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High resolution X-ray spectroscopic studies on free SFg molecules and SF¢ clusters near the S 2p ion-
ization thresholds are reported. Spectral changes occurring in clusters for the intense molecular-like
S 2pip3n — 6aje-, 2tre-, and 4e,-resonances are examined in detail. Neither gas-to-cluster spectral
shifts nor changes in peak shape are observed for the pre-edge 6a;,-band. Significant changes in band
shape and distinct gas-to-cluster shifts occur in the S 2py/ 30 — 2tye- and 4eq-transitions. These are
found in the S 2p-ionization continua. The quasiatomic approach is used to assign the experimental
results. It is shown that a convolution of asymmetric and symmetric contributions from Lorentzian
and Gaussian line shapes allows us to model the spectral distribution of oscillator strength for the
S 2pip3n — 2ty,-, and 4eg-transitions. The asymmetry is due to trapping of the photoelectron within
the finite size potential barrier. The Lorentzian contribution is found to be dominating in the line
shape of the S 2p — 2ty,- and 4eg-bands. The spectroscopic parameters of the spin-orbit compo-
nents of both the 2t;.- and 4e,-bands are extracted and their gas-to-cluster changes are analyzed.
The photoelectron trapping times in free and clustered SFs molecules are determined. Specifically,
it is shown that spectral changes in clusters reflected in core-to-valence-transitions are due to a
superposition of the singly scattered photoelectron waves at the neighboring molecules with the pri-
mary and multiply scattered waves within the molecular cage. © 2013 American Institute of Physics.
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. INTRODUCTION

During the last years, interest in research on Van-der-
Waals clusters has grown rapidly."? Specifically, free vari-
able size molecular Van-der-Waals clusters have been inves-
tigated in the soft X-ray regime.> These are regarded as
suitable model systems for studying size effects of elemen-
tary processes in weakly bound quantum systems as well
as cage effects in composite and biological systems. In ad-
dition to significant changes in core-to-Rydberg transitions
studied by high resolution X-ray spectroscopy, significantly
smaller spectral shifts in core-to-valence transitions in molec-
ular clusters have been observed.”'” The latter ones indi-
cate that the line shapes of the individual vibrational bands
are almost unchanged. Small and distinct redshifts of ls
— m*-transitions have been identified in N,, CO, and ben-
zene clusters including the gas-to-solid shift, which depends
sensitively on the molecular system and are of the order of
2-60 meV.””? Even larger spectral shifts have been observed
for aromatic molecules with a substantial dipole moment,
whereby for C 1s — m*-excited pyridine a spectral redshift
of 90 meV is observed, whereas a spectral blueshift of the
same magnitude is observed for the N 1s — 7*-excitation.!!
The gas-to-cluster redshifts have been on the one hand at-
tributed to the freezing of molecular rotations and the dy-
namic stabilization of the core-excited clustered molecules.’
On the other hand, ab initio calculations show for indi-
vidual sites in clusters site-specific stabilization or destabi-
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lization effects, which explain the overall observed spectral
shifts.

Clusters of SFq are of specific interest, since they also
show intense core-to-valence-transitions, which occur in the S
2p core ionization continua.® Striking similarities in spectral
shape have been observed for the shape resonances in free and
clustered SFs,>? which is in full agreement with earlier low
resolution spectroscopic work on the isolated molecule and
the solid.'> 3

S 2p-excited SFg has been investigated before due to its
unique cage structure and its double-well potential.'*~'® The
2tye- and 4ey-shape resonances are the dominating features
above the S 2p-ionization threshold. These resonances are
known to be associated with temporary trapping of the pho-
toelectron ejected from the sulfur core within the octahedral
cage of electronegative fluorine atoms as well as with subse-
quent tunneling of the photoelectron through the cage into the
S 2p-ionization continua.®%!31® Another assignment links
the resonances with electronic transitions from the deeply
bound 2t;,-orbital to the unoccupied virtual 2ty,- and 4e,-
orbitals, which are embedded in the S 2p-continua (see, e.g.,
Refs. 8, 9, 16, and 17). Both assignments can be considered
to be equivalent.

Specifically, the S 2p — 2ty,-shape resonance shows in
clusters a spectral redshift of 35 £ 5 meV, as compared to the
isolated molecule.®? This spectral shift cannot be completely
attributed to dynamic stabilization, and it has been suggested
that the interference of the primary and scattered waves in

© 2013 American Institute of Physics
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the molecular cage with singly scattered waves at neighboring
molecules in clusters explains this experimental result.®* Fur-
thermore, cluster size dependent spectral changes of the other
resonances in the S 2p-excited SFg have not been published
before. Specifically, these are the S 2p — 6a;,-transition be-
low the S 2p ionization energy and the S 2p — 4e,-transition
in the S 2p-continuum.'® This provides the motivation for the
present work, in which we focus on these transitions. Cation
yields of clusters are discussed along with yields from molec-
ular fragments. The results are compared to previous work on
the S 2p — 2ty,-transition.®” The relationship between gas-
to-cluster shifts and changes in line shape of the continuum
resonances is discussed in detail. The analysis is complicated
by spin-orbit splitting of all resonances associated with S 2p
electrons excitation. The separation of both spin-orbit com-
ponents is specifically complicated for the broad S 2p — 4e,-
bands, since they are strongly asymmetric in shape.

