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The Si 1s7% Si 2572, and Si 2p~* photoelectron spectra of the SiX, molecules with X = F, Cl, Br, CHs were
measured. From these spectra the Si 15~ and Si 257 lifetime broadenings were determined, revealing a
significantly larger value for the Si 257 core hole of SiF, than for the same core hole of the other
molecules of the sequence. This finding is in line with the results of the Si 2p~* core holes of a number
of SiX4 molecules, with an exceptionally large broadening for SiF4. For the Si 25! core hole of SiF4 the
difference to the other SiX;, molecules can be explained in terms of Interatomic Coulomb Decay (ICD)-
like processes. For the Si 2p™ core hole of SiF, the estimated values for the sum of the Intraatomic
Auger Electron Decay (IAED) and ICD-like processes are too small to explain the observed linewidth.
However, the results of the given discussion render for SiF4 significant contributions from Electron
Transfer Mediated Decay (ETMD)-like processes at least plausible. On the grounds of our results, some
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1 Introduction

Following ionization of a shallow inner-shell electron, the
produced ions decay mainly by Auger processes, in which one
electron from an upper level fills the core hole and another
electron from the same or another shell is emitted. The lifetime
for these processes is inversely proportional to the natural
linewidth of the spectral features in the photoelectron spectrum.
It is customary to describe the Auger spectra on the grounds
of a one-center approximation, which includes only the Auger
channels that induce two holes at the site where the primary
vacancy is created, and neglects correlation effects (see e.g. ref. 1).
This approximation is of particular interest when creating both
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more molecular systems in which similar processes can be observed are identified.

holes in the valence shell since in this case the expected Auger rate
depends on the electron density at the site of the initial core hole.
If we consider a series of chemically related molecules, e.g. in our
case the SiX, (X = F, Cl, Br, CH;) sequence, we thus expect that the
lifetime of the core hole is influenced by the nature of the
substituents surrounding the central atom. In this framework,
electronegative ligands supposedly withdraw outer electrons from
the proximity of the core hole, rendering them less available
to participate in Auger decay. Such ligands are, therefore, expected
to lower the Auger rate and to increase the lifetime, thereby
decreasing the natural linewidth of the spectral peaks. Therefore,
in the above mentioned series, one expects the lifetime to be
longer for the fluorinated compound, and to decrease accordingly
for the other halogen-substituted molecules. However, it has been
clearly shown that the SiF, compound shows a strong anomaly in
the lifetime of the Si 2p~" core hole.>* In particular, the natural
linewidth of the Si 2p~ "' photoelectron line in this molecule is
more than 5 times larger than the predicted value. At variance
with that, the linewidths for 2p~" photoelectron spectral features
in SiH, and SiCl, are approximately as predicted.® The theo-
retical values for the core-ionized molecules were calculated by
McColl and Larkins' using the above mentioned one-center
model. Furthermore, in SiF, the Si 2p~" Auger spectrum shows
peculiarities that were explained in terms of electron correla-
tion in ref. 4 and 5. While experimental results on the anom-
alous lifetime of the Si 2p~" state in SiF, were consistently
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reported by two different groups,’” the explanation provided
in the two studies was not the same. Namely, in ref. 3 the
interpretation was that the valence electrons from the fluorine
atoms play an important role in the Auger decay process.
In ref. 3 approximate theoretical calculations were included,
indicating that processes in which one of the participating
electrons comes from the fluorine atoms are approximately as
probable as those in which both electrons come from the
silicon atom. They also draw an analogy with ICD (Interatomic
Coulomb Decay) processes. In ref. 2 the interpretation relied on
the so-called foreign image effect introduced by Cederbaum
and coworkers.*” In their original work* they defined foreign
imaging as a spectral feature which gives a precise fingerprint
of the atoms in the molecule that do not undergo core ionization.
This is due to strong electron correlation in the final states
resulting in pronounced two-hole localization at the ligand site.
For SiF, this means that in the Si 2p~" Auger spectra all dominant
two-hole states are strongly localized on the fluorine atoms rather
than on the silicon atoms. In fact, apart from the different models
used, in both studies the role of fluorine atoms is underlined, due
to the high electronegativity of the fluorine substituents and
therefore to the high electron density on the neighboring atoms
rather than on the central atom. In this framework, the high
electronegativity plays a role which influences the lifetime of the
core-ionized state in the opposite way as compared to the simple
argument illustrated at the beginning: there is less electron
density on the central atom, but the surrounding atoms are able
to participate in the decay process. In the present work we report
an extension of the previous measurements to the Si 2s~' and
Si 15~ core holes of the series SiX, (X = F, Cl, Br, CH,). We have
also repeated the Si 2p~' measurements, which allow us to
determine the experimental resolution precisely. In this way we
are able to derive the natural linewidths of the Si 1s~' and Si 25"
spectral lines with high accuracy. This was possible thanks to the
state-of-the-art performance of the X-ray beam line, GALAXIES,
located at the synchrotron SOLEIL, France, equipped with a high-
resolution endstation dedicated to hard X-ray photoelectron
spectroscopy (HAXPES) utilizing a hemispherical electron energy
analyser designed for high electron kinetic energies. We show that
the anomaly in the natural linewidth of the 2p~" core-hole line in
SiF, is not an isolated finding, but it is reflected also in the
linewidths of the Si 25 spectral features. For both core holes the
lifetime broadening is about 50% larger than for SiCl,.

