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Double-core-vacancy excited states are observed in the photoabsorption spectra of gas-phase sil-
icon molecules, SiX, (X =H,CH,,F,C]1,Br). We interpret the structures as originating from 1s2p
and 1s2s electron excitations into unoccupied valence orbitals. The energies of the observed struc-
tures are found at much higher energy than the sum of individual core excitations primarily because
of the Coulomb repulsion of the core holes within the silicon atom. Using Hartree-Fock calcula-
tions, we interpret the energy separation of the first doublet structure as the singlet-triplet splitting
because of the 1s-2p (1s-2s) exchange term. Molecular effects due to the ligands are found in the ab-
solute energies and in the second peak shape. We estimate the energy of the double-core ionization
continua, 1s “'2p ~!'and 1s “'25 7!, to be around 25 eV above the double excited states.

I. INTRODUCTION

Photoabsorption spectra in the x-ray region are usually
interpreted in terms of a one-electron scheme; however,
many-body effects are present and may account for a con-
tribution up to a few percent of the total cross section.
According to the energy of the additional electron(s)
which is (are) excited, multielectron excitations occur in
different regions of the main one-electron edge. In the
case of valence electrons shake up, they affect the near-
edge structure of the threshold, while when core elec-
trons are excited, they occur in the region of the extended
x-ray absorption fine structure (EXAFS).

Excited states with double-core vacancies have been
observed in the photoabsorption spectra of rare gases' *
but not in gas-phase molecules. However, Cederbaum
et al.® have recently discussed double-core vacancies ex-
cited states, in a comprehensive theoretical study of
several prototype hydrocarbon molecules and predicted
the corresponding transitions to be a significant
phenomenon, compared to single-vacancy excited states.
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This is because the cross section of double core vacancies
are found®’ to decrease rapidly with increasing atomic
numbers and this favors systems built with low-Z ele-
ments.

In condensed-phase materials, multielectron excita-
tions have been revealed in many cases,®!! in spite of the
EXAFS signal which generally hinders the double excita-
tion part of the absorption cross section. On the other
hand, EXAFS data analysis, which is of great interest for
structural investigations, may be complicated by the pres-
ence of double-electron excitations. As a matter of fact, a
rather high contribution of the Si 1s2p excitation has
been evidenced® in the photoabsorption cross section of
amorphous hydrogenated silicon (a-Si:H), 124 eV above
the Si 1s threshold, which strongly interferes with the
EXAFS signal.

In the present paper, we report experimental evidence
of excited states with double-core vacancies in the 1s plus
2p shells and in ls plus 2s shells in the photoabsorption
spectra of gas-phase tetrahedral molecules SiX,
(X=H,CH,;,F,CL,Br). The fact that the two holes are lo-
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calized in distinct core orbitals allows the core electrons
to be coupled as singlet and triplet. By means of
Hartree-Fock calculations, we show that the energy sepa-
ration between core electrons singlet and triplet states
largely dominates any other coupling phenomenon. We
show that the absolute energy of the observed multiplet
components, which is much larger than the sum of the in-
dividual core excitations, is due to the Coulombic repul-
sion energy between the two localized holes. We evaluate
also the energies of the double-ionization onsets for 1s2p
and 1s2p core orbitals.

II. EXPERIMENT

Photoabsorption spectra were recorded using synchro-
tron radiation emitted by the (Anneau de Collision
d’Orsay) (ACO) storage ring at the LURE Laboratory.
The details of the apparatus and experimental procedure
have been described previously.'>!* Briefly, a double
crystal monochromator equipped with two InSb(l111)
crystals, provides a monochromatic photon beam with a
0.4-eV band pass at 1850 eV. The gas cell is 143 mm long
and filled with the molecule of interest with a typical
pressure between 3 and 20 Torr. The transmitted beam is
detected with an ionization chamber. The photon energy
was scanned with 0.3- or 1-eV steps depending on the
width of the structure. The photon energy scale has been
carefully calibrated around the Si K edge using a SiC:H
solid sample as a reference.'* With this calibration, the
accuracy of the photon energy scale is 0.5 eV. Com-
mercially available gases have been used without further
purification.
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III. RESULTS AND DISCUSSION

