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The partial photoionization cross sections of sulphur hexafluoride have been measured between 20 and 54
eV using synchrotron radiation. Some of these cross sections are dominated by strong resonance effects.
These resonances are shape resonances, resulting from the interaction between the photoelectron and the
molecular field and hence always occur at approximately the same phetoelectron kinetic energy. Expressed -
somewhat differently, they are final-state effects and can be thought of as arising from the multiple
scattering of the photoelectron. Following Dehmer, the prominent resonance immediately above threshold in
SF; is identified as having g symmetry. Hence, only valence orbitals with u symmetry may couple to it.
This provides a powerful selection rule, which allows making an assignment of the peaks in the photoelectron
spectrum. Even in the absence of resonances, the partial cross sections are qualitatively different for different
orbitals. It is argued that measurements and calculations of partial cross sections should, in many cases,
yield easier and more unambiguous assignments of peaks in photoelectron spectra than corresponding studies

of ionization potentials.

I. INTRODUCTION

The advent of a synchrotron radiation as an in-
tense source of light may be expected to have a
major impact on the field of molecular photoelec-
tron spectroscopy. While a wealth of valuable in-
formation can be obtained by measuring ionization
potentials (electron-binding energies), it is now
possible to proceed one step further and in detail
map out the frequency dependence of the partial
photoionization cross sections. Such measure-
ments are important by themselves in that they
will undoubtedly provide a better understanding of
the basic physics of the photoionization process.?
Another area where such data have already been
shown to be of fundamental significance is surface
physics: an understanding of the photoelectric
properties of an adsorbed molecule requires a de-
tailed understanding of the same properties of the
free molecule.?

The purpose of the present paper is to illustrate,
for what I believe to be the first time, a third
utilization of such data: The assignment of the
peaks in photoelectron spectra to molecular or-
bitals is usually made by comparing the measured
spectra with computed ionization potentials, Un-
fortunately in many cases the energy separation
between two ionization potentials is of the same
order as the accuracy of the calculations. How-
ever, the symmetry properties of two such states
may be very different, - What I would like to peoint
out is that these differences in symmetry may
manifest themselves in the frequency dependence
of the partial cross sections. These manifestations
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may be so clear that an assignment of the various
ionization potentials in terms of electronic states
may be attempted. The specific case that will be
studied here is SF.

The electronic excitations in SFg have been the
subject of considerable study for some time.® The
experimental techniques employed include x-ray
absorption and emission,*~® optical absorp~
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FIG. 1. X-ray absorption spectra of SF;. Curve 1 is
the sulphur Ly, spectrum, curve 2 the fluorine K
spectrum, and curve 3 the sulphur K spectrum. The
figure is from Ref. 21.
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tion® 1°~13 photoelectron (uv** '®* and x-ray'® 7 in-

duced) emission, electron-energy-loss spectro-
scopy,'® and photodissociation.!® The main reason
for all this activity is the complex structure of the
x-ray spectra. Figure 1 shows some examples of
the x-ray absorption spectra of SF,. These spec-
tra are remarkable in that they show strong ab-

sorption bands, whereas most atomic spectra show

sharp Rydberg series and a more or less struct-
ureless continuum.

The outline of this paper is as follows: Section
II contains a discussion of some theoretical con-
cepts, in particular, effective potential bar-
riers,?°~22 which are of fundamental importance
for this work. Section III describes briefly the
experimental procedure. The results are pre-
sented in Sec. IV. My interpretation of the photo-
electron spectrum of SF; is given in Sec. V as
well as a discussion of previous assignments.
Section VI finally, summarizes my findings and
points out some implications.

