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Abstract ) y

We present partial cross-section results for Si 2p and valence
photoionization of S1’F4 for photon energies in the vicinity of the Si
2p and 2s thresholds. The continuum shape resonances decay only to the
Si 2p main line, in accord with one-electron theory predictions. The Si
LZ,SVV Auger spectrum was also measured, and found to agree with
earlier work. We propose that variations in hole-interaction energies
are important in assigning the Auger_fina] states. For the Si 2p

discrete excitations, spectra obtained on the o*(al) resonances compare

~ well with previous results and the above-threshold Si L2 3VV Auger

spectrum. Our results help to quantify thé relative enhancement of
satellites and main lines, emphasizing the dominance of spectator decay.
Spectra obtained at several higher-energy Si 2p and Si 2s excitations
also generally support spectator decay as an important mode of relaxation
for these discrete states. 'The overall assignment of the Si 2p and 2s
discrete excitations to molecular-orbital and Rydberg transitions is

discussed.
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I. Introduction

Core—1evé1 absorption spectra of a series of S- and Si-containing
molecules have been interpreted using a potential-barrier model to
explain intense features in terms of transitions to unoccupied
molecular orb1'1:a1s.1_4 In this model, the centrifugal barrfer can
trap an outgoing photoelectron, which then tunnels through the barrier
and emerges in the continuum with enhanced 1ntensity.5 In
particular, the excitation spectra of the series including 502,

SiF4, and SF6 illustrate that the continuum resonances are more
pronounced for molecules of high symmetry which contain
electronegative ligands; these factors seem to enhance the barrier
both directionally and in terms of repulsion from electronegative
atoms. The narrowest and most intense resonances are found above the
S 2p subshell threshold of SF6, whereas the corresponding 502
absorption spectrum exhibits much broader and weaker continuum
features.6’7 Furthermore, photoemission experiments on the S 2p
"main-1ine" ionization of SF6 have demonstrated that the feature
assigned as the eq shape resonance exhibits strong
electron-correlation effects through coupling to a neighboring S 2p
shake-up sate11ite.8 For the discrete portions of these L2,3
spectra, SF6 and 502 also show two extreme forms of behavior.

The SF, oscillator strength appears primarily in S 2p excitations to

6
molecular orbitals, while both molecular-orbital and Rydberg

transitions dominate the spectrum of SO2 below the S 2p edge.
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Between these two extremes falls the intermediate case of

S1’F4,7’9 which has two continuum resonances above the Si 2p edge,
first proposed to be shape resonances of e and t2 symmetry,2 in
addition to a number of discrete excitations below the Si 2p threshold
(see Fig. 1). The shape resonances have been studied both

experimenta1]y10 and theoreticaﬂylo’11

in valence photoionization
of SjF4, where a number of resonances of ajs e, and tz-symmetry
are present. For core ionization, the Si 2p asymmetry parameter (g)
has been measured previous1y,12 and some partial cross-section
results were reported recently for the Si 2p 1eve1.13

The discrete portion of the Si 2p absorption spectrum of S1‘F4
was initially explained solely by invoking Rydberg transitions.14
Later assignments,g’15 supported by the analogous experiment on

solid SiF,, postulated overlapping molecular-orbital and Rydberg

4°
“excitations. Finally, absorption experiments on Si ls ionization of
S1’F4 suggest that distortion of the excited state to a trigonal
bipyramid may be necesséry to explain the complexity of all the
core-level discrete spectra.lﬁ_

We present here further photoelectron spectroscopic measurements
of the Si 2p and valence -photoionization cross sections in the
vicinity of the Si 2p and 2s thresholds of SiF4. The above-threshold
Si'L2’3VV Auger spectrum was also observed, and the kinetic energies
and relative intensities compare well with those of Aksela et a1.17
We discuss the assignment of Rye and Houston18 for the Auger final

states and an alternate model which accounts for variations in

hole-hole interactions for the various configurations. We have
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studied the decay channels of the discrete Si 2p and 2s excitations,
and in some cases have assigned the resonant spectra qualitatively by
comparison to the Si L2’3VV Auger spectrum.

The experimental details are presented in Sec. II. Section III
includes the Si 2p continuum results and the Si L2’3VV Auger
spectrum. We present the discrete resonant results for Si 2p
excitation in Sec. IV, and for Si 2s excitation in Sec. V.

Conclusions appear in Sec. VI.

IT. Experimental

The experiment was performed at the Stanfbrd Synchrotron
Radiation Laboratory (SSRL) on the Beam line III-1 "grasshopper"
monochromator using a 1200 1/mm holographically ruled arating. The
~experimental apparatus and methods have been described

19-21 Briefly, a time-of-flight .(TOF) electron analyzer

previously.
situated at the "magic angle" of 54.7° relative to the photon
polarization direction allows measurement of angle-independent partial
cross sections, based on Yang's theorem.22 The analyzer
transmission as a function of kinetic energy was calibrated with the
known partial cross sections for Ne+(25) and Ne+(2p)
photoe]ectrons.23

A 1000-A-thick silicon window separated the monochromator (10_9
torr) from the gas chamber (10_5 torr). The gas pressure was

monitored behind the effusive nozzle with a capacitance manometer.