In Fig. 1 we present the full photoabsorption spectrum
of SiF,. We have magnified the region of interest above
1970 eV in the insert. Similar photoabsorption spectra,
reduced to the region above 1960 eV, in related molecules
silane (SiH,), tetramethylsilane [Si(CH,),], silicon tetra-
chloride (SiCl,), and silicon tetrabromide (SiBr,) are
shown in Fig. 2. The most intense transition seen in Fig.
1 (which is present also in the other molecules, but not
shown in Fig. 2, except SiBr,) right below the Si ls ion-
ization edge is known to originate from a one-electron
transition Si ls—o*(¢,), where o*(t,) is one of the
unoccupied antibonding (Si—X) valence orbital. More
details on neighboring features (discrete core excited
states and shape resonances as well as doubly excited
states resulting from the simultaneous excitation of a core
and a valence electron) can be found in separate publica-
tions.!>16

The most important and new observation of the
present work is the evidence of multiplet structures ~ 130
and ~ 180 eV above the Si 1s edge. We have reported in
Table I the absolute energies of the most intense com-
ponent of the multiplets labeled 4; and B. Additional
shoulders and asymmetry broadening of the A; features
have been observed but have not been considered in
Table I. These features originate from the double excita-
tion of a 1s electron and a 2p electron (type A4;) and the
double excitation of a 1s and 2s electrons (type B). This
general assignment is based on the following reasons.

Firstly, at about the same energy above the 1s absorp-
tion edge where the A; features are found, double-hole
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FIG. 1. Photoabsorption spectrum of SiF, in the 1800~2300-eV energy range. The relevant features are shown on an extended en-
ergy scale. The present calculations of the doubly excited state multiplets (strong transitions of Table IV) and the double ionization
limits (Table V) are reported in scaling (— 13-eV shift) the lowest calculated transition, for 1s2pa*? configurations, to the 4, peak.
For the 1s2s0*? configurations, the scaling (—28-eV shift) of the doubly excited states (Table IV) and the corresponding double-
ionization limits (Table V) are made to the center of the B peak (see text). The notation S or T refers to the coupling of core electron
in singlet and triplet. Each transition into a,a, a,?,, and ¢,¢,, allowed by symmetry, is generally indicated by a singlet-triplet pair.
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FIG. 2. Comparison of photoabsorption spectra of SiX, (X =H, CHj, Cl, and Br) in the region above 1950 eV. The double-core va-
cancies are labeled A4, and B, respectively, for 1s2p and for 1s2s vacancies (see text). The relative intensity from one molecule to the
other has been established by normalization to the reference peak area and the partial pressure. For SiBr,, the inset is shown for ex-
plaining that the low contrast originates from the superposition of the Br 2s and Si 1s continua.

excitations originating from 1s2p electrons have already
evidenced in various amorphous silicon compounds.® As
a matter of fact, the relative energy of the mean value of
the multiplet labeled 4, and A4,, which amounts to some
130 eV, is not far (although significantly larger) from the
excitation energy for exciting a silicon 2p electron into
one of the low-lying o* orbitals (106 to 109 eV in SiF,,
Ref. 15). An even better agreement in atomic silicon is
found using the Z +1 approximation in the presence of
an additional core hole. A 122-eV value is predicted!’
when a 2p electron is excited in the presence of a core
hole. With similar considerations, the B wide feature
which, in all compounds lies at ~45 eV above 4, can be
assigned as due to ls2s double-core excitation because
the 2s electron binding energy is roughly 50 eV larger
than the 2p one.

