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Electron energy-loss spectra (EELS) of SF4 have been recorded in the region of S 2p, S 2s, and F 1s
excitation, using both dipole and nondipole electron-scattering conditions. Impact energies between 700 and
3200 eV and scattering angles between 0° and 30° were used. Relative to dipole EELS or photoabsorption,
there are large intensity redistributions in both the S 2p and S 2s spectra under nondipole conditions. In
contrast, the F 1s spectrum is essentially the same in near-dipole and nondipole scattering regimes. A higher-
order electric multiple S 2p spectra feature is observed at 181 eV. It has an unusual multipeaked line shape
whose components are more closely spaced than the typical 1.15-eV S 2p spin-orbit splitting. It is attributed
to the overlap of several quadrupole-coupled states, which are likely associated with the [S 2p(¢,,) " ',¢,,]
configuration. Ab initio self-consistent field calculations for various open-shell S 2p excited states are used to

assist spectral assignments.

PACS number(s): 34.80.Gs, 33.20.Rm, 33.70.Ca

I. INTRODUCTION

The electronic structure of sulphur hexafluoride has been
a subject of much interest both because of its technological
importance [1-4] and because of its unusual spectroscopy.
Photoelectron [5-7], valence-shell [8—10], and inner-shell
[11-22] photoionization and valence-shell [23] and inner-
shell [24-28] electron energy-loss experimental measure-
ments have been performed. In parallel there has been an
extensive effort in calculation of the core excitation of SFg
using both multiple-scattering [29—35] and molecular-orbital
[36-38] approaches. The core excitation spectroscopy of
SF¢ has been studied intensively because it is a prototype of
a number of species in which a central atom is surrounded by
a “cage” of electronegative atoms. Its unusual core excita-
tion spectral features are the consequence of a potential bar-
rier. Nefedov [12] and Dehmer [16] proposed the potential
barrier concept to explain the ‘“anomalous’ intensity distri-
butions observed in the inner-shell electron excitation spectra
of ‘“cage molecules” containing highly electronegative
ligands such as SFg, SO,, and SiF,. These unusual intensity
redistributions consist of the suppression of direct ionization
and the enhancement of selected features, both above and
below the inner-shell ionization potential (IP). The latter fea-
tures are attributed to excitations of core electrons into un-
occupied molecular orbitals (UMOs) to form states spatially
localized inside a potential barrier.

In the potential barrier model, excited states are localized
into either the inner-well or outer-well region of the potential
space. Figure 1 depicts a one-dimensional model of this phe-
nomenon. The compact virtual valence orbitals are localized
in the inner well and thus there is strong spatial overlap with
the compact core orbital. If the symmetry is correct, this
results in very intense core to valence excitations in dipole-
regime electron energy-loss and x-ray photoabsorption spec-
tra. For SFg, excitations to the 7, orbital in the S 1s and S
2s spectra and excitations to the a,,, t,,, and e, orbitals in
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the S 2p spectrum are of this type. In contrast, spatially
extended Rydberg (4s,3d.,4p,...) and near-threshold con-
tinuum orbitals are excluded from the inner well and “local-
ized” in the outer-well region. This results in poor overlap
with the core orbital and thus low spectral intensities for core
to Rydberg excitations [8] and for near-threshold core ion-
ization. Although core to Rydberg transitions are suppressed,
they are still observed in the core spectra of most “‘potential
barrier’ species, either because of “‘tunneling” through the
barrier or because of Rydberg-valence mixing in which the
final-state wave function obtains some “‘inner-well” charac-
ter [39-44].

Potential barrier effects have also been observed and pre-
dicted in the inner-shell spectra of a wide range of molecules
which are not cage molecules, particularly unsaturated spe-
cies such as N, and CO [45-48]. For these species, the en-
hanced intensity of the core to o* feature has been attributed
to shape resonances that occur at energies where the outgo-
ing core-ionized electron is temporarily trapped by multiple
intramolecular scattering by the anisotropic molecular field.
The nature of the potential barrier in both cage and noncage
species has been the subject of considerable debate
[12,16,47-49]. Multiple-scattering X« calculations [29-
35,47,48] suggest that the dominant effect is a centrifugal
barrier associated with large angular momentum of the
ejected photoelectron since the continuum resonances appear
at specific energies in selected angular-momentum partial
waves of the outgoing electron in the final state.

Molecular-orbital (MO) calculations also predict intensity
enhancements associated with the transitions to core excited
states that are quasibound in the continuum [50]. In many
cases a one-to-one correspondence can be made between the
MO and the shape resonance picture. Stohr [51] has pre-
sented a detailed discussion of the relationships among vari-
ous models for intensity-enhanced core excitation spectral
features. It is debatable whether there is a close correspon-
dence between the MO [21] and shape resonance [12,16]
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FIG. 1. Schematic of the potential barrier model for core exci-
tation in SFg, showing the division of the energy levels into inner-
well (occupied core, valence, and virtual valence) and outer-well
(Rydberg) components. The one-dimensional potential is fictional.
The actual potential will be different for the ground and each ex-
cited state.

models for SFg. In early studies [12,16] the intensity-
enhanced 7,, and e, resonances in the S 2p continuum were
associated with the f,, and e, orbitals arising from crystal
field splitting of the S 3d orbitals. However, Addison-Jones
et al. [7] have used MS X« calculations to show that similar
continuum resonances can be found in a hypothetical octa-
hedral “Fg” species, which does not even contain a S atom.
According to the ab initio calculations of Reynaud et al.,
[21], the ligand field splitting of the S 3d levels is only 0.04
eV and these levels are bound, not in the continuum. This is
consistent with current interpretations of the weak S 2p Ry-
dberg signal as involving Rydberg orbitals of primarily S 4s
and 3d character [22]. SF4 appears to be a case where Rob-
in’s concept of Rydberg-valence conjugates [52] applies with
the coexistence of states involving both large-R (outer-well)
Rydberg 3d orbitals and small-R (inner-well) valence 3d*
orbitals.