In this publication we shall discuss the observed lifetime
broadening of the Si 25" and the Si 2p ™" core holes of SiF, in
terms of non-local decay processes, namely ICD and Electron
Transfer Mediated Decay (ETMD). Note that ICD and ETMD
were originally defined®” and extensively studied®® for weakly
bound systems like rare-gas clusters. In these systems the bond
distances are large so that vacancies in the valence shell can be
assigned to individual atoms. The presently studied molecules
are, however, strongly bound so that the decay process involves
delocalized molecular orbitals. Nevertheless, in this case an
expansion of the molecular wavefunction into its atomic contri-
butions allows us to assign electron density to individual atoms.
Note that throughout this work we use the terms “ICD-like”
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Fig. 1 Pictorial representation of the relevant processes using the SiF4
molecule as an example. Presented are (a) the photoemission process (PE),
(b) Intraatomic Auger Electron Decay (IAED), (c) Interatomic Coulomb
Decay (ICD) and Electron Transfer Mediated Decay involving (d) 2 atoms
(ETMD2) and (e) 3 atoms (ETMD3).

as well as “ETMD-like” in order to emphasize this difference
between weakly and strongly bound systems.

To illustrate the different non-radiative decay processes in
a strongly bound system, one has to expand the molecular
wavefunction into its atomic contributions. This allows one to
attribute the Auger matrix elements including the core hole and
valence orbitals to a specific decay process.'® If the Auger decay
occurs via two atomic valence orbitals of the Si atom the
process can be assigned to Intraatomic Electron Decay (IAED),
see Fig. 1(b). In the case that one atomic valence orbital of the
Si and one of the F are involved it describes an “ICD-like”
process, see Fig. 1(c), and in the case of two atomic valence
orbitals of fluorine an “ETMD-like” process, see Fig. 1(d and e).
Details of the involved Auger matrix elements will be discussed
below around eqn (2).
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In detail, the observed lifetime broadening of the Si 2s™"
core hole of SiF, can be explained with significant contribu-
tions of ICD-like processes using the model of Matthew and
Komninos.' In contrast, this model does not provide a satis-
factory explanation for the Si 2p~" core-hole broadening of the
same molecule, see Thomas et al.> However, a detailed compar-
ison with the Xe 4d™" decays of XeF, (n = 2, 4, 6) molecules
suggests distinct contributions of ETMD-like processes as an
explanation of the observed lifetime broadening.'® The results
of the present studies predict significant ICD-like decay pro-
cesses for a number of other fluorine-containing molecules
like the S 25~ * core hole of SF, as well as the P 2s™* core hole of
PF; and PFs. Moreover, strong ETMD-like contributions are
expected for the Ge 3d™* core hole of GeF,.

2 Experimental setup and data analysis

The measurements were performed at the SOLEIL synchrotron,
France, on the GALAXIES beamline, with a endstation dedi-
cated to HAXPES."? Linearly polarized light was provided by a
U20 undulator and energy selected by a Si(111) double-crystal
monochromator. Photoelectron spectra were collected with a
SCIENTA EW4000 analyzer specifically designed for HAXPES,
whose lens axis is set collinear to the X-ray polarization in a
fixed geometry. The measurements of the SiX, spectra were
performed at a photon energy of Av = 2400 eV using an analyser
pass energy of Epa5 = 100 €V and a slit width of 300 um. In this
way a total experimental resolution of 270(10) meV was
obtained. This value is derived from the Si 2p ' photoelectron
spectra of the different SiX, molecules, see below, and is also
valid for the Si 1s™' and 2s™" spectra.

To obtain accurate binding energies from the photoelectron
spectra, energy calibration was achieved in two steps. First, the
kinetic-energy scale of the electron analyzer was calibrated by
measuring Ar KMM and LMM Auger spectra. The Auger ener-
gies were calculated from binding energies of 3206.3(3) eVv,"?
248.63(1) ev,"*"™ and 45.14(1) eV'® for the 1s ", 2p;,, ', and
3p ?('D,) states of argon, respectively. Second, the photon
energy was calibrated by measuring Ar 1s™" and 2ps, ' photo-
electron spectra using the previously calibrated kinetic-energy
scale. The described calibration procedure was repeated prior
to the measurements of each individual molecule SiX, with
X = F, Cl, Br, CH;. Overall, the binding energies were deter-
mined with a systematic uncertainty of 0.4 eV. This value is
mostly due to the uncertainty of 0.3 eV for the Ar 1s~* binding
energy. However, since the different SiX, spectra are calibrated
in the same way with very similar calibration results, the
relative values for the different molecules are expected to be
accurate within 0.1 eV.

3 Results and discussion

Fig. 2 shows the Si 1s™", Si 257", and Si 2p~" photoelectron
spectra of the studied SiX, (X = F, Cl, Br, CH;) molecules. From
previous studies®® it is known that the Si 2p~" photoelectron
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Fig.2 The Si 1s™% Si 2s7% and Si 2p~! photoelectron spectra of the
molecules SiX4 (X = F, Cl, Br, CH3) recorded using a photon energy of
hv = 2400 eV. The solid line through the data points represents the fit
results and the solid (dashed) subspectra indicate the contributions of the
transitions starting from the vibrational ground state v/ = 0O (the higher
vibrational substates v/ > 1) of the electronic ground state. The vertical
arrows indicate the energy position of the v/ = 0 — v/ = 0 transitions as
derived from the fit approach.

spectra show vibrational progressions, partially even with
significant hot-band contributions.>"” In the present case the
vibrational progressions are masked because of the lower
resolution due to the high photon energy. Similar vibrational
progressions are also expected in the Si 1s™' and the Si 25"
photoelectron spectra since different core holes should
influence the valence shells of the molecules likewise and lead
to similar molecular geometries. In the latter two -cases,
however, the natural linewidths alone are large enough to mask
the vibrational progressions.

3.1 The fit procedure

To extract the Si 1s™' and Si 25" lifetime broadenings as well
as the binding energies of the vibration-free v/ =0 — v/ =0
transitions the spectra were subject to a Franck-Condon fit
analysis. Note that within this publication prime and double
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prime indicate quantities related to the core-ionized and the
ground state, respectively.