The relative photon flux was calibrated by detecting fluorescence from
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sodium salicylate with a phototube (RCA 8850). Corrections for the
varying response of sodium salicylate with photon energy have been
applied to the partial cross-section resu]ts.z4 Statistical errors
only are shown in our plots. We estimate that systematfc errors for
the nonresonant cross sections are £10 percent, and for the resonant
results £3 percent.

The monochromator bandpass for the Si 2p and Si 2s continua
studies varied from 0.65 to 1.40 eV FWHM (a Constaﬁt 0.66 A) over the
photon energy range 110-165 eV. For the resohancesvbelow the Si 2p
threshold, a bandpass of 0.25 eV (0.26 A) was used. Energy
calibration to within 0.20 eV was obtained over the range of the
experiment from the resonance positions in the S1'F4 photoabsorption
spectrum.9 For reference, the binding energies of the valence and

core levels in S1’F4 are set out in Table I.

II1. The Si 2p Continuum

In Sec. A we present the partial cross sections for the
inner- and outer-valence peaks and for the Si 2p main line in the

photon-energy range 114-165 eV, where two intense continuum resonances

2,3,9 These results are compared with other

2,3,13

are present,
experimental measurements13 and with MS Xa theory in an

attempt to identify the symmetry of the shape resonances. We present
the Si L2,3VV Auger spectrum in Sec. B. A previous interpretation
and assignment18 of the Auger peaks with respect to hole

localization is discussed.

E o4
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A. Partial Cross Sections

A TOF spectrum in Fig. 2 illustrates thg_outer— and inner-valence
groups, the Si L2 3VV Auger peaks, and the Si 2p main line. To

investigate the intensity variations over the resonances at 117 and

2,3,9

133 eV photon energy observed in photoabsorption, we have

"~ measured the relative partial cross sections for valence and Si 2p

jonization. Figure 3 shows these data.

We compare our Si 2p results to those of Bancroft et a].13 in
the top panel of Fig. 3, where our relative cross sections have been
scaled at hv = 136 eV. When the data are scaled in this manner for
agreement at the second resonance (hv = 133 eV), there is significant

disagreement below hv = 120 eV where the resonant effect is more

pronounced in our data. We have no explanation this difference.
13

Bancroft et al.”™ noted that their Si 2p results at this resonance

2,3,3 would indicate, and

were lower than the photoabsorption curves
ascribed the difference to possible contributions from shake-up, -
shake-off, and photodissociation. Because our results are more in
line with the relative intensities in photoabsorption, we believe that
other processes as mentioned above are probably less significant in
this energy region than at the second resonance. Energy arguments
alone suggest that at 5 eV ahove the Si 2p threshold, shake-up and
shake-off processes involving a Si 2p electron should be negligible.

For the valence ionization cross sectjons (Fig. 3, bottom), there
is no evidence of enhancement at either continuum resonance, in

agreement with the observations of Bancroft et a1.13 Qur
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inner-valence cross section agrees well with other reported

13 by

va1ues,13 and is systematically Tower than MS Xa calculations
about a factor of two. There are as yet no experimental or
theoretical results avai]ab]e for comparisbn to our outer-valence
results in this energy range.

| The lack of valence enhancement at the Si 2p continuum resonances
is also Seen for the S 2p ionizatioh in SF6.8 However, for SF6
asS?2p sate]]ite was found to be resonant at the second continuum
resonance (eg), suggesting that a many-electron treatment of this
eg shape resonance is necessary. For SiF4, we see no Si 2p
satellite enhancement at either continuum resonance. Thus, the
qualitative behavior df thevSi 2p shape resonances is well modeled in
a one—electron description,l’5 with decay only to the Si 2p main
line. |

The assignment of the Si 2p continuum resonances in S1'F4 has

been discussed by several workers. There is uniform agreement that
the feature at ~22 eV kinetic energy (hv = 133 eV) is a shape
resonance of t2 symmetry. This is supported by early MS Xa
theory2’3'and more recent calculations by Bancroft et a1.13
Furthermore, this resonance is seen in experiment and theory for
several valence levels of SiF4.1O However, the symmetry of the
resonance at ~5 eV kinetic energy (hv = 117 eV) is much less
definite. Early MS Xa calculations found shape resonances of e
symmetry at ~4-6 eV and 13-15 eV,2’3 whereas later resu1tsl3 found
an e resonance at 14 eV, an a; resonance at 3.3 eV, and a weak t2

feature at 6.8 eV kinetic energy. Bancroft et a1.13 eventually
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assigned the intense 5 eV resonance as t2 despite the very weak

13 also have

presence of this feature in. theory. Bancroft et al.
used experimental and theoretical results on SiC14'(where the
agreement is less ambiguous)z’25 by analogy to support the t2
assignment for the 5 eV resonance. We note that pdrt of this
explanation involved assignment of a resonance of e symmetry in S1'F4
(as found in theory in moderate 1ntensity13) at about 10 eV kinetic
energy. A very small shoulder at this energy’is evident in one
photoabsorption spectrum,2 but not in a later measurement.9 We do
not discern a resonance in our data near 10 eV.