While the electric-dipole core excitation spectroscopy of
SF¢ has been very extensively studied, there have been only
a few investigations of the nondipole excitations [26,28].
Variable momentum transfer electron energy-loss spectros-
copy (EELS) can experimentally investigate excitation
mechanisms. The characteristic transition time increases in
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small impact parameter, large momentum transfer electron-
molecule collisions [53]. Thus it is possible that, in addition
to turning on nondipole electronic excitations, there could be
large changes to potential barrier phenomena, such as in-
creased intensity of Rydberg and near-continuum transitions.
Harrison [26] reported a S 2p spectrum recorded with only
74 eV residual energy in which a different spectral feature at
181 eV was clearly observed. Recently Ying, Mathers, and
Leung [28] have made a systematic study of the momentum
transfer dependence of the S 2p spectrum of SF¢. Owing to
the limited resolution and statistics as well as the relatively
narrow momentum transfer range that was investigated,
Ying, Mathers, and Leung were not able to study the 181-eV
state. In order to investigate more completely the nondipole
core-excited states of SFg, including the different feature at
181 eV, we have carried out a systematic investigation of the
S 2p, S 2s, and F 1s inner-shell electron energy-loss spectra
(ISEELS) of SFg in both dipole and nondipole scattering
regimes. This paper reports our spectroscopic findings, the
most significant of which is a detailed investigation of the
181-eV nondipole state. Quantitative generalized oscillator
strengths were derived for the S 2p spectral features. These
values are reported in the following paper [54].

II. METHODOLOGY
A. Experiment

Electron energy-loss spectra of SFg in the S 2p and S 2s
regions were measured using a high-resolution energy-loss
spectrometer whose design and operation will be described
in detail elsewhere. Briefly, a monochromated incident elec-
tron beam is focused at a gas jet target. Electrons inelasti-
cally scattered at a mechanically determined scattering angle
(—10°-110°) are transported and dispersed using a lens sys-
tem and a hemispherical electron energy analyzer. The signal
is detected using a channel electron multiplier and standard
pulse counting electronics. The F 1s spectra were recorded
using a moderate resolution EELS spectrometer in which the
incident electron beam is not monochromated [55].

The sulfur hexafluoride (99.99% purity) used in these ex-
periments was purchased from Matheson and was used with-
out further purification. The overall energy resolution, deter-
mined by the monochromator and analyzer pass energies of
70 eV each, was 0.5 eV full width at half maximum
(FWHM) for the S 2p and S 2s experiments carried out with
impact energies of 1400 and 1500 eV. For the S 2p spectrum
recorded with 700 eV impact energy and for F 1s spectra
recorded on the lower-resolution spectrometer, the resolution
was 0.7 eV FWHM. The absolute energy scales were cali-
brated in the S 2p region, using the S 2p,,—1,, transition
(184.54 eV) reported by Sodhi and Brion [56]; in the S 2s
region, using the S 25— 7, transition (240.5 eV) [25]; and in
the F 15 region, using the F 1s—a,, transition (688.0 eV)
[25].

B. Calculations

The calculations were carried out using the GSCF3 com-
puter code [57,58] on a MIPS RS3330 UNIX workstation.
The core-ionized and core-excited states were obtained by ab
initio self-consistent field calculations with explicit consider-
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TABLE L S 2p, S 2s, and F 1s core excited states of SFg. M, monopole; D, dipole; O, quadrupole; O, octupole; H; hexadecapole; ?,

higher-order multipole AJ>4.

Upper S 2p (t,,) excitation S 2s (ay) excitation F 1s excitation (aigstiu.ey)

orbital State Selection rule State Selection rule F 1s orbital State Selection rule

6a, Ty, D Ay 2ay, A, M

11y, T D

le, E, o

611, Ay, M Ti. 2ay, T D

E, Q 11y, A, M

Ty, H E, (0]

Tog 0 Ty H

Tag 0

le, T, D

T,, o

2154 Ay, ? Ty 2ay, Ty, (0]

E, ? 11y, Ay, ?

T D E, ?

T,, o Ti. D

T, o

le, T, H

To 0

de, T5, (0] E, 2a, E, %)

T D 11y, T D

T,, o

le, E, o

A, ?

Ay, M

ation of the core hole; i.e., based on the symmetry-adapted
ASCF method in which the ground and core excited state
energies are subtracted to derive excitation energies [59]. De-
generate symmetries of various open-shell S 2p excited
states were correctly treated, but the spin-orbit interaction
was not taken into account. Primitive basis functions were
taken from (533/53) and (63/5) or (73/7) contracted
Gaussian-type functions of Huzinaga et al. [60]. They were
augmented with polarization functions for sulfur (1%,
£,=0.659 and 0.183) and with tight (compact) functions
(1%, £,=182.0 and 16.0; {,=33.0; {,=6.4 and 2.1). The
tight functions (denoted by 17%) account for sulfur orbital
contraction upon core hole creation. Without these tight basis
functions the orbital relaxation energy upon core hole cre-
ation was not sufficiently taken into account and the excita-
tion and ionization energies were overestimated. The con-
traction schemes were (521211717/4111117/17171%1%)
and (63/311) for the S 2p ionized and excited states,
(52121/41111/1*1*) and (721/511/1*) for unionized F at-
oms, and (4111111/31111/1*) for the ionized F atom, with
4= 1.496 for the F 1s ionized and excited states. Diffuse
functions were not included because Rydberg states are not
discussed in the present work.

III. RESULTS AND DISCUSSION
A. Orbital and state descriptions

The ground-state electron configuration of SFg can be
written as follows [61,62]:

Core orbitals

(la1)?* (2a1)%(11,)%(le)* (3aj)* (211,)°
Sls Fls S2s S2p,

valence orbitals

(4a1g)2(3tlu)6(2eg)4(5a1g)2(4llu)6( 1 tZg)6(3eg)4

X ( 1 t2u)6(5tlu)6( 1 tlg)6’
and virtual valence orbitals
(6a1,)°(611,)°(212,)%(4e,)°.

Note that, while the ordering of the occupied valence orbit-
als, in particular the closely spaced 1¢,,, 5t;,, and 3e,
orbitals, is still a subject of debate, the energy ordering of the
virtual valence orbitals is well established, as is the indepen-
dence of this ordering on the remainder of the electronic
configuration.

The states corresponding to the possible configurations
arising from excitations of S 2p, S 2s, and F 1s core elec-
trons to the four virtual valence orbitals are summarized in
Table I, along with an indication of the order of electric-
multipole transition (monopole, dipole, quadrupole, octu-
pole, hexadecapole, or higher-order monopole), which can
couple each state to the A, electronic ground state. We note
that this analysis has been carried out in an LS-coupling
scheme and thus it ignores the spin-orbit interaction, which
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FIG. 2. S 2p EELS spectra of SF¢ recorded with 1400 eV im-
pact energy, 2° and 16° scattering angles, and 0.5 eV FWHM in-
strumental resolution. The top panel plots as-recorded data. The S
2p component, isolated by subtraction of an extrapolation of the
underlying valence continuum, is plotted in the bottom panel. The
16° spectrum has been multiplied by 20 and offset for clarity. The
hatched lines indicate the ionization potential [63,64).

is clearly an important aspect of the S 2p spectrum of SF¢
since a spin-orbit splitting of 1.1-1.2 eV is detected in sev-
eral states.