In this work, the double barrier optical potential (DBOP)
model®® is applied for separation of the spin-orbit com-
ponents serving to assign spectral gas-to-cluster shifts. The
line shapes of the individual spin-orbit-split components of
the shape-resonances are described by using a convolution
of Gaussians and symmetric and asymmetric Lorentzians.
Mixed asymmetric Gaussian and Lorentzian functions have
been previously used to describe line shapes in core-level
photoelectron  spectroscopy.'®!®  Asymmetric Lorentzian
functions evidently dominate the shape of the core-to-valence
transitions above the ionization threshold and account for the
temporal trapping of the photoelectron within the finite size
molecular and cluster potentials. This approach allows us to
distinguish the spectral gas-to-cluster shifts from the gas-to-
cluster changes in spectral distribution of oscillator strength
(SDOS) for S 2p3/ and 2p 1/, — 2tpe- and 4eg-transitions. The
shifts and changes in the Lorentzian and Gaussian widths as
well as the asymmetry parameters of the shape resonances
are discussed in terms of the intermolecular interference of
the primary and scattered photoelectron waves. The present
results are shown to give clear evidence that the asymmetric
Lorentzian distribution dominates in the line shape of core-to-
valence transitions above the ionization threshold and inter-
ference of the primary and scattered waves within the molecu-
lar cage with singly scattered waves at neighboring molecules
determines the gas-to-cluster shift.

Il. EXPERIMENTAL

The experimental setup is similar to previous work.>%°

The present results cover, however, a significantly wider en-
ergy range since the undulator based photon source has be-
come fully tunable, which was not possible in our previous
work on SFg clusters.®° This provides novel information on
the S 2p — 6aj,-resonance below the edge as well as the
S 2p — 4e,-shape resonance. Briefly, neat SF¢ is expanded
through a 50 um nozzle at room temperature at a stagnation
pressure of 5 bars. No cluster formation is observed under
these conditions. Variable size SF¢-clusters are produced by
the expansion of a mixture of 10% SFg in argon at variable
temperature. The stagnation pressure is kept at 5 bars during
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the experiments. The gases are of commercial quality (SFg:
Westfalen-Gas; Ar: Messer-Griesheim; purity >99.99%).

The gas jet is crossed by a beam of monochromatic syn-
chrotron radiation from the electron storage ring BESSY II
(HZB Berlin, Germany) using the U49-SGM-beam line. The
experiments are carried out with an energy resolving power
E/AE > 5 x 103.%° The pressure in the ionization region
is of the order of 10~ mbar providing collision free condi-
tions. Cations are detected by a time-of-flight mass spectrom-
eter. Yields of mass-selected cations are taken by selecting
a mass channel, while scanning the photon energy. Previous
work already indicated that the yield of SF,™* (m/z = 35) is
exclusively formed via molecular fragmentation.®® Cluster-
specific properties are obtained from the yield of SFg - SFs*
(m/z = 273) (see Fig. 1). Cation yields of both channels are
taken simultaneously in order to determine even small energy
shifts at the S 2p-edges, similar to previous work.®° Note
that the selected fragment SFg-SFs* can either be formed
via single or dissociative double ionization. Therefore, this
fragment is suitable to probe electronic properties of all clus-
ters decaying into this mass channel. We expect that all clus-
ters below the critical size of dissociative double ionization,
which is known to be (SFe), with n < 39,%° can decay into
the SF¢ - SFsT-channel. Therefore, we assume that only elec-
tronic properties of small SF¢ clusters are probed. The cation
yields are normalized to the incident photon flux by using ei-
ther the photocurrent, a gold mesh, or the total ion yield of
rare gases. The photon energy scale is calibrated by compar-
ison with high-resolution electron energy loss data.”! The re-
sults on the isolated molecule near the S 2p-ionization thresh-
old are in full agreement with results published by Hudson
et al.d

lll. RESULTS

Figure 1 displays an overview of the photoion yield of
free SFg (recorded as SF,*™, cf. Fig. 1(a)) and SFg-clusters
(recorded as SFg - SFs™, cf. Fig. 1(b)) near the S 2p-edges.
These high resolution measurements have been taken between
170 eV and 210 eV, indicating that the changes upon clus-
ter formation are in general small. This is in agreement with
earlier low resolution work on molecular and solid SFg.!% 13
No spectral shift between the molecular and cluster spectrum
is identified for the S 2p — 6ajy-band and the band shape
remains unchanged with an accuracy of AE = 43 meV for
this pre-edge valence transition. However, a spectral redshift
upon cluster formation is observed for the S 2p — 2ty,- and
S 2p — 4e,-transitions. These are not distinguishable for the
spin-orbit components of the S 2p — 2t,,-band indicating a
spectral redshift of AE = 35 £ 5 meV, which is similar to
previous work.8 For the S 2p — 4e,-transitions, we observe
a redshift by AE = 105 £ 5 meV. This spectral shift refers
to the maximum of the 4e,-band for molecules and clusters.
This is shown in the inset of Fig. 1, in which only a small
region near the maximum of the band is displayed. Note that
this shift is extracted for clarity from a fit of the experimental
results (see details below). Asymmetric Lorentzian functions
are used as mathematical models that fit the experimental data
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FIG. 1. Experimental S 2p-photoion yields of free SF¢ (a) and clustered SF¢
(b). The inset shows the redshift of the S 2p — 4eg-band of cluster (Clu.) rel-
ative to the molecular transition (Mol.) by 105 & 5 meV (see text for further
details).

near the S 2p — 4eq-transition. This is explained in detail
below (see Sec. IIT A).