Because of the lack of agreement among various theoretical
calculations, we believe it is not possible at this time to identify

the 5 eV resonance (hv = 117 eV) definitely as having either e or t2

symmetry. It is unlikely that further experimental results alone will

“help to clarify this situation. Theory, which has produced widely

varying results for SiF4, is clearly sensitive to the details of the
calculations. This model-dependent sensitivity needs to be resolved

before the theory can be used with confidence.

B. Si L2,3VV Auger Spectrum

Rye and Houston18 obtained the first Si L2,3VV Auger spectrum
for S1'F4 using electron-beam impact. Scattered electrons created a
steeply sloping background, making the derivation of Auger intensities
difficult. More recently, Aksela et a1.17 observed the Auger
spectrum using synchrotron radiation. We will compare our

quantitative results to those of Aksela et a1.17_and discuss the
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peak assignments originally proposed by Rye and Houston.18.

Our Si L2,3VV Auger spectrum is plotted in the'top Qf Fig. 4 as
a function of kinetic energy. Peak labels a through f follow the
notation of Aksela et a1.17 and are reversed from the notafion of
Rye and Houston.18 In Table IIbwe include the peak kinetic energies

17 1he

andvre1étive intensities compared with those of Aksela et al.
kinetic energies are in agreement within error limits, and the
relative intensities are quite similar. There is a'sma11 discrepancy
for peaks d and e. We find peak d to be slightly more intense than
peak e; the reverse is true for the data of Ref. 17.

The Auger peak assignments proposed by Rye and Houston18
involve first an assumption that only valence orbitals with
appreciable Si character in neutral S1'F4 will participate in the
decay. This rules out the outermost three orbitals (ltl, 5t2, and
le) which are essentially F lone pairs. In this appfoach, the
.remaining valence orbitals (4t2, 5a1, 3t2, and 4a1) combine to
give the following generic Auger final states in terms of outer- and
inner-valence holes (see Tabhle I):
(outer)_2
(1’nner‘)_1(ou’cer)_1

(1'nner')"2

With a constant Ho]e—ho]e repulsion energy assumed for all final
states and the observation that the inner- and outer-valence binding

energies within each group are closely spaced, this provides for three

i
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distinct groups of peaks in the Auger spectrum, whereas six peaks are
observed. Rye and Houston explained this apparent "doubling" by
postulating that the two valence holes in a single configurational

final state appear spatially in the same Si-F bond or-in different

bonds.18

While this model has the valuable feature of addressing hole-hole
repulsion, spatial localization on specific bonds seems less 1likely

for valence-shell holes than delocalization in molecular orbitals. An

+
alternate description of the S1'F4+ Auger final states extends the

idea of hole localization. Each of the two-hole final states may be
described by coupling two one-hole states, which are in turn given by
delocalized molecular orbitals. This model has the advantage that the
molecular orbitals transform as the symmetry group of the molecule,
and thus simulate eigenstates of the SiFZ Hamiltonian. In

icouph‘ng the two one-hole states, due account must of course be taken
of hole-hole repulsion as well as of e]ectrdn polarization toward the

holes. Like Rye and Houston,18 we assume that SiFZ and

++
SiF4 remain essentially intact during the photoionization and

Auger processes. To first order, we start with the same three peak

groupings above, as per Rye and HouSton:18

(outer)_z: (4t _2, (5a )~2

5)

-1 -1
D7 (a7 5ay)

(outer) ™ (inner)™t: (at,)7H(3t,) 7, (aty) " (4ap) 7!

-1

(52,)71(3t,) ™%, (5a))"M(4a)) !

(inner)~%: (3t2)—2, (4a1)~2’ (461)_1(3t2)~1
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We propose that the energies of individual configurations are shifted
by different amounts depending on the hole-hole interactions. Support
for this approach comes from recent calculations for the energies of

; ) + :
Auger two-hole final states of N20 +, which indicate differences

of nearly 6 eV in the magnitude of the hole interaction energies.26
Considering also the various ways to couple two holes in the final
state, a more accurate determination of the hole interaction energies
may introduce more complexity into the S1’F4 Si L2’3VV Auger

spectrum. - Because of this complexity, and the partially-resolved
11nes'shown in Fig. 4., we shall not attempt to give explicit spectral
assignments. We note that preliminary calculations, similar to those
on N20++, do find significant differences in the hole-interaction
energies, though not completely explaining the observed spectrum.
Thus, a final assignment of the Auger spectrum may require inclusion .

~of other effects.