B. The S 2p spectrum

Figure 2 compares ISEELS of SFg¢, recorded in the S 2p
region using dipole (E,=1400 eV, #=2.2° K?=0.6
a.u.~2) and strongly nondipole (E,=1400 eV, 6=16.1°,
and K*=8.0 a.u. ~?) conditions. Both as-recorded and back-
ground-subtracted spectra are presented. The estimated
valence-shell signal was generated by extrapolating a least-
squares fit of the signal between 155 and 170 eV to a func-
tion a(E—b)°. The energies of the S 2p spectral features, as
well as term values derived using x-ray photoemission spec-
troscopy (XPS) ionization potentials [63,64], are listed in
Table II along with the proposed assignments.

Both synchrotron radiation photoabsorption [12-22] and
small-angle EELS [24,25,27] spectra indicate that the dipole-
regime S 2p spectrum is dominated by three bands, corre-
sponding to dipole-allowed excitations to the a,, f,,, and

e, virtual valence orbitals. As the group theory analysis in-
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TABLE II. Energies (eV), term values, and assignments of fea-
tures in the S 2p electron energy-loss spectrum of SFg.

Energy loss

(+0.1 eV) Term value (eV)

2psn 2Pin 2pan 2pin Assignment

1723 1734 8.1 8.2 (17} ,6a, )Ty,
(177.4)* (3.6) (1,601 )A [+ v(1,,)]
(180.9)° (0.1) (17,0 ,611,) T, E,©

180.4 181.6 1P¢

183.4 1845 -3.0 -29 (11, 20T,
(196.2) (—15.2) (17, 4e )T,

#Average of 3/2 and 1/2. Spin-orbit splitting is not observed; term
values are expressed relative to the average IP.

bAverage peak position. See Fig. 4 and Table III for results of a
curve-fit analysis that indicates there are several states and/or a
complicated vibronic structure.

“The ordering of these states is not clear at present.

9The S 2p IPs are from XPS measurements [63,64].

dicates (Table I), for each of these (S 2p !, UMO) configu-
rations (where umo is the unoccupied MO), there is only a
single state that is dipole coupled to the ground state. The
main features of the S 2p photoabsorption spectra of gaseous
and solid SF4 are identical [15,20], consistent with a domi-
nant, spatially compact, valence character to the excited elec-
tron in each of the resonance states. In addition to the dipole-
allowed S 2p to valence excitations, there are weak Rydberg
excitations that are not detected in this work on account of
the limited resolution, but that have been well characterized
in higher-resolution ISEELS [25,27] and photoabsorption
[22] S 2p spectra. The Rydberg character of these features is
evident from their narrow linewidths as well as their absence
from the solid-state spectrum of SF [15,20].

In addition to the dipole signals, there is a broad underly-
ing signal in the 175—178-eV region of the EELS spectrum
even at relatively small momentum transfer, which is present
but much weaker in the photoabsorption spectrum [22]. The
stronger EELS signal has been associated with the
quadrupole-allowed, dipole-forbidden S 2p—1;, excitation
[25], while the weak residue in the optical spectrum has been
attributed to electronically forbidden, vibronically allowed-
dipole transitions [22]. In the vibronic coupling mechanisms
some of the vibrations of the complex (specifically ¢, and
t,, vibrational modes) distort the octahedral structure in such
a way that the center of symmetry is destroyed and thus the
combined electronic-vibrational transition becomes allowed
within electric-dipole selection rules.

The present dipole-regime spectra are consistent with the
earlier EELS results [25,27]. The a;, and t,, features display
a spin-orbit doublet structure with a splitting of 1.11(9) and
1.20(3) eV, respectively. The spin-orbit splittings we observe
for these states are in agreement (within mutual error bars)
with those reported in photoionization studies [7,64]. Figure
3 plots measured spin-orbit separations for the a;, and 7,
features, along with the relative intensities of the 2p;/, and
2pp components, as a function of momentum transfer.
While fluctuations of up to 0.1 eV are found in the spin-orbit
separation, particularly for the a, state in the intermediate
K? range where the underlying valence continuum becomes
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FIG. 3. Magnitude of spin-orbit splitting (AE,_,, left panels)
and intensity ratio of the 3/2:1/2 components (I3, /1,,,, right pan-
els) for S 2p excitation to (a) the a; ¢ and (b) the t,, levels.

very intense producing a very unfavorable S:B ratio [54], the
spin-orbit splittings do not change systematically with mo-
mentum transfer. In contrast, there are statistically significant
changes in the relative intensities of the spin-orbit compo-
nents of the 75, resonance with momentum transfer. In par-
ticular, there is a gradual increase of I, /1, (ratio of peak
areas) from ~0.42 to ~0.65 for the (S 2p'1,t2g)T1u state
between 10 and 20 a.u.”2. Harrison [26] observed that
I3p /1y, for the “f,,” state increased to approximately 1
when the impact energy was decreased to 225 eV at a scat-
tering angle of 90° (K2~22 au.”?). The increase in
I3, /1, we observe is consistent with Harrison’s observa-
tion. Our value of I5,/1,, is smaller even though the mo-
mentum transfer is similar (greater than 20 a.u. ~2) because
we use a much higher impact energy to achieve a similar
K?. Thus we are comparing conditions over which the
Bethe-Born analysis no longer holds. As we discuss further
below, an increase in *“f,,(3/2)” relative to “f,,(1/2)” at
larger momentum transfer is consistent with the existence of
one or more nondipole excitations underlying the dipole-
allowed S 2p3,—1,,(3/2) transition.

The linewidths of the a,,, t,,, and e, resonances are
larger than our experimental resolution (0.5 eV) and thus
they are controlled by vibrational and/or lifetime broadening
effects. For the a,, and 1,, states, the linewidth of the S
2p3,» component is found to be systematically narrower than
that for the S 2p,, component, as previously noted by Hud-
son et al. [22]. This implies a faster core hole decay rate for
the S 2p,, states, although the specific decay mechanisms
involved remain to the determined by resonant photoemis-
sion studies.