A. Model calculations: SDOS for core-to-valence
transitions embedded in continua

The molecular origin of the 2ty-resonance in SFs-
clusters has been fully explained by the DBOP model, as out-
lined before.®° The internal potential barrier, formed by the
pseudopotential of the fluorine octahedron and the centrifu-
gal repulsion,®?? plays a double role in clusters. It provides,
on the one hand, an effective trap for the S 2p-photoelectron
inside the molecular cage caused by the electronegative fluo-
rine. On the other hand, it shields the inner-well states from
incoming electrons, which are backscattered from neighbor-
ing SF¢ moieties in clusters. The interplay of the trapping and
shielding properties of the molecular cage controls the gas-to-
cluster redshift of the S 2p — 2t,,-transitions.

The gas-to-cluster shift has been determined by using
Voigt functions in order to de-convolute the experimental
results.®° Voigt functions are in general not the most appro-
priate way to model shape resonances. This is due to their
asymmetry, which is a consequence of spectral variations of
the trapping and shielding properties of the electronegative
fluorine and must be considered when the S 2p — 2ty,- and
S 2p — 4e,-transitions are analyzed.

In the framework of the quasiatomic approach, the inter-
ferential function M (k) describes the SDOS for X-ray transi-
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tions in molecules and clusters according to
Mr(k) = Re[(1 + BS)/(1 — BS)];r. 1)

This function originates from intra- and intermolecular inter-
ferences of the primary and scattered photoelectron waves.
B and S are the electron reflection and scattering matrices, /
is the photoelectron orbital momentum, /' is the orbital mo-
mentum of the reflected wave, [ = [’ in the vicinity of the
S 2p-core hole, and I is the irreducible representation of the
point group symmetry of SFg O, (see for details Refs. 8 and
9). Expanding My (k) in a Taylor series for small deviations of
the photoelectron wavenumber k—k at the resonance position
ko, and keeping only the quadratic term, since odd terms can
be neglected, we derive

20, 1
My (k) ~ : =L2K). ()
WI k)R, (1 + —féﬁ;(ﬁg;i) '
L

This expansion is valid for the spectral interval Qr(kp), which
is defined by the condition

Lk — ko)’ R, < 1. 3)

Without core hole lifetime broadening the full-width-at-the
half-maximum (FWHM) W/ is given by

(1 — |Bir(b)])
Ru/1Bir(R)]

In Egs. (2)-(4), B;r is the amplitude of the backscattered pho-
toelectron waves, R, is the interatomic S—F distance in SFg,
and the coefficient C,, is equal to (1 + | B;(ko)|)/~/1Bi(ko)].

Equation (2) shows the Lorentzian profile L{(k) of a
shape resonance within the interval Qr (k). Since the FWHM
is k-dependent, an asymmetry and redshift of max{L{.(k)}
from k¢ appears in the spectra. The observed position of the
maximum is denoted by k.« in the following. When the mod-
ule |B;r| is close to unity, the FWHM is so narrow that spec-
tral variations of the amplitudes within Qr can be neglected.
In the limiting case W; — 0, the quasi-discrete resonance
shows an almost symmetric Lorentzian profile and can be
successfully described by Voigt functions if the experimen-
tal broadening is taken into account, assuming a Gaussian
distribution. This explains the successful application of Voigt
functions to fit the narrow 2t;.-shape resonances in SFg.3:%15
When the molecular cage becomes more transparent and the
module |B,r| decreases, the resonance becomes broader and
more asymmetric in shape.

The direct use of the spectral distribution L for the anal-
ysis of the experimental spectra encounters difficulties with
the complicated spectral dependence of W{ . This is circum-
vented by expanding the amplitudes B,r-(k) for small dis-
placements k—ky. Assuming that the amplitudes do not vary
quickly within Qr(ky), we keep only the linear term in the
expansion, so that

W} (k) = “4)

2 - Wy (ko)
1+exp[ar(k2—k3)]

W, (k) ~ )
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Thus, a single parameter o specifies the asymmetry of the
shape resonance

1 L +1|Bir| 9|Bir|
or

A . i (6)
4k|Bir| 1—|Bir| 0k

k=ko
Assuming that |B;r|(k) drops monotonously from unity at
k = 0 to zero at k — oo implies that the line asymmetry ar
must be negative.

As a second step, we introduce the model distribution

Mr(k) ~ / Mr(k')L,,(k — K)G(k' — k")dk' dk”

of the oscillator strength for core-to-valence transitions in the
continuum. Within Qr(kg) we substitute Mr(k') — L{(k")
(cf. Eq. (2)). This gives

Mr(k) ~ / f LEK ) Lop(k — KNG — K")dK'dk”.  (7)

The integral (7) is used in the following to analyze the exper-
imental line shapes. It contains the following contributions to
the overall line shape: (i) the asymmetric Lorentzian L{.(k)
approximates the line shape of the quasi-bound state with
respect to emission of the photoelectron; (ii) the symmetric
Lorentzian Ly,(k—k’) represents the S 2p~! core hole decay
with natural line-width WLZP ; (iii) the Gaussian G(kK'—k") ex-
presses the bandwidth Wg of the photon source. The model
distribution Mp(k) is applicable to shape resonances under
conditions in which the widths WL2” and Wg are significantly
narrower than Qr(kg). This is evidently the case for the ex-
perimental 2tp,- and 4eg-resonances.