IV. Discrete Resonances Below the Si 2p Threshold

Figure 1 (bottom) illustrates the discrete resonances below the
Si 2p edge, including a particular assignment based on the overlap of
molecular orbital and Rydberg excitations.9 We have studied the
decay channels to SiFZ 1n the vicinity of the resonances at 106:1
and 106.7 eV, assigned as the molecular-orbital excitations Si
2p3/2’1/2——>o*(a1).9 Using the Si L2,3VV Auger spectrum for

comparison, in Sec. A we interpret the resonant photoemission spectra

and present partial cross sections for the valence main lines and some

rr
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of the resonantly enhanced valence satellites. We discuss the
qualitative aspects of the decay at the different resonances in Sec.
B, where we present a few spectra taken in the vicinity of the higher

resonances in the range hv = 108-112 eV.

*
A. The Si 2p-->o 131) Resonance

In Fig. 4 we show a nonresonant photoelectron spectrum at
hv = 103.9 eV which includes the unresolved inner-valence main. lines
(3t2 and 4a1) and some valence satellites at 30 eV binding
energy. The inner-valence peak shows some intensity on the high
binding-energy side, also observed by Aksela et a1.17

On resonance, at hv = 106.7 eV, we see enhancement of a number of

valence satellites (Fig. 4). The spectra in Fig. 4, as plotted, are

~uncorrected for analyzer transmission, which decreases by a factor of

two from right to left over the energy rangé of the bottom two spectra
in Fig. 4. -Partial cross sections reported in the next section have
been corrected for transmission.

To aid in interpretation of the resonant spectra, we have aligned

the Si L, ,VV Auger spectrum, excited above the Si 2p threshold at

2,3
hv = 117.2 eV, with the hv = 106.5 eV resonance spectrum in Fig. 4 for
comparison. Although the intensities are somewhat different, the same
peak pattern appears in both spectra. Table III lists the hinding
energies of the resonantly enhanced valence satellites and relates

each satellite to the corresponding Auger peak on resonance. - There is

a one-to-one correspondence to the Auger peaks a through f with the
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minor exception of peak e, where the resonance spectrum shows only a
single broad peak. This similarity is consistent with each peak in
the resonance spectrum arising from a two-hole state (plus an excited
electron).

To help illustrate the close relationship between the resonantly
enhanced valence satellites and the corresponding Auger final states,
we show in Fig. 5 an energy-level diagram depicting these states. The
Auger final states a-f of SiFZ+ are indicated generically, along,
with the parallel resonantly produced satellites a'-f', in the

' +
notation of Fig. 4. There are two-hole states in both the S1'F4

and SiFZ+ manifolds, differing only by the presence of an exeited
c*(al) electron.

From Figs. 4, and 5, we see that some of the two-hole states are
nearly degenerate with the sind]é—ho]e inner-valence main 1ines
1(3t2, 4a1) in SiFZ. This near degeneracy makes a
straightforward distinction between inner-valence main-lines and
outer-valence satellites difficult, and probably 1edicates that
configurational mixing is important in the inner—va]ence region. The
spectrum of Aksela et a1.17 agrees with ours, except that they did
not observe the highest-binding-energy satellite a'.

There is a kinetic-energy shift between the resonant spectrum and
the Si L2,3VV Auger spectrum. We note that this shift is not |
readily apparent in Fig. 4, where the two spectra have been aligned to
facilitate comparison. To first order, this shift might be expected

to be equal to the difference between the resonance energy and the

corresponding 2p continuum, which is 5.5 eV for SiF4. This is based
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on the simple picture that each resonance state a'-f' is made up of
the corresponding Auger final state a-f, plus one electron in the
resonant o*(al) orbital. The observed shift in our spectra varies
from 8-10 eV for peaks a'—f', slightly higher than the average shift
of 7.5(5) eV reported by Aksela et a1.17 However, energy shifts

from both sets of data contain variations from peak to peak and
uncertainties of *1 eV in the absolute shift. The increased shift of
8-10 eV is easily understood as follows. The 5.5 eV shift between the
2p_lo*(a1) §tate is just the binding energy of an electron in

the o*(al) orbital, starting from the SiF4[2p_1o*(a1)] |

initial state:

. -1+ ot -1
S1F4[2p o (al)] -—> S1F4(2p

) + e (B.E.=5.5 eV). (1)
~For the analogous process of removing an electron from the excited

% +
o-(al) orbital in the a' state of SiF

4!

SiFZ[a‘;(inner)_zc*(al)] - SiFZ+[a;(inner)'2] + e (B.E. ~8 eV), (2)
the shift is naturally larger because of the attraction between the
additional (positive) valence holes and the excited o*(al)
electron.