In the Franck-Condon fit analysis the vibrational progres-
sions are calculated based on the Franck-Condon parameters,
namely the equilibrium distance R., the vibrational energy Zw.,,
and the anharmonicity xzw, of the ground and the core-ionized
state. In addition, since previous studies have shown that for
some of the studied molecules hot bands play a significant
role,>"” the thermal populations of higher vibrational substates
are taken into account by assuming a temperature of 300 K.
For details of the Franck-Condon analysis see ref. 2 and 18.

In the first step of the fit analysis, the Si 2p~ " spectra were fitted
using the lifetime broadenings as well as the Franck-Condon
parameters derived from the higher Rydberg states® to calculate
the vibrational progressions. For SiF, and SiCl, the calculated
vibrational progressions can be compared with Si 2p ™' ionized
states from high-resolution photoelectron spectroscopy’ revealing
a good agreement. From these fits, the total experimental broad-
ening, ie. photon bandwidth, detector resolution, and Doppler
broadening, was derived to amount to AE = 270(10) meV.

In the second step, this experimental broadening and the
vibrational progressions of the Si 2p~" states were used to fit
the Si 15" and Si 25~ photoelectron spectra. The results of the
fit analyses are presented by the solid lines through the data
points. The solid subspectrum indicates the transitions starting
from the vibrational ground state of the electronic ground state,
while the dashed subspectra represent the contributions of the
“hot bands”, i.e. from thermally populated vibrational levels of
the electronic ground state. These “hot band” contributions are
obviously small for SiF, and Si(CHj),, but not negligible for
SiCl, and SiBr,.

The obtained binding energies for the v/ = 0 —» v =0
transitions are indicated in Fig. 2 with vertical arrows and
summarized in Table 1. Obviously the v = 0 — V' = 0 transi-
tions are significantly below the centroids of the peaks. The
error bars are derived by varying slightly the vibrational pro-
gressions in order to take into account some small differences
in the geometry upon the creation of different core holes.
For this purpose the vibrational energies %w’ and the equili-
brium distances R, of the core-ionized state are varied in the

Table 1 The binding energies Eg for v/ = 0 —» v/ = 0 transitions of the
Si 1s7% Si 257, and Si 2p! core-ionized states of the different SiX4
molecules. The values for the Si 1s™ and Si 257! states are derived from
the Franck—Condon fit analysis while those for the Si 2p~* states are taken
from ref. 2 and used to reassess the calibration procedure. The numbers in
parentheses represent the error bars on the last digit(s) as derived from the
fit, see text. The absolute binding energies are additionally subject to an
error of 0.3 eV due to the calibration of the energy scale while the relative
values for the different molecules are accurate within 0.1 eV

Eg (eV)

Si 157" Si2s™! Si 2p~* (ref. 2)
SiF, 1852.08(5) 162.50(5) 111.45
SicCl, 1850.55(8) 161.51(5) 110.10
SiBr, 1849.93(10) 160.93(10) 109.64
Si(CH3), 1845.89(5) 157.25(6) 105.89
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Franck-Condon analysis by 10% of the differences for
Aw = — @" and AR. = R.’ — R.”.

3.2 The lifetime broadenings

In Table 2 the Si 1s™ ! and Si 25" lifetime broadenings obtained
from the fit result are summarized. The error bars are derived
in the same way as those for the binding energies. For compar-
ison, literature values for the Si 2p~" lifetime broadenings are
also given. The Si 1s™" lifetime broadenings are rather similar
for the different molecules and amount to between 380 meV
and 450 meV. However, for the Si 1s ionized states we want to
point out that the fit result for SiF, is in the region of the peak
maximum slightly worse than for all the other studied mole-
cules. This minor mismatch might be due to slight saturation
effects so that the lifetime broadening of SiF, may contain a
systematic error towards larger values. Despite this possible
systematic error all values are in reasonable agreement with the
Si 1s lifetime broadening of 0.48 eV calculated for atomic
silicon by Krause and Oliver."® The obtained values also fit to
the experimental values of the sequence O 1s™ " (2170 meV),2>*!
Ne 15" (250 meV),?® and Ar 1s~ " (655 meV)."> The experimental
values for neon and argon are also reasonably well reproduced by
the calculations of Krause and Oliver."” The discussed values
clearly show that the presented fit approach results in reasonable
values for the lifetime broadenings, although they are masked by
vibrational progressions.

The Si 2s™' lifetime broadenings for SiCl,, SiBrs, and
Si(CH3), are between 900 meV and 950 meV and agree quite
well with the theoretical value of 1.03 eV calculated for atomic
silicon." Contrary to this, the Si 2s™" lifetime broadening for
SiF, is 1438(25) meV, and so is significantly larger. This larger
value can also be seen directly from the full widths of the
different Si 25" peaks, see Fig. 2, and it is consistent with the
results of the Si 2p~" threshold. The experimental results of
Piittner et al.”> and Thomas et al.® clearly showed that the Si 2p
lifetime broadening of SiF, is much larger than the values for
SiCl, and SiBr,, contrary to the theoretical expectations.