At large scattering angles where the momentum transfer
increases and nondipole excitations are expected to contrib-
ute more strongly, there are dramatic changes in the relative
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FIG. 4. Expansion of the S 2p spectrum of SFg in the region of
the 181-eV feature, with a curve-fit analysis. The data are the sum
of spectra recorded with a resolution of 0.5 eV, impact energy of
1400 eV, and a range of scattering angles between 11° and 21°. The
error bars reflect counting statistics. A multipoint smooth was ap-
plied to the background subtracted raw data. The upper panel is the
residual of the fit, defined as the difference between the smoothed
data and the fit. Pairs of lines constrained to have a fixed 1.15-eV
separation are indicated by a common line thickness.

intensities of the core to valence excitations. In particular, the
intensity of the feature at 177 eV ascribed to S 2p—1t,,
excitations increases considerably with respect to the three
dipole-allowed bands. This is consistent with the existence of
two excitation mechanisms for this state: the vibronically
allowed one, which gives rise to the weak component ob-
served optically, and a nondipole, likely a quadrupole-
allowed, mechanism. The intensity of the a,;, resonance de-
creases relative to that of the two strong continuum
resonances. In addition to these intensity redistributions, the
large scattering angle spectrum clearly exhibits a feature at
181 eV. This signal was first noted by Harrison and King
[26], although there are also hints of it in lower momentum
transfer EELS spectra [25]. Harrison tentatively attributed
this signal to symmetry-forbidden transitions to a state asso-
ciated with the (S 2])3_,21 ,24) configuration. This assignment
was rationalized by the observation of a rather large increase
in the intensity of the (S 2p3, ,ty,) relative to the (S
2p1_,21 ,t2p) ‘‘main line” components in the near-threshold
spectrum.

Figure 4 is an expansion of the sum of all nondipole re-
gime, higher-resolution S 2p energy loss spectra that exhibit
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TABLE III. Results of curve-fit analysis of the 181-eV region of large momentum transfer EELS spectra of SF;.

Energy Width
Feature Fit component (eV) Intensity (X 1072) (eV) Other parameters
2ps, edge arctangent 181.33 3.56 0.37% 2.90X 1073 ® decay
2p 1, edge arctangent 182.53 19.8 0.37¢ 2.90%X 1073 ® decay
nondipole I-3/2 Gaussian 180.38¢ 11.7 0.654
nondipole 1-1/2 Gaussian 181.53¢ 21.3 0.65¢
nondipole II-3/2 Gaussian 180.91°¢ 27.4 0.72f
nondipole 1I-1/2 Gaussian 182.06° 13.3 0.72f
nondipole III-3/2 Gaussian 181.41# 3.46 0.720
nondipole III-1/2 Gaussian 182.568 13.6 0.720
154(3/2) Voigt 183.36 80.6 0.80 0.060 L fraction
15,(1/2) Voigt 184.52 305 0.70 0.666 L fraction

#Required to have the same value.
bRequired to have the same value.

A fixed 1.15-eV spin-orbit splitting has been imposed on this pair of lines.

dRequired to have the same value.

A fixed 1.15-eV spin-orbit splitting has been imposed on this pair of lines.

Required to have the same value.

A fixed 1.15-eV spin-orbit splitting has been imposed on this pair of lines.

hRequired to have the same value.

the 181-eV feature. Clearly the 0.5-eV separation of the two
main components of the 181-eV signal is much too small to
correspond to the spin-orbit splitting of a single state. This is
evidence that there are two (or more) states each with normal
spin-orbit splitting (approximately 1.1 eV) in this energy re-
gion that overlap to give rise to the reduced spacing. This
spectrum has been fit to the sum of pairs of Voigt and Gauss-
ian lines (constrained to 1.15-eV separation), along with two
error-function continua. The positions of the error-function
continua were optimized and came about 1 eV higher than
the known S 2p ionization energies. This was considered
appropriate both because of the delayed onset effect and the
fact that the maximum cross section of S 2p continua lie
several eV above the S 2p IP. The results of the fit are
summarized in Table III. The 181-eV signal clearly has as-
sociated substructure, with two main components separated
by 0.5(1) eV. In addition, a third component appears neces-
sary to account for the intensity between 182 and 183 eV,
although this may be associated either with the use of a sym-
metric line for the 3/2 component of the ¢,, resonance or an
effect of the shifted IPs.

C. Assignment of the 177- and 181-eV features

The nondipole signal at 181 eV is a rather surprising ob-
servation since, in a minimal basis-set orbital description,
only four S 2p excitations to virtual valence levels are ex-
pected (see Fig. 1) and these have already been identified.
The enhanced intensity of the 181-eV signal with increasing
momentum transfer is evidence for either a higher-order
electric-multipole or a spin-forbidden transition. Gianturco,
Guidotti, and Lumanna [36] have reported a fifth virtual or-
bital of 7, symmetry, which they distinguish from the “‘con-
ventional” ¢, (S 3p) orbital in terms of spatial alignment
(note that a proper linear combination of atomic orbitals de-
scription is not given, so it is difficult to determine exactly
the character of their 1¢,, and 2¢,, orbitals). They calculate
a 1¢,,/2t,, splitting of only 0.8 eV in the ground state but

much larger values in the core excited states (9 eV in S 2p,
5eVinF 1s, and 10 eV in S 1s). However, this result is
considered to be an artifact of the use of double-{ functions
in the calculational method and the higher energy 27;, or-
bital does not correspond to any physical observable.

While an orbital picture cannot explain the 181-eV fea-
ture, when the S 2p spectrum is considered from a state
perspective there are a number of candidate states for which
spectral signatures have not been identified. As outlined in
Table I, there are 11 states that arise from S 2p excitation to
the four virtual valence orbitals. Among these, there are two
states that are coupled to the ground state via dipole-
forbidden, quadrupole-allowed transitions. One possibility is
that the features at 177 and 181 eV correspond to these two
states, since quadrupole transition matrix elements will gen-
erally be larger than higher-order electric-multipole matrix
elements. Before adopting this interpretation, we considered
a number of alternative possible assignments and the com-
parison with ab initio ASCF calculations.

1. Reassignment of the S 2p—t,, excitation

One possibility is that the conventional assignment of the
quadrupole S 2p—1¢;, excitation to the 177-eV feature is
incorrect and that the 181-eV signal is in fact this one-
electron excitation. The 177-eV feature could then be ex-
plained in terms of a quadrupole S 2p to Rydberg transition,
such as one of 2p—4p character. However, one can argue
rather strongly against this proposal on several grounds. The
term value of the 177-eV signal traditionally assigned as the
S 2p—t;, excitation matches well that of the dominant
electric-dipole-allowed signal in the S 2s and S 1s spectra
[25]. The breadth of the 177-eV feature is much more char-
acteristic of an excitation to a virtual valence level for which
dissociation or extensive vibrational excitation often leads to
a broad band, as opposed to excitations to a nonbonding
Rydberg orbital, which usually result in sharp, narrow spec-
tral features. Hudson et al. [22] have observed a sharp fea-
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ture at 178.2 eV, which they have assigned as the vibroni-
cally allowed S 2p—4p Rydberg transition.