The above comparison with the Auger spectrum illustrates that
much of the resonant-state decay proceeds 1like above-threshold Si
L2’3VV Auger decay; the excited electron o*(al) remains as a

spectator while one valence electron fills the Si.2p hole and another
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is ejected. The resonant final states have the same two valence holes
as the Auger features, but they also include the initially excited
electron [o*(al)]. We note that the resonances below the Si 2p
threshold in SiH4 also decay to a number of spectator satellites, in
analogy to the two-hole states in the Auger spéctrum.28

We emphasize the quaiitative and incomplete nature of this result
for predominant spectator decay. It is probable that the initially
excited electron gets "shaken up" to a higher unoccupied orbital or
“shaken off" into the continuum in a substantial f}action of the
decays. This is in analogy to atomic Xe.4d——>6p,7p resonant decay,
where shake-up to the next higher np level is sighificant,zg and to
atomic Ar, Kr, and Xe inner-shell resonances, where shake-off is an
appreciable fraction of the resonant decay.30 The energy separation
of a spectatdr and a shake-up satellite configuration of SiFZ
:wou1d differ by as little as 2 eV for the c%(al) resonance, making
an exact orbital assignment for the 1oose1yfbound electron difficult.
However, the overall similarity between the Auger and resonant spectra
does appear to imp]icate spectator decay as an important decay mode.

To help quantify the extent of satellite decay, partial cross
sections for the outer-valence main lines and for peaks e' and f' are
shown in Fig. 6. For the summed outer-valence main lines we see a
small enhancement of ~10 percent at resonance. This is larger than
the upper 1imit of 5 percent reported by Aksela et a1.17 Production
of these main lines is a measure of the degree of participation of the
excited electron in the resonant decay. For the inner-valence region,

Tow count rates and limited resolution prohibited reliable partial
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cross-section measurements on each sate11ite peak listed in Table
ITI. However, peaks é' and f' were sufficiently resolved, and their
cross sections are also shown in Fig. 6. All the profiles mimic the
total photoabsorption profile, indicating either very little
interference between direct ionization and autoionization via the
excited state, or that peaks e' and f' actually contain different
final states on and off resonance.

We now estimate thé overall relative amounts of satellite versus
main-1ine decay. Though we do not have quantitative results for
satellites a'-d', we do observe that their relative intensities on
resonance are roughly comparable to the analogous intensities in the
Auger spectrum. Using this as a working hypothesis, we find that the
ratio of the summed intensity in satellites a'-d' relative to
satellite f' is (from Table II) ~ 1.3(1), where the uncertainty
: reflects the differences between our results and those of Aksela et
a1.17 This yields an intensity on the scale of Fig. 6 of 0.65(5)
for the sum of peaks a'-d’.

The remaining uncertainty in an estimate of satellite versus
main-line decay is related to the possible presence of a satellite in
peak e' in addition to the inner-valence main lines. If the
resonant-satellite spectrum carries relative intensities about equal
to those in the Auger spectrum, then all of the enhancement in peak e'
can be ascribed to a satellite, with very 1itf1e effect on the
inner-valence main lines. This assumption would suggest that ~80
percent of the o*(al) resonant decay to SiFZ results in

satellite production. A lower limit of 60 percent derives from the

assumption of only main-line enhancement in peak e'.
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This range of 60-80 percent for satellite decay within the
SiFZ manifold may also indicate roughly the amount of spectator
decay if the excited electron remains in the c*(al) orbital. We
have already mentioned the possibility of shake-up to a higher orbital
which can still result in a sate]]fte final state. Higher spectral
resolution and detailed calculations would be required to
differentiate between the spectator satellites and satellites

involving shake-up to a higher level.

B. Higher Resonances- Qualitative Results -

For the higher-energy resonances, we show two resonant spectra in
Fig. 7, corresponding to hv = 108.8 and 110.6 eV, and a nonresonant
spectrum at hv = 107.9 eV. These spectra were taken with a bandpass
~of 0.25 eV in an attempt to resolve the assigned °*(t2) molecular-
orbital excitation.from the Rydberg excitations (see Fjg. 1).

As with the o*(al) resonance, the outer-valence orbitals show
no dramatic enhancement at the higher resonances. Figure 7 shows the
inner-valence region only up to ~50 eV binding energy, above which the

17 have obtained

peak intensities are extremely low. Aksela et al.
comparable spectra at hv = 109 and 111 eV extending out to 75 eV
binding energy. |

For our 108.8 ev spectrum, we see enhancement of the
inner-valence main-1ine peak, and a satellite peak appears at lower

binding energy [37(1) eV]. This satellite peak corresponds to peak F"

in the Aksela et a1;17 spectrum and possibly to peak f in the Auger
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spectrum. The satellite configuration presumably would contain two
valence holes and an excited c*(tz) electron.