B. Experimental data analysis

As a next step, the distribution M (k) is used to fit the ex-
perimental spectra and to decompose the spin-orbit-split tran-
sitions S 2p — 2ty, and 4e,. The experimental and model S
2p3;, and S 2pyy; spectra are shown in Fig. 2 for the 2ty,- and
Fig. 3 for the 4e,-resonances for both free and clustered SFg.
A comparison between the modeled and experimental spec-
tra shows a close resemblance. The widths Wf‘“ and Wg, the
line asymmetry a;, , as well as the intensity ratio of the spin-
orbit components are used as fit parameters. The widths of
the S 2py2- and S 2p3p-components are assumed for simpli-
fication to be identical, while it is known that slight differ-
ences between both spin-orbit components exist for the tp,-
resonance. '’ sz is referring to S 2p~! core hole decay and
is assumed to be 0.22 eV. This value has been published
previously, based on a Franck-Condon analysis of the S 2p
— aj, transition.'3 It is assumed in the following that W,” is
constant for all inner-well states.

The S 2p — 2ty,-transitions have been investigated in
previous work in greater detail.*%'5 The M, (k)-analysis
shows that the model distribution is able to reproduce the ex-
perimental results within the interval €2, ~ 2.5 eV around
the shape resonance. The parameters of the S 2p — 2tp,-
resonances, as extracted from the experimental spectra by
using the SDOS model, are compiled in Table I. The width

2 .
of the shape resonance szg, corresponding to both the
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(a)
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2p1 /2

/
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FIG. 2. The de-convoluted spin-orbit splitting of the S 2p3;12 — 2tzg-
transitions in molecular SFg (a) and SFe-clusters (b). Experimental data are
shown as dots. Solid lines represent results of fit functions containing contri-
butions from asymmetric Lorentzians (cf. Eq. (7)).

(a)

Molecule

2ps3/2 2p1/2

Multielectron
Excitations

(b)

Cluster

Relative Intensity [arb. units]

I .I LI | LI | LI ‘ T T T |
190 195 200 205 210
Photon Energy [eV]

FIG. 3. Spectral de-convolution of the S 2p1/232 — 4eg-transition in molec-
ular SFg (a) and SFg-clusters (b). Experimental data are shown as dots. Solid
lines represent results of fit functions containing contributions from asym-
metric Lorentzians (cf. Eq. (7)).
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TABLE 1. Spectral parameters of the individual spin-orbit split S 2p3/ 1,2 components of the shape resonances in free and clustered SF¢ extracted from the
experimental data analysis. Energy positions derived from the experimental results (Emax), maxima of the spectral distribution (Ep), Lorentzian and Gaussian
FWHM (Wzrp) and (Wg), Lorentzian FWHM referring to 2p-hole decay and the photoelectron trapping time within the molecular cage are sz and W}: R

respectively. A convolution of a symmetric and asymmetric Lorentzian distribution is used in order to approximate the width Wzr » The superscript and the
subscript I" refer to to; and eg denoting the shape resonances under study and the line asymmetry is denoted by ar. The error of the energy positions and the
line asymmetry is estimated be -5 meV and 0.1 eV~!, respectively; the error of the widths W2r » and W{ for 2tyg- and 4eg-shape resonances is estimated be

+10 meV and £150 meV, respectively. See text for further details.

Emax,> S 2p3n Emax. S 2p112 Eo, S 2p3p2 Eo, S 2p1p WZP wl wl » W ar
(eV) (eV) (eV) (eV) (eV) (eV) eV) eV) evh
Molecular 2ty 183.387 184.544 183.393 184.547 0.22 0.386 0.61 0.32 —0.15
Clustered 2tz 183.352 184.509 183.353 184.507 0.22 0.372 0.6 0.29 —0.02
Molecular 4e4 195.465 196.665 195.713 196.867 0.22 3.36 3.63 0.58 —-0.3
Clustered 4e, 195.413 196.612 195.563 196.717 0.22 3.41 3.69 0.58 —0.14

photoelectron trapping time and the core-hole lifetime is also
compiled in Table I.

Eax 18 the energy position of the maximum and Ej is
the energy position of the shape resonance, corresponding to
k = ko. The position of the intensity maximum E,x can-
not be immediately determined from the experimental spec-
tra with sufficient accuracy. This is due to the experimental
signal-to-noise ratio near the maxima. E, is determined as
follows: (i) in the case of the 2ty,-resonance, the maximum
of the fit functions L{ (k) are used for both spin-orbit com-
ponents (cf. Eq. (2)), since these are well separated; and (ii)
the spin-orbit components of the S 2p3» — 4eg- and S 2py2
— 4e,-transitions are blended. Therefore, the corresponding
fit functions L{.(k) are added and the maximum of the result-
ing curve is used for determining the energy positions of the
spin-orbit components.

The extracted Gaussian widths are found to vary slightly
for the free molecule and clusters. This variation can be un-
derstood, if we take into account that Wg specifies not only
the photon source but the inhomogeneous broadening of the
quasi-bound states, which is a result of the effective quadratic
intra- and intermolecular displacements.’ Besides, the ex-
tracted Gaussian widths W¢ are influenced by multielectron
and vibrational excitations. These effects will be discussed
below in greater detail. The intensity ratio of the S 2p3,; and
2p1p-components is found to be equal to 0.9, which is dif-
ferent from the statistical limit for jj coupling. It has been
stated previously that this intensity ratio indicates that the
exchange interaction between the excited electron and the
core-hole is comparable to the spin-orbit interaction for inner-
well states.!>!° The ratio is also dependent on the assumption
that the widths of the S 2py- and S 2p3p-components are
identical.