Negative-ion resonance states, which can be detected by
electron transmission spectroscopy (ETS) or dissociative
electron attachment, provide a probe of unoccupied elec-
tronic structure that complements core excitation. ETS and
elastic electron scattering studies of SFg [65] have identified
features attributable to SFy ~ states in which the additional
electron is located in the a,, 7y, , or £,, orbital. The relative
separation of these negative-ion resonances is in good agree-
ment with that of the core excitation term values (see Table
VIII). This supports the accepted assignments of the four S
2p spectral features. In particular, there is no evidence of an
additional feature between those attributed to the #;, and
1, negative-ion states.

2. Triplet partner to the [t;,(S 2p) _',tzg] state

The 181-eV signal is about 2 eV below that of the main
t,, resonance. This separation is a plausible magnitude for a
singlet-triplet exchange splitting especially since large
singlet-triplet splittings are generally associated with intense
spin-conserving singlet excitations [66]. However, the anal-
ogy with species obeying LS coupling is imprecise. The
angular-momentum coupling in SF¢ should be dealt with in a
manner intermediate between LS and jj coupling. The
separation of the 3/2 and 1/2 components of the [7,,(S
2p)71,t28] state in (jj) coupling is closely related to the
singlet-triplet splitting in an LS-coupling picture. Thus this
possibility can be ruled out from first principles. Even so, we
have recorded the S 2p spectrum with only 700 eV impact
energy in order to seek any additional states that might ap-
pear under these conditions. Lowering the impact energy is
more effective than increasing the scattering angle for en-
hancing spin-exchange excitations [66]. Figure 5 illustrates
how the 181-eV and “f,,” signals change with increasing
scattering angle (20°—30° at E,= 1400 eV) and decreasing
impact energy (1400 eV—700 eV). Relative to the t,, peak,
the 181-eV signal is less intense at 700 eV than at 1400 eV
impact energy, even though the scattering angles were cho-
sen to have approximately the same K? value. This is rather
strong evidence against any involvement of a spin exchange
process in generating the 181-eV feature. On the other hand,
the systematic increase in intensity with increasing momen-
tum transfer [54] is fully consistent with a spin-conserving
electric-quadrupole- (or higher-order electric-multipole-) al-
lowed transition.

3. Quadrupole transition to a double excitation state

While two-electron (core to valence plus valence to va-
lence) excitations are generally rather weak, the inner-well
localized character of the S 2p excited states could consid-
erably enhance the intensity of a quadrupole-allowed double
excitation. Plausible candidates would need to combine the
highest occupied to lowest unoccupied molecular-orbital
(t14—a;,) excitation with the S 2p—a, excitation. The
lowest-energy electronic excited state of SFg is 9.6 eV and
thus the lowest likely double excitation at 173 + 9.6 eV, or
182.6 eV. This is 1.6 eV above the 181-eV signal and since
double excitation energies are usually larger than those esti-
mated from the sum of single excitation energies, a quadru-
pole double excitation is not a plausible interpretation.

Intensity (arb. units)

- . 1 "

180 182

P 1
184 186

Energy Loss (eV)

FIG. 5. Comparison of S 2p spectra of SF¢ in the region of the
181-eV feature, recorded at 700 eV, 30°; 1400 eV, 20°; and 1400
eV, 30° impact energy and scattering angles, conditions corre-
sponding to K? values of 12.9, 11.5, and 26.2 a.u. =2, respectively.
The solid line is the result of a curve fit to the data using a set of
lines similar to that used for the fit plotted in Fig. [4].

4. Enhanced threshold ionization signal
at large momentum transfer

When the 181-eV region is subjected to a curve-fit analy-
sis (see Fig. 4), there are lines with onsets close to the S 2p
IPs of 180.4 and 181.6 eV [63,64]. This led us to consider
enhanced tunneling of very-low-energy electrons into the di-
rect ionization channel as a possible explanation. Since the
time for a large momentum transfer scattering event is much
larger than that of a grazing, low momentum transfer colli-
sion [53], the probability for tunneling could plausibly in-
crease. However, if this was the case at threshold, it is diffi-
cult to understand why the continuum intensity would not be
enhanced at all energies up to the top of the barrier (which
loosely can be taken as lying around 192 eV, the onset of the
second fitted continuum [54]). While the intensity of the
lower-energy portion of the S 2p continuum (180.4—-190 eV)
does increase at increasing momentum transfer, there is a
large difference between the momentum transfer dependence
for the 181-eV peak and the underlying 180-190-eV con-
tinuum signal. It is possible that the 181-eV signal corre-
sponds to a component of the direct ionization, which is
additionally enhanced at threshold through a combination of
post-collision interaction (PCI) effects [67] and increased in-
teraction time. Photoemission or electron-electron coinci-
dence spectroscopy close to threshold [68] might reveal di-
rect evidence for a PCI-like effect, in terms of shifts in the
photoelectron energies. In the absence of direct evidence of
this type we do not support such a speculative interpretation.
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TABLE IV. Results of ab initio ASCF calculations for various open-shell S 2p excited states of SFy.

S 2p (triplet) S 2p (singlet) AE,_, Optimum
Orbital State E (eV) (TV)? E (eV) (TV)? (eV) coupling®
6a,, T, 174.57 (7.89) 175.18 (7.28) 0.61 Ji
611, Ay, 179.44 (3.02) 185.25 (—2.79) 5.81 LS
61y, T, 180.50 (1.96) 181.07 (1.39) 0.57 ij
611, E, 180.51 (1.95) 181.20 (1.26) 0.69 ji
215, T, 184.89 (—2.43) 185.75 (—3.29) 0.86 ji
215, Ty, 185.09 (—2.63) 185.62 (—3.16) 0.53 ji
de, T1. 195.96 (—13.50) 197.21 (—14.75) 1.25 intermediate

2TV is equal to the term value (IP-E). Calculated relative to calculated IP of 182.46 eV.
"When the singlet-triplet separation is larger than the spin-orbital splitting (1.15 eV) the LS-coupling ap-
proach is better. Conversely, when the singlet-triplet separation is smaller than the spin-orbit splitting (1.15

eV) the jj-coupling approach is better.

D. Ab initio calculations for S 2p excitation

The results of the ab initio ASCF calculations are sum-
marized in Table IV. In addition to providing a good match
to the strong dipole excitations (compare Tables II and IV),
the calculation indicates that the states derived from the (S
2p~1,t,,) configuration span an energy range as large as 6
eV. In particular they indicate that the *A 1 State lies signifi-
cantly lower in energy than the 1’3T2g and PE ¢ states. The
T,, and E, states are predicted to occur at the same energy
and to have a much smaller singlet-triplet splitting than the
A, state. This suggests that the 177-eV signal observed
weakly by photoabsorption is the jj or intermediate coupling
equivalent to the 3A, ¢ state, which is vibronically allowed
on account of simultaneous excitation of a ¢, vibration. Pre-
sumably “‘intensity borrowing” occurs from the intense
T,.(S 2p~',t,,) resonance at 184 eV. The 181-eV state
would then be attributed to the overlap of the quadrupole-
allowed, dipole-forbidden T,, and E, states. The complex
line shape we observe for the 181-eV signal could then be
attributed to a combination of the existence of the two states
in a narrow energy range, combined with likely Jahn-Teller
splittings of these degenerate states. Since the calculation
places the octupole-coupled T,, state of the (S 2p'l,t28)
configuration above the T,(S 2p’1,12g) state, the calcula-
tion does not support the assignment of the 181-eV feature
proposed by Harrison [26].

