the transition-state calculation of Con-
nolly and Johnson and 0.10 eV in our calculation.
This separation of eigenvalues is smaller than
the resolution of the calculation. Moreover, from
our calculation there are three states, the 1¢,,,
and 5¢,,, and 3e,, within an interval of 0.58 eV.
The transition-state calculations®® found these
states to be in an interval of 0.76 eV. The small-
est energy separation of peaks in the experimental
energy-distribution curves (EDC’s) is ~1.4 eV.
SCF MS-Xa transition-state calculations?® of the
binding energies of valence levels in molecules
other than SFy are known to yield level spacing
which differ from the experimentally determined
spacings by ~2-3 eV. With such uncertainties in
the calculated relative ordering of the valence
levels the degenerate peak in SF, could be easily
misidentified, and assignments of valence levels
separated by less than 2 eV could be interchanged.
Thus, a positive assignment of molecular orbitals
to peaks in the EDC’s may not be accomplished by

CONTOUR
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FIG. 4. Charge-density contour plots for photoemis-
sions final states in a plane containing the sulphur atom
and four fluorine atoms. Approximately § of the plane is
shown. The sulphur atom is in the upper-left-hand cor-
ner of each plot, with a fluorine below it and to its right.
The remainder of the contours in this plane may be found
by rotation about the center of the molecule (the sulphur
atom). The increment in charge density between adjacent
contours is 21.35 and 89.78 for (a) and (b), respectively.
The absolute scale for the contours is fixed by Eq. (5).
The discontinuity in the charge density in (a) occurs at
the muffin-tin boundary.

an inital state calculated alone when the level sep-
aration is as small as in SF,.

We have repeated the calculations of Sachenko
et al. of the sulphur Ly; y;; core-level cross sec-
tions. We show the results in Fig. 3 for later com-
parison with the valence spectra. The calculation
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FIG. 5. Calculated and measured® partial-photoionization cross sections for the five highest-lying valence
levels of SFg. Theoretical curves are plotted along with the data providing the best agreement between theory and
experiment. The dashed curve in panel (e) is the calculated cross section for a non-self-consistent potential.

produces strong peaks at 5.1 and 15.6 eV, in gen-
eral accord with experiment. (The spin-orbit in-
duced splitting seen in the data is not reproduced
by our nonrelativistic calculation.) As was also
true for the earlier calculations, our peaks are
too high and narrow as compared to experiment,
a discrepancy due at least in part to the 0.5-eV
resolution of the experiments.* As was stated
previously, the origin of the peaks are two very
strong (e + SF,*) scattering resonances of ¢,, and
e, symmetry. Dipole coupling between the sulfur
p levels and resonances of these symmetries is
allowed; the calculations show in addition that the
overlap is large enough to produce very strong
photoabsorption peaks.

Charge-density contour plots for final-state
partial waves, ¥/)(f), which lead to the resonant
behavior of the odd-parity states are shown in
Fig. 4. Thed-orbital character of the resonance
within the sulphur sphere is seen in this figure.
The normalization of the final state is chosen to

have the asymptotic form

¥, (F)—exp{i[k * F - vln (er &+ T)]}

r- o

HO@e /=5 KPEIVD), 6

' (Q)e *7/y is an incoming spherical wave, the
KW are cubic harmonics, i denotes the symmetry
type (e.g., t,,e,, etc.) and y=e?n/n%.
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The photoemission cross section is a sum of
contributions from partial waves as determined
by the partial-wave decomposition of the final
state in Eq. 5. In our calculation the partial waves
which give the largest contribution to the reso-
nances in the photoemission spectra of SFg are
de,, | =6 (the resonance calculated to be at 15.6
eV kinetic energy) and 2¢,,, 1=4 (5.1 eV kinetic
energy). It is clear from the charge-density plots
in Fig. 4 that the resonances have pronounced
spatial character within the frame of the molecule,
just as for bound states. Thus, while a transition
between a bound state and a resonance may be
dipole allowed, the spatial characteristics of the
states involved may result in small overlap and
hence a small transition matrix element.

The computed and measured partial-photoioniza-
tion cross sections for the seven highest-lying-va-
lence levels are given in Fig. 5. Along with the
theoretical curves, on each of the graphs we have
plotted that experimental partial cross sections®
which, in our view, comes closest to being pre-
dicted by the particular theoretical curve with
which it appears. )

We first consider the four even-parity valence
states (5a,,, 1¢,,, 1t,,, 3¢,) and the three experi-
mental peaks (1, 4, 6) that show no indication of
coupling to the final state resonance. The mea-
sured cross section for peak 6 is very small
(never greater than 3 Mb) and is structureless for
7w<50 eV. The calculated cross sections for the
5a,, level exhibit the same behavior. For this
reason we believe that the assignment of 5a,, to
peak 6 is unambiguous. Plots of both the theoret-
ical and experimental cross section are given in
Fig. 5 (¢). The experimental cross sections for
peaks 1 and 4 are shown in Figs. 5(a) and 5(b).
Peak 4 is very well represented in shape and
magnitude by the theoretical cross section for
1t,,. Peak 1 has the general shape of the theoret-
ical cross section for 1¢,,, and a similar magni-
tude as well. It does not seem likely that these
assignments could be interchanged. The theo-
retical cross section for the remaining even
parity level, 3e,, is shown in Fig. 5(d). It is
clear that it has both the wrong magnitude and
shape to account for either peak 1 or 4. Our con-
clusion for the even-parity states is, therefore,
that the assignments proposed by Gustafsson®
are correct, and that the 3e, level is hidden under
a peak dominated by one of the other levels.