In general, the spectroscopic characteristics of the S 2p3/,
and 2pp — 2ty.-transitions are in full agreement with the
results obtained from our previous work.®° However, the
present model is improved, since the mean quadratic devia-
tion between the experimental and modeled spectra is reduced
nearly 20% in comparison to a pure Voigt fit of the shape res-
onances. Therefore, the M model is applied in the following
in order to investigate the unresolved S 2p3/; and 2py, — 4e,-
bands. We include only two components to fit the bands and
assume that, similar to the 2t,,-resonance, vibrational excita-
tions do not play an essential role in their shape (see Sec. IV).

The experimental and modeled Meg (k) spectra of the
S 2p — 4e,-shape resonance are plotted in Fig. 3. There is
good agreement within the interval €4, ~ 10 eV. Note that
the S 2p3;p- and S 2p)-spin-orbit components of the broad
bands have been successfully de-convoluted by using the
asymmetric Meg (k) distributions. The extracted parameters of
the spin-orbit split S 2p3, and S 2py; — 4e,-components are
also listed in Table I. The present results indicate for the S
2p3p and S 2pyp — 4eg-transitions a substantial asymmetry
in the Lorentzian profiles, where it is found that WZ‘ > Wi
and W;* > WLZ” . The spectral redshift AEj is found to be
150 £ 5 meV. This differs from the experimental value, corre-
sponding to 105 £ 5 meV, as derived from a summation over
both spin-orbit components of the unresolved band shown in
Fig. 3(b).

According to the present analysis, the asymmetric
Lorentzian distribution L{(k) controls the shape of the spin-
orbit components of the S 2p — 2t,4, 4e,-bands, as shown in
Figs. 2 and 3. This supports the assignment that the bands are
due to shape resonances. The substantial broadening of the
spin-orbit components of the 4e,-bands relative to the 2t)e-
bands is conditioned by the increase of the Lorentzian widths
Wr.

By using the uncertainty relationships W} t”% > 7 and
Wzrpfr‘ > #i, we determine, respectively, the photoelectron
trapping time 7% and the lifetime tr of the shape reso-

nances. The derived lifetimes 7,, ~ 1.7 fs and 74, ~ 0.2 fs

are mainly limited by the photoelectron trapping time té;::p

~ 1.1 fs and rz:lp ~ 0.2 fs. These are considerably shorter
than the S 2p-core-hole lifetime of the inner-well states
of &3 fs.

The observed energy Eax of the maxima of SDOS for the
above discussed transitions is shifted to lower energy relative
to the resonance positions Ey. This displacement Eo—FEnax
is &5 meV and ~205 meV, respectively, for the 2t~ and
4e,-resonances in free SFs, whereas values of ~0 meV and
~127 meV are derived for these resonances in SFs-clusters.
This is due to the decrease in line asymmetry in clusters (see
Table I). As a consequence of this asymmetry, the observed
gas-to-cluster redshift of the maxima: AEy,x = Enax[cluster]
— Enax[mol.] & 35 £ 5 meV coincides precisely with the re-
ported value in our previous work.®? It differs, however, from
the redshift of the 2ty,-resonance positions AEy = Ep[cluster]
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— Ep[mol.] =~ 40 £ 5 meV. Similar results are derived for
the 4eg-resonance, in which the observed redshift AEq.x
~ 105 = 5 meV (cf. Fig. 1) differs from the resonance po-
sition difference AEy ~ 150 £+ 5 meV.

C. Spectral gas-to-cluster changes

In the following, the gas-to-cluster changes regarding
the spectral position and line shape of the 2ty,- and 4e,-
resonances are considered, as presented in Table I. The DBOP
model® is used to link the changes with intra- and inter-
molecular interferences of the photoelectron waves. For SFg-
clusters, the internal barrier is sufficiently high to provide an
effective trap for the S 2p-photoelectrons with a kinetic en-
ergy K < 20 eV within the molecular cage. On the other hand,
the external barrier is low, providing mainly a source for sin-
gle scattering of the photoelectron in core-excited clusters.®°
These characteristics of the DBOP refer to the weak cluster
effect on the quasi-bound molecular states. In this case for the
amplitude B = |Blexp(2ikR,, + ¢) of electron waves backscat-
tered from the double barrier, we derive

2/
———
|B| ~ |B,| + D|B.| cos2?, ®)

2//
| B¢| sin 29
|Bin| cos? ¢y

tang =tang, — D &)
The subscripts m (molecular) and ¢ (cluster) describe the
amplitudes referring to the internal and external barriers,
¥ = k(R. — Ry) + ¢m + @¢, R, is the intermolecular separa-
tion in clusters, and D is the shielding factor.” The subscripts
land T" are omitted in the following.

