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S L VV and F I(. VV resonance Auger spectra have been studied from SF6 gas-phase molecules us-

ing selective excitation of S 2p and F 1s electrons to different resonance states with high-resolution
monochromated synchrotron radiation for S Zp and with lower resolution for F 1s. The normal
Auger spectra were measured using both synchrotron radiation and high-energy electron-beam ex-
citation. The kinetic energy shift of the resonance S L VV and F XVV Auger spectra (with a specta-
tor electron in the 6a

&g
orbital) relative to the normal Auger spectra are 11.0 and 8.0 eV, respective-

ly. These values, in comparison to the 7.5 eV for the Si LVV Auger shift in SiF4, are discussed. The
spectator Auger process is the dominating decay channel, but, in the case of S, the participating or
autoionization decay channel is also found to be important in enhancing the intensity of bonding
levels such as the 4t&„ level in the outer valence band and especially the 4a, ~ and 3t,„ inner
valence-band levels with significant sulfur character. No significant changes in Auger or valence-
band spectra were seen at intense above-edge resonances, such as the eg resonance at 196-eV photon
energy.

I. INTRODUCTION

Synchrotron radiation has recently provided an unique
tunable source to selectively excite core-shell electrons to
different bound valence or Rydberg states or into
different "resonance" states in gas-phase atoms' and
molecules. " Electron spectroscopy has been used suc-
cessfully to observe the kinetic energy distribution of
electrons (outer valence, inner valence, and Auger) emit-
ted in the decay process. ' ' Such spectra are important
not only for understanding the decay process(es), but also
for understanding both the nature of core-level reso-
nances (both above and below threshold), and the
excited-state electronic structure of atoms and molecules.

In very recent studies of the decay processes in the rare
gases' and molecules ' two major deexcitation pro-
cesses have usually been identified (see Fig. 1, Ref. 13 for
a pictorial representation). In the first process, the excit-
ed electron remains as the passive spectator when the
core hole is filled by another outer-shell electron and a
second electron is emitted. This is called the spectator
resonance Auger or, in short, the resonance Auger pro-
cess. The second possibility is that the excited core elec-
tron participates directly in the emission process which is
then called the participating Auger process. The latter is
identical with the autoionization phenomenon appearing
commonly in outer-shell ionizations. Recent studies
show that the resonance Auger process is dominant in
the decay, although the participator process has been ob-
served in SiC14, ' ' for example. The shifts of the reso-
nance Auger spectra relative to the normal Auger spectra
are readily observed in both atoms and molecules (and

readily calculated in atoms ' ' ), and these shifts are
characteristic of the antibonding or Rydberp orbital in
which the spectator electron resides. ' ""

In addition to the two dominant processes, the shakeup
of the spectator electron can be important ' ' (and even
dominant ) in atoms, but this effect has not been observed
undisguised in the spectra of molecules. This probably
arises from the more complex spectral structure of the
molecular Auger spectra appearing usually as many over-
lapping rather broad line components. Very recently,
many-electron effects have been identified in above-edge
resonances on the S 1s and 2p levels in SF6,"' but this
interesting effect has not been further characterized in
the electron spectra. In the hydride molecules, a new de-
cay channel has recently been identified ' the fast
dissociation of the molecule followed by the resonance
Auger process in the excited fragment.

%'e have undertaken a detailed study of the normal S
LVV and F KVV Auger spectra of SF6, and the valence
band and resonance S L VV and F XVV Auger spectra fol-
lowing selective excitation of the S 2p and F 1s electrons
to different resonances below and above threshold (see
Fig. 1 for the S 2p absorption spectrum which shows the
rich resonance structure) ~ High monochromator
resolution was used for S spectra but for intensity reasons
we had to use low resolution for F ls spectra. This study
had three major objectives. First, it was our intention to
characterize quantitatively the decay processes after exci-
tation of the S 2p electron to the 6a, orbital below
threshold (Fig. 1). For example, we wanted to show
whether the spectator or participator process is dom-
inant, which participator channel(s) are important, and
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tal (photon + electron spectrometer) resolution for most
spectra was -0.7-0.9 eV, enabling us to resolve all
valence-band peaks. The gaseous SF6 was introduced
into the interaction region of the spectrometer through a
30 micron capillary. Normal S LMM and F KLL Auger
spectra were also measured using electron impact excita-
tion at the University of Oulu by means of a high-
resolution cylindrical mirror-type electron spectrome-
ter. The energy resolution of this spectrometer was
better than 0.1% from the unretarded kinetic energy of
Auger electrons. The impact energy of the primary elec-
trons was 3 keV and the primary beam current about 1

mA. The sample gas pressure in the gas cell was estimat-
ed to be about 10 "torr. The energy calibration of the
Auger spectra was based on the known kinetic energies of
Ne KLL ('D2) and Ar L3M2 3M2 3 ('D2 ) lines.