II. THEORETICAL BACKGROUND

The x-ray absorption spectra of atoms usually
show sharp line structure due to Rydberg series
below the ionization thresholds, followed by a *
rather structureless continuum., The x~ray spec-
tra of a class of molecules which includes SFg,
differ in several notable respects from this be-
havior.?! The Rydberg series in these molecules
are quite weak.’~'"* '3 Their x-ray absorption
spectra are instead dominated by strong, 1-5 eV
broad bands, located both below and above the
ionization thresholds*~® (see also Fig. 1). The in-
itial state in the photoabsorption event from these
core levels cannot be changed greatly from atom
to molecule. Instead, the change must be attri-
buted to the fact that the molecular potential of the
final state is very different from the atomic po-
tential of the constituents. These specific mole-
cular effects can be understood through the con-
cept of effective potential barriers, 2°~?2 as de-
veloped especially by Dehmer and co-workers.?!:2?

These authors have focused on two aspects of
molecular potentials which cause them to behave
quite differently from atomic potentials: aniso-
tropy and physical size. The first of these can
couple a photoelectron (even one formed initially
as a p wave in K-shell excitation) to high-I partial
' waves, whereas in the atomic case the range of
I's is limited to [,+1. The second causes high-I
partial waves, e.g., 1=2, 3 in N,, 2* 23 to behave
resonantly at modest photoelectron kinetic ener-
gies, whereas this would not happen in the corre-
sponding separated or united atom limit. The
theoretical signature of such resonances is that

one of the scattering phase shifts of the molecular
potential will vary rapidly as a function of energy
through the resonant energy. An example of a
thoroughly studied resonance is the resonance with
0, symmetry at ~0.8 Ry kinetic energy in N,. This
resonance has been observed both in “pseudo-x-
ray”? and uv absorption,?® 2° poth in N, and in the
isoelectronic molecule CO. It has been shown
both experimentally?” and theoretically®: 23 that
this resonance can only be excited with an A-vec-
tor component parallel to the molecular axis.
These resonances can of course be classified as
to symmetry in the same manner as the occupied
states. In particular for molecules with an in-
version center, they possess # or g symmetry.
Hence some, but not all, initial states can couple
to them.2" 2%:2¢ This provides a powerful selec-
tion rule, which as will be seen below, forms the
basis for my interpretation of the valence photo-
electron spectrum of SF,.

The geometrical arrangement of the ligands
around the central sulphur atom in SFg provides
extremely favorable conditions for the existence
of resonances. The large number of these res-
onances is immediately obvious from Fig, 1.%
The spectra in Fig. 1 have been aligned in such a
way that the zero of energy corresponds to the
ionization threshold. This manner of displaying
data is convenient when identifying final-state
(kinetic energy) effects, and parallels the use of
constant-ionic-state (CIS) spectra to be discussed
in Sec. IV. As pointed out by Dehmer,?! curve 1
(sulphur Ly spectrum) will only show final-
state resonances of g symmetry (the initial state
is 2¢,,). Similarly, curve 3 (sulphur K spectrum,
initial state 1a,, ) will only show resonances of u
symmetry. Curve 2 (fluorine K, initial states
2a,, 1t,, le,) shows both types of final states.
From Fig. 1 we can then conclude that a reson-
ance with g symmetry exists a few eV above the
ionization threshold. Dehmer has identified this
state as corresponding to the molecular 2¢,, or-
bital.?! Likewise, there is a shallow unoccupied
orbital of # symmetry (6¢,,) below threshold (see
curve 3), as well as a deeper g state (6a,,) (see
curve 1). This qualitative discussion of the 2¢,,
state has been put on a quantitative footing by an
MS-SCF Xa (multiple-scattering—self-consistent-
field Xa ) calculation by Sachenko et al.?® It
should be stressed that the sulphur K spectrum in
SF, (curve 3, Fig. 1) is quite different from the
same spectrum in H,S,* 29 indicating as anticipated
above, the importance of the molecular potential
for these spectra. I will show below how some of
these resonances manifest themselves in the en-
ergy dependence for photoexcitation from the val-
ence orbitals of SF,.