The second terms on the right hand side of Egs. (8)
and (9), named 2’ and 2", specify the cluster effect on the
inner-well states. These terms are strongly suppressed if the
transparency of the molecular cage is weak. Neglecting any
changes in the S—F-distance in free and clustered SF¢ and as-
suming that |¢ — ¢,,| = 1, one obtains

AEy~ C, W} ,|B.|sin20. (10)

The Lorentzian width W, and the line asymmetry o are
also subject of the gas-to-cluster change. Using Egs. (4), (6)
and (8), we derive for AW{ and Aar

I ~ Wllj,m |B(‘| 2
AW, ~ — (1 + | B¢|7) cos 21, (11)
2 |B,l
A 23|B’”||B |+Da|B"| 20
oar < | — ' cos
r ok ok
—2(R. — R,,)D|B,.|sin2¥. (12)

Equations (10)—(12) link the gas-to-cluster changes in core-
to-valence transitions with the molecular and cluster proper-
ties. Both, AEy and AW/ are proportional to the Lorentzian
width WLF _m Of the molecular shape resonances and the mod-
ule |B| of singly scattered waves at the neighboring molecules
in clusters. In addition, the gas-to-cluster changes are also de-
pendent on ¥ In dependence of the phase shift regarding both,
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spectral red- and blueshifts as well as narrowing and broad-
ening of the molecular-like shape resonances are in general
allowed in clusters.

The extracted parameters of the core-to-valence transi-
tions (see Table I) agree with the relationships supporting the
quasiatomic treatment of the shape resonance phenomena in
free and clustered SF¢. One clearly sees that both AE; and
AWLF are tightly related to the molecular Lorentzian width.

Indeed, both the smallest shift ~40 meV and the change

. . . 2
in Lorentzian width |AWL’2§| ~ 10 meV are observed for

the narrow 2ty.-shape resonance. However, both the biggest

redshift AEy ~ 150 meV and |AW2€§| ~ 60 meV refer to
the broad 4e,-shape resonance. Furthermore, both narrowing
(for 2tp,) and broadening (for 4e,) effects of the Lorentzian
widths are observed. Finally, there are substantial gas-to-

cluster changes in the line asymmetry.

IV. DISCUSSION

The present high-resolution studies of free molecular
SFe-clusters at the S 2p photoionization threshold highlight
both, the close resemblance and the distinct difference in
SDOS for the S 2p-to-valence-transitions relative to the gas
phase spectrum. No gas-to-cluster spectral shift is observed
for the 6a;,-band and this pre-edge feature remains entirely
unchanged in shape upon cluster formation which is similar
to other molecular cluster systems, in which only minor red-
shifts were determined.” The spectral gas-to-cluster changes
only observed for the S 2py/32 — 2ty,- and 4e,-transitions,
which are embedded into the S 2p-ionization continua. These
changes consist mainly of a spectral redshift as well as a
specific redistribution in oscillator strength for these transi-
tions. The analysis of the gas-to-cluster changes is compli-
cated by spin-orbit splitting and the substantial asymmetry in
their spectral shape. Voigt fitting is often used for pre-edge
core-to-valence transitions, but this is not applicable to the
transitions located above the S 2p-edge.

The quasiatomic approach is applied to investigate the
S 2p3p1n —> 2t~ and 4eg-transitions and to identify the
spin-orbit components. Examining the interference of the pri-
mary and scattered waves we have revealed that the asym-
metric Lorentzian distribution L{.(k) specifies the core-to-
valence transitions, which are embedded into the continua,
within the spectral interval Qr(kp). For a comparison with
the experimental data, we introduce the model distribution
My (k) as a convolution L% - L, » - G of asymmetric and sym-
metric Lorentzian and Gaussian distributions and apply this
model to the experimental spectra in the vicinity of the shape
resonances. In contrast to Voigt functions, the model func-
tion M (k) takes in addition to the core-hole decay and the
spectral band width of the photon source also the temporary
trapping of the photoelectron within the molecular cage into
account. Assuming that the spectral characteristics of the
core-hole decay and the photon source are known, this ap-
proach allows us to investigate if the asymmetric Lorentzian
distribution L{(k) controls the experimental spectra. If L{.(k)
dominates the shape of the bands, we are able to decom-
pose the spin-orbit components of the experimental bands,
so that we can specify the photoelectron trapping within the
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molecular cage. On the other hand, if the experimental spec-
tra cannot be reasonably fitted by LT.(k), we have the clear
indication that there are other mechanisms active. In particu-
lar, if the bands contain substantial contributions from valence
transitions, the experimental spectra cannot be reasonably re-
produced as the energy distribution of the valence shells is not
taken into account by this model.

The performed analysis of the S 2p photoabsorption spec-
tra at the 2ty,- and 4e,-shape resonances has demonstrated
that the M (k)-distribution allows for the precise modeling of
the experimental results and the de-convolution of the spin-
orbit components in free SF¢ and in SFg-clusters. The asym-
metric Lorentzian LT.(k) controls the experimental SDOS for
the core-to-valence in the free molecule and clusters. Inspect-
ing the extracted parameters, we note that the gas-to-cluster
changes are tightly related with the L{.(k) variations. This im-
plies that the cluster potential affects mainly the unoccupied
2tye- and 4eg-orbitals.