We notice that the anomaly is stronger at the Si 2p ™'
threshold, where the linewidth value for the fluorinated com-
pound is five times higher than the calculated value;® it is still
quite high for the Si 25" threshold, although less so, and it is

Table 2 The Si1s~* and Si 2s~* lifetime broadenings of the different SiX4
molecules. The numbers in parentheses represent the error bars on the
last digit(s) as derived from the fit, see text. For comparison, experimental
and theoretical Si 2p ! lifetime broadenings obtained in the literature are
also given

Lifetime broadening (meV)

Si2p*
Sits! Si2s! Exp.” Exp.’ Theo.
SiH, 50(5) 38(3) 32
SiF, 450(20) 1438(25) 85(10) 79(5) 14
Sicl, 380(20) 957(25) 48(2) 54(6) 32
SiBr, 410(20) 896(20) 39(6)
Si(CHj), 439(20) 926(20) 76(9) 37
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presumably still there for the Si 1s threshold, although almost
within the error bars. This trend clearly means that, whatever
the reason for this behavior, it has more influence for the
shallow core levels, and it almost disappears as a function of
the depth of the core hole. We can confirm the argument that
the fluorine atoms play a decisive role in the Auger decay, and
namely that the charge distribution induced by the highly
electronegative substituents drives the Auger decay in a rather
unusual direction, which we can call inter-atomic rather than
intra-atomic, which would be the “usual” way. In fact, our data
support it on the grounds of the above mentioned trend in the
strength of the effect, since the fluorine electrons are more
available to fill the shallower Si 2p~" hole than the more core-
like Si 2s™* and especially the Si 1s~* deep-core orbitals. Both
the ICD-like and the foreign-image description are consistent
with the present observations.

A comparable effect has been observed for Xe 4d ™" lifetime
broadening of the sequence XeF, with n = 0, 2, 4, 6. In this
sequence an increasing number of electronegative fluorine
ligands results in a withdrawal of valence-electron density at
the Xe site. Hence in the one-center approximation a decrease
of the lifetime broadening is expected, contrary to the experi-
mental results.>” This observation has been explained theore-
tically by C. Buth et al'® with contributions of interatomic
decay processes, which are introduced above and depicted for
the case of SiF, in Fig. 1. In detail, they took into account four
different processes. The first process is IAED which leads in the
case of XeF, molecules to two holes at the Xe site and the
second process is ICD which results in one hole at the Xe site
and one hole at a F atom. The last two processes are two-
monomer electron-transfer mediated decay (ETMD2) and three-
monomer electron-transfer mediated decay (ETMD3), which
lead to two holes at the same or at two different F-atoms,
respectively.

As discussed above, the Si 2p~* Auger spectrum of SiF, can
be explained with the so-called foreign imaging model. In this
case the final states visible in the Auger spectrum lead on
average to =85% F > or F; ' F, ' populations, to =15% Si "
F~' populations and to less than 1% Si~> populations,* due to
strong electron correlation. At this point we want to emphasize
that e.g. a large F> population of the final states does not
necessarily lead to strong ETMD2 decays since the various
decay channels show significantly different transition prob-
abilities with strongly decreasing values from IAED to ICD to
ETMD; for a more detailed discussion see the text around
eqn (3). Contrary to the observations for the Si 2p ™" core holes,
the much larger width of the Si 25" core holes is assumed to
originate from much faster Si 2s™* — 2p~'val ! Coster-Kronig
Auger transitions leading to at least one hole located at the Si
site, i.e. in this case the ETMD-like channels will not occur.
Nevertheless, both the Si 25" and 2p " lifetime broadenings of
SiF, are about 50 to 60% larger than for SiCl, and SiBr,.

In order to shed light on the experimental findings we will
first discuss the data in terms of ICD-like processes by using a
model established by Matthew and Komninos,"" which was
already applied by Thomas et al. to explain the unusual Si 2p ™"
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linewidth in SiF,.? After this we will relate the situation for SiF,
to the investigation of the Xe 4d™' lifetime width of the
different XeF, (n = 2, 4, 6) molecules of Buth et al.,'® where
ETMD2 and ETMD3 processes were found to be of relevance.

3.3 ICD-like contributions to the lifetime broadening

The model of Matthew and Komninos'! was originally devel-
oped for the case of diatomic molecules AB with an initial core
hole on A and describes the rate Tiper_inera - for ICD-like decays,
which lead to a lifetime broadening I'icp of

4 B -1
C 0 Trad,A
,*RO

(1)

-1
I'cp = htinter—intra - = 1

with ¢ being the speed of light, ¢f the cross section for
photoionization of this electron by a (virtual) photon of energy
Wy, de‘Aq the X-ray decay rate of the core hole at atom A, and R
the internuclear distance. As already used by Thomas et al.® the
actual photoionization cross section ¢} is multiplied by the
number of equivalent ligand atoms B. Note the high sensitivity
of I'icp to the internuclear distance due to the R~ ® dependency.

With this model the ICD-like 2s™" and 2p~ " lifetime broad-
ening I';cp was calculated for a number of selected molecules.
The contributions to 1s™" core holes were not calculated since
a large value for iw, = Eg(1s) — Eg(2p) =~ 1840 eV (compare
ho, = 51 eV for Si 25" and hw, = 91.5 eV for Si 2p~ "), in
combination with the 1/w,* dependence, leads to negligible
contributions. In the calculations for the Si 25" core hole only
the X-ray transitions to the 2p~" core hole are taken into
account, but not to the valence shell. This approach is justified
by three facts, namely the dominating decay rate, the much
lower value for w,, and, as a consequence, the higher value for
the ionization cross section of valence orbitals as compared to
that belonging to a photon originating from the 2s™' — 3p~"
transitions. The results are summarized in Table 3 showing
interesting results. For the ICD-like contributions of the Si 25"
core hole the values 963 meV and 736 meV are found by using
an equilibrium distance of 1.486 A for the core-ionized state®*
and 1.554 A for the ground state,?* respectively. The latter value
of 736 meV is based on the assumption that subsequent to Si 2s
ionization the Si-F bond distance does not have time to relax
due to the short core-hole lifetime. This value agrees well with
the difference of the lifetime broadening of SiF, and SiCl, as
well as SiBry,, suggesting an ICD-like contribution of 500 to
600 meV. For SiCl, and SiBr, the ICD-like contribution to the
lifetime broadening is much smaller and almost identical.
Contrary to this, the ICD-like 25" lifetime broadenings of
PF;, PFs5, and SFe are ~300-550 meV, in the same range as
the value for SiF,.

