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Shape-resonant and Many-electron Effects 
in the S 2p Photoionization of SF6 

LBL-18829 

T.A. Ferrett,* D.W. Lindle,* P.A. Heimann,t M.N. Piancastel1i,~ 
P.H. Kobrin,§ H.G. Kerkhoff,a U. Becker,a W.O. Brewer,b 

and D.A. Shirley 

Abstract 

Department of Chemistry, University of California 
and 

Materials and Chemical Sciences Division 
Lawrence Berkeley Laboratory, 1 Cyclotron Road 

Berkeley, California 94720 

The core-level photoexcitation and photoionization of SF
6 

were 

studied in the vicinity of the resonances below and above the S 2p 

threshold. The decay channels of the S 2p--~6al discrete 
. 9 

excitation were characterized, with decay leading mostly to 

valence-shell satellites. The S 2p continuum data show an oscillatory 

asymmetry parameter e(S 2p) near threshold that is virtually identical 

to e(Si 2p) in SiF
4

. It also resembles - but differs 

from - theoretical curves for e(S 2p) in atomic sulfur and in SF
6

. 

Data at the feature assigned as an e
g 

shape resonance indicate 

strong multi-electron properties for this state, because a resonance 

in the S 2p satellite is observed at the same photon energy as the 

main-line resonance. We propose a unified model which generally 

includes configuration interaction both in the continuum-state 
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manifold and between discrete doubly-excited states and the continua, 

to explain this unexpected satellite behavior. Finally, the 

S(L
2 

3VV) Auger electron asymmetry parameter shows no significant , 

deviation from zero near the t
2g 

and e
g 

shape resonances. 
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tTechni sche Un ivers itat MUnchen ,. Physik-Department E20, 8046 Garch i ng 
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Sapienza", 00100 Rome, Italy. 
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I. Introduction 

The distinctive structures in the photoabsorption spectra around 

the K and L thresholds of highly symmetric molecules have received 

h tt t ·· t 1-10 muc a en 10n 1n recen years. For example, spectra near the 

sulfur and silicon 2p edges in SF
6

, SiF4, and S02 are each 

characterized by two resonances in the L continua, as shown in 

Fig. 1.
3 

The S 2p absorption spectrum for SF
6 

exhibits the 

narrowest (2-4 eV) and most intense continuum resonances, relative to 

the discrete resonant intensity, in this series.
3 

The resonances in 

these absorption spectra have been interpreted within a 

potential-barrier model, with the strongest effects being present in 

high-symmetry molecules containing the most electronegative 

ligands. 3,5,8,10 Both of these factors tend to enhance the spatial 

extent and' height of the barrier. 

The potential-barrier or shape-resonance model that has been 

widely used in the literature to interpret the molecular absorption 

spectra is described within a one-electron framework. In this 

picture, an emerging photoelectron experiences a centrifugal barrier 

in the molecular potential through which it can tunnel and propagate 

in the continuum, with an enhanced photoionization cross section and a 

perturbed angular distribution, at a particular kinetic energy. In 

this description, a shape resonance is strictly a single-channel 

, 10-13 
final-state effect. Shape resonances have been treated as such 

in all but two theoretical calculations
14 

t6 date. Because of its 

final-state nature, a shape resonance is usually interpreted as 
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decaying into only one final-state configuration (e.g., only the 2p 

main-line photoemission intensity should be enhanced at a shape 

resonance above the L
2

,3 edge). The trapped photoelectron can also 

be thought of as forming a quasi-bound state associated with an 

. d 1 1 b . t 1 . th t· 2,4-5,12 unoccuple mo ecu ar or 1 a ln e con lnuum. The relation 

. 7 
of this model to the potential-barrier approach has been discussed. 

Though numerous photoabsorption measurements have been made near 

the K and L edges in small molecul'es,1-3,15 only a handful of 

photoemission experiments have been performed to study the decay 

16-20 properties of core-level shape resonances. Photoionization 

experiments on the C and N Is levels in CO, CO
2

,16 N
2

, and 

N017 and on the Si 2p level of SiF
4

19 indicate that the 

one-electron potential-barrier model is adequate to explain the 

observed decay to single-ion final states with a core hole 

(photoemission main lines). However, the continuum resonances in 

these molecules are not very intense (except for SiF
4

), and they 

have widths on the order of 5-10 ev,16,17 in contrast to the 

especially narrow and intense continuum resonances in the S 2p 

photoabsorption spectrum of SF
6

•
3 

To. under'stand, the unusual aspects. of, the. resonances in SF
6

, we 

have investigated the resonance behavior of the S 2p.m~in line and its 

correlation satellites using angle-resolved time-of-flight (TOF) 

photoelectron spectroscopy. We have measured the photoionization 

partial cross sections and angular-di,stribution asymmetry parameters 

for the S 2p and valence photoelectrons and the S(L2,3VV) Auger 

electrons in the' photon-energy ran'ge hv =,150-260 eV. Fi gure 2 
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illustrates a molecular orbital diagram for SF
6

, indicating the 

transitions studied in this work. Below the S 2p (2t
1u

) core-level 

threshold, we have attempted to characterize qualitatively the decay 

of the 2t1u--~6a1g discrete resonance by measuring the cross 

sections and asymmetry parameters for the important photoemission 

+ 
decay channels to SF

6
. Above the S 2p threshold, we have 

observed several correlation satellites of the S 2p main line, one of 

which participates in the decay of the continuum resonance at 196.5 eV 

photon energy, which has been assigned as the e
g 

shape resonance. 

The cross section and asymmetry parameter for this S 2p satellite over 

the resonance region also are reported. 

