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Angular distribution measurements for spin-orbit-state-resolved S 2p photoelectrons
of SF6 in the shape-resonance region
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The angular distributions of the spin-orbit state resolved S 2p photoelectrons of SF6 have been measured in
the vicinity of the shape resonances. Relative partial photoionization cross sections of SF6 into the~S 2p3/2)

21

and~S 2p1/2)
21 states, and the asymmetry parameters of the S 2p3/2 and S 2p1/2 photoelectrons are presented.

Enhancement of the photoionization cross section into the~S 2p3/2)
21 state at the~S 2p1/2)

21 2t2g resonance
has been observed. The excitation photon energy dependence of the asymmetry parameter shows a broad dip
at about the photon energies of the resonances. Continuum multiple-scattering calculation of the asymmetry
parameters for the~S 2p3/2)

21 and ~S 2p1/2)
21 states of SF6 reproduces this behavior.
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It is well known that the inner-shell excitation spectra
‘‘cage molecules’’ containing highly electronegative ligan
show ‘‘anomalous’’ intensity distributions. A sulfu
hexafluoride molecule SF6 is one of the typical cage mol
ecules and indeed inner-shell excitation spectra of SF6 that
has been studied intensively@1–10#. The anomalous inten
sity distribution of cage molecules is explained within t
potential barrier model in which the cage of electronegat
F atoms forms a potential barrier and the excitation of
inner-shell electron into unoccupied molecular orbitals loc
ized inside the potential barrier exhibits anomalously stro
resonance features in the inner-shell excitation spect
@11#. The centrifugal contribution to the potential ener
may be combined with electrostatic contributions to produ
a potential barrier. Another description for the distinct res
nance has been presented without a potential barrier mo
in which the origin of the resonance is attributed to the sc
tering at the steep change of the attractive potential of
rounding atoms@12#.

This paper presents the angular distribution measurem
of S 2p3/2 and S 2p1/2 photoelectrons in the photoionizatio
of SF6 in the vicinity of the shape resonances. Two stro
resonances are observed above the S 2p ionization threshold
and are assigned as the~S 2p3/2,1/2)

21 2t2g and ~S
2p3/2,1/2)

21 4eg states. Recent high-resolution photoabso
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tion measurements have shown a splitting of the spin-o
components of the~S 2p3/2,1/2)

21 2t2g resonance@8#. In the
present measurement we resolve the spin-orbit compon
of S 2p photoelectrons and investigate how these spin-o
components behave in the shape resonance region.

The experiment was carried out using monochromati
synchrotron radiation from a 24-m spherical grating mon
chromator installed in a beamline 3B at the Photon Fact
in Japan @13#. The experimental apparatus has been
scribed in detail elsewhere@14#. Briefly, the incident photon
beam was focused onto the interaction region, where the
cident photon beam was merged with an effusive gas be
ejected from an axial cell through eight straight needles
0.5-mm inner diameter. The photoelectrons were energy a
lyzed by a 150° spherical sector analyzer with a mean rad
of 80 mm, which was mounted on a turntable whose axis
rotation was aligned to coincide with the incident phot
axis. The incident photon flux was monitored with an A
photocathode mounted behind the interaction region.

The intensity of the photoelectrons ejected at an anglu
with respect to the major axis of the incident photon pol
ization is given by the following expression:

ds

dV
5

s

4p H 11
b

4
~3P cos 2u11!J , ~1!

where ds/dV and s are the differential and partial cros
sections for a given ionization process, respectively,b is the
asymmetry parameter, andP is the degree of the polarizatio
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of the incident photon. The S 2p photoelectron spectra wer
recorded atu50° and 90° as a function of photon energi
and obtained relative partial cross sectionss and asymmetry
parametersb. The degree of polarizationP of the incident
photon and the detection efficiency of the analyzer as a fu
tion of the angle were estimated by measuring the ang
dependence of the 1s photoelectron of He and the 2s and 2p
photoelectrons of Ne, whose angular distributions are w
known. Total photoion yield spectra were also measu
with the same apparatus by collecting almost all of the n
energetic photoions using the stray field of the entrance
of the analyzer and a high pass energy.