The substantial broadening of the 4e,-resonances rela-
tive to the 2ty,-resonances is completely determined by the
increase in the Lorentzian width W; . This is due to an in-
crease in transparency of the molecular cage for fast photo-
electrons as, according to Eq. (4), WLF’m increases when |B;r|
decreases. Using the extracted widths WT, we estimate the
photoelectron trapping time t7*’ to be 1.1 fs for the 2t,-
and 0.2 fs for the 4e,-quasi-bound states in molecular SFe.
Long trapping times give rise to the resonant character of the
Auger decay, originating from S 2p — 2ty- and S 2p — 4e,-
transitions. Due to the difference in /7“1 the Auger spectra
are expected to undergo substantial changes. This expecta-
tion agrees with previous results.>* There, it was found that
the Auger decay spectra measured at these resonances are not
identical and there are some other core-excited states than S
2[)71.23

The Auger decay and multielectron properties of the S
2p~12ty,-state are influenced by photoelectron recapture

SFg +hv — SE*2p ™ H+e,  (K)

photo

— SFﬁ**(2p_1V_1,~V1jV1k). (13)

Coupling of the charge transfer channel (13) with the di-
rect photoionization channel SFs + hv — SF¢t (2p~1)
+ €,p00(K) gives rise to the resonant anion yield at
the 2ty,-shape resonance in S 2p excited SF¢.** Thus, in
addition to the SF¢t(2p~!) the *“2-hole-2-electron” state,
SFe**(2p~'V~1,V1;V!)) can be assigned to the other state that
contributes to the Auger spectra.”

In contrast to the 2ty,-resonance, the multielectron
properties of the 4e,-shape resonance are associated with
the energy transfer of the photoelectron coming through
the molecular barrier. The photoelectron-valence electrons
(PEVE) interaction is known to be essential in the shape reso-
nance vicinity.>>%’ In the present case, coupling of the direct
channel with the inelastic ones, according to

SFg 4+ hv — SF"2p ") + €01, (K)

— SFe™(2p7 'V V) + e, (K, (14)
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leads to an energy transfer to the valence shells and to the
appearance of new satellites in the photoelectron spectra.
The “2-hole-1-electron” state SF6+*(2p’1V’liV1‘,-) in chan-
nel (14) is the other core-excited state that contributes to the
Auger spectra. Though both resonances demonstrate remark-
able multielectron properties, they are assigned to shape reso-
nances, because these properties are conditioned by trapping
of the primary photoelectron within the molecular cage. Mea-
surements of Kitajima et al.?® confirm this assignment as the
S 2p photoionization spectra of SFg behave resonantly in the
vicinity of the S 2p3p 1 — 2ty and 4e,-transitions. Such
behavior, according to Ref. 29, provides a sensitive probe of
this assignment.

The PEVE interaction and vibrational excitations are the
main sources of deviations between the experimental and
modeled spectra. Evidently, Egs. (2) and (7) do not take these
effects into account. We have examined the correlation satel-
lite observed in S 2p photoemission spectra of SF¢ at a bind-
ing energy 189 eV in order to assess the impact of the PEVE
interaction on the S 2p3p1n — 4eg-transiti0n.30 The inte-
gral (7) is applied to model this feature. An intriguing re-
semblance of the spectroscopic characteristics of the satellite
and the 4e4-shape resonance is revealed. In spite of low res-
olution measurements,” the S 2p3p- and 2pjp-components
of the satellite band are successfully extracted and it is found
that the Lorentzian L{(k) with W;* ~ 3.3 eV and o™
= —0.24 eV~! dominate their shape. The similarity of the
extracted width and the line asymmetry of the S 2pj3,- and
2p1;-components of the satellite and of 4e4-shape resonance
in Table I indicates that the PEVE interaction is rather essen-
tial and, on the other hand, it does not disturb noticeably the
band shape in S 2p-absorption spectra. According to Ref. 25
significantly more substantial changes are expected to occur
in S 2p-photoionization spectra, which is in full agreement
with previous results.?®

Shape resonances are also known to produce non-Franck-
Condon distributions of vibrational excitations within the fi-
nal ionic states.?'-3> The present analysis is performed by as-
suming that the adiabatic 0 — O-transition dominates in the
core-to-valence transitions. This assumption is supported by
earlier studies on the S 2p3p 10 — 2t2g-transiti0ns.8'9’15 This
is evidenced by inspecting deviations between the experimen-
tal results and the modeled My, (k) and My,, (k) distributions.
No evidence for highly vibrationally excited states is observed
for the S 2p32,12 — 2t,-resonance, whereas the situation is
more complicated for the S 2p35,12 — 4ey-resonance.

The VDFN model® is applied, taking the non-Franck-
Condon distribution of vibrational excitations into account
for studying the vibrational excitations associated with the S
2p3n1n —> 4eg-transitions. A preliminary My, (k)-analysis®
using the VDFN model has shown, that in addition to the
adiabatic transition, which plays a leading role for the band
shape, there is a weak contribution of the vibrationally excited
(v = 1) state. It was found that the relative intensity of the S
2p3p1p(v = 0) — 4deg(v = 1) is ~ 0.1 and the Lorentzian
LY.(k) dominates in shape of the both vibrationally resolved
S 2p3p12(v = 0) — 4ey(v = 0, 1)-resonances. Note that ex-
tracted relative intensity pattern is in agreement with the high-
resolution S 2p photoelectron spectra of SF¢ recorded at a
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photon energy of 220 eV.3* There it was found that the to-
tally symmetric 0 — 1-vibrational transition can be identified
with a relative intensity of 0.123. Thus, the individual spin-
orbit components of the 4e,-resonances in free and clustered
SF¢ can reasonably be approximated by the single integral
(7), as shown in Figs. 2 and 3. Certainly, further experimen-
tal and theoretical studies are necessary to gain a more solid
understanding of SDOS for core-to-valence transitions in free
molecules and molecular clusters with respect to the occur-
rence of multielectron and vibrational effects on the core-to-
valence transitions embedded in core ionization continua.