The uv-photoelectron spectrum of SF, shows six
well separated bands in the valence region,'% 1%
From group theory and elementary chemical ar-
guments, it can be shown that there exist seven
different valence levels. One of the peaks in the
photoelectron spectrum has to be a doublet. Potts
et al. observed the splitting of one of these six
peaks both in the 21.2-eV photoelectron spectrum
and in the 40,8-eV spectrum, and assigned two
orbitals to this peak.* While it appears to be well
established that this peak is split in the 21.2-eV
spectrum, later work by Karlsson et al. did not
confirm the existence of a splitting in the 40.8-eV
spectrum.!® Karlsson ef al. concluded that in their
investigation it was not possible to unambiguously
assign one of the bands to ionization of two dif-
ferent orbitals.!> To resolve this question it would
obviously be desirable to have data at more photon
energies. I will show below how the continuum
nature of synchrotron radiation can be used also to
elucidate the origin of the splitting in the 21.2-eV
spectrum.

The ESCA (electron spectroscopy for chemical
analysis) spectrum of the valence levels of SF, was
first reported by Siegbahn et al.'®* Their tentative as-
signment of the bands, based on a complete ne-
glect of differential overlap (CNDQ) calculation,
differs from the assignment given by Potts et al.!'*
Another still different assignment has later been
proposed by Gelius.!” Using monochromatized x-
ray radiation and -intensity arguments, he obtained
an ordering of the level which was identical with
the result of a MS-SCF Xa calculation by Connolly
and Johnson.®° LaVilla has, based on the photo-
electron spectra and x-ray emission and absorp-
tion spectra, proposed still another assignment
of the valence levels.”

The ordering of the valence levels of SFy has
been the subject of several different theoretical
studies.!® 3°~%¢ The methods used include Har-
tree-Fock,3" 3% 3¢ CNDO, !* 32 and MS Xa .30 %

In addition, von Niessen ef al.%® have reported a
sophisticated calculation, based on, in most
cases, an extremely successful Green’s~-function
approach, Starting from Hartree-Fock they have
by a perturbative approach, included corrections
to the energy eigenvalues due to correlation ef-
fects.®® All the reported calculations® 3°-3¢ place
the ay,, t,,, and the first ¢,, level in a group with
higher-binding energies than another group with
the t,,, e, t,, and another ¢,, level.'®3% 3¢ How-
ever, there is little agreement between different
calculations as to the detailed ordering within each
group. In fact, of the six calculations reported
prior to 1974,'% %°% no two agreed on the ordering
of all levels! The Xa calculation by R8sch et al.3°
used almost the same input parameters as Con-
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nolly and Johnson®® and obtained, not unexpectedly,

~almost identical results. This was also the order

found by von Niessen et al,®

Their is no doubt which orbitals are occupied,
only their relative ordering is uncertain. The
configuration obtained by von Niessen ef al. in or-
der of decreasing binding energy and including
core orbitals®® is

(1aw)2 (2a,.F (1e,)* (1£,,)° (3a, P (2¢,,)°
(4a,, ) (2¢,)* (3t,,)° (Ba,, )P (4,,)° (14, )°
(Bae)® (1£5,)° (52,,)° (1£,)° .

The 1t,, and 5¢,, orbitals are almost degenerate
in this calculation. This was interpreted to mean
that they formed overlapping bands in the uv-
photoemission spectrum.®® This calculation also
suggests that many electron effects (shake-ups,
etc.) are of little importance for the spectral
function.

The uv-photoabsorption spectrum of SF, is quite
complex. As in the case of the x-ray spectra, the
Rydberg series are very weak.? 1°~13 Also here,
broad bands are observed. It has so far not been
possible to correlate these bands with particular
final states as has been done in the case of the x-
ray spectra.?’ This is obviously due to the fact
that the absorption spectra of several occupied
levels overlap.

III. EXPERIMENTAL

The experimental setup built by Eastman and
co-workers, is essentially the same as the one
described earlier®3" and will therefore only be
discussed briefly here.

Synchrotron radiation from the 240-MeV elec-
tron storage ring at the Physical Sciences Labor-
atory at the University of Wisconsin is dispersed
by a 1-m horizontally mounted Seya-Namioka
monochromator. The wavelength resolution of
the monochromator is externally variable in steps
from 1.6 to 16 A. The light from the monochro-
mator is estimated to be 80% polarized in the hor-
izontal plane. The light intensity was measured
with a calibrated Al diode.