Photon energy bandwidth was;200 meV for both the
total photoion yield measurements and the energy and a
lar resolved photoelectron measurements, depending on
photon energies. Overall energy resolution and angular r
lution in photoelectron measurements were;0.4 eV and
10°, respectively. Possible systematic errors were estim
to be less than 10% fors and60.1 for b.

The total photoion yield spectrum of SF6 is shown in Fig.
1. The double-peaked structure of the~S 2p3/2,1/2)

21 6a1g
states is clearly seen at;173 eV, below the S 2p ionization
threshold. The double-peaked feature accounts for the s
ting of final states by the spin-orbit interaction of the sulf
2p electrons. Weak fine structures observed at 176 – 180
are one-electron excitations into Rydberg states. The m
intense double-peaked structure at;184 eV is the ~S
2p3/2,1/2)

21 2t2g resonance. Spin-orbit splitting between~S
2p3/2)

21 2t2g and~S 2p1/2)
21 2t2g of this resonance is abou

1.1 eV, which is almost the same as the splitting of the Sp
ionization threshold. The broad peak at;196 eV is as-
signed to the~S 2p3/2,1/2)

21 4eg resonance. The broadenin
of the ~S 2p3/2,1/2)

21 4eg resonance may be due to the sh
lifetime of this resonance. Because of this broadening,
spin-orbit splitting of this resonance is not clear, in contr
to the former two peaks. All of these features resemble
high-resolution photoabsorption measurements of Hud

FIG. 1. Total photoion yield spectra of SF6 near the S 2p ion-
ization threshold.
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et al. @8#. It should be noted that a statistical model for t
inner-shell-excited states would predict a doublet with a p
intensity ratio~S 2p3/2)

21:(S 2p1/2)
21 to be 2:1. The ob-

served intensity ratios~S 2p3/2)
21 6a1g :(S p1/2)

21 6a1g

and ~S 2p3/2)
21 2t2g :(S 2p1/2)

21 2t2g are, however, both
less than unity. This reversal of the intensity ratios has b
explained by including the effects of the exchange inter
tion between the~S 2p)21 inner-shell hole and the excite
electron~see, for example, Ref.@8#, and references therein!.

Figure 2 shows the relative partial photoionization cro
sectionss3/2 and s1/2 of SF6 into the ~S 2p3/2)

21 and ~S
2p1/2)

21 states, respectively, together with the asymme
parametersb of the S 2p photoelectrons. Both of the~S
2p3/2,1/2)

21 2t2g and ~S 2p3/2,1/2)
21 4eg resonances are

clearly seen fors3/2 and s1/2. Enhancement ofs3/2 is ob-
served not only at the~S 2p3/2)

21 2t2g resonance, but also a
the~S 2p1/2)

21 2t2g resonance. It should be noted that thej j
coupling approximation predicts no intensity ofs3/2 at the~S
2p1/2)

21 2t2g resonance. When the exchange interaction
tween the~S 2p)21 inner-shell hole and thet2g electron is as
significant as the spin-orbit interaction, thej j coupling ap-
proximation is no longer valid and thus the ‘‘~S 2p3/2)

21

2t2g’’ resonance ends by possessing not only the characte
the ~S 2p3/2)

21 ionic core, but also the character of the~S
2p1/2)

21 ionic core. As a result, the ionization into the~S
2p1/2)

21 state becomes possible even at the ‘‘~S 2p3/2)
21

2t2g’’ resonance.
An enlargement of Fig. 2~a! around the~S 2p3/2,1/2)

21

2t2g resonance region is shown in Fig. 3. No obvious e

FIG. 2. ~a! Relative partial photoionization cross sections of S6

into the ~S 2p3/2)
21 state (d) and the~S 2p1/2)

21 state (s). Re-
sults of the CMS calculations for the~S 2p3/2)

21 state~– – –! and
the ~S 2p1/2)

21 state~——! are plotted together. CMS results a
normalized to the experimental results at 196 eV.~b! Asymmetry
parameterb for the S 2p photoelectrons from the photoionizatio
into the ~S 2p3/2)