Secondly, the intensity of A4; and B features, which
amounts to about 1% of the intensity of the one-electron
transition, is of the same order of magnitude than previ-

ous observations.! #8711 It also should be observed that
the A4 and B features are much more narrower (some 3 to
4 eV full width half maximum) than shape resonances or
EXAFS oscillations which extend over 10 (or more) eV.
This is especially evident in Fig. 1. Such widths are com-
parable to those of the reference peak. This can be un-
derstood in terms of a long lifetime reminiscent of elec-
tron autoionization rather than direct ionization of the
core electron. Such phenomenon has been experimental-
ly evidenced in the SF¢ molecule excited near the sulfur
1s edge by Ferrett et al.'® In the particular case of B, its
width of some 4 eV is found much wider than those of
A;, partly because the 2s lifetime (1.5 eV) is larger than
the 2p one (0.1 eV). We consider that this width is too
small to interpret B as a shape resonance. Nevertheless,
the shape resonance associated with the ejection of the 1s
electron in SiF, is found at much lower energy.!> Addi-
tional arguments for interpreting the B feature as due to
152s excitation will be given below.

TABLE 1. Energies of double-core-vacancy excited states in SiX, (X=H,CH;,F,Cl,Br). The refer-
ence peak energy [1s —o(t,)] is indicated for comparison.

Is—o(t,) Energy (eV)
Molecules Refs. 15 and 16 A, A, A, Ay B
SiH, 1842.5 1973.8 1980.3
Si(CH3),4 1843.6 1974.0 1981.3 1987.3 1994.3 2027
SiF, 1849.0 1984.0 1990.9 2013.9 2027
SiCl, 1846.0 1977.1 1984.3 1990.6 1995.0 2028
SiBr, 1845.0 1977.3 1984
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We now analyze in more detail the energy of the multi-
plets. From electric dipole selection rules within the
tetrahedral symmetry group 7T, the total symmetry of
any of these double excited states is T,. Therefore, if the
two core holes are found in the ls and 2p orbitals,
the three configurations 1Is '2p “lo*(a,)o*(t,),
1s 2p " lo*(a;)o*(a,), and 1s '2p lo*(t,)a*(t,)
must be considered, since the Si 1s and Si 2p have, respec-
tively, the a, and ¢, symmetry and the first two empty or-
bitals available for the transitions have the a, and ¢, sym-
metry.'>'® Similarly, if the two core holes are found in
the 1s and 2s orbitals, only the two configurations
1s 125 "'o*(a,)o*(t,) and 1s 125 “lo*(t,)0*(t,) must
be considered. The other one 1s '2s 'o*(a,)o*a, is
symmetry forbidden. The total multiplicity of the final
state is ruled by the total spin. Since we deal with a
closed-shell molecule, i.e., a singlet initial state, we expect
transitions to singlet states to be dominant. However, be-
cause of the spin-orbit matrix elements are not negligible
for Si 2p core level, transitions into triplet states are not
strictly forbidden and may be observed but as weak
features.

We now evaluate in terms of the Hartree-Fock model
the excitation energy E;; i, of a doubly excited state
with two core vacancies i and j and two excited electrons
in the unoccupied k and [ orbitals. In the general case,
i.e., i#j, k=1, we obtain one quintuplet, three triplet,
and two singlet states. If these possible final states are
built by coupling on ihe one hand, the i and j core elec-
trons in singlet or triplet states and, on the other hand,
the two valence electrons k and / in singlet or triplet, the
matrix elements of the electronic Hamiltonian between
the different final states are expressed only in terms of
core-valence exchange integrals (K, K;;,K,K;;). These
integrals are very small compared to core (K;;) and
valence (K;;) integrals and therefore are neglected. In
this approximation, the transition energies are reduced to
the simple formulas

E; =E,_+E_ +J+H# (n

where E;, , and E;_,; are the single-core excitation ener-
gies, & is the total Coulomb term with
F#=J; +J—Ju—J i, and ¥ is the total exchange term,
given in Table II (except for the quintuplet state which is
not considered here). Notice that the &;;_,, term is valid
for any i, j, k, and ! including i =j and k =/, whereas #
depends upon the coupling of the electrons in singlet or
triplet. In the preceding expression, the & term includes
all individual J components. In contrast, in the # term,
the exchange between a core and a valence electron, of
the K, type, are neglected. The & and # terms are, re-
spectively, dominated by the J;; and K, core com-
ponents. The other J’s and K’s which involve the valence
electrons represent only 1 or 2 eV. Taking SiF, for a nu-
merical application, we have calculated the J;; and K
terms for all possible vacancies in silicon (Table III). In
addition, we have evaluated the #+# term defined in
Eq. (1) and added it to the experimental values of
E; «+E; .,. This procedure has the great advantage of
including, at least partially, relaxation phenomenon. The
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TABLE II. Detailed expression of the total exchange term #
as a function of the total multiplicity.