The gas was admitted to the interaction region
through a nozzle with a hole of 1 mm diameter.

It was found to be extremely important to align
the nozzle with the energy analyzer and the light
beam, in order to obtain optimum counting rates.
The gas was continuously pumped out with a 200-
liter/sec turbomolecular pump. This pump con-
tributed a significantly smaller background of
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low-energy electrons that the ion pump used
earlier,®*

The electron-energy analyzer is a two-stage
cylindrical mirror analyzer PHI model No. 250,
This analyzer has the great advantage that it has
well-understood transmission properties as well
as a high angular acceptance. The pass energy of
the analyzer was higher than 30 eV in order to
avoid distortion of the energy distribution.?* The
spatial arrangement of the analyzer relative to
the light beam introduces, as discussed earlier,
a geometry-dependent systematic error in our
measurements. That is, if the real cross section
is 0, and the angular symmetry parameter is 8,
we measure a cross section o,

0~ 0o(1-0.168) . 1)

In the cases investigated earlier, namely, N, and
CO, we found that this error was not important.*

The pressure in the interaction region was esti-
mated to be between 1073 and 10~ torr.?* The
upper limit is set by the vacuum requirements of
the channel electron multiplier which serves as
detector in the energy analyzer.

The data were collected in a multichannel analy-
zer using multiple sweeps in order to eliminate
effects of changes in light intensity and gas pres-
sure. The measured light intensity from the
monochromator in these experiments is given in
Fig. 12, of Ref. 24 (the higher amplitude curve).

The counting rates depend among other things,
on the photoionization cross sections and the pho-
ton flux from the monochromator. Under favor-
able conditions the accumulation time for a spec-
trum with7Zw =50 eV at total energy resolution of
0.5 eV was 15-20 min. At lower photon energies
both the cross section and the photon flux in-
crease substantially and an energy distribution
could be recorded in less than a minute.

The measurements reported here are of two
kinds, EDC’s and CIS’s.** The electron-kinetic-
energy distributions (EDC’s) are obtained at fixed
photon energies. The area under the various
peaks in these curves (each peak corresponds to
a different state of the ion after photoexcitation)
is measured (see Fig. 2). From these areas the
branching ratio can be calculated. The CIS?**:3°
spectra for each peak are measured by synchron-
ously sweeping the photon energy passed by the
monochromator and the electron kinetic energy
being passed by the electron-energy analyzer.
These spectra were measured with a calibrated
Al diode as monitor of the light intensity. The
light from the monochromator hits the diode after
interacting with the gas. Both the EDC’s and the
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FIG. 2. Examples of energy distribution curves for
SFg.  The curves are normalized relative to each other
using the photoabsorption data from Ref. 12. The dotted
curve denotes the background.

CIS’s are distorted at low kinetic energies by a
smooth background, arising primarily from light
hitting the magnetic shield around the energy
analyzer. This background is easy to separate out
in the EDC’s (shown as dashed lines in Fig. 2), but
makes it difficult to directly convert to CIS’s into
absolute cross sections at present. We will,
therefore, only attribute significance to structure
in the CIS’s.

Electron-kinetic-energy distributions were ob-
tained every 0.5 eV from the ionization threshold
to 40 eV and from there every eV to 54 eV. These
spectra were obtained with moderate resolution,
as discussed above. Additional spectra with higher
resolution were obtained between 20 and 25 eV to
study the anomalous splitting of one peak in the
7w =21.2-eV spectrum. The constant-ionic-state
spectra were obtained for the five outermost bands
in the photoexcitation spectrum between threshold
andZw =40 eV.

As the two published Zw =40.8 eV (Hell ) spectra
differ significantly,'* ! it was considered worth-
while to repeat these measurements. The experi-
mental equipment for these studies consisted of a
commercial Vacuum Generators UVG3 photoelectron
spectrometer. This spectrometer, which is in-
tended for high-precision measurements of ioniza-
tion potentials and not branching ratios, has a col-
lection efficiency with a large 8 dependence.