From these values we can conclude that the model of Matthew
and Komninos explains the difference between the Si 25~ life-
time width of SiF, and the other SiX, molecules well in terms of
ICD-like processes. The high I'icp contribution to the Si 2s™*
lifetime width of SiF, is due to the small energy difference
between the Si 25 and Si 2p " holes as well as the particularly
short bond distances in this molecule. Moreover, the results
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Table 3 The calculated intra—inter atomic Auger decay rates, I'cp, for different molecules and core holes. Given are also the used transition energy

E = hw,, the cross section for photoionization of this electron by a (virtual) photon of energy hw,, 65, the interatomic distance, R, and the radiative decay
rate of the respective core hole, rrad,A’l

Molecule Core hole R(A) E = ho, (eV) oy (Mb) Trada - (1077 au.) Icp (meV)
SiF, 28 1.486% 51¢ 29.0% 5.84! 963
SiF, 2s 1.5547 51¢ 29.0% 5.84! 736
SiF, 2p 1.486% 91.5" 13.2% 1.65™ 12
sicl, 28 1.953¢ 51¢ 2.8F 5.84! 18
Sicl, 2p 1.953¢ 91.5" 4.6" 1.65™ 0.8
SiBr, 28 2.103% 51¢ 3.2F 5.84! 13
PF, 28 1.570° 58 18.0* 6.85 302
PF, 28 1.534/1.557¢ 58 18.0/12.0%¢ 6.85' 542
SFs 2s 1.575° 64 29.0F 7.95" 371
SF 2p 1.575% 140/ 6.0F 4.10™ 1.7

“ Ref. 2. ” Ground-state value from ref. 24. © Ground-state value from ref. 25. ¢ In PF; there are 2 inequivalent bond distances with 3 (2) F atom bonds at
shorter (longer) distances. Given are the ground state values from ref. 26. © Ground-state value from ref. 27./ Almost no vibrational excitations are visible
in the S 2p~* spectrum of ref. 28 indicating a minor change of the bond distance upon ionization. ¢ From data in Table 1. ” Ref. 29. * Ref. 30./ Estimated

from data in ref. 29. ¥ Estimated from data in ref. 31 and multiplied by the number of equivalent ligand atoms. ’ Ref. 32. ™ Ref. 33.

suggest that a similar effect can be observed for the P 2s™" and
S 25~ * core holes of F-containing molecules.

In contrast to I';cp for the Si 2s™! core hole of SiF,, the value
for the Si 2p~" core hole of the same molecule, as well as the
value for the S 2p~" core hole of SFg, was determined only on
the basis of the internuclear distance of the core-ionized state.
This approach is justified by the fact that significant nuclear
motion can occur during the core-hole lifetime as can be seen
by the photoelectron spectra, which show a resolved vibrational
progression; this indicates a core-hole lifetime comparable to
the molecular oscillation period. Obviously, in the case of SFe
the contribution to the lifetime is at 2 meV much smaller than
in case of SiF, at 12 meV.

Contrary to the 2s™! core hole of SiF,, where the calculated
I'icp is comparable to the deviation from the other molecules
and the value for the Si atom, for the 2p~"' core hole the
predicted values are too small to explain the observations.
Actually, the difference between the lifetime width calculated
in the one-center approximation of 14 meV and the measured
value of ~85 meV is about 6 times larger than I'jcp. The
difference between the averaged value of SiCl, and SiBr, of
~43 meV and the value measured for SiF, is also by more than
a factor of 3 larger than I'icp. These findings suggest that in the
case of the Si 2p " core hole in SiF, an ICD-like process is not
sufficient to explain the experimentally observed lifetime.

Finally we shall shortly discuss the accuracy of the model
established by Matthew and Komninos'" since it assumes no
overlap of the atomic wavefunctions of atoms A and B and is,
therefore, strictly valid only for large internuclear distances.
Averbukh et al.** showed for the Ne 2s ionization of a NeMg van
der Waals cluster that the overlap of the initial hole and the
valence orbital of the neighboring atom can lead to a signifi-
cant increase of the ICD-contributions to the lifetime broad-
ening. However, in the present cases we consider core holes
instead of valence orbitals so that the overlap is expected to be
rather small as discussed further below. In addition to this, the
formation of a SiF, molecule leads to a migration of electronic
charge from the Si atom to the F atoms. On the one hand this
leads to a reduction of the radiative decay rate rrad,A’l; here
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Thomas et al.® estimate a factor of 2 for SiF, based on a Mulliken
population analysis. On the other hand an increased charge
density at the fluorine site causes a slight increase of the photo-
ionization cross section ¢h. Consequently, the obtained ICD-like
contributions have to be considered only as approximate values.
However, we want to point out that we found for the case with the
largest calculated ICD-like contribution, namely the Si 25" core
hole of SiF, with I'icp = 736 meV, good agreement with the
difference of 500-550 meV between the observed lifetime broad-
ening and the expected IAED contribution. This suggests that the
formula of Matthew and Komninos'' provides for the present
class of cases at least semi-quantitative results.