21 state (d) and the~S 2p1/2)
21 state (s) with

CMS calculations for the~S 2p3/2)
21 state ~– – –! and the~S

2p1/2)
21 state~——!.
3-2
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dence for the enhancement ofs1/2 at the ~S 2p3/2)
21 2t2g

resonance is observed. Since the energy for the~S 2p3/2)
21

2t2g resonance is nearly at the threshold of the~S 2p1/2)
21

state, postcollision interaction~PCI! effects may play a role
in this observation. In the present photoion yield spectrum
Fig. 1, the peak widths of 0.68 eV and 0.72 eV are obtain
by the Lorentzian fitting for the~S 2p3/2)

21 2t2g resonance
and the~S 2p1/2)

21 2t2g resonance, respectively. Hudso
et al. also found that the width of the~S 2p1/2)

21 2t2g reso-
nance peak is about 13% larger than that of the~S 2p3/2)

21

2t2g resonance peak in their photoabsorption spectrum: t
attributed this difference to the faster decay of the~S
2p1/2)

21 inner-shell hole compared to the~S 2p3/2)
21 inner-

shell hole@8#. The faster decay of the~S 2p1/2)
21 2t2g reso-

nance might be explained by the present observation tha
~S 2p1/2)

21 2t2g resonance has a decay channel into the~S
2p3/2)

21 state, while the~S 2p3/2)
21 2t2g resonance does no

decay into the~S 2p1/2)
21 state. The ratio of the area of th

s3/2 curve and that of thes1/2 curve at the~S 2p3/2,1/2)
21

2t2g resonance region is 1.1:1, showing the breakdown
the purej j coupling model in this region.

In the photon energy region between the~S 2p3/2,1/2)
21

2t2g resonance and the~S 2p3/2,1/2)
21 4eg resonance, both

s3/2 ands1/2 remain almost constant. The intensity ratio b
tweens3/2 ands1/2 is about 2:1, in agreement with the rat
predicted by the statistical model.

An interesting feature ofs3/2 ands1/2 is observed at the
~S 2p3/2,1/2)

21 4eg resonance. Both the energy and the inte
sity at the maximum of the peak do not change betweens3/2
ands1/2, while the peak width ofs3/2 is larger than that of
s1/2. The difference betweens3/2 and s1/2 is noticeable at
190–195 eV, i.e., the lower energy side of the~S 2p3/2,1/2)

21

4eg resonance. The ratio of the area of thes3/2 curve and
that of thes1/2 curve at the~S 2p3/2,1/2)

21 4eg resonance is
1.5:1, which is smaller than the value 2:1 expected by
statistical model. The smaller ratio than expected may a
be due to the exchange interaction between the~S 2p)21

FIG. 3. Relative partial photoionization cross sections of S6

into the~S 2p3/2)
21 state (d) and the~S 2p1/2)

21 state (s) around
the ~S 2p3/2,1/2)

21 t2g resonances.
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inner-shell hole and the 4eg electron. Theab initio calcula-
tion of Franciset al., in which the spin-orbit interactions
were neglected, showed that the exchange interaction a
~S 2p3/2,1/2)

21 4eg resonances is much stronger than that
the ~S 2p3/2,1/2)

21 t2g resonances@9#.
The photon energy dependence of the asymmetry par

eterb plotted in Fig. 2~b! generally shows a decreasing fe
ture from 0 to20.1 with an increase in the photon energ
from the threshold to 187 eV and an increasing feature
ward 0.5 with an increase in the photon energy up to 210
with a broad dip at about the 4eg resonance. This genera
feature has been seen also in the measurement of Fe
et al. @5#. A broad dip observed at slightly lower photo
energy of the~S 2p3/2,1/2)

21 4eg resonance has also bee
reported by Ferrettet al. @5#. The position of the dip ofb3/2

is lower than that ofb1/2 by 1.1 eV, i.e., the same amount a
the spin-orbit splitting of the~S 2p)21 states.