Hence, I will not attribute significance to the
branching ratios that could be derived from the
data obtained with this instrument.

IV. RESULTS

Some representative EDC’s are shown in Fig. 2.
The peaks in the EDC’s are numbered 1-6 in in-
creasing binding energy. It is very striking how
the relative amplitude of these peaks changes with
photon energy. For example, atZw =22 eV, peak
2 is the largest, at7Zw =36 eV, peak 1 is strongest
and at7Zw =51 eV, peak 2 is again the largest.
Peak 5 changes its relative magnitude very dras-
tically nearZw =28 eV.

The results of my studies with He 1 and 11 radia-
tion are shown in Fig, 3, curves a and . The
data agree with those of Karlsson ef al.'® and dif-
fer from those of Potts e al.' in that peak number
3 is found to be split at 7w =21.2 eV but zot at 7w
=40.8 eV. Also shown in Fig. 3 (curves c—¢) are
synchrotron radiation data, which show convinc-
ingly that the behavior of peak 3 is anomalous in
a narrow interval around Zw =21.2 eV. No such
behavior is observed around Zw =40.8 €V,

There exist differences in the amplitude ratio of
the two components in peak 3 between the data in
Figs. 3(b) and 3(d). This ratio varies quite rapidly
with wavelength near 7w =21.2 eV. As the data in
Figs. 3(b) and 3(d) were taken with different wave-
length resolution, it is not surprising that this
ratio differs in the two spectra. There is also a
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FIG. 3. Electron-kinetic-energy distributions obtained
with He-resonance radiation (curves a and b). Also
shown are portions of EDC’s obtained by synchrotron
radiation around 21 eV (curves c—e).
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FIG. 4. B-dependent branching ratios for SF, for the
five peaks in the EDC’s with lowest-binding energies.
Panels (a)—(e) correspond to peaks 1-5 (Fig. 2), re-
spectively. They are also identified by their (vertical)
ionization potentials.

difference in this ratio between our Hel data and
those by Karsson et al.’®> One possible explana-
tion is a different 8 dependence of the two analy-
zers [Eq. (1)].

Figure 4 shows the branching ratios obtained
from curves like the ones in Fig. 2. The branch-
ing ratios obtained from peak 6 are small, rang-
ing from less than a few percent around threshold
up to around 5% at 50 eV. The scatter between
points is not insignificant and the branching ratio
does not show any structure. Hence, I do not show
these data here. :

The partial photoionization cross sections are
shown in Fig. 5. (The cross section for peak 6 is



1486 T. GUSTAFSSON 18

301 T T T T T T
)
k™ BE=157ev
251 X, % w,‘x“ b
s % (a)

IS
o
TR T
x
L

o
T
1

o

CROSS SECTION (Mb)
o

o

I — 1 1 1 1 1
20 25 30 35 40 45 50 55
PHOTON ENERGY (eV)

CROSS SECTION (Mb)
B % 8 8858338333387
T T T T T Tk R T T — T T
w
& m
o
T o
~ ©
Z
1 | Il I L 1 1 1 11 L

20 25 30 35 40 45 50 55
PHOTON ENERGY (eV)

o
T

(T 7 T T T T T

n
o

BE=183eV
15 (c) 1
102 % = .
% el
= 5+ ’s‘*ﬂ&’& |
= ; . et
Z sl % =19.8eV |
=
8 10} = 1‘2‘%‘%‘ (d) i
I Mo, o
»n XX gt %% g % X X
[72]
o bt
@ 201 *
© =227eV
15+
. (e)
o .
8t g .
o

20 215 3IO 315 4b 415 510 55
PHOTON ENERGY (eV)
FIG. 5. Partial photoionization cross sections (Ref. 38)

for SFg for the five peaks in the EDC’s with lowest-
binding energy. See the text for further details.