In the vicinity of the S 2p edge, our observation of a S 2p 

satellite enhanced at the same photon energy as the S 2p main line at 

the so-called e shape resonance (196.5 eV)' forces us to consider 
q 

the many-electron nature of this continuum resonance. Because of 

these unusual decay properties, we will refer to the resonance at 

196.5 eV as the lie II resonance to indicate uncertainty in its 
g 

historical assignment. The naive shape resonance picture of a IIpure" 

one-electron final-state effect is clearly inadequate because the S 2p 

main-line and satellite photoelectrons are at different kinetic 

energi es at the lie II resonance. Recent photoemi ss ion s tudi es of the 
g 

valence shells of SF
6 

also indicated that something beyond a 

one-electron description is needed to explain the valence t2 
g 

resonance, which appears to exhibit coupling to neighboring valence 

photoemission channels at 23 eV photon energy.21 ,22. In that case, 

continuum-continuum coupling was proposed to explain the participation 
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of the final states of even parity in the t 2g shape resonance.
21 

However, the absence of the e
g 

shape resonance in the valence shells 

of SF
6 

is especially surprising because in our present understanding 

it seems to play an important and unusual role above the S 2p edqe. 

On the theoretical side, K-matrix calculations have established a 

precedent for continuum-continuum coupling to neighboring channels for 

a valence shape resonance in N2,14 where the angular distribution 

of the 20 photoelectrons is affected at the 0 shape 
u u 

23-24 
resonance. Continuum-continuum interchannel coupling as 

proposed in N2 (Ref. 14) may cause the S 2p main-line and satellite 

continuum states to share in the lie II resonance intensity. 
g 

Nonresonant interchannel coupling effects are typically small;25 

however, the production of a quasibound shape-resonant continuum state 

provides a situation where the coupling may be enhanced because of the 

larger continuum-state amplitude within the molecule.
14 

I~e propose a more general approach to expl ain the lie II 

g 

resonance decay, which includes continuum-continuum coupling as well 

as configurational mixing of doubly excited states. Electron 

correlation in this model allows for continuum coupling and the 

possible- energy de~eneracy of disc~ete doubly excited states with .the 

lie II resonance; it adequately describes the observed decay to hoth 
9 

main-line and satellite channels. 

The experimental procedures are described in Sec. II. The 

discrete S 2p (2tlu)--~6a1g reson~nce data near 173 eV photon 

energy are discussed in Sec. III. The extended-energy-range (185-260 

eV) results for the S 2p main line, satellites~ and S(L
23

VV) Auger , 
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electrons appear in Sec. IV, with emphasis on the behavior at the 

lie II shape resonance (196.5 eV). Section V concludes the 
g 

interpretation of the SF
6 

data. 

II. Experimental 

Synchrotron radiation from Beam line III-I, equipped with a 

IIgrasshopperli monochromator, at the Stanford Synchrotron Radi ati on 

Laboratory (SSRL) was used to photoionize an effusive jet of gas. 

Photoelectrons and Auger electrons were detected simultaneously at 0° 

and 54.7° relative to the photon polarization direction using the 

double-angle time-of-flight ~TOF) technique.
26

-
28 

These angles were 

chosen to facilitate the simultaneous determination of the partial 

cross section 0(E) and the angular distribution asymmetry parameter 

a(E), using Yang's theorem. 29 Calibration of the TOF analyzers was 

+ 
accompl ished with the 2s and 2p levels of Ne (Ref. 30) and the 3d 

+ 
level of Kr (Ref. 31), for which o(e:) and S(e:) are known. Here E 

is the electron kinetic energy. We estimate that systematic errors 

(not represented by the statistical error bars in our plots) are less 

than 10 percent for a(e:) and =0.10 for a(E). 

A looo-A-thick vitreous carbon window separated the 

-4 ) sample-chamber pressure (10 torr from the monochromator vacuum 

( -10 10 torr). Photoelectron spectra were taken in the photon-energy 

range 160 ~ hv ~ 250 eV using a 1200 line/mm holographically ruled 

grating. The monochromator resolution varied from 1.3 to 3.3 eV over 

this range. Energy calibration of,the monochromator to within 0.5 eV 
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was based on the positions of the resonances in the SF
6 

total cross 

section at 173 eV (2t1u--~6ala)' 184 eV (2t1u--~t2g)' and 
5 ~ 

196.5 eV (2t1u--~eg). 

The SF
6 

relative sample pressure was monitored with a 

capacitance manometer and the photon intensity was monitored by a 

sodium salicylate scintillator with an optical photomultiplier tube 

(RCA 8850). Corrections have been made in the measured cross sections 

for the varying response of sodium salicylate in our system over the 

32 
photon-energy range of this study. 

A S 2p time-of-flight spectrum taken for 300 sec at 9 = 54.7° and 

at hv = 196.5 eV is presented in Fig. 3, showing the S 2p main-line 

(binding energy = 181 eV)33 and satellite peaks, the S(L
2 

3VV) , 

. Auger peaks, and the inner- and outer-valence peaks at high kinetic 

energy. Typical off-resonance count rates were 50 counts/sec for the 

S 2p level. 5-10 counts/sec for the S 2p satellites. and 300 

counts/sec for the total valence intensity. 

The major discrete and continuum resonance effects near the S 2p 

edae can be seen in Fig. 4. The experimental data below the S 2p 

threshold represent the total inner- and outer~valenceintensity. and 

above threshold. the sum of the valence and S(L
2 

3VV) Auger , 

intensity. For comparison. the photoabsorption curve 
1 

is plotted, 

along with our total measured valence main-line cross section. 
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III. The 5 2p (2tlu)--~6alg Resonance 

Recent work on the decay properties of discrete core-level 

excitations in atoms and small molecules has provided a framework in 

which to describe subsequent decay to singly-charged ionic final 

34-39 states. These final states often appear as IIspectatorll 

satel~ite peaks in the photoelectron spectrum; they correspond to 

correlation satellite states of the ion possessing two holes in 

normally filled orbitals and an additional electron in the orbital 

initially reached by the excitation process in the neutral. During 

decay to these final states, the excited electron may be regarded as a 

IIspectatorll to an Auger-like process in which the core hole is f,illed 

by one electron and another is ejected. 