3.4 ETMD-like contributions to the lifetime broadening

As mentioned above, for a sequence of XeF, molecules with
n=2,4, 6, Buth et al.’® showed that ETMD-like processes make
a significant contribution to the Xe 4d™" core-hole lifetime
width. In the following we shall discuss this possibility for the
Si 2p~" core hole in the SiF, molecule. For this purpose,
we shall first give a short summary of the arguments in the
work of Buth et al. In the case of the XeF, molecules the Auger
spectrum can be explained with the so-called foreign-imaging
picture, i.e. a population analysis described in detail in ref. 35
shows that the two-hole final states have mainly a F> or
F, 'F, " configuration (79.7% for XeFy), i.e. the two holes are
located either at one or two different fluorine atoms. To a
smaller extent they have Xe 'F~ ' character (19.1% for XeFs),
i.e. one hole at the xenon atom and one hole at the fluorine
atom. Finally, the Xe > character of the final states is almost
negligible (1.2% for XeF¢) and very uniformly distributed over
the entire spectrum, so that the spectrum cannot be explained
with two holes located at the xenon atom.

As we shall discuss in the following, this has consequences
for the Coulomb matrix elements, which are necessary to
calculate the Auger spectra and the lifetime width. The Coulomb
matrix element is given by

1

—Vf (I‘] )Vf/ (I‘z)d3)’1 d3l‘2 (2)
11— ra

5= [ o)
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with v; being the initial vacancy, k the continuum wave function
and v and vp the two vacancies in the final state. For molecular
Auger decay involving the valence shell v¢ and v¢ are normally
considered as molecular orbitals. However, to separate the Auger
decay into the four different contributions presented in Fig. 1 we
consider vf and v¢ as atomic orbitals obtained by an expansion of
the molecular orbitals into their atomic contributions. Using this
approach, in the one-center approximation only those matrix
elements are taken into account where v¢ and v are located at
the core-hole atom and one refers to IAED processes. However,
already Siegbahn et al.*® pointed out that this one-center approxi-
mation is only a good approximation if the molecular orbital
coefficients at the other atoms are not too large. Obviously the
results of the above described population analysis lead to a
violation of the prerequisite for the one-center approximation.
Because of this also Coulomb matrix elements with one or both of
the vacancies v and vy located at a ligand atom have to be taken
into account. If still one vacancy is located at the core-hole atom,
the matrix element describes an ICD-like process. Finally, an
ETMD-like process is described when both vacancies are located
at ligand atoms.

The population analysis of the XeF, molecules described
above is performed with the ADC(2) method based on Green’s
function calculations. These calculations do not result in Auger
rates for the decay of the core hole to the individual final states,
but the obtained pole strengths are a measure of the Auger
intensity. As shown by Buth et al."° the total lifetime width I' is
given by the sum of the partial contributions to the lifetime
width caused by the different decays, i.e. I'iaep, I'1cps I 'ETMD2,
and I'grmps, which are given by the product of the two-hole
population factor Q; (i = IAED, ICD, ETMD2 and ETMD3) for the
Xe 2, Xe 'F~!, F? and F, 'F, ! character of the final states,
respectively, and a transition strength |T;|” for each process,™ ie.

r:Zri:ZQimﬁ. 3)

Here, |Tj|* represent the squares of the Coulomb matrix elements
given in eqn (2) averaged over all final states of the respective
decay channel. Buth et al. calculated |Tiagp|® = 1.4 x 107> eV,
|Ticp|* = 1.9 x 1072 eV, and | Termpa|* = | Termps | = 2.1 x 1074 eV
and obtained with these values e.g. for XeFs I'agp = 0.07 eV,
I'icp = 0.15 €V, I'egrvpz = 0.01 eV, and I'gryps = 0.06 eV, iLe. all
channels contribute significantly to the total lifetime width.
Typical Auger spectra, like e.g. the Si 2p ™" spectra of SiCl,*”
of SiH,,***® show only a small number of transitions to final
states with large Si~> population. In contrast to this, foreign-
imaging spectra are due to strong electron correlation and
show a large number of transitions to final states, which all
show similar two-hole populations with Quer < Qicp <
Qermp, See above. As already mentioned above, eqn (3) shows
that such a foreign-imaging spectrum does not necessarily
include ICD-like or ETMD-like decay processes since the values
for |Tiaep|® |Tico|* and |Termp|® with |Tiaep|®> » |Tico|® >
| Termp|” have also to be taken into account and can lead to an
overcompensation of the two-hole population. Actually it has
been shown by calculations that in addition to the XeF,
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molecules the Auger Si 2p~' Auger spectrum of SiF,,* the
C 1s™" Auger spectrum of CF,, the B 1s~' Auger spectrum of
BF;,*° and the S 2p~ ' Auger spectrum of SF¢*' can be explained
with foreign imaging. In all cases a population analysis showed
that the two-hole final states visible in the spectra have mainly
F 2 or F, 'F, ! character, and to a much smaller extent X 'F?,
while the X2 character of the final states is almost negligible.
Nevertheless, beside SiF, no unusual large linewidths have
been reported in the literature. This observation in combination
with our analysis of ICD-like processes given above and
ETMD-like processes discussed below strongly suggests that
for all the mentioned molecules but SiF, the values for |Ticp|*
and |Tervp|” are negligible so that the corresponding processes
show only small contributions to the lifetime broadening.

In the following we shall qualitatively discuss for SiF, the
size of the transition strength |TETMD|2 in order to estimate
possible ETMD-like decay processes. As mentioned above, this
process is described by a Coulomb matrix element with v¢ and
vy being located at F-atoms. To have a large |TETMD|2 there has
to be a large overlap between the initial core hole v; and v¢ as
well as between the continuum wavefunction k and vg. Due to
the overlap argument for the core hole v; and the valence orbital
vr located at a fluorine atom the EDMT-like contributions
decrease exponentially with the internuclear distance. This is
due to the exponential decrease of atomic wavefunctions with
large distances from the nucleus.