small, Tt increases slowly and almost monotoni-
cally from threshold, never exceeding 3 Mb. It
is, therefore, not shown here.) The partial photo-
ionization cross sections were obtained using the
branching ratios in Fig. 4 and the recent photo-
absorption data by Lee et all® I have assumed the

photoionization efficiency (y) of SF, to be 1 over
the whole energy range. The only reported y val-
ues for SF; are due to Sasanuma et al.* Their re-
sults are rather remarkable in that their maxi-
mum value of y is 0.3. It is very difficult to under-
stand what sort of physical mechanisms can give
rise to such a low photoionization efficiency. It

is difficult to assess from the published report
how the photoionization efficiency was measured.
It is, for example, well known that the SF," ion
has a large probability for subsequent dissocia-
tion.'® The effect of this dissociation on the photo-
ionization efficiency measurements is not known.
If we were to use the y values of Sasanuma et al.,'?
the main effect would be to accentuate the cross
sections around 20 eV. The structure in the
curves would not change but the absolute values

of the cross section clearly would.

I have made no attempt to study the fluorine 2s
derived levels with binding energies around 40 eV
(3¢ 4s 2e,, and 4a,). The branching ratios in Fig.
3 should hence be interpreted as giving the rela-
tive probability for photoexcitation between the
uppermost orbitals only for 7w greater than the
threshold for photoionization from the fluorine 2s
derived levels. The partial photoionization cross
sections in Fig. 5 will be affected in a corre-
sponding way.

As noted by Lee ef al.'® their total photoabsorp-
tion |0y, (w)] measurements are in good agreement
with those of Sasanuma ef al.’? at low photon ener-
gies and with those of Blechschmidt ef al.® at high
photon energies. The data by Lee et al.'® show
considerably more detail than the earlier work.% 12
The partial photoionization cross sections in Fig,
5 show somewhat more fine structure than do the
branching ratios in Fig. 4. This fine structure oc-
curs where o,,(w) varies rapidly. I believe that
this fine structure is spurious and caused by small
differences in wavelength calibration between the
monochromator used by Lee ef al.'® and the one
used in the present work.

The partial photoionization cross sections in Fig.
5 are quite rich in structure. Particularly re-
markable are the sharp peaks that appear in the
spectra in panels (b), (c) and (e). It is also notable
that almost the whole falloff of gy, (w) above 40 eV
is due to the band with the lowest binding energy
[panel (a)].

At 77w =54 eV the relative strengths of the six
bands are (in increasing binding energy and nor-
malized to band 1) 1:2.1:0,6:0,7:0,7:0,3. This can
be compared to the ESCA values (Al Ka, 7w
=1486 eV) 1:1.9:0.8:0.7:2,4:2.6,7

Figure 6 shows CIS’s for the five outermost
peaks in Fig. 2 as a function of kinetic energy of
the photoelectron. Observe in particular that
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FIG. 6. Constant-ion-state spectra for the five outer-
most peaks in the EDC as a function of kinetic energy.
The spectra are not correctly scaled relative to each
other.

three of the curves show a maximum between 5
and 6 eV kinetic energy. These three curves max-
ima correspond, after allowance is made for the
differences in binding energy, to the three peaks
in the partial photoionization cross sections in
Fig. 5 panels (b), (c), and (e).

The autoionization decay from Rydberg states

was studied in the CIS’s much in the same way as -

done in earlier work on CO and N,.** A few win-
dow-type resonances were observed [top curve in
Fig. 6]. They were in essential agreement with
earlier high-resolution optical absorption
work, 8 11: 13

V. DISCUSSION

My interpretation of the photoelectron spectrum
of SFg will rely on the identification of the final-
state resonance a few eV above threshold as hav-
ing g symmetry. The continuous nature of syn-
chrotron radiation makes it possible to utilize this
feature to identify the initial states of # symmetry.
By choosing the appropriate photon energy it is
possible to excite each level to a kinetic energy
corresponding to this resonance. The only peaks
that exhibit this resonance in the cross section
correspond to u-type initial orbitals. One im-
mediately sees (Figs. 5 and 6) that bands 2, 3,
and 5 couple to this resonance whereas 1 and 4 do
not. Of the three deepest-lying valence levels
(5a,,, 4t,,, and 1f,,, see Sec. II) only one has »
symmetry. It follows that peak 5 should be identi-
fied with 4¢,,.