However, not all decay channels leave the initially excited 

electron as a noninteracting spectator. The direct involvement'of 

this electron in the decay can produce the same IIma in line states 

reached by photoemission; i.e., final states corresponding to 

singly-charged ions with one hole. Thus, IInonspectatorll satellites 

can be produced in the decay following discrete core-level excitation 

when the excited electron is left in an orbital other than the one to 

which it is initially excited. The fractional extent to which the 

excited electron participates has been found to account for 5-25 

percent of the resonance intensity in the few molecular systems 

studied to date.
37 
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The relative amounts of spectator and participatory decay have 

* been found to vary at the intense 1s--~~ resonances below the C, 0, 

and N K edges in CO and N
2

•
37 

The variations are related to the 

coupling of the initially excited electron to the rest of the ion in 

the decay process. To a first approximation, participatory decay is 

* expected to be favored when the initially excited ~ electron is 

localized on the atom with the core hole.
37 

-1 
Below the S 2p edge in SF

6
, the (2t

1u
) 6a1g neutral 

excited state can autoionize to outer- or inner-valence main-line 

photoemission final states, to valence shake-up satellites 

(participatory decay), and to "spectator" satellites. These states 

are" illustrated in Fi g. 5 in the binding-energy spectra taken on 

(172.9 eV) and off (176.1 eV) resonance. Qualitatively, the 

unresolved outer-valence peaks with binding energies between 15 and 

27 eV show little resonance enhancemen,t, in contrast to the large 

electron intensity increase in the binding-energy range 35-60 eVe 

Included in the region labelled "inner" valence are the unresolved 

outer- and inner-valence satellites, plus the inner-valence main-line 

40 
peaks (2eg, 3t1u ' and 4a1g ). The" total valence. intensity 

(main lines and s'ate 11 i tes) over the 6a
1 

resonance was pfotted as a 
g 

dashed curve in Fig. 4. 

Though it is not possible in the TOF photoelectron spectrum to 

resolve the outer-valence satellites from the inner-valence main 

1 ines, peak shapes di ffer on and off resonance in the binding-energy 

region of 35-45 eVe On resonance, there are greater contributions at 

binding energy -35 eV·, indicating some enhancement of outer-valence 
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satellites. This result has been confirmed qualitatively by electron 

41 
energy-loss measurements at the S 2p--~6a1g resonance. In 

addition, there is a resonantly enhanced peak at 55 eV binding energy, 

corresponding energetically to an inner-valence satellite(s). Thus, 

we have direct spectroscopic evidence for autoionization decay to 

satellite channels, although we cannot assess the importance of these 

channels quantitatively relative to inner-valence main-line decay. 

However, we observe that decay to outer-valence main lines is not 

large, accounting for less than 7 percent of the total resonant 

enhancement of single-ion decay channels. 

+ 
To document the dominant decay into SF

6 
final states with 

binding energies >35 eV further, the partial cross-section data for 

the observed outer- and "inner"-valence peaks are shown in Fig. 6, 

along wi th the II inner"-v al ence asymmetry parameter. The 

"inner"-valence peak integration included the binding-energy range 30 

to 100 eV.
42 

This energy range carries most of the resonant 

intensity, in contrast to the small effect on the outer-valence 

levels. Consistent with this, the outer-valence a is relatively 

constant over the resonance at a value of 1.36(7), while the 

"inner"-valence a decreases from an off-resonant value above 1.0 down 

to 0.3 on resonance. 

We conclude that valence satellites are important decay channels 

for the S 2p--~6alg resonance, with the prospect that most of the 

satellites are probably spectator in nature (containing a 6a1g 

electron), though higher (kinetic-energy) resolution studies are 

needed to confirm this. The amount of enhancement of the 
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inner-valence main lines (2e , 3t
1 

' and 4a
1 

) is not clear 
g u g 

because these photoemission peaks are unresolved from the 

-1 
outer-valence satellites. In terms of the 2p 6a

1g 
excited-state 

1 0 cal i z a t i on , the 2p hal e is well-localized on the sul fur atom where 

th e 6 a
1 

orbital has significant electron dens ity. Thus, some 
9 

+ 
participation of the 6a

1g 
electron in the decay to SF

6 
seems 

reasonable, explaining the small effect observed in the outer-valence 

cr as s sec t i on • 

Finally, the added complication of many-electron correlations in 

the inner-valence region should be considered because this produces 

many overlapping peaks in the photoelectron spectrum, each 

representing possibly more than one ionic cOnfiguration.
43 

For 

example, in the molecules H
2
0 (Ref. 33, 44) and especially H

2
S 

(Ref. 45), the nonresonant inner-valence spectra are more complex than 

the one-electron molecular-orbital picture would dictate. Thus, 

progress in understanding the extent of the many-electron interactions 

in the inner-valence orbitals is necessary before a more complete 

picture of the resonant decay to these states can be acquired. 

I V . Above the S 2p Main-Line and SatellHe Thresholds 

The extended energy-range behavior of the S 2p main line (average 

binding energy of 181 eV)33 is depicted in Fig. 7. The lie II shape 
g 

resonance is evident in the S 2p cross section at 196.5 eV, and the 

S 2p a undergoes an oscillation in the vicinity of this resonance. 

The broader weak feature.at -205 eV in the absorption data (Fig. 4) 
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may also be present in the S 2p partial-cross-section data. The 

MSM-Xa S 2p (Ref. 8) and the experimental SiF4 Si 2p (Ref. 46) 

asymmetry parameters are plotted for compar i son, along with the atomi c 

Hartree-Slater calculations of a(2p) for sulfur.
47 

Although we were 

not able to extend our S 2p measurements down in energy to the t
2g 

shape resonance at 184 eV photon energy (except for one point at 

185.7 eV), we note that no enhancement of the valence main lines was 

observed at the t
2g 

resonance (see dashed curve, Fig. 4). Thus, the 

following discussion will focus on the observation of S 2p satellites, 

and the S 2p main-line and satellite behavior near the lie II 

g 

reson ance. 