To study the first overlap, we shall first discuss the situation
for the XeF,, (n = 2, 4, 6) molecules where for the Xe 4d core hole
ETMD-like decays occur.'® For this case Fig. 3(a) shows the
Xe 4d ground-state wavefunction based on Slater-type orbital
expansions.”* As a measure for how deep this wavefunction
penetrates the fluorine region of the molecule, the halves of the
Xe-F bond distances are also indicated. For XeF, two different
distances are given due to the C;, symmetry resulting in two
bond lengths with a multiplicity of three each.”® As can be seen
in the figure, the Xe 4d wavefunction penetrates for all three
molecules the region of the fluorine atoms. This effect
increases with increasing n, i.e. it shows the same behavior as
for I'grmps Of the different XeF,, molecules. This observation
suggests that the ETMD3-like decay channel is due to a consi-
derable overlap of the Xe 4d core hole with the valence
electrons located around the fluorine atoms.

In Fig. 3(b) the Si 2p (red line) radial wavefunction based on
the coefficients given by ref. 44 is shown, together with the half
of the SiX, bond distance (X = F, Cl, Br). The figure clearly
shows that the Si 2p wavefunction penetrates in the case of SiF,
the region of the fluorine ligand. Contrary to this, for SiCl, and
SiBr, this penetration of the region of the ligand is much
smaller. In a direct comparison of the XeF, molecules and
the SiF, molecule it can be seen that the respective Xe 4d and Si
2p wavefunctions penetrate the region of the fluorine ligand.
In addition, due to the much shorter bond distance of SiF, the
silicon region is more strongly penetrated by valence orbitals of
the F-atom than the xenon region of the XeF, orbitals.

Fig. 3(b) shows also the S 2p wavefunction as well as the half
of the bond distance of SF, in the ground state, which is a good
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Fig. 3 (a) The radial part of the Xe 4d ground-state wavefunction. The
halves of the different XeF,, bond distances are also indicated. (b) The radial
part of the Si 2p and S 2p ground-state wavefunction together with the
halves of the bond distances of SiF,4, SiCly, SiBry4 and SFe. (c) The radial part
of the Ge 3d ground-state wavefunction together with the halves of the
bond distances of GeF4* and GeCl,.**

~1 jonized

approximation for the bond distance in the S 2p
state, since the photoelectron spectrum shows only minor
contributions of vibrational states.”® The S 2p wavefunction is
more contracted than the Si 2p wavefunction due to the higher
charge of the sulfur nucleus. Contrary to this, the S-F bond
distance is larger than the Si-F bond distance. As a result, the
penetration of the S 2p wavefunction into the region of the
fluorine atom is weaker. From these considerations the overlap
between the core hole and a valence orbital at the fluorine site
decreases along the sequence SiF,, SFe, SiCl, and SiBr,.

In the next step we discuss the overlap of the second hole
and the continuum wavefunction. As discussed above, ETMD is
unlikely to occur in SiCl, and SiBr,. Because of this we focus on
fluorine as the ligand atom so that v can be considered similar
for each molecule. As a result, we have to consider the con-
tinuum wavefunction alone. It is generally believed that the
one-center approximation is valid only for higher Auger energies.
With decreasing energies the wavelength of the continuum
wavefunctions increases leading to a better overlap with the
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orbitals at the ligand atoms.*® From this we conclude that the
overlap of the second hole and the continuum wavefunction
favors ETMD-like processes in the case of small Auger energies.
Concerning this argument XeF, and SiF, are the most likely
candidates for ETMD-like processes since the average Auger
energies increase along the sequence XeF,,'® SiF,,* SFs,*" BF;,*°
and CF4*° of molecules with Auger spectra that have to be
explained with the foreign-imagine picture. Note that the
higher Auger energy in SiF, as compared to XeF, is at least
partially compensated by the shorter bond distances, which
allow a shorter wavelength for the continuum wavefunction.

In our discussion on ETMD presented so far we considered
only the overlap between the core hole and the first valence
electron as well as the second core hole and the continuum
wavefunction. These overlaps are identical for ETMD2 and
ETMD3 if relaxation is neglected so that the main differences
between ETMD2 and ETMD3 are due to different values for
1/|r; — r»|. From these quantities, r; is mainly located in the
overlap region of the core hole and the first valence electron
and r, in the overlap region of the second valence electron and
the continuum wavefunction. Generally, r; and r, are closer
together when both valence electrons are from the same F-atom
(ETMD2) than from different F-atoms (ETMD3), i.e. ETMD2
should be favored. However, calculations for XeF, and XeFq
show that the ETMD3/ETMD2 ratios are close to the statistical
ratios for forming F, 'F, ' and F~ final states, namely 3: 1 for
XeF, and 5:1 for XeFg."* This suggest a minor influence of the
1/|r; — ry|-term on the probabilities for ETMD2 and ETMD3.

Other possible molecules for ETMD-like decay processes are
GeF, and to a smaller extent GeCl, since in these cases the Ge
3d wavefunction penetrates the region of the halide atoms
(see Fig. 3c), and the Auger energies are expected to be very
low. This assumption is supported by the fact that the experi-
mentally observed linewidth of GeF, is at =310 meV larger
than that for GeCl, (=270 meV);" the corresponding experi-
ments are, however, performed with medium resolution so
that contributions caused by vibrational progressions cannot
completely be ruled out. It is also interesting to note that the
reported 3d lifetime broadening of GeH, is at =190 meV*
significantly larger than that of the isoelectronic molecule HBr,
which can be described well in the one-center approximation.*®
For the latter molecule lifetime broadenings between 97 and
111 meV*’ are reported for the different spin-orbit and ligand-
field splitting components. This observation is in contrast to
the isoelectronic molecules SiH,>* and HCl,?* where the latter
one shows the larger lifetime broadenings. Finally, we want to
point out that all reported Ge 3d ™" lifetimes of GeX, molecules
are at ~200-300 meV much larger than the value of 48 meV
calculated for atomic germanium.>® All these findings suggest
that the Ge 3d ™" holes of GeX, molecules provide an interesting
possibility to study the influence of low-electron Auger decays
on the lifetime broadening in detail.