FIG. 1. Absorption spectrum of SF6 from Ref. 20 showing

strong preedge resonances and shape resonances above S 2p ion-
ization limits.

rationalize why they are important, determine the shift of
the resonance Auger spectra relative to the normal Auger
spectra, and compare these results with the recent results
on other polyatomic molecules such as SiF4 and SiC14. A
very recent low-electron-energy-resolution study of just
this decay process in SF6 (Ref. 14) showed new satellites
in the outer valence region, but could not address any of
the above points.

Second, we also wanted to obtain the resonance Auger
shift after excitation of the F 1s electrons to the 6a, or-
bital, and compare this shift with that obtained for the S
2p excitation. Third, following the interesting recent ob-
servation of Ferrett et al. '" of many-electron effects con-
tributing to the eg resonance at 195 eV (no. 2 in Fig. 1),
we wanted to examine the electron spectra in detail to see
if we could detect the decay processes resulting from the
shakeup or many-electron states above the S 2p thresh-
old.

III. RESULTS AND DISCUSSION

A. Normal S L VV and F KVV Auger spectra of SF6

In order to study the resonance Auger spectra, and the
shifts of the spectator Auger spectra relative to the nor-
mal Auger spectra, the normal Auger spectra must be
recorded. The normal S L VV and F KVV Auger spectra,
excited both by synchrotron radiation well-above thresh-
old and 3-keV electrons, are shown in Figs. 2 and 3.
Both the photon-excited and electron-excited spectra
(Figs. 2 and 3) are qualitatively similar, basically consist-
ing of two broad peaks ( & 5 eV width). The electron-
excited spectra show more fine structure, at least partly
due to better statistics and resolution.

As expected from the rich valence-band spectrum (Fig.
4) which contains six outer valence peaks and several
overlapping inner valence peaks, the Auger spectra are
very complicated because of the many overlapping com-
ponents. All the possible Auger energies and intensities

II. EXPERIMENT

~ y~~

S LVV

The experimental measurements of this study with syn-
chrotron radiation were carried out using the Canadian
Synchrotron Radiation Facility at the Aladdin storage
ring in Stoughton, Wisconsin. The beamline and its
Mark IV Grasshopper monochromator have been de-
scribed in more detail elsewhere. ' The Leybold-
Heraeus LHS-11 system was used as the electron spec-
trometer. The analyzer is mounted at the true magic an-
gle (8„=8 =0, =54.7 ) so that the electron intensities
are independent of the angular parameter and of the po-
larization of the photon beam. The analyzer was used in
the constant pass energy mode with 50-eV pass energy.
The electron spectrometer contribution to the observed
widths was less than 0.4 eV. A 1200 groove/mm or 900
groove/mm holographic grating was used in the
Grasshopper grazing incidence monochromator. The to-
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FIG. 2. Normal S LVV Auger spectra from SF6 excited by
196.5-eV photons and 3-keV electrons.
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eV to -60% of the intensity of outer valence-band
peaks. In contrast, the intensity of 33- and 40-eV peaks
of resonance at 170 and 175 eV is only 31% of the outer
valence-band intensity. The estimates are in good agree-
ment with the previous results of Ferret et al. ,

' who did
not resolve the individual peaks. In addition, there is a
consistent very strong enhancement of the 4t, „outer
valence peak at -23-eV binding energy; and smaller, but
consistent, enhancements of the (St&„,lt&„) and Sa&g

peaks at —18- and -27-eV binding energy, respectively.
Inconsistent enhancement of some of the other peaks is
probably due mostly to statistical errors in the spectra.
The difference spectra show that significant resonance ex-
citation takes place from 171.5 through 173.5 eV. This is
not unreasonable considering that the width (FWHM) of
resonance absorption (Fig. 1) is -2 eV, mainly due to the
S 2p spin-orbit splitting of 1.2 eV. The origin of the
enhancement of the -40-eV binding-energy F 2s peak in
the difference spectra is not entirely clear. Most probably
it is mainly caused by the participating F 2s process. A
second possibility is that the -40-eV binding-energy
peak is caused, to some extent, by the shakeup of the ex-
cited electron during the resonance Auger decay. This is
analogous with the observed anomalously strong shakeup
process in the case of the corresponding resonance Auger
decay in atomic argon. The energy diff'erence (-6—7
eV) between the two peaks in the difference spectra
around the F 2s corresponds very well to the energy sepa-
ration between 6a& and 6t, „orbitals observed in x-ray-
absorption spectra and our electron-energy-loss results,
but is too small for 6a&g ~2E2g shakeup which should be
favored by g /u selection rules. Clear indications for
similar resonance enhancement of F 2s intensity (the peak
at 40 eV) is also seen in our previous SiF4 results (Fig. 2
of Ref. 10). Thus, at the resonance photon energy of
106.5 eV, the F 2s peak is much more intense than at the
off-resonance photon energy of 100 eV.