For our spectrum at hv = 110.6 eV in the vicinity of the 3d, 4d,
and 5s Rydberg states, we observe enhancement of the inner-valence
peak at 40 eV binding energy, and a satellite peak appears at.44(l) eV
binding energy. This satellite is labelled as S1 in the Aksela et
a1.17 spectrum, with no clear correspondence to a peak in the Auger
spectrum,

The more extended energy-range results of Aksela et a1.17
suggest that the spectra at these higher resonances generally resemble
the Auger spectrum, but with a few additional peaks. For example, the
peaks labelled S1 (binding energy ~44 eV) and 52’3 (binding energy
~35 eV) appear in spectra at hv = 109 and 111 eV in addition to the

inner-valence main lines and peaks ¢ through f.17 Overall, their

~interpretation is that a spectator-satellite spectrum results, shifted

from the Auger spectrum.17 We agree, but believe that these

additional peaks add a complication that is not yet clearly understood.
Dirac~Fock ca]cu]ationsl7 on atomic Si confirm the positions of

the Rydberg states in S1'F4 in agreement with a recent assignment9

but contrary to an earlier interpretation which assigned all the

features in the 108-111 eV range as Rydberg excitations.14 One

particularly convincing argument for the overlapping molecular-orbital

(MO) and Rydberg assignment of Friedrich et al.g is the apparent

quenching of the Rydberg excitations in solid SiF4. Very recently,

photoemission work on Si ls excitation and ionization in gaseous

S1‘E4 suggests that a third model involving distortion of the
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tetrahedral geometry to a trigonal bipyramid (TBP) leads to yet
another interpretation of this absorption spectrum.16 With the
symmetry change in the excited state (due to the static Jahn-Teller

31)

effect™ ), the dipole selection rules are altered. These authors .

find the assumption of C2v symmetry to be consistent with three

* * *
dipole-allowed transitions to_al, bl’ and b2 orbitals, which

16 116

can explain the resonances between hv = 108-112 eV.
assignment of d*(al) for the 106.1 and 106.7 eV resonances is
retained. With this distorted excited state, the solid S1'F4 results
of Friedrich et a1.9 are explained by a C3v geometry, in contrast
to a C2v geometry in the gas phase.
Based on our results, we find support for predominant decay to
spectator satellites, but insufficient evidence to distinguish between
the interpretations mentioned above (overlapping MO and Rydber‘g9 VS,
~distorted excited-state geometrylG). The original MO and Rydberg
mode19 explains the solid photoabsorption sbectrum and is a natural
extension of trends seen in the spectra of other Si- and S-containing
molecules. There exist clearly understood examples where either MO or
Rydberg transitions dominate the absorption spectrum (as with,SF6
and SOZ’ respective]yl). It is thus possible to view S1’F4 as- an
intermediate case, with comparable intensity in both localized (MO) &
and diffuse (Rydberg) states. However, there remains the problem of
explaining the two intense resonances 5.7 and 4.3 eV below the Si 1s
edge in SiF4.16 A recent redetermination3%f the absolute energy
scale for this Si 1s measurement16 (a shift of 2.2 eV to highef

energy) may also alter the distorted excited state interpretation.



-19-

Calculations on the distorted CZv and C3V excited states could
indicate whether the energies of the proposed Si 2p and ls excitations
agree with the observed values, and help to resolve the assignment of

the Si 2p discrete excitations investigated in this work.

V. The Si 2s Excitations

The total cross section (Fig. 1) shows a single broad féature
near 160 eV related to discrete excitations of the Si 2s electron. To
“interpret the specific transitions involved, we can make use of the Si
1s excitation spectrum,16 because the Si 1s and 2s initial states
both have ay symmetry. As noted in the previous section, the Si ls
discrete spectrum is not consistent with the expected dipole-allowed
transition to a t; orbital, but rather shows two strong
~resonances. Bodeur et a1.16 have proposed an explanation for both
the Si 1ls and 2s spectra by invoking a trigbna] bipyramid ( TBP)
excited-state geometry. These authors propose that the doublet seen
below the Si 1ls edge corresponds to excitation into axial and
equatorial orbitals of the TBP geometry. By analogy, a Coster—Kronig
decay step (L1L2’2V type) could broaden a doublet for the Si 2s
resonant feature near 160 eV to the observed single peak.

We have studied the resonant decay channels in the vicinity of
the Si 2s excitations. Our cross-section results in Fig. 3 show no
measurable resonant effect in either the Si 2p or valence main Tines
near 160 eV. We note that Auger peak d overlaps in this energy region

with the Si 2p main line. This Auger intensity was subtracted as a
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correction to the Si 2p main-line cross section, increasing the
intensity error to #10 percent for the cross section.

The only other accessible decay channels lead to Si 2p shake-up
satellites and resonant shake-off (which-is not visible in our
spectra). We show spectra taken near the peak of the Si 2s resonance
(159.9 eV) and below the resonance (156@9 eV) in Fig. 8. These
spectra qualitatively illustrate the enhancement of Si 2p satellites
which overlap with part of the Si L2’3VV Auger spectrum (peaks a and
b). The binding energies of these satellites are 130-140 eV, with an
excitation energy relative to main-line ijonization of 20-30 eV.