In the following we shall qualitatively discuss the possibility
of ETMD-like processes in SiF,. For this we discuss the overlap
arguments resulting from eqn (2) by comparing them for XeF,
and SiF,. In detail, the overlap of the core hole and the valence
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vacancy probably favors SiF, due to the shorter bond distance.
The overlap of the second valence orbital and the continuum
wavefunction should increase with decreasing bond distance
and with decreasing Auger energy. Here the situation is less
clear since the bond-distance argument favors the SiF, molecule
while the Auger-energy argument prefers the XeF,, molecules. For
XeF,, significant ETMD-like contributions to the lifetime have
been shown by Buth et al' It is consequently reasonable to
assume that significant ETMD-contributions occur also for SiF,,
in particular since the estimated IAED-like and ICD-like lifetimes
are not suited to explain the experimentally observed lifetime.
Using the estimated ratio |Tigp|” = 10:|Ticp|” = 100-|Termpl?,
which is close to the values obtained by Buth et al for XeF,
molecules,'® and the two-hole population ratio of 0.01:0.15:0.85
for Si2:Si 'F *:F 2 in SiF,* we obtain I'irgp:licp: lervp =
1:1.5:1, ie all three processes contribute on the same order
of magnitude. This is in reasonable agreement with the values
I'agp = 14 meV calculated by McColl and Larkins using the one-
center approximation® and I'icg = 12 meV estimated by Thomas
et al.® based on the model of Matthew and Komninos."* However,
for a definitive statement extended theoretical studies are necessary.

To summarize, we want to present an illustrating example.
For this we performed for two-hole SiF, and SiCl; a Lowdin
population analysis based on restricted Hartree-Fock (RHF)
calculations for the ground states of both molecules. For SiF,
we obtained a fraction of 1.17% for Si~2, 19.3% for Si"'F~', and
79.5% for F,; 'F, " plus F~?, which is in reasonable agreement
with more specific calculations resulting in 1%, 15%, and 85%,
respectively.* For SiCl, we obtained a fraction of 1.85% for Si 2,
23.5% for Si"*Cl™', and 74.7% for Cl; 'Cl, ' plus Cl 2 The
Si~? contributions of SiCl, are by =60% larger than that of SiF,
so that the assumption of a similar value of |Tisep|* for both
molecules results in a significant increase of the lifetime
broadening based on intra-atomic electron decay, in reasonable
agreement with calculations specified for the Si 2p~* core hole®
resulting in 14 meV for SiF, and 32 meV for SiCl,. Contrary to
this, the relative changes for the Si~'X ! and the X; "X, " plus
X2 fractions are much smaller. However, as discussed above
we expect for SiCl, (as well as for SiBr,) due to the larger Si-X
bond distances much smaller values for |Ticp|® and |Termp|* 0
that ICD-like and ETMD-like processes are strongly suppressed,
i.e. instead of three comparable contributions IAED becomes
clearly dominant. In particular, a comparison of the ICD-like
2p " lifetime contributions in Table 3 indicates that |Tjcp|> for
SiCly is by a factor of 15 to 20 smaller than for SiF,.

4 Summary and conclusion

The Si 1577, Si 257, and Si 2p ™" photoelectron spectra of a series
of SiX, (X = F, Cl, Br, CH;3) molecules were measured and subject
to a Franck-Condon fit analysis taking into account the change of
the geometry upon ionization. Using the known Si 2p~* core-hole
lifetime widths the experimental resolution was determined to be
270(10) meV. This allowed determining for these molecules the
Si 1s ' and Si 2s ' lifetime widths and revealed an anomalous
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short lifetime for the Si 25" core hole in SiF, compared to the
other studied molecules. This finding is in agreement with the
results for the Si 2p" core hole, with a significantly shorter
lifetime for SiF, than for the other studied molecules.

For the 2s™" core holes the differences in the lifetime broad-
ening for SiF, and the other measured SiX, molecules can be
explained well with the model of Matthew and Komninos,"* which
describes ICD-like processes. Consequently, we assign the lifetime
for the SiX, (X = Cl, Br, CHj) to IAED processes and the difference
to SiF, to ICD-like processes. For a better understanding of this
finding, complementary studies on the Si 2s~" Auger spectra of
the different SiX, molecules are necessary. To record such data
coincidence measurements have to be performed since the Si 25"
Auger spectra energetically overlap with those of the Si 2p~* Auger
spectra. Moreover, the model of Matthew and Komninos also
predicts significant ICD-like Auger decay for the S 2s™* core hole
of SF, and the P 2s™! core holes of PF; and PFs. These results
suggest to perform studies similar to those presented in the
present work for a number of sulfur and phosphorus containing
molecules including SFe, PF;, and PFs.

Finally, for the Si 2p~" core hole of SiF, the estimated IAED
and ICD-like contributions are too small to explain the difference
in lifetime between this molecule and SiCl, as well as SiBr,.
We believe that this discrepancy can be explained by the occur-
rence of ETMD-like processes. Such processes are calculated to
cause significant contributions to the lifetime broadening of XeF,,
(n=2, 4, 6) molecules. A detailed comparison of the XeF,, (n =2, 4,
6) molecules and SiF, leads to the conclusion that the bond
distances and the Si 2p~" Auger energies are also in favor of such
processes. As another possible candidate for ETMD-like processes
the Ge 3d™" core-hole decay of GeF, is identified. However, for
more definitive answers sophisticated calculations are necessary,
and may be the subject of further investigations.
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