Within the DBOP model the gas-to-cluster changes in
core-to-valence transitions are assigned to singly scattered
photoelectrons from the quasi-bound molecular-like states in
SFe-clusters, rather than to dynamic stabilization and site-
specific shifts due to intermolecular interactions. According
to Egs. (10) and (11), the gas-to-cluster effects are propor-
tional to (i) the Lorentzian widths W, , of the molecular
shape resonances and (ii) the module |B,| of the backscattered
electron waves at neighboring molecules in clusters. The anal-
ysis of the experimental data supports the occurrence of the
cluster W, , |B|-effect (WB-effect). Considering this effect,
even a size dependence of the gas-to-cluster changes can be
predicted. This is due to the dependence of |B.| on the number
of neighbors. Therefore, the gas-to-solid redshifts of the 2ty,-
and 4e,-bands are expected to be larger than the gas-to-cluster
shifts.

Analyzing the WB-effect, we derive |B, (k)| ~ 1 — %

(1—|B.(k)|) for k <« 1 and |By(k)| ~ %|B¢.(k)| for k > 1, By
denotes the amplitude referring to the bulk sites and % is
the ratio of the nearest neighbors in bulk and surface sites,
and N, = 12 for solid SF¢. Thus, for the gas-to-solid redshift
AEy*!, we derive

AEy < AEy*™® < 2AE,, (15)

which is consistent with the experimental results, considering
that a larger difference AE® — AE, is found for the 4e,-
resonance, as compared to the 2tyg-resonance.

This WB-effect is expected to be rather general and
applicable to core-to-valence-transitions in molecular solids
as well as to core-to-valence-transitions, which are em-
bedded into the conduction band. In solids, it can be
studied, e.g., by the experimental X-ray absorption fine
structure of KPF¢ and NH4PF¢ crystals containing chem-
ically stable molecular-like moieties, whereby the exper-
imental spectra have been reported before.”> The poten-
tial of the almost octahedral PFs~ anions plays dominant
role in forming the P 2p-to-valence transitions in solids
and determines their strong similarity between the S 2p-to-
valence transitions in molecular SF¢.’¢ In agreement with
the present work, the experimental spectra on the men-
tioned solids®® do not show any spectral shift of the lowest
P 2p3p1p — 6ajg-transitions. There is a distinct shift by
~0.2 eV for the 2t,- and ~ 0.6 eV for the 4e,-transitions,
as extracted for KPFg in comparison with NH4PFs. These
spectral shifts fully agree with Eq. (10) and support the ap-
plicability of the WB-effect for the description of gas-to-solid
shifts of shape resonances. Finally, two minor bands cen-
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tered at 205.2 eV and 209.8 eV in the gas phase and 205.3
and 209.5 eV in clusters are separated from the experimen-
tal spectra shown in Fig. 3. Gaussian distributions are used
to model these bands. Their widths are found to be ~7.0
eV and ~2.7 eV in the molecular spectrum and ~5.4 eV and
~1.7eV in clusters. In isolated SFg, these bands are expected
to be due to double excitations. There, valence and Rydberg-
excitations Val; — Val; and Val; — Ryd, may accompany
the S 2p-to-valence transitions.'>3” The narrowing of these
bands in clusters could be assigned to the suppression of Va/;
— Ryd excitations, since it is well-known for molecular clus-
ters that Rydberg transitions are strongly affected by interac-
tions with the nearest neighbor shell.*® The spin-orbit com-
ponents of these bands are not separated and their shapes
are not examined here because of their location beyond the
Q4 -interval.

V. CONCLUSIONS

Close resemblance and distinct difference in SDOS for
the S 2p-to-valence transitions in free SFg and SF¢-clusters
are revealed. No spectral gas-to-cluster shift is observed for
the S 2p — 6a,-transitions and the band shape remains un-
changed upon cluster formation. Significant changes are ob-
served for S 2p3p.12 — 2tye- and 4eg-transitions which are
embedded in the S 2p-ionization continuum. Specifically, it
is observed that the spectral redshift increases with excitation
energy. In addition to these spectral redshifts, changes in band
shape are observed. A de-convolution involving asymmetric
and symmetric Lorentzians as well as Gaussian line profiles is
applied in order to analyze these resonance bands. This allows
us to extract the spin-orbit components of the narrow 2ty,-
and broad 4e,-shape resonances and examine their spectro-
scopic characteristics. The dominating role of the asymmetric
Lorentzian L}.(k) in shape of the S 2py3, — 2tpe- and 4e,-
bands underlines their assignment to shape resonances.

Comparing the spin-orbit components of the S 2pi3
— 2tp,- and 4e.-bands yields that (i) the gas-to-cluster red-
shift increases from AEy = 40 & 5 meV up to AEy = 150
4+ 5 meV, (ii) the gas-to-cluster change in the Lorentzian
width increases from AW’ = 10 meV up to AWQ’
= 60meV, and (iii) the line asymmetry decreases in clusters
for the both shape resonances. The mechanism of the gas-to-
cluster changes is assigned in clusters to the WB-effect on
core-to-valence transitions which are embedded into the con-
tinua. This is due to the interference of the primary photoelec-
tron wave with multiply scattered waves within the molecu-
lar cage and with waves singly scattered from neighboring
molecules in clusters.
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