Several S 2p correlation satellites were visible in the 

photoemission spectra, with binding energies of 189(1), 194(1), and 

205(2) eVe The corresponding excitation energies above the S(2p) 

threshold are 8(1), 13(1), and 24(2) eVe The satellites were easily 

distinguished only at low kinetic energies for each satellite; thus, 

we show only the resonant satellite [binding energy 189(1) eV] in 

F· 3 W h d th tl d 1 d' 21 19. • e ave use e recen y propose va ence or enng 

confirmed by many-body theoretical calculations
48 

to estimate the 

energies of the configurations responsible for the observed 

satellites. Also utilizing the 4t1 --~6aJ transition energy of 
u .g 

17 eV in the neutral, we find that the most 1 ikely configuration for 

-1 ~1 
the lowest-binding-energy satellite is 2p 1t

1g
6a1g , which 

corresponds to an excitation from the highest-occupied (1t
1g

) to the 

lowest-unoccupied (6a
1g

) molecular orbital. We cannot assign the 

remaining satellite peaks with certainty fwith excitation energies of 
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13 and 24 eV), but there are several possible configurations in these 

energy ranges. The likely possibilities are: 

-1 -1 
2p 1 t

2g
6a

1g 

-1 -1 ( ) 2p 3e
g 

6a
1g 

binding energy 194 1 eV 

-1 )-1 2p (5t
1u 

or 1t
2u 

6t
1u 

binding energy 204(2) eV 

The rest of this section will address the results obtained at the 

t2 and lie II continuum resonances, with emphasis on the lie II 

9 gg 

resonance (196.5 eV). Section A includes presentation of the 

cross-section and asymmetry-parameter data for the S 2p main-l ine and 

the 189 eV satellite peaks and for the S(L2,3VV) Auger peak. In 

Sec. B, we interpret the unusual observa~ion of coupling to other 

channels at the lie II shape resonance, and discuss the possible 
g 

ex plan a t i on s for th i s b eh av i or • 

A. Photoelectron and Auger Electron Results 

The shape of the S 2p cross section and e over the lie II 

9 

resonance appears in Fig. 7, and over a smaller energy range in 

Fig. 8. The S 2p satellite (binding energy of 189 eV) cross section 

and e are plotted in Fig. 8 with the main-.l ine results, shown for 

di rect compar i son. We observe a 1 arge cross-secti on enh ancement of 

both the S 2p rna in 1 ine and the 189 eV satell i te at the same photon 



-13-

energy. The main-line and satellite asymmetry parameters (Fig. 8) 

also correlate well as a function of photon energy in the resonance 

region. This is the first observation of a molecular correlation 

satellite with enhanced intensity at a feature assigned as a shape 

reson an ce. 

The TOF spectrum in Fig. 3 taken on the lie II resonance 
g 

illustrates the large satellite intensity, which is about 15 percent 

that of the main line off resonance, increasing to -30 percent on 

resonance. The intensity of the 189(1) eV satell,ite could be 

rronitored only up to about 200 eV photon energy, above which it was 

unresolved from the 194(1) eV satellite. Having observed decay into 
\ 

a channel other than the S 2p main line at the )'e II resonance, we 
g 

also checked the total valence intensity over the lie II resonance 
g 

region. No measurable enhancement was observed, as seen in the 

valence cross section shown in Fig. 4 (dashed curve). 

The effect in the S 2p a near the lie II resonance is dramatic 
g 

(see Fig. 7), and is partially reproduced by the MSM-Xa calculationS 

when the theory curve is shifted to the experimental resonance energy 

(i .e., theory shifted to lower energy by 1.8 eV). The width of the 

resonance is too narrow in the calculation, which is expected because 

vibrational,49 orbital-relaxation,8,50 and intrachannel-coupling 

effects
51 

(all of which tend to broaden the theoretical resonant 

profiles) have not been included. 

It is relevant to consider to what extent the observed effect in 

a(S 2p) is correlated with the lie II resonance rather than just being 
g . -

the natural energy dependence of the angular distribution. It has 
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. 16 46 8 52 
been observed experlmentally , and theoretically' that an 

increase in the cross section at a core-level molecular shape 

resonance is generally accompanied by a minimum in a (sometimes offset 

sl ightly in energy) for the affected continuum channel. 

To assess whether the S 2p a effect is induced primarily by the 

resonance, we first examine the atomic behavior for a S 2p orbital. 

The shape of the atomic sulfur a(2p) in Fig. 7. within 30 eV of 

threshold is the result of the changing Coulomb phase-shift 

differences between the 1+1 and 1-1 transitions.
47 

The atomic curve 

has very roughly the same shape as the experimental results for SF
6

, 

with a minimum in a within 15 eV of threshold. However, the atomic 

curve falls at significantly higher values relative to the 

experimental SF
6 

S 2p asymmetry parameter. Also, the minimum in 

e(S 2p, SF
6

) is rrore pronounced and occurs over a narrower energy 

range compared to the atomic a(2p), suggesting an effect due to the 

molecul ar resonance. 

Secondly, we compare our a(S 2p) curve to a(Si 2p) of SiF
4 

in 

Fig. 7.
46 

Within experimental error, the two sets of data are 

identical as a function of kinetic energy. except for a possible small 

difference· in the~asymptotic value'at high energy. This result is 

s~rprising if one believes that the pronoun-ced minima in a are 

indi'cative of the resonances in the two molecules (see Fig. 1), which 

occur at different kinetic energies (3 and 15.5 eV for SF6~ 5.5 and 

21.5 eV for SiF4).1~53 Furthermore, the decay characteristics of 

the second resonance for each molecule are markedly different. The 

SF
6 

continuum "e
g

" resonance decays to the S 2p main 1 ine and to a 
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S 2p shake-up satellite; in contrast, the broad (-10-15 eV) SiF
4 

t2 shape resonance (21.5 eV kinetic energy) seen in Fig. 1 decays 

only to the Si 2p main 1 ine, 19 thus apparently fitting the 

one-electron shape-resonance model. 

In addition, the Si 2p a curve for Si (CH
3

)4' which has been 

compared previously with SiF
4

,46 has a similar shape but a higher 

value of a between 5 and 15 eV kinetic energy, relative to SiF4. 