The ESCA spectrum®®'? of SF, is, as mentioned
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above, dominated by peaks 5and 6. One would then
expect these orbitals tohave appreciable s character.
The 4¢,, orbital does indeed contain appreciable
fluorine 2s contributions. This also implies that.
peak 6 has to be the only valence level with a
significant sulfur 3s content, namely 5a,,. Peak 4
is then assigned to 1¢,,. This is consistent with
peaks 4 and 6 not coupling to the resonance.

The ordering of the three low-lying valence lev~
els is then, in increasing binding energy: 1¢,,
4t .., 5a,,. This is the same ordering as obtained
by other means, for example, by Potts ef al.'* and
by Gelius.'”

From Figs. 5 and 6, one may make conclusions
about the remaining valence levels also. As peaks
2 and 3 couple to the resonance they then have to
each contain one of the two remaining « levels.
Peak 1 does not go through this resonance and has
to contain one g level. This differs from the earl-
ier assignments,* 16+ 17 '

There remains two g levels and one unassigned
band. One of the g levels has then to be associa-
ted with band 1. One now has to decide which band
in the photoelectron spectrum is a doublet and thus
contains the last g level,

From Fig. 3 one can see that the splitting of peak
3 only persists in a narrow photon energy range.
Such perturbations of the shape of a band have been
observed for example in O,,*° and have been attri-
buted to autoionization. The same explanation is
adopted here and will be discussed further below.

The cross section of peak 2 is larger than that
of peaks 1 and 3, botk in the uv range (Fig. 5) and
in the ESCA spectrum,'® 7 Although the Thomas-
Reiche-Kuhn sum rule does not hold rigorously
for individual orbitals, it seems nevertheless like~
ly that peak 2 is the doublet. This has-also been
suggested by others.!” 3°: 35: 3¢ The present con-
clusion differs however, as to the composition of
the doublet. I find that it has to consist of one «
and one g orbital, Intensity arguments suggest
that the g state is the fourfold-degenerate 3e,,
rather than the sixfold-degenerate 1¢,,. This is
not unreasonable as the three calculations?® 3% 3¢
that do agree as to the ordering of the valence
levels place 1¢,, at a lower-binding energy than
3e,.

It appears not to be possible to assign the last
two u levels, 5¢,, and 1¢,,, based on intensity ar-
guments without doing a calculation. The assign-
ment that I arrive at is then, in increasingbinding
energy, 1t,, (5t,,+3e,), 1y, 1li,, 4t,, and 5a,,,
with 5¢,, and 1f,, quite possibly reversed.

In light of these results, I will now proceed to
make some comments on.earlier spectroscopic
data on SFg.

As mentioned earlier, the Rydberg series in
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SFg are very weak, the reason being that the po-
tential barriers inhibit excitation to the diffuse
Rydberg orbitals. Neverthelsss, a few weak
series have been observed. Codling found a series
nicely converging to 26.8 +0.04 eV, which corre-
sponds to the binding energy of the 5a,, orbital.’*
Nakamura ef al. detected very weak structure
around 180 eV which clearly is attributed to Ryd-
berg series converging to the ionization limit of
the 2t,, state.® Potts et al. have attributed'* some
very weak structure first observed by Codling!
to a Rydberg series converging to an.ionization
limit at 22.5 eV. A lower-energy member of the
same series has recently been observed by Lee
et al.’® All these ionization limits are in good
(£ 0.05 eV) agreement with the photoelectron val-
ues for the binding energies. Nostrand and Dun-
can'® observed four lines below the first ionization
threshold. The first of these lines centered at 77w
=11.5 has a half width of some 2 eV, .whereas the
other three lines (at7Zw =13.27, 7w =14.28, and
Hw=15,16 eV) are narrow. They fitted line num-
bers 1, 3, and 4 to a Rydberg series converging
toZw =16,15 eV, which is 0.46 eV away from the
nearest ionization potential. Subsequent measure-
ments® ® have obtained essentially the same val-
ues for the first lines, but a significantly different
value (Tw=14.9 eV) for the highest one. I have
tried to fit these new values to a Rydberg series,
but without success. Indeed, I obtain even worse
agreement than Nostrand and Duncan'® for rea-
sonable values of the quantum defect. There
seems to be no alternative at present but to as-
sume that lines 2~4 are members of one or possi-
bly several deeply perturbed Rydberg series. The
width of the peak around 11.7 eV is however, con-
spicuous. It is unlikely that the line shape can be
attributed to interaction with the continuum,* as
the adjacent continuum is quite weak.