The F 1s absorption and electron-energy-loss spec-
tra show, below the F 1s threshold, two prominent reso-
nances corresponding to excitations to the 6a

~
and 6t ~„

orbitals. We wanted to obtain similar electron spectra, to
those obtained above (Fig. 4), at photon energies at the F
1s ~6a&g transition at 688 eV. To obtain sufficient in-
tensity with our monochromator at these high photon en-
ergies, we recorded spectra with slit widths of 70 pm
which yielded photon widths of —13 eV. The photon
width is not small enough, of course, to record resolved
valence-band spectra, to resolve excitations to the 6a,
and 6t, „orbitals, or to obtain distinct resonance Auger
spectra. In order to enhance the resonance Auger spec-
trum with the 6a, electron as spectator, we set the mean
photon energy at 680 eV and recorded spectrum in Fig. 6.
This spectrum can be fitted reasonably by two peaks at
646- and 652-eV kinetic energies. Due to the high-energy
tail of the broad photon width in addition to the 6a, also
6t&„resonance excitation takes place as well as the ion-
ization of the F Is electrons [Es =694.6 eV (Ref. 29)].
Thus, the spectrum shown in Fig. 6 principally involves
three different spectra corresponding to the two reso-
nance excitations and the ionization. Because the 6t, „
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FIG. 6. Normal and resonance F KVV Auger spectra from
SF6 excited by the mean photon energy of 680 eV. The high-
energy tail of broad photon bandwidth also caused 1s ioniza-
tions creating the normal Auger spectrum appearing in the
spectrum as the lower kinetic energy peak of the doublet.

resonance is very close to the threshold the created reso-
nance Auger spectrum is also energetically very close to
and overlapping with the normal Auger spectrum. From
Fig. 6, the shift between the high-energy resonance Auger
peak corresponding excitations to the 6a, resonance and
the combinated 6t, „resonance and normal Auger peak is
6.0 0.5 eV. Principally, post-collision interaction for
photon energies near threshold F 1s photoionization
could also contribute to the shape and position of the
lower kinetic energy peak. These effects are, however, ex-
pected to be very small compared, e.g. , with the molecu-
lar line broadening. Comparison with the normal Auger
spectrum (Fig. 3) shows that the low kinetic energy peak
of Fig. 6 has about 2 eV higher kinetic energy. Thus, the
shift between 6a, resonance Auger and normal Auger
spectrum is 8.0+1.0 eV. These resonance Auger shifts
are determined by applying a simplified analysis but
should be qualitatively correct.

The different resonance Auger shifts for the S L VV and
F XVV spectra (11.0 and 8.0 eV, respectively) are in-
teresting because these are among the first shifts mea-
sured on two different atoms in a molecule with the spec-
tator electron in the same orbital. The larger shift for the
S LVV resonance Auger spectrum is perhaps initially
surprising; but these shifts are readily rationalized after
looking at the positions of the 6a

&
resonances in the F 1s

and S 2p electron energy-loss and absorption spec-
trum, ' Hitchcock's discussion, and the causes of
Auger chemical shifts. The S 2p~6a& resonance is 8.4
eV below the S 2p ionization threshold, whereas the F
ls ~6a

&
resonance is only 6.6 eV below the F 1s ioniza-

tion threshold. This perhaps surprising difference is qual-
itatively rationalized in terms of the coupling of the
core analogy treatment with the double-well, potential
barrier model. The 6a, inner-well orbital is localized
around the sulfur atoms, and the promotion of a sulfur
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core electron to the 6a,g
orbital increases the effective

core potential felt by this orbital much more than the in-
crease due to the core charge on the ligand F atoms in
the F 1s ~6a, excitation.