This difference has been attributed in part to the different electron 

densities in the two Si-containing molecules.
46 

We also note that 

the Si 2p cross section in Si(CH
3

)4 is different as a function of 

kinetic energy from both SiF
4 

and SF
6

, with a series of resonances 

very near threshol d and one broad (-10 eV FWHM) continuum resonance at 

about 18 eV kineticenergy.15,20 

The variation in the energies of the continuum resonances in 

these molecules, coupled with the observation of different decay 

patterns for the resonances in SiF
4 

and SF
6 

and the known atomic 

behavior, strongly suggest that the overall shape of a(S 2p) may have 

ori gins in atomi c effects as well as shape-resonance effects in these 

S- and Si-containing molecules. In fact, MSM-Xa asymmetry-parameter 

results on the Si 2p level in SiF
4 

are qualitatively very similar to 

the atomic Si 2p Hartree-Slater results.
46 

Photoemission 

measurements and calculations on the Si and S 2p levels in molecules 

-
which do not exhibit pronounced continuum resonances would help to 

identify the nonresonant "molecular" behavior of the a parameter at 

low k ineti c energy. 
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In addi tion to the effect on the photoelectron asymmetry 

parameter, the angular distribution of Auger electrons may become 

. anisotropic in the vicinity of a shape resonance. Theoretically, the 

Auger electron angular distribution (a
A 

) has been related to the 
uger 

asymmetry in the molecular orientation of the ion (am) as:
54 

a = cam' Auger 
(1) 

where c is a constant characteristic of a single Auger decay channel. 

The possibility for ion orientation at a shape resonance may induce an 

anisotropy in the Auger electron emission, weighted by the factor c. 

However, there are no known exampl es of detectable changes in a 
Auger 

at a continuum molecular shape resonance, although KVV Auger electron 

measurements have been reported above the C, 0, and N K edges in a 

n.u n..her of mol ecul es .16-17 Th 1 k f . t b d' th IIU e ac 0 an lSO ropy 0 serve ln ese 

16 17 
measurements ' has been explained by the low-resolution 

experimental measurements which effectively sum over many individual 

Auger transitions, and by the possibly small values ofc which \'Iould 

serve to rerluce any substantial oscillation in a given ion orientation 

16 
8m. 

For the t
2g 

and lIe
g

ll reson'ances in SF
6

, the a for the 

S(L
2 

3VV) Auger peak was determined from the measured partial cr and , 

a of the surrrned Auger and valence peaks, the measured total-valence 

cross section (Fig. 4), and assuming an unchanging total-valence a 

over the resonances. The estimated error is 10 percent in the 

total-valence cross section and :1:0.10 for the'total valence asymmetry 
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parameter. The resulting S(L
2 

3VV) Auger S, shown in Fig. 9, is not , 
strongly affected by the resonances, within the experimental errors 

stated above. This result may be rational ized with the previous 

arguments that low-resolution measurements sum over individual Auger 

1 ines weighted by small values for c, smearing out effects in anyone 

. channel. Higher-resolution measurements will be valuable in testing 

this hypothesis. Meanwhile, the lack of a definite resonance effect 

on SA is perplexing. If this observation is sustained by 
uqer 

improved measurements, the lack of any significant anisotropy for 

BAuger at the intense continuum resonances in SF
6 

and other 

molecules would call for a reexamination of the predictions that a 

shape resonance should produce anisotropic emission of Auger electrons. 

, 

B. Discussion of the lie II Resonance 
9 

The most significant resul t at the lie II resonance is the . g 

enhancement of the satellite and main-l ine intensities at the same 

photon energy (Fig. 8). This behavior suggests that an excited 

+ 
quasibound or discrete SF

6 
state is decaying to several (SF

6 
+ 

e-) final states. In this section, we discuss and evaluate several 

possible interpretations of this behavior. 

1. Conventional Models of Molecular Resonances 

Currently, there are two well-understood and qui te distinct types 

of mo 1 ecu 1 ar res on an ces: sh ape res on an ces (on e-e 1 ectron) an d 

t
' , t' . 10 

au OlonlZa lon resonances. As a start, each of these will be 
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examined as a possible interpretation for the lie II resonant decay. 
g 

First, if the 196.5 eV resonance is truly the e shape 
g 

resonance, its decay into several channels is in conflict with the 

conventional one-electron picture of shape-resonance phenomena, which 

predicts decay into the main-line channel only. Because shape 

resonances have been described as final-state effects, in which a 

continuum electron is trapped by a potential barrier at a particular 

kinetic energy, we would expect to see satellite enhancement at the 

same kinetic energy as main-l ine enhancement,55 rather than at the 

same photon energy. In other words, each satellite might show a shape 

resonance. The resonance kinetic energies .would ordinarily be quite 

similar because the potential-field barriers would differ little from 

one satellite to another. In this simplest picture, each shape 

resonant event would proceed via a unique channel, through a 

particular barrier state to the corresponding final state in 

+ 
SF

6
• Each channel would be resonant at its ONn characteristic 

kinetic energy. We must rule out this interpretation, based on our 

observation 6f main-l ine and satellite enhancement at the same photon 

energy. 

Alternatively, an in'terpretation based on autoibnizing states 

(doub'ly exci ted states of the neutral) could explain the decay to both 

main-line and satellite channels. Such a discrete state can couple to 

many final states.. However, transi tions to doubly excited states are 

typi cally an order of magn itude 1 ess intense than s in91 e 

° t to 39 
eXCl a 1 ons. Furthermore, this explanation would require 

abandoning the well-establ ished interpretation and supporting 

.. 
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theoretical work on the role of the e shape resonance in the S 2p 
g 

continuum of SF
6

. Even if we postulated that the 196.5 eV resonance 

were simply a doubly excited state, we would still have to account for 

the e shape res on an ce. 
9 

We prefer instead to cormine the simple models for shape 

resonances and autoionizing states into a single, unified model which 

can be used to interpret our data by taking into account possible 

mixing of the two types of excited states through electron 

correlations. To set the stage for this rrore general approach, we 

briefly examine other atomic and molecular systems which exhibit 

unusual rrultielectron decay at shape resonances. 