This interpretation nicely explains the presence of the
177-eV signal but not the 181-eV signal in optical spectra. It
places emphasis on the low-lying A, ¢ state to explain the
177-eV state. Although excitations to this state are orbital
forbidden, they are more or less spin allowed through the
spin-orbit interaction (intermediate coupling) that couples
the 34, ¢ and lA]g states. The calculation does not explain
the enhanced intensity of the 177-eV signal at increasing
momentum transfer. It is possible that the transition to the
A, S2p~ 1,1, state increases in intensity with increasing
momentum transfer, although this would be rather unusual
for a (vibronically) dipole-coupled state, particularly when
the state from which intensity is borrowed is decreasing in
intensity. Alternatively, the calculations, which are not rela-
tivistic and thus do not correctly account for all aspects of
angular-momentum coupling, may be in error with regard to
the relative energies of the quadrupole-allowed, dipole-
forbidden T,, and E, states. It is possible that one of these

contributes at 181 eV and the other at 177 eV.

Based on the above considerations, we believe the 181-eV
feature corresponds to several higher-order electric-multipole
transitions, such as the T,,[S 2p(t1u)”],t23] octupole-
allowed state as suggested by Harrison [26] and/or the two
quadrupole-coupled T,, and E, states associated with the [S
2p(ty,) " '.t;,] configuration. While we also observe some
increase in the 7,,(3/2) intensity, which was Harrison’s ex-
perimental basis for suggesting the 7,,[S 2p(t1u)’1,t2g]
assignment, we prefer an assignment in terms of the E, or
T,, states arising from the [S 2p(ty,) " 1.t1,] configuration.
There are four reasons for this. First, we see only a small
increase in the 7,,(3/2) intensity even at similar K? values
(see Fig. 3). Both the experimental data and the curve-fit
analysis require relatively little contribution of “181-eV sig-
nal” underlying the #,,(3/2) line, in contrast to the observa-
tions of Harrison. Second, we partially resolve the 181-eV
signal into several components and deduce the presence of at
least two states with reasonable spin-orbit splittings (see Fig.
4). This indicates that there are contributions from two non-
dipole states, arising from either the (S 2p~',z,,) or (S
2p71,t2g) configuration. Third, from the Bethe-Born expan-
sion [54], quadrupole states should appear before octupole
states as the momentum transfer increases. Fourth, our cal-
culations (Table IV) predict an average term value of 1.9 eV
for the (S 2p~',¢,,) states. This value (as well as that of 1.8
eV predicted by Tossell [69]) is in good agreement with the
average of the energies of the 177- and 181-eV features at-
tributed to the [S 2p(¢,,) " ',#,,] configuration, but it is in
significant disagreement with the term value for the 177-eV
state alone.

Overall, the picture that arises from the combination of
experiment and theory is that the 177-eV feature has both a
dipole-allowed and a dipole-forbidden component, with the
dipole-allowed component arising from vibronic coupling
and Jahn-Teller distortion, with intensity borrowed from the
strong ¢,, excitation, as suggested by Hudson er al. [22]. The
origin of the dipole-forbidden component of the 177-eV sig-
nal is not clear at present. The 181-eV feature arises from
several nondipole excitations, one of which is the quadrupole
S 2p—t,, excitation, the other(s) of which could be either
another quadrupole state from S 2p—t,, excitation or the
octupole T, state associated with S 2p—t,, excitation.
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FIG. 6. S 2s EELS spectra of SF recorded with 1500 eV im-
pact energy and the indicated angles. The top panel plots the as-
recorded spectra. The S 2s components isolated by the subtraction
of an extrapolation of the underlying S 2p continuum are displayed
in the central panel, in comparison to the optical (total ion yield)
spectrum. The 15° spectrum has been multiplied by 20 and offset
for clarity. The lower panel displays the ratio of the 0° EELS to the
optical data. The values greater than unity at 236, 246, and 258 eV
are clear indications of nondipole contributions. The hatched line
indicates the S 2s ionization potential [64].

Clearly, further theoretical work is needed to make a defini-
tive assignment.

E. The S 25 spectrum

Figure 6 compares ISEELS of SF¢ in the S 2s region,
recorded using both ‘“‘near-dipole” (Ey,=1500 eV, 6=0°)
and strongly nondipole (E,=1500 eV, 6=15°) conditions.
For each spectrum, both as-recorded and background sub-
tracted data are presented. In addition, a background sub-
tracted S 2s optical (total photoion yield) spectrum is pre-
sented, along with the ratio of the near-dipole and optical
spectra. Since the S 2s signal is relatively weak and the
underlying S 2p continuum intensity quite strong, very good
quality data are required to allow examination of the S 2s
spectra with adequate statistics. The energies of the S 2s
spectral features as well as term values derived using XPS
ionization potentials [64] are listed in Table V along with the
assignments.

As outlined in Table I and noted in many previous discus-
sions of the core spectroscopy of SFg, there is a complimen-

TABLE V. Energies (eV), term values, and assignments of fea-
tures in the S 2s electron energy-loss spectrum of SF.

Energy loss Term value

(+0.1eV) (eV) Energy loss® Assignment
237.3 7.4 236.9 (S2s7',6a;)A1,
240.5 4.2 240.5 (S 25 1,66,)T1,
244.7 244.7 PP

246.9 —-22 246.7 (S 2571,21,) T,
258.9 —14.2 259.0 (S 2s7'4e)E,
%From [27].

"From XPS [64].

tary between the selection rules for S 2p and S 2s excitation.
Excitation to levels that are dipole allowed from S 2p are
dipole forbidden from S 2s and vice versa. Thus the only
electric-dipole-allowed inner-well core to valence transition
is that to the (S 2s~1,¢;,)T;, state. Photoabsorption spectra
[7,14] detect only this feature (see Fig. 6). In contrast, even
in the dipole scattering regime, EELS spectra exhibit rela-
tively strong contributions from dipole-forbidden, quadru-
pole-allowed S 2s excitations to the #,, and e, orbitals.
Careful examination of the 0° spectrum reveals a weak
shoulder at 239 eV, which is particularly evident in the com-
parison to the optical spectrum (Fig. 6). This feature is a
weak S 2s—a, excitation. Also, the features at 247 and 259
eV, ascribed to nondipole excitations to the ¢,, and e, orbit-
als, are relatively prominent even in the lower momentum
transfer spectrum. This indicates that excitations from 2s
core levels have relatively more intense nondipole transitions
than excitations from S 2p levels. This parallels observations
of large nondipole contributions in 2s and 3s energy-loss
spectra of solids [70] and surfaces [71,72], even under con-
ditions where the 2p or 3p spectra are essentially at the
optical limit.