Configuration Singlet Triplet
ii—kk
ii—kl + K —Kyy
ij—kk +K; —K;;
ij—kl +Ku+Kj; K, —K;
"‘Kkl“Kij Kij_KkI
~_I<ij —Kkl

results are reported in Table IV. We have also reported
some qualitative indication of the line intensities on the
basis of the total multiplicity. Strong transitions are ex-
pected for singlet states as stated above. Weak ones are
expected for triplets allowed because of spin-orbit cou-
pling. Very weak transitions are expected when the
spin-orbit can couple only valence electrons. Notice that
these qualitative considerations apply only to cases when
the exchange term K; is large compared to the spin-orbit
term, i.e., when the LS coupling is valid.

We have also calculated, along the same lines, the
double-core ionization limit E*. We have obtained the
following formula:

E;"=E'+E"+J,;+K,,+C (singlet or triplet) , (2)

where E;* and E;" are the single-ionization energies for
the i and j core orbitals and C is a constant which in-
cludes relaxation and correlation effects. We have report-
ed in Table V the corresponding double-ionization limits
in taking experimental values rather than theoretical ones
for single-ionization energies. This procedure has the ad-
vantage of accounting at least partly for the unknown C
constant. The only previous evaluation of such E,%* en-
ergies has been made by Szargan et al.'® In SiF, they
found using a core-level occupation of 1s'32p> in this
molecule a 2012.8-eV value resulting from the addition of
the 1s and 2p binding energies calculated with the multi-
ple scattering X, model. Notice that this value does not
include any exchange term and must be compared with
the mean singlet-triplet value (2030.1 eV) extracted from
Table V. This point will be discussed below.

Similar calculations give the term value 7}, ,, which

represents the energy difference E;" —E,; ;. We obtain
the following formula:
Ty =T o+ T+t —Jy, 3)

where T; ,, and T, ,; are the term values for singly ex-
cited states. Notice that Eq. (3) refers to the mean term
values for singlet states only. We readily observe that

TABLE III. Coulomb and exchange term energies (eV) for
two core vacancies, in the silicon atom as extracted from a SCF
calculation of neutral SiF,.

Core
vacancies Isls 1s2s 1s2p 2s2s 2s2p 2p2p
Jij 229.7 61.7 65.6 437 449 50.3
K;; 5.0 2.75 9
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TABLE IV. Calculated energies of the multiplet double-core-vacancy states of SiF, using the

Hartree-Fock model.

Core Excited Total F+H E+E,+F+H?
vacancies electrons multiplicity (eV) (eV) Intensity
1s2p (T) a,a; (S) triplet 46.6 1996.1 weak
1s2p (S) aa, (S) singlet 52.1 2001.6 strong
1s2p (T) at, (T) singlet 454 1997.4 strong
1s2p (T) at, (T) triplet 45.4 1997.4 weak
1s2p (T) at; (S) triplet 49.0 2001.0 weak
Is2p (S) at, (T) triplet 50.9 2002.9 weak
1s2p (S) at, (S) singlet 54.5 2006.5 strong
1s2p (T) t,t, (T) singlet 479 2004.0 strong
1s2p (T) tyt, (T) triplet 47.9 2004.0 weak
1s2p (T) tyt, (S) triplet 48.4 2004.5 weak
1s2p (S) tyt, (T) triplet 53.4 2009.5 weak
1s2p (S) t,t, (S) singlet 53.9 2010.0 strong
1s2s (T) at, (T) singlet 394 2048.4 strong
1s2s (T) at, (T) triplet 394 2048.4 very weak
1s2s (T) at, (S) triplet 43.0 2052.0 very weak
1s2s (S) at, (T) triplet 49.4 2058.4 very weak
1s2s (S) aty (S) singlet 53.0 2062.0 strong
1s2s (T) tyt, (T) singlet 42.1 2051.5 strong
1s2s (T) tyt, (T) triplet 42.1 2051.5 very weak
1s2s (T) tyt; (S) triplet 42.6 2051.6 very weak
1s2s (S) at, (T) triplet 49.4 2058.4 very weak
1s2s (S) 1ty (S) singlet 52.6 2061.6 strong