The branching ratio for these peaks (Auger peaks a and b plus
satellites) relative to the Si 2p main line is presented in Fig. 9.
The nonresonant value for this ratio is 515 percent, in agreement with
an expected 14 percent based on the relative intensities of peaks a
~and b in the Auger spectrum (see Table II). - Because the Si Auger
intehsity should track the Si 2p main;line {ntensity, a change invthe
ratio in Fig. 9 indicates only satellite enhancement. The
(satellite)/(Si 2p) intensity ratio on résonance is then 13(2)
percent, which accounts for about half of fhe resonant intensity in
the total photoabsorption curve (see‘Fig. 1). In addition to a
possible small effect (within our 10 percent error) in the Si 2p
main-Tine cross section, the remaining intensity could appear as decay
to other satellites or shake-off channels. |

At least half of the decay of the excited state(s) thus occurs
via an L1L2’3V step producing an ion with a Si 2pvcore hole and a

valence hole plus an electron in a Toosely bound orbital, likely to be
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the initially excited orbital. This fast Coster-Kronig type decay

helps to explain the width of the absorption feature. We have no
experimental evidence to indicate the specific transition(s) taking
place near hv = 160 eV. The eventual assignment of the more easily
distinguished Si 1ls discrete transitith’shou]d help to clarify

similar processes for Si 2s excitation.

VI. Conclusions

For the Si 2p continuum of SiF4, our photoemission results
confirm photoabsorption measurements which detected two intense
resonances at hv=117 and 133 eV. At the first resonance, the Si 2p
partial cross section exhibits a pronounced effect consistent with

photoabsorption but disagrees with a much smaller enhancement observed
13

by Aksela et al.’ No enhancement at either resonance was found for

the valence main lines or satellites, in contrast to a resonant

satellite at the eg shape resonance in the S 2p continuum of

6.8 The one-electron model for describing shape resonancesl’5
thus qualitatively applies to these Si 2p resonances wrich decay only

\

SF

to the Si 2p main line.

We have interpreted the Si L2,3VV Auger spectrum by invoking a
variation in the extent of hole-hole interactions from one final-state
configuration to another. In this approach, the molecular orhitals
used to calculate hole-interaction energies are, of éourse,
delocalized. This model is an extension of the interpretation of Rye

and Houston,18 which assumes two valence holes localized in the same
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or different spatially distinct Si-F bonds. However, we still view
the assignment of the Si L2,3VV Auger spectrum as unresolved in
light of preliminary ca1cu1at1’ons27 which indicate that even a
treatment of hole-hole interaction energies does not fully explain all
the major Auger peaks. |

IFor the discrete resonances below the Si 2p edge and in
particular for the o*(al) excitation, spectator decay to valence
satellites is found to be a dominant decay mode.r The satellite
configurétions thus paraliel those for the Auger‘final states. In
addition, configurational mixing of some of these satellites nearTy
degenerate with the inner—va]ence main lines is probably important.

The overall assignment of the discrete resonances in S1'F4 is
still in question, with the exception of the o*(al) resonance. In
1ight of new photoabsorption results on the Si 1ls core-level

16,32 the possibility of a distorted excited state may

_ionization,
change the point group symmetry and thus the classification of the
molecular-orbital excitations. This interpretation, as applied to the
Si 2p and 1ls discrete resonant features, does not include any
appreciable intensity in Rydberg transitions, in contrast to the model
of Friedrich et a1.9 Theoretical calculations are needed which
examine the role of the static Jahn-Teller effect for neutral
molecules with a core hole and an excited electron. This would help

sort out the relative contribution of molecular-orbital and Rydberg

states below the core-level thresholds of SiF4.

Y
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. Table I: Binding energies of the pertinent molecular valence and core

levels in SiF4.

Orbital Binding energy (eV)

Outer valence:?

lt1 | 16.4
5t2 17.5
le ' ‘ 18.1
4t2 19.5
5a1 21.5

b
Inner valence:

3t, 39.3;
4a, 40.6
Si 2p (2t2)C 111.6
Si 25 (3a1)d 163.6
a  Ref. 33.
b Ref. 34.
c Ref. 17.
d Ref. 16
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Table II: Si L2 3VV Auger Peak Energies and Relative Intensities for

SiF4.
Auger Peak Kinetic Relative Intensity
Label Energy(eV) (percent)
(Ref. 17) ,
Present Ref. 17 Present* Ref. 17
a 24.3(4) 23.7(5) 5.8 5.7
b 30.8(3) 30.7(3) 8.7 7.0
c 39.4(5) 39.6(3) 7.5 7.3
d 45, 3(8) 45,4(2) 25.0 21.7
e1 54.4(10) 55.2(3) 8.1
- 20.6 ‘ 24.4
en 58.2(8) 58.7(3) 16.3
f 66.1(5) 66.3(2) 32.5 33.9

*Uncertainty is +1 percent.

b
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*
Table III: SiF, Valence Satellites Resonant at the Si(2p)-->o (al),

4
*
o (tz), and Rydberg Excitations.