At large momentum transfer conditions the intensity of all
S 2s features declines relative to the underlying S 2p ion-
ization continuum. This makes it difficult to detect the weak
signal on a strong background, but a reasonable quality spec-
trum was achieved at 15° scattering angle after 150 h of
signal averaging. This spectrum exhibits a great increase in
intensity of the quadrupole excitations to the a;,, f5,, and
e, orbitals, with the most dramatic change being the clear
detection of the a;, feature at 237 eV. In contrast to the S 2p
spectrum, at larger momentum transfer the nondipole com-
ponents become more intense than the dipole components.

F. The F 1s spectrum

Figure 7 compares ISEELS of SFg¢ in the F 1s region,
recorded on a lower-resolution spectrometer under near-
dipole (E,=3200 eV, 6~2—4°, and 3.3<K?<42
a.u.”2) and nondipole (Eo=1500 eV, 6~8°—10°, and
8.1<K?<10.5 a.u. ~?) scattering conditions. A linear back-
ground has been subtracted from both spectra. The energies
of the F 1s spectral features as well as term values derived
using XPS ionization potentials [64] are listed in Table VI
along with the spectral assignments.

While a superficial examination of the F 1s spectrum sug-
gests that there are four resonances corresponding to F 1s
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FIG. 7. F 1ls EELS spectra of SF¢ recorded with 1500 eV impact
energy (8°-10°) and 3200 eV impact energy (2°-4°), compared to
the optical photonization yield spectrum [22]. The background sub-
tracted optical data have been scaled to match the energy-loss data
between 680 and 692 eV. The upper panel is the ratio of the two
energy-loss spectra while the lower panel is the ratio of the energy-
loss and optical spectra. The hatched line indicates the F 1s ioniza-
tion potential [64].

excitations to the four virtual valence orbitals, a closer ex-
amination reveals a distinct shoulder on the second peak,
with an energy of 692.4 eV, 1.6 eV below the peak maximum
at 694.0 eV. A consideration of the F 1s core excited states
(Table I) indicates there are five F 1s excited states that are
dipole coupled to the ground state. It is logical to assign

TABLE VI. Energies (eV), term values, and assignments of fea-
tures in the F 1s electron energy-loss spectrum of SF.

Energy loss Term value

(0.2 eV) (eV) Assignment
688.0 6.6 (21,,6a1)Ty,
692.4 (sh)® 22 (2a,4,611,)7T1,
694.0 0.6 (leg ’6tlu)T1u
694.6 1p
698.9 —4.3 (111452827,
712.1 —-17.5 (1ty,.,4e)Ty,

*From XPS [64].
bsh denotes shoulder,
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the two dipole-coupled states, 7,(2a,,,67;,) and
T,,(le,,6t,,), to the two parts of the second peak. While
there is relative little difference (less than 0.2 eV) in the
binding energies of the three F 1s orbitals, there must be
differences in electron-electron repulsion and configuration
interactions among the (F 1s,7,,) states in order to give rise
to a 1.6-eV splitting.

Table VII summarizes the results of ab initio calculations
of the F 1s—1,, excitation carried out with a localized core
hole. In this picture, the lower-energy state is associated with
excitations to 7;,(z), the component of the ¢;, UMO ori-
ented in the same direction as the bond between the central
sulfur atom and the core excited fluorine atom, while the
higher-energy state is associated with excitations to
t1,(x,y), the component oriented in the two orthogonal di-
rections. When one considers linear combinations of these
localized core excited states to form correctly symmetry-
adapted states in the O, point group, it turns out there is no
simple correspondence between the ¢;,(z) and #;,(x,y) lo-
calized states and the T',(2a,,6¢,,) and Ty,(1e,,6¢;,) de-
localized states (see Table VII). The localized core hole cal-
culation predicts relative amplitudes (1:3) similar to
experiment and a predicted separation (1.13 eV) that is about
two-thirds of that observed (1.6 eV). It is noteworthy that, in
addition to clarifying an aspect of the F 1s spectrum of
SFg, this improved analysis of the dipole components of the
F 1s spectrum lends support to our proposal with regard to
the nondipole S 2p—1t,, excitations, by showing unambigu-
ously that there can be significant energy splittings among
different states associated with the same configuration.

In order to check for nondipole F 1s excitations we have
examined the changes in the spectrum with increasing mo-
mentum transfer as well as making a direct comparison to
optical (total ionization yield) data [22]. The ratio of the two
energy-loss signals (top panel of Fig. 7) is essentially un-
structured, indicating very little momentum transfer depen-
dence of the spectral shape. The scale of the optical data has
been chosen to provide a match of the background-
subtracted intensity to the 3200-eV ISEELS data at the a,,
resonance. With this choice of scaling, the ratio of the lower
momentum transfer energy-loss spectrum to the optical spec-
trum (bottom panel of Fig. 7) shows near unit values at the
ay, and t,, resonances (as expected from the choice of scal-
ing). The structure in the ratio curve is along the rise and fall
of the resonances and is likely related to differences in reso-
lution. There is a relatively abrupt decline by 15% in the
ratio at the F 1s ionization energy (694.6 eV). We believe
this is an artifact associated with an enhanced sensitivity to
core ionization relative to core excitation when using total
ionization detection of optical absorption [74]. While the
momentum transfer even with 3200 eV impact energy is
~4 au. 2, which is sufficient for there to be nondipole
contributions, both the independence of the spectral shape
with impact energy and the similarity to the optical data
strongly suggest there are no significant contributions from
nondipole excited states in the regime of momentum transfer
examined.

In the S 2p and S 25 edges there is a clear enhancement
of the intensity of transitions to dipole-forbidden states with
increasing momentum transfer. However, there is little or no
change in the F 15 spectral shape with increasing momentum
transfer. The dominance of dipole translations is likely re-
lated to the fact that there are electric-dipole excitations from
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TABLE VIL F 1s excitations predicted by ab initio ASCF calculations based on a localized core hole model. (a) Calculated energies. (b)
Localized descriptions. There are 6 F atoms, F+x, F —x, F—y, F+z, and F—z. There are 3 unoccupied orbitals (x,y,z) for each F 1s excitation
(localized), of which 1 is lower and 2 are higher in energy. There are 18 F 1s excited states; 6 lower-energy states and 12 higher-energy
states. (c) The lower-energy states in the delocalized state picture [corresponding to F 1s a;,—,,(Ty,) and F 1s t;,—1,,(A,,.E.)]. (d)
The higher-energy states in the delocalized state picture [corresponding to F 1s t1y—11,(T2y,T1g) and F 1s e, —1,(T1,,T,,)].