Partial photoionization cross sections into the~S 2p3/2)
21

state and the~S 2p1/2)
21 state have also been calculated

the present study using the continuum multiple scatter
~CMS! method, originally formulated by Dill and Dehme
@15#. The CMS method has been widely applied to electro
molecule scattering and has provided essential informa
on electron-molecule collisions@16#. This calculation repro-
duces well the resonance based on the shape reson
model. Only the spin-orbit interaction is accounted for in t
present CMS calculation. The CMS results are also plot
together in Fig. 2.

Energies for the~S 2p3/2,1/2)
21 2t2g resonance and the~S

2p3/2,1/2)
21 4eg resonance are also well reproduced in t

CMS calculation. The CMS calculation showed that the e
ergy difference of the~S 2p3/2)

21 4eg resonance and the~S
2p1/2)

21 4eg resonance is much smaller than that of t
spin-orbit splitting between the~S 2p3/2)

21 state and the~S
2p1/2)

21 state. The CMS partial cross-section curves, ho
ever, do not reproduce the spin-orbit state dependence
served in the experiment. Enhancement of thes3/2 at the~S
2p1/2)

21 2t2g resonance is not reproduced due to the neg
of the exchange interaction in the present calculation. R
tivistic calculations, which take account of both the sp
orbit interaction and the exchange interaction properly, m
be necessary to obtain the observed spin-orbit state de
dence correctly.

The general feature of the photon energy dependenc
the asymmetry parameterb obtained by the CMS calculation
agrees well with that of the experiment. The broad dip n
the ~S 2p3/2,1/2)

21 4eg resonance is, however, much mo
enhanced in the experimental results than in the CMS res
In addition, the CMS results showed somewhat smallerb3/2
than forb1/2 in the whole energy region, although the expe
mental results showed that theb3/2 and b1/2 are essentially
the same.

In the simple shape resonance model, the potential ba
is produced by the combination of the Coulomb attract
potential and the centrifugal barrier of the angular mom
tum of the outgoing photoelectron. The photoelectrons fr
the S 2p orbital will dominantly haves- and/ord-wave char-
acter. Near the S 2p ionization threshold, thed-wave has to
3-3
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tunnel through a thick potential barrier caused by the ang
momentum itself. Thus, thes wave dominates near th
threshold region and, hence,b50 is expected. Thed wave
‘‘feels’’ a thinner potential barrier with increasing photo
energy, and when the photon energy exceeds the ridge o
potential barrier, thed wave ‘‘feels’’ no potential barrier and
thus a positive value ofb is expected. Interference betwee
the s wave and thed wave may cause a negative or positi
additive to theb value and, hence, structures.

In conclusion, the angular distribution measurement o
2p3/2 and S 2p1/2 photoelectrons in the photoionization o
SF6 in the vicinity of the shape resonances has been
sented. The relative partial photoionization cross secti
into the ~S 2p3/2)

21 state showed a clear enhancement
only at the~S 2p3/2)

21 2t2g resonance, but also at the~S
2p1/2)

21 2t2g resonance, indicating the exchange interact
between the~S 2p)21 inner-shell hole and the 2t2g electron.
At the ~S 2p3/2,1/2)

21 4eg resonance, both the energy and t
intensity at the maximum of the photoionization cross s
tions peak did not differ between the~S 2p3/2)

21 state and
li,
d

G.
h

s-
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the~S 2p1/2)
21 state, while the peak width of the~S 2p3/2)

21

state was larger than that of the~S 2p1/2)
21 state. Kinetic-

energy dependences of the asymmetry parameterb of the S
2p3/2 and S 2p1/2 photoelectrons,b3/2 andb1/2, respectively,
showed no clear spin-orbit state dependence. Continu
multiple-scattering~CMS! calculation of the asymmetry pa
rameters for the~S 2p3/2)

21 and ~S 2p1/2)
21 states repro-

duced this behavior. The shape ofb curves results from the
changing of the Coulomb phase-shift differences between
s-like and d-like outgoing photoelectrons. However, th
present experimental and CMS results showed that the
tribution from the molecular resonance to theb curve was
small.
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