Resonance Satellite Corresponding @
Photon assignment binding Auger peak and
energy(eV) (Ref. 9) energy(eV) kinetic energy(eV)
' *
106.1 Si 2p3/2——>0 (al) \ 0 33(1) f: 66.1
*
106.7 Si 20y, 5->0 (ag) [40(1)1° e, e,: 54.4, 58.2
53(1) d: 4§.3
57(1) c: 39.4
68(1) ~b: 30.8
74(1) a: 24.3
*
108.8 Si 2p3/2——>o (t2) 37(1)
110.6 Si 2p-->3d, 4d, 5s 44(1)

Rydberg

@ A direct spectral comparison is made in Fig. 4. Peak energies
from our results, Table II.

b Although this peak is approximately at the binding energy for the
inner-valence main lines, comparison with peaks e] and ey in
the Si L2,3VV Auger spectrum suggests the presence of a
satellite state at this energy also. Mixing of these single-hole
(main lines) and two-hole states (satellites) will complicate the
peak assignments.



-30-

Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

o al.

The total photoabsorption cross section (Ref. 9) of gaseous

SiF,. Top panel shows the extended energy-range spectrum

4
including the Si 2p shape resonances at 117 and 133 eV

photon energy and the Si 2s excitation near 160 eV. The

- discrete features in the expanded spectrum in the bottom

panel have been interpreted9 as overlapping molecular and

Rydberg excitations, as labelled.

TOF photoelectron spectrum of SiF4 taken at e = 54.7° and
hv = 117.2 eV, at the peak of the first Si 2p continuum

resonance. The outer- and inner-valence peaks are 1abe11ed'
o. val and i. val, respectiveiy. The Si L2,3VV Auger

peaks appear at somewhat Tower kinetic energy.

Top panel: partial cross sections for Si 2p photoionization

- (filled circles), compared with the results of Bancroft et

13 (open circles). Our relative cross sections have

been scaled to the absolute values of Bancroft et al. at
hv = 136 eV. Bottom panel: summed outer-valence (solid
triangles) and inner-valence (open squares) partial cross
sections were calculated using the sca]ing‘of-the Si 2p
values. In bpth panels, statistical error bars are either

shown or are smaller than the symbol size.



Fig. 4.

Fig. 5.
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A comparison of the Si L2’3VV Auger spectrum (top panel)

with the resonant satellite spectrum taken at hv = 106.7 eV
at the o*(al) discrete excitation. A nonresonant

spectrum taken at hv = 103.9 eV is shown in the bottom panel,
where only the inner-valence main lines (3t2, 4a1) and

some small satellites are present. The Auger spectrum is
labelled as in Ref. 17. Note that the kinetic-energy scale
at the top applies only to the Auger spectrum. We do not
show the outer-valence region here, in which there was very
Tittle resonant enhancement (see Fig. 7). - The nearly direct
correspondence between the Auger and resonant spectra implies
the presence of spectator satellites in the resonant spectrum

with the same two-hole configurations as in the Auger

*
spectrum, plus the initially excited electron [o (al)}.

Energy-level diagram for the stateé of SiF4, SiFZ, and
SiFZ+. The dashed lines represent a transition to the

Si 2p3/2 continuum of SiFZ and subsequent Auger decay

to the two-hole states a-f of SiFZ+ (see Fig. 4 for
spectral correspondence). The solid lines represent a
discrete transition to the 2p—lo*(a1) excited state,

which autoionizes to valence main 1ines [(ou’cer)_1 and
(inner)—l] and satellites a‘'~f'. The valence orbitals are
labelled genericalIy as either inner- or outer-valence (see

Table I for clarification). Some states and specifié

electron configurations have been omitted for clarity.



Fig. 6.

Fig. 7.

~Fig. 8.

Fig. 9.
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For the Si 2p——>o*(a1) discrete excitation, we show the
relative partial cross sections for the outer-valence main
Tines (x's), inner-valence main lines and possibly an
overlapping satellite corresponding to peak e' in Fig. 4
(open circles), and the satellite peak f' from Fig. 4 (closed
circles). The small effect (~10 percent) on the outer
valence main 11neszis an indication of a small amount of
participation of the initially excited electron in the decay

process.

Photoelectron spectra taken at the higher excitations at'
photon energies 110.6 eV, 108.8 eV, and off resonance at

107.9 eV. The monochromator bandpass was 0.25 eV.

Photoelectron spectra taken in the vicinity of the Si 2s
excitations near hv = 160 eV. The nonresonant spectrum
(bottom panel) illustrates the presence of the Si Auger peaks
between 20 and 35 eV kinetic energy. On resonance (top
panel), the peak structure in this region changes, suggesting

enhancement of Si 2p satellites.

The intensity ratio of the summed Auger and satellite peaks
shown in Fig. 7 relative to the Si 2p main line. The ratio
profile is in qualitative agreement with the total

photoabsorption cross section.‘9

~
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