2. Obs erv a t ion s on Oth er Sys tems 

In atoms, a coupl ing of shape resonances to other channels has 

been observed in Xe and Ba.
56

-
60 

For Xe, the 5p and 5s main-line 

photoemission cross sections are affected at the 4d--~€f shape 

56-57 
resonance. However, Xe 4d photoemission still dominates the 

o th er ch an n e 1 s by an or d er 0 f ma gn i tu de • 5
6 

I n add i t i on , 

measurements up to 75 eV photon energy suggest that some 5p and 5s 

correlation satellites ar.e enhanced at the Xe 4d shape resonance.
58 

For the 4d-~4,€f giant resonance in Ba just above the 4d threshol d, 

prel iminary reports indi cate that 4d satell i te intensi ties are 

influenced by the shape resonance, though the intensity maximum in the 

satell ite cross sections may be offset in photon energy from the 4d 

main-l ine maximum.
60 
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These examples illustrate the many-electron nature of the broad 

"Co 11 ect ive II shape resonances in atoms. Simi 1 ar interchannel 

interactions also may occur at molecular shape resonances. In fact, a 

similar coupling to nearby channels at hv = 23 eV has been seen in 

SF
6 

for a feature interpreted as the valence t
2g 

shape 

21-22· - 123- 24 d resonance. In N
2

, some experlmenta an 

theoretical
14 

evidence indicates that continuum-continuum coupling 

could lead to an effect on a in the neiahboring 20 channel at about 
~ u 

the photon energy of the 30
g 

--~ €Ou shape resonance. However, 

these valence resonances in SF
6 

and N2 are not yet completely 

understood. For example, there may be possible complications in the 

SF6 valence region due to autoionizing states.
21 

Also,_ the 

K-matrix calculations for N2 (Ref. 14) are preliminary at this 

point; there is a minimum in the 20 experimental cross section,61 
u . 

but it is not clearly attributable to coupling with the 30 --~€O 
g U 

shape resonance. 

3. A Unified Model of Resonant Photoemission in SF
6 

The SF6 resonance behavior ( - h 1 h 11 21-22 t2 ln t e va ence s e s, 
g 

and e in the S 2p level) may in fact be~·the first examples in which 
9 

multi-electron effects are exhibited in molecular shape resonances. 

In addition to the resonant intensity behavior, the similarity of the 

a values for the S 2p main-line and the 189 eV satellite (Fig. 8) also 

supports this interpretation, which retains the qualitative aspects of 

a shape resonance while allowing for continuum-continuum coupling. 
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It is instructive to approach this problem by making a few 

observations about general principles that govern the electronic 

structure of molecules during dynamic processes, rather than trying to 

choose between oversimplified models such as one-electron shape 

resonances or double excitation. In this spirit, we observe that: 

a. Any two (or more) states of the same symmetry, lying close in 

energy, would normally be expected to mix through electron 

correlation. 

b. Mixing of these states will generally be reflected in an 

increased complexity of the resonant decay patterns, both in the 

relative intensities and numbers of final state channels. 

c. When a shape resonance barrier is present, any discrete 

states lying close in energy to the continuum resonance will 

likely be strongly perturbed by it. 

Within this general framework, there are several possible types 

of mixing. Firstly, the two degenerate channels may be in the 

continuum (S 2p main line and satellite in SF
6

), leading to 

continuum-continuum coupling (also called interchannel coupling) as 

discussed previously. This mixing can be described as an additional 

complication to the expected one-electron behavior of the e shape 
g 

resonance in S 2p ionization of SF
6

• Secondly, there may be 

discrete doubly excited states of the neutral molecule which reside 

close in energy to the e shape resonance (the possibilities for 
g 

these states will be elaborated on in the next section). These states 

couple to the continua through the discrete-continuum interactions 

described by Fano
62 

as autoionization. Figure 10 illustrates the 

general aspects of this framework. 
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The extent to which each of these types of mixing affects the 

decay dynamics of the lIe
g

ll resonance is not clear from the present 

experimental results. Rather, points a-c are meant to constitute a 

general, unified model of resonant photoemission. Of course, the 

degree of resonant enhancement in different channels will depend 

sensitively on the details of correlation mixing in each case. 

The important consequence of this model is that it provides us 

with the insight that resonant photoemission in molecules need not be 

assigned strictly as a shape resonance or autoionization, but may in 

some cases be a perturbation on one model or a mixture of the two. 

This conclusion is a straightforward and inevitable consequence of the 

fact that electron correlation exists in ex(~ted molecular states. 
, \ 

That electron correlation effects are somet{~es readily observable is 

dramatically underscored by the data shown in Fig. 8 • 

. In summary, the general model presented above includes 

continuum-continuum and discrete-continuum interactions, and can be 

used to rational ize enhancement of the 189 eV satell ite at the lie II 

g 

resonance. Clearly, calculations on SF
6 

are needed to incorporate 

correlation effects at a practical level and focus the interpretation 

of the lie II resonance on the continuum interactions and importance, g, 

of doubJ yexc i ted states. 

4. Further Spectroscopic Considerations on SF
6 

We now examine in more detail the possibility of autoionization 

of doubly excited states in SF
6

• If a doubly excited state is an 

important. component of the- resonant's tate near h" =d96 .. 5' eV" then 



." 

-23-

there should be a corresponding satellite threshold at a higher photon 

energy. As mentioned earlier, we do observe a satellite with a 

binding energy of 205(2) eV, which is 7-11 eV above the lie II 

g 

resonant feature, compared to the 8 eV energy separation of the 

S 2p--~6a1g discrete resonance and the S 2p threshold. Thus, the 

neutral doubly excited 

-1 -1 *) SF
6

(2p v 6a
1g

v and 

state and satellite configurations may be 

+ -1 -1 * 
SF

6
(2p v v) respectively, where 

* v and v are, respectively, valence orbitals initially occupied or 

unoccupied in the ground state. The presence of an excited 6a
1g 

electron in the resonant-state configuration would help to explain the 

strong observed coupling to the 189(1) eV satellite, which we have 

+[ -1 -1 1 proposed in Sec. IVA to have the configuration SF6 2p (lt1g ) 6a1g~. 