The different S LVV and F KVV Auger chemical shifts
are probably not surprising now after looking at the ap-
proximate equation for the Auger chemical shift,

.32
EEAug:

AEA —6V+ 35R,
where hV is the Madelung potential contribution to the
core chemical shift due to the spectator 6a, electron and
36R is the change in total relaxation due to the creation
of the core-hole and the double-hole final state. The
Madelung hV term is normally much larger than the re-
laxation terms. ' Since the 6al electron with the S 2p
core hole is more tightly held (has a larger (1/r ) value)
than with the F 1s core hole, the 6V contribution to the S
LVV Auger shift will be substantially larger than for the
F XVV Auger shift, as observed. Indeed, the 5 V contri-
bution to the x-ray photoemission spectroscopy (XPS)
and resonance Auger chemical shifts is almost linearly re-
lated to the binding energy of the valence electrons and
Rydberg electrons, ' respectively.

The above b, V contribution can also be used to ration-
alize the relative Auger chemical shifts in SF6 and SiF4
where the spectator 0' electron in both cases has a very
high-S or Si 3s character. In SiF4, the spectator electron
is bound by 5.6 eV and yields an Auger chemical shift of
7.5 eV in SF6, the spectator electron is bound by 8.6 eV
and gives an Auger chemical shift of 11.0 eV. Again
there is close to a linear relationship between the binding
energy and the chemical shift. This relationship does not
hold for spectator electrons in orbitals for which the 3s
character is smaller —for example, in SiC14 where the
more delocalized 0* orbital is bound by 5.9 eV and leads
to an Auger chemical shift of only 5.2 eV. '

Figure 7 examines, in more detail, the relative valence-

band intensities both around the S 2p —+6al resonance
and at higher energies corresponding to the above-edge
resonances in Fig. 1 ~ This figure shows once again that
the 4t&„and (5&„, it&„peaks) are enhanced at the 6a,
resonance [see also Fig. 5(b)]. The 4t, „and the 4a, and

3t, „orbitals [which are also enhanced at the resonance,
Fig. 5(b)] are binding orbitals with the highest sulfur
character —19% S 3p for 4t, „, 20% S 3p for 3t,„, and
33%%uo S 2s for 4a &e, while the 5t &„and Sa

&
orbitals are

the only other orbitals having significant S character.
As discussed by Carlson et al. ' for the bonding 7t2
valence orbital for SiC14 which is enhanced at the Si 2p-
o * preedge resonance, decay to a vacancy in an orbital of
high-S character would be favored relative to fluorine
lone pair orbitals. The enhancement of the 4t, „, 4al,
3t,„, 5t,„, 1t2„, and Sa, peaks is thus not surprising,
and shows that significant participator decay to a central
atom core hole will normally only involve bonding orbit-
als with significant central atom character. With more
electropositive ligands such as CH3 or H, the participator
process should be more important as seen by de Souza
et al. in SiH4.

C. The valence electron spectra above threshold

As pointed out in the Introduction, Ferrett et al. ' not-
ed the existence of a shakeup state or many-electron state
which makes a significant contribution to the e shape
resonance (no. 2 in Fig. 1) at 196 eV. If such SF~ shake-
up states above threshold should yield different Auger
and/or valence-band spectra, was studied next. Figure 8
shows valence-band and Auger spectra at resonances 2, 3,
and 4 of Fig. 1 (at 196.5, 206.5, and 216.5 eV), respective-
ly, taken at medium resolution. The large increase in
Auger intensity at 196.5 eV is obvious, and this intensity
as noted by Ferret et al. ' (Fig. 4, no. 14) follows the S 2p
cross section closely. There are no substantial changes in
the broad Auger profiles over these energies, however. It
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would be rather difficult to see any new ion states in Fig.
8 even if they were there. Also, the valence-band intensi-
ties from the high-resolution spectra do not vary greatly
at these resonances (Fig. 7), although the F Zs intensities
do apparently increase relatively (Fig. 8) at resonance en-
ergies 206.5 and 216.5 eV compared to 196.5 eV. The re-
sult is not in conflict with the ideas proposed by Ferrett
et a1.' but only shows that many-electron states seem
not to cause any significant changes in the valence-band
photoelectron and Auger spectra.

IU. CONCLUSIONS

been observed for autoionization especially to 4t,„,
(3t&„,4azg), and (5t,„,it~„) orbitals. An interesting
doublet structure of the resonance Auger peaks around
173-eV photon energies has been found which could be
caused by strong enhancement of the F 2s autoionization
decay channel combined with the shakeup process during
the Auger decay. The valence-band photoelectron and
Auger spectra taken at shape resonances above the S 2p
ionization do not show any significant changes.
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