(a)
Excitation Energy (eV) Term value Oscillator strength
F + z ionization 695.19
F+zt,(2) 693.73 1.46 6<0.001 90
F+zt,(x,y) 694.86 0.33 6<0.005 70
(b)
Lower Higher
(Fxx+): F+x—t_,(x+) (Fxy+): F+x—1t,(y+)
(Fyy+): Fy—t;,(y+) (Fxz+): F+x—1y,(z+)
(Fzz+): F+z—1,(z+) (Fyx+): F+y—t,,(x+)
(Fxx—): F—x—1t,(x—) (Fyz+): Ft+y—t,(z+)
(Fyy—=): F=y—t;,(y—) (Fzx+): F+z—1,(x+)
(Fzz—): F—z—1,(z—) (Fzy+): Ftz—t,(y+)
(Fxy=): F—x—t,(y~)
(Fxz—): F—z—1t,(z—)
(Fyx—): F—y—t,(x—)
(Fyz—): F—y—t,(z—)
(Fzx—): F—z—t,(x—)
(Fzy=): F—z—1,,(y—)
(©

T,.(x)=(Fxx+)—(Fxx—)
T1,(y)=(Fyy+)—(Fyy—)
T,,(2)=(Fzz+)—(Fzz—)

A ={(Fxx+)+(Fxx—)}+{(Fyy+)+(Fyy—)}+{(Fzz+)+(Fzz—)}

E (x*—y*)={(Fxx+)+(Fxx—)}={(Fyy+)+(Fyy—)}

E (z8)=—{(Fxx+)+(Fxx=)}~{(Fyy+)+(Fyy—)}+2{(Fzz+)+(Fzz—)}

To(xy)={(Fxy+)—(Fxy—=)}+{(Fyx+)—(Fyx—)}
T (x2)={(Fxz+)—(Fxz—)}+{(Fzx+)—(Fzx—)}
Tre(y2)={(Fyz+)—(Fyz—)}+{(Fzy+)—(Fzy—)}
Ty (xy)={(Fxy+)—(Fxy—)}—{(Fyx+)— (Fyx—)}
T (x2)={(Fxz+)—(Fxz—)}—{(Fzx+)— (Fzx—)}
Ty, (y2)={(Fyz+)—=(Fyz—)}—{(Fzy+)= (Fzy—)}
Ty, (x)={(Fyx+)+ (Fyx—)}+{(Fzx+)+ (Fzx—)}
T (y)={(Fxy+)+(Fxy=)}+{(Fzy+)+(Fzy—)}
T1.(2)={(Fxz+)+(Fxz=)}+{(Fyz+)+(Fyz—)}
T, (xX)={(Fyx+)+(Fyx—=)}—{(Fzx+)+(Fzx—)}
Ty, (y)={(Fxy+)+(Fxy—)}—{(Fzy+)+(Fzy—)}
Tr.(2)={(Fxz+)+(Fxz=)}—{(Fyz+)+(Fyz—)}

(d)

F 1s orbitals to all four virtual valence orbitals because pro-
motions can occur from both gerade (2a,,le,) and unger-
ade (1¢;,) F 1s MOs, as required to fulfill dipole selection
rulers (Table I).

The term values for the nondipole S 2s features are in
reasonable agreement with those reported for the S 1s spec-
trum and with the term values for their dipole counterparts in
the S 2p spectrum (see Table VIII). The F 1s term value
differ significantly from the S 2p, S 2s, and S 1s term
values, consistent with differing core hole relaxation effects

when the site of the core hole changes.

IV. SUMMARY

Energy-loss spectra of SF¢ have been recorded under
near-dipole and strongly nondipole conditions in the region
of S 2p, S 2s, and F 1s excitation. The nondipole S 2s
states of SF¢ have been identified more clearly than in earlier
studies. The F 15 spectral shape was found to be independent
of momentum transfer and similar to the optical spectrum,
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TABLE VIII. Comparison of term values for S 2p, S 2s, S ls, and F 1s core excitations.

Experimental core excitation Calculation Negative-ion states
Upper orbital S 2p? S 2s S 1s® F ls TV ab initio® z+1¢ EA® Af
agg 8.1 7.4 8.1 6.6 7.5(5) 7.6 7.1 2.5(1) 10.0(6)
tiy 1.88 4.2 4.1 2.2 2.6(15) 1.9 1.8 7.0(2) 9.6(17)
g -3.1 —2.2 h —43 3.2(6) —2.7 11.9(1) 15.1(7)
e —15.2 —14.2 h —17.5 —14.1

g

#Average of S 2ps3, and S 2p ), values.

"From Ref. [21].

“Ab initio, this work. Equally weighted average of term values for all singlet and triplet states.

YFrom ab initio calculation [69] (GAUSSIAN, using the Z+ 1 approximation).

°Electron affinity from electron transmission spectroscopy [65].

'Difference between electron affinity (EA) [65] and the average core excitation term value. This has been suggested as a useful parameter in
checking assignments. Values around 8 eV were found in haloethanes [73].

€Average energy of the features assigned to the states we attribute to the 7, and E, associated with the (S 2p~1,1,,) configuration. Note
that the term value for the lower energy (177 eV) ¢,, feature is 3.6 eV, in better agreement with the term values for the ¢,, feature in the S
2s and S 1s spectra.

hFeatures were attributed to S 15 excitations to these orbitals in early work, but photoemission partial cross-section studies [69] suggest the

continuum features so assigned are actually shake-up features. No nondipole ISEELS has been carried out in the S ls region.

indicating that F 1s excitation is dipole dominated under all
conditions examined. The existence of a previously noted
[26] nondipole S 2p electronic excitation around 181 eV has
been confirmed. Its momentum transfer and impact energy
dependence, along with a curve fit analysis, strongly suggest
that it corresponds to several quadrupole excitations, which
have been assigned as the T,, and E, states associated with
the (S 2p ~',z,,) configuration. Ab initio calculations support
assignment of the weak dipole signal at 177 eV to the A,
state associated with the (S 2p~!,¢,,) configuration. At in-
creasing momentum transfer, the intensity of the 177-eV fea-
ture increases substantially, suggesting that another
nondipole-coupled state occurs at this energy.
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