We might also expect to see doubly excited resonances below the 

other observed satellite thresholds [189(1) and 194(1) eVJ. For the 

189(1) eV satellite, we believe that the most intense resonant states 

below this threshold would involve excitations into 6a
1g 

and 6t
1u 

molecular orbitals. One symmetry-allowed transition would lead to the 

f · . 2 -1(1 )-16 2 h' h 1 11 b con 19uratlon p t
1g 

a
1g

, w lC wou d fa at a out 

186 eV (that is, 3 eV below the satellite threshold). The assigned 

t
2g 

shape resonance at 184 eV might include contributions from this 

configuration. 

For the 194(1) eV satellite, by analogy with the above arguments, 

we would expect to see doubly excited resonances at 3 eV and 8 eV 

below this satellite threshold. The neutral resonant configurations 

-1 -1 * -1 -1 * ) would be 2p v v 6t
1u 

(191 eV) and 2p v v 6a1q (186 eV , leading 

to the satellite configuration 2p-1v-1v*. While 186 eV photon energy 
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is a little higher than the resonance at 184 eV, there is no resonance 

evident at -191 eV photon energy. 

The above arguments for participation of doubly excited states in 

the sulfur L continuum spectrum are very tentative, for several 

reasons. First, our knowledge of molecular autoionization is very 

limited, especially with respect to doubly excited states. Secondly, 

the energies of the doubly excited states postulated above have been 

estimated using the energy spacing of the single excitations relative 

to the sulfur K and L shells of SF
6

. This relative spacing will be 

different for a doubly excited state referenced to its corresponding 

satellite threshold, because of shifts arising from correlation and 

screening effects. 

Several puzzling observations still remain. The lie II sh ape 
g 

resonance not only produces an intense feature in the L
2

,3 sub-shell 

cross section, but also exhibits strong multi-electron effects in its 

decay. By analogy, we would expect to see a similar feature in the 

valence-shell ionization channels of the proper symmetry (~d. 

However, there is no evidence for even the existence of an outer-

yalence e shape resonance in SF
6

• There is some evidence for an 
9 

eg resonance in the inner-valence. levels of SF
6

.63 

The width of the lie II resonance in the L-shell (4 eV FWHM) is 
g-

very narrow in comparison with shape resonances in other molecules at 

a co"mparable kinetic energy of -15 eVe The existence of such a 

long-lived quasibound state at such high kinetic energy is 

experimentally unprecedented, and at odds with the resonance 

ener,gy/widthrelationship obtained from the uncertainty principle for 
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quasibound states. For atoms, this energy/width relation has been 

parameterized by Connerade
64 

with a shape-independent model, 

confirming that the resonances broaden out as the kinetic energy 

increases. MSM X-a ca1culations
49 

which vary the N2 bond distance 

over the range of the ground-state wave function also illustrate this 

trend in a given molecule. Of course, SF
6 

has a very different 

molecular potential than atoms and diatomic molecules, so these 

comparisons may not strictly apply. 

Still unassigned is the origin of the weak feature at hv = 205 eV 

photon energy. Several possibilities exist. Excitation into doubly 

excited states of the neutral and/or into satellite continua of the 

ion have been proposed in the past to explain this broad feature in 

the total cross section.
4

,6 Based on our tentative observation of 

~ome enhancement in the S 2p main-line channel in this energy region 

(see Fig. 7), we probably can rule out an explanation involving 

satellite continua onsets. We still allow for the contribution of 

doubly excited resonant states, though this interpretation seems 

problematic considering the energy proximity of the resonant feature 

(205 eV) with respect to the nearby satellite thresholds [205(2) eVJ. 

Another proposal for this 205 eV feature involves the onset of 

"direct" ionization which occurs near this energy (just above the 

barrier associated with the e shape resonance).3 As the electron 
9 

kinetic energy exceeds the barrier height, a modulation in the cross 

t
" 3 sec 10n occurs. To date, an observable cross-section effect of 

this nature is unprecedented, though it may occur in molecules (like 

SF
6

) which ~xhibit.unusual1y large continuum effects. Observation 
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of satellite enhancement near hv = 205 eV would help to define the 

nature of this feature. Though we tentatively observe enhancement in 

the main line at this energy (see Fig. 7), low cross sections 

prohibited a similar measurement on the satellite peak. 

V. Conclusions 

The results reported here for photoionization near the S 2p edge 

. in SF
6 

have revealed the importance of many-electron effects at the 

unusually intense discrete and continuum resonances in the 

photon-energy range 160-260 eV. For the S 2p--~6alg discrete 

transition, our low-resolution spectra yield qualitative information 

+ 
on the decay channels to SF

6
. We observe valence-satellite 

enhancement predominantly in the binding~energy range of 30-80 eV, 

with several distinct peaks at 35 and 55 eV. We suspect that most of 

the satellites are IIspectator ll states, containing the initially 

excited 6a
1g 

electron. Some participatory decay was found, as 

evidenced by the small effect on the total outer-valence cross 

section. Because of overlap with satellites near 40 eV binding 

energy', we-,.cannot rule out addHional participatory decay to 

inner-valence. main lines. 

The specific assignment of the valence-satellite configurations 

enhanced at the 2p--~6a1g resonance has not been attempted because 

these peaks are very broad in our photoelectron spectrum and are 

probably associated with many configurations. Furthermore, 

interact.ions in' the inner-valence, orbitals' of' other molecules have 
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been found to require a many-body approach to model even the 

t . l· . d· t . t . 43 nonresonan maln- lne energles an ln enSl les. Higher resolution 

experiments might delineate this structure found in the binding-energy 

region 30-80 eV, while many-electron calculations for the 

inner-valence main lines and valence satellites would help to assign 

the indivi dual peaks. 

For the S 2p continuum resonances, our examination of the S 2p 

asymmetry parameter within 40 eV of threshold suggests that "atomic" 

sulfur behavior is embodied in the low kinetic-energy behavior. 

Comparison with other sulfur and silicon-containing molecules 

indicates that the 2p a's are surprisingly similar as a function of 

kinetic energy, despite the strong variations in the continuum 

resonance energies, widths, and intensities (See Fig. 1). In 

addition, the S(L
2 

3VV) Auger electron a remains near zero over both , 

continuum resonances, contrary to qualitative theoretical 

predictions.
54 

Despite the fact that the nature of the e
g 

resonance is uncertain, we believe that this lack of significant 

anisotropy at both continuum resonances in SF
6 

and in other 

molecules may call for a reinvestigation into the relationship between 

molecular ion orientation and the angular characteristics of 

subsequent Auger electron emission. 