It seems much more likely to assign this peak
to transitions from an occupied valence orbital
to an unoccupied one below the vacuum. Dehmer?
obtained (see Fig. 1) a resonance with g (#) sym-
metry at 9.6 (3.3) eV below the vacuum. Since
the binding energy of the 4¢,, orbital is 22.5 eV,
for example, it would in single-particle terms,
take 12.9 eV to take an electron from the 4¢,, or-
bital and put it in this resonance. From this
single-particle estimate one should deduct the dif-
ference in screening energy of the hole between
the valence-valence and core-valence excitations.
If this is assumed to be of the order of 1 or 2 eV,
the resulting transition could very well explain
the broad peak in the adsorption spectrum just
below 12 eV, Furthermore, there are two other
symmetry-allowed transitions in this energy
range, namely, from the 1#,, and 3¢, orbitals to

the # resonance below the vacuum.

There will also be transitions from lower lying
orbitals to these resonances below the vacuum.
For example, without correction for differential
hole screening, it would take 23.5 eV to move an
electron from the 5a,, orbital to the » resonance.
Allowing a 2 eV reduction of this energy due to
screening, the autoionization decay of this ex-
citation could very well explain the asymmetric
line shape of the third peak in the HeI spectrum.
As the 5t , and 1£,, orbitals have very different
spatial character,® it seems unlikely that they
would couple equally strongly to these decay pro-
cesses. It should be possible to separate them,
e.g., by a calculation of the total energy curves.

The energy position of the g resonance in the
continuum deserves mention. The peaks in Fig, 6
are located at 5.6 eV kinetic energy (excitations
from band 2 in the photoelectron spectrum), 5.1
eV (band 3), and 5.7 eV kinetic energy (band 5).
Using the x-ray data of Blechschmidt ef al.® I ob-
tain approximately 3.6 eV for the same quantity
in the case of excitation from the sulphur 2p core
level. The resonance in the core excitation thus
appears at a slightly lower kinetic energy. This
is the same trend as can be found both in N, and
CO.2* This may be due to differences in the in-
itial-state wave functions or in the screening of
the two hole states.

VI. CONCLUSIONS

Measurements of the partial photoionization
cross sections of SF between threshold and 54
eV photon energy have been reported. These
cross sections are very rich in structure, show-
ing dramatic resonance effects. A qualitative
understanding of these effects can be obtained
through the concept of effective potential bar-
riers.* 2°72Z In this manner, the fundamental im-
portance of the molecular potential for the out-
going photoelectron can be understood.

The existence of a final-state resonance of g
symmetry between 5 and 6 eV kinetic energy has
made an interpretation of the photoelectron spec-
trum of SFy possible. This identification is differ-
ent from the one currently favored in the litera-
ture.li(). 35, 36

In addition to the present results on SF,, there
now exists extensive partial photoionization cross-
section data in the uv range on three more mole-
cules, namely, CO,** N,,** and CO,.*> In all cases,
qualitative differences between the cross sections
of different orbitals have been observed, even in
the absence of resonances. It seems that even a
fairly crude calculation should be able to explain
these first-order effects. In order to perform or-



bital assignments, it may very well turn out to be
advantageous to perform such calculations instead
of further refining computations of energy eigen-
values. However, it is also quite clear that the
potential that acts on the photoelectron is strong,
i.e., the cross sections are very far from free-
electron-like. Any calculation addressing itself
to these problems must take this fundamental as-
pect of the problem into account.
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