We now consider the odd-parity valence states
(4¢,,, 5t,,, 15,,) and the three peaks in the measured
spectrum (2,3, 5), which apparently couple to the
final state resonances. The major questions re-
garding the odd-parity states is, firstly, whether
they will exhibit the correct resonant behavior,

and secondly, whether it would be possible to
clarify the assignments of peaks 2 and 3. At first
glance it would appear that for calculations of the
sort described here the answer to the first ques-
tion would have to be negative. The fact that we
employ the same potential for finding the final
states for both the valence and core cross sections
suggests that of necessity we must find two reso-
nant peaks in both cases, in opposition to the data.
This reasoning, however, is incomplete, since it
neglects the possibility that while a transition may
be dipole allowed on the basis of symmetry, the
wave-function overlap may be so small as to ren-
der it weak or unobservable. We found that all
three odd-parity states couple strongly to the 7,
resonance, whereas the 1¢,, couples negligibly,
the 4¢,, couples weakly, and the 5¢,, couples very
strongly to the e, resonance. We will comment
later on the implications of this state of affairs.

The overall magnitude and shape of the theoret-
ical cross section for the 4f,; level agrees mod-
erately well with the experimental results for peak
5. This seems to confirm the assignment of
Gustafsson.® The large peak at fiw=28 eV arises
from the ¢,, resonance and the smaller peak at 38
eV from the e, resonance. We do not claim, al-
though it is certainly possible, that the scatter in
the data near 39 eV is a remnant of the high-lying
resonance. Qur calculations are unsuccessful in
completing the assignments of 1f,, and 5¢,,. We
show the theoretical cross sections for peak 2 with
1¢,, and with peak 3 with 5¢,, in Figs. 4(d) and 4 (e),
respectively. The association could have been
interchanged. In addition, the theoretical curve
for 5¢,, shows a very strong coupling to the e,
resonance, which is not at all indicated in the
data.

We can draw no conclusion about which experi-
mental peak contains the 3e, level. Fig. 5(d) shows
the result of adding the theoretical result for 3e,
to that for 1£,,, in accordance with the suggestion
of Gustafsson. While the agreement is better, it
is only marginally so. Thus, while the discussion
above shows that it is the 3e, level that is being
masked, we cannot tell, on the basis of this work,
where it is hidden.

The dashed line in Fig. 5(f) is the partial-photo-
ionization cross section calculated, not from the
self-consistent potential, but instead from the po-
tential obtained by merely overlapping atomic or-
bitals. This “molecular potential” does not include
charge transfer as in the self-consistent potential.
Such charge transfer is the result of chemical
interactions among the atoms comprising the
molecule. For this non-self-consistent potential,
both the 2¢,, and 4e, resonance appear, though
broadened and at higher energy. The existence of
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TABLE III. Xo total charge distribution (units of ¢).

Self-consistent potential

Overlapped atomic potentials

Sulphur sphere 13.45
Fluorine sphere 7.24
Outer sphere 1.68
Intersphere region 11.45

12.46°
741
1.84

11.25

the resonances is hence not dependent on charge
transfer. The shift of levels to lower energy as
the result of interatomic interactions is simply
chemical bonding. The charge distribution for the
self-consistent and non-self-consistent potentials
is given in Table III. There is not the typical
charge transfer into the fluorine spheres. This
may be viewed as the result of competition for
electrons among the six highly-electronegative
fluorines and the somewhat electronegative
sulphur.

These conclusions, obtained by considering
ground-state properties, are somewhat at vari-
ance with the “two. well potential” model discussed
by Dehmer.! In that model it was assumed that the
electronegativity of the fluorines would lead to a
sulphur atom with net positive charge. At large
distances from the molecule an electron would see
the Coulomb attraction of the molecular ion. These
two regions of net attraction would be separated by
a barrier of negatively charged fluorines.

Our considerations of the final state indicate a
two well potential, but of physical origin somewhat
different from that discussed by Dehmer. Table
III and Fig. 5(f) suggest (i) that these resonances
exist even in the absence of charge transfer and
(ii) that the charge transfer in SF,, as described
by the self-consistent potential, actually is
opposite to what would be necessary if it were to
be a major reason for the existence of the reso-
nances. One may remember that similar reso-
nances also exist in molecular nitrogen,®?! where
of course, the bonding is covalent.

IV. CONCLUSIONS

The only qualitative disparity between the mea-
sured photoionization cross sections for the va-

lence levels of SFy and our calculation is the pre-
dicted double-resonance structure which we find
for one of the odd-parity states and which does not
appear to exist in the data. This disagreement is
presumably the result of our having employed an
inappropriate one-electron potential for calculating
the final states. In view of the fact that the out-
going electron moves in the combined field of the
neutral atom and the particular hole left behind,
it is possible that when the correct hole field is
employed the potential barriers responsible for
the high-lying resonance will be modified. Studies
to investigate this are underway. Alternatively,
some subtle many-body effect may be involved.?2
In general, the single-electron model works
well for calculating the various partial cross
sections. The ability of the calculation to repro-
duce most qualitative and even many quantitative
features of the photoemission spectra permits
the identification of most levels by the scheme.
Only where there are two closely-spaced levels,
e.g., 5, and 1¢,,, with the same qualitative
characteristics, is the identification uncertain.
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