In the S 2p continuum, the t
2g 

and e resonances in SF
6 9 

have for years been used as illustrative and outstanding examples of 

how dramatically potential-barrier effects can modify the 

photoabsorption intensity near a core-level threshold. The 

enhancement of a S 2p correlation satellite at the assigned e 
g 
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resonance throws serious doubt on the one-electron interpretation of 

this resonant feature (196.5 eV). It is noteworthy that a similar 

situation exists for the valence-shell ionization of SF6, where 

several valence final states couple to a feature at 23 eV photon 

. 21-22 
energy asslgned as the t

2g 
shape resonance. 

We have proposed a heuristic u~ified model based on observation 

plus general features of many-electron systems to explain the S 2p 

satellite enhancement at the lie II resonance. Many-electron 
g 

interactions, which are known to complicate the decay dynamics for 

atomic shape resonances, may play i role at the molecular shape 

resonances in. SF
6

. In a sense, the qual itative aspects of the shape 

resonance model still apply, with the decay properties modified by 

configuration-interaction in the continuum manifolds. The admixture 

of doubly excited states leading to S 2p satellite thresholds is also 

allowed for in this interpretation. Detailed theoretical calculations 

will be required to obtain a quantitative understanding of the origin 

of the unusual satellite enhancement at the e
g 

resonance, but we 

believe that the unified model described herein most likely provides 

the qualitative framework within which quantitative calculations can 

be performed. Finally, the nature of the broad cross~sect.ion feature_ 

at 205 eV photon energy is directly related to any consistent 

assignment of the e resonance. Thus, experiments on the decay 
g 

properties of this broad peak could help to elucidate the role of 

many-electron and autoionization effects in this energy region. 
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Overall, these core-level photoemission results, along with 

. 21-22 
recent experlments on the valence shells of SF

6
, present a 

major challenge to the understanding of molecular shape resonances. 

Rather than being a prototypical example of potential-barrier effects, 

SF
6 

is most likely a very special case which provides us with a 

testing ground for investigating unusually strong many-electron 

interactions in molecules. 
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Fi gure Capti ons 

Fig. 1 Photoabsorption spectra of SF
6 

(Ref. 1), SiF
4 

(Ref. 53), 

and S02 (Ref. 2) plotted on arbitrary cross-section scales 

for qualitative comparison. The spectra have been lined up in 

kinetic energy relative to the S or Si 2p edges in these 

lID 1 ecu 1 es . 

Fig. 2 Molecular-orbital diagram for SF
6

• The energy levels are 

not drawn to scale. The order of the val ence shells is taken 

from Ref. 21. Excitation of a S 2p electron to the discrete 

6a
1g 

level is shown; as are transitions to the t
2g 

and 

lie II continuum shape resonances. 
g 

Fig. 3 TOF spectrum at 196.4 eV photon energy and Er-54.7°, taken at 

the peak of the lie II resonance. The binding energy of the 
g 

enhanced S 2p correlation satellite is 189(1) eVe 

Fig. 4 Total photoabsorption cross section
1 

for SF
6

. The present 

total yield data (solid circles) from the sum of the 

S(L
2 

3VV) Auger- and valence-electron intensity in SF
6 

has , 

been scaled to the photoabsorption curve at 189.3 eVe The 

dashed curve represents an estimate of the valence main-l ine 

cross section (both inner- and outer-valence) above the S 2p 

threshold, based on the valence intensity in the TOF spectra 

over th is en er gy range. 
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Fig. 5 Binding-energy spectra taken off (176.1 eV) and on (172.9 eV) 

the S 2p-~6a1g discrete resonance. The peaks labelled 

outer valence consist of the unresolved lt
lg

, lt
2u

' 

3e , 1t2 ' 4t1 ' and Sal orbitals. The 
9 9 u 9 

region 1 abelled "inner" val ence includes the inner-val ence 

rT'.a in 1 ines (212 , 3t
l 

' and 4a
l 

) and all val ence 
9 u 9 

satell ites between 30 and 100 eV binding energy. 

Fig. 6 Relative partial cross sections for the outer- and 

"inner"-valence peaks near the S 2p-~6alg discrete 

excltation (fop). The "inner"-valence cross- section-

represents the binding-enerogy range of 30-100 eV in the TOF 

spectra. The corresponding "inner"-val ence a is shown also 

(bottom). 

Fig. 7 S 2p asymmetry parameter (top) and partial cross section 

(bottom) for SF
6 

(sol id circl es). MSM-Xa resul ts
8 

for 8 

are shONn, with the theory curve shifted to the experimental 

lie II resonance energy. 
g 

The,catomic a(2p} for sulfur is aolso 

47 
plotted. The open circl es for 8 are the measured Si 2p 

values for SiF
4 

(Ref. 46) plotted as a function of kinetic 

en er gy for eas e of compar fs on • 

Fig. 8 Relative cross section and asymmetry parameter for the S 2p 

main line (sol id circles) and satellite (open circles) in an 

expanded energy range near the lie II resonance (196.5 eV). 
9 
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Fig. 9 Asymmetry parameter for the sulfur L2 3VV Auger electrons in , 

th e vic in i t Y 0 f th e t 2 9 (184 e V ) an d e 9 (1 96 .5 e V) 

resonances. Arrows mark the resonance positions observed in 

the cross section. 

Fig.10 An energy-level diagram depicting the resonant state ('l'RES) 

at E
RES 

= 196.5 eV relative to the ground state (g.s.), and 

its coupl ing to both the S 2p rna in-l ine (ML) and satell ite 

(SAT) continua. Electron correlation allows the e
g 

resonance to couple to both the main-l ine and satellite 

continua, and to doubly excited states of the neutral 

molecule. The resonant state 'l'RES is drawn to illustrate 

th is mi xed discrete-continuum character. 
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