*The E; experimental energies are extracted from Ref. 15. For 1s—a,, 1846.5 eV; for 1s—t,, 1849.0
eV; for 2s—o*, 160 eV; for 2p —a,, 103.0 eV; and for 2p —1¢,, 107.1 eV.

there is no additivity as far as the individual excitation
(or ionization) energies are concerned. In the present
case, the relevant J and K values which are useful for the
T evaluation are reported in Table VI. Notice that the
sum of J;,; +J —Jy, is always positive. The term values
for single excitation, known from previous experiments,'’
are also reported in the same table. The resulting T};_,,,
terms are found to equal to 25 eV. Such values are found
extremely large compared to those associated with single
excitation essentially because of the large additional posi-
tive terms mentioned above.

Other ionization limits must be considered, i.e., those
resulting from the excitation of a core electron plus the

ionization of another like E;" ; ; ... We obtain
+ -
Eljmo=Ej gt Tkt =i - )

There are many combinations leading to distinct single
ionization limits. For example, taking i =2p, j=1s, and
k=t, we find

TABLE V. Double-core ionization limits (eV) evaluated with
formula (2) using experimental E;* values (see Ref. 15).

EX*
ij
i j E* E/ Triplet Singlet
1s 2p 1850.5 112 2027.35 2032.85
s 2s 1850.5 163.6 2067.8 2087.8

+ —
EZp—»IZ,]SHoo —E2p~»t2,ls—>tz +T1:—>12 +2.5eV.

As above for each. type of transition, the two core elec-
trons can be coupled in singlet and triplet states, increas-
ing again the number of possible values. Although we
did not report them in a table, we expect them all in be-
tween E;;_;; and E,3»+.

We have reported in Fig. 1 the calculated values of
Tables IV and V, but in retaining only the strong transi-
tions and in scaling the energy of the lowest member of
the multiplet (1s2p —0*?) to the A, experimental peak.
In the case of the multiplet from the 1s2s—o*?
configuration, we have scaled the mean value of the mul-
tiplet energy onto the center of the B band. The respec-
tive shifts amount to some — 13 and —28 eV. They must
be considered as the bad evaluation of the absolute corre-
lation and reorganization effects inherent of the present
crude model. Nevertheless, we feel that the relative
values of the energies can be trusted for analyzing the
gross features of the spectra. Similarly we have reported
in Fig. 1 the double-ionization energies (Table V)
1s " '2p ~! and of 1s " !2s 7!, in scaling them, respectively,
by —13 and —28 eV as done for the double-core excita-
tion energies. The other ionization continua which corre-
spond to one ionization and one excitation, i.e.,
E,-+_,k’j_+ «» Which are other convergence limits are not re-
ported because they are too numerous.

Let us consider the results of Figs. 1 and 2, in light of
the present calculations. In the first place, the number of
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TABLE VI. Relevant J (eV) and term values (eV) for singly and doubly excited states in SiF,, using
the Hartree-Fock model. The term values for singly excited states are extracted from experiment; see

Ref. 15.

i j k ) J; J; Ju T . T; ., T T .« Ty
s 2 a t, 1188 1289 922 6 3.2 24.76
s 2p t, a, 14.0 11.5 9.22 3.5 5.5 24.88
Is 2s a, t, 11.88 12.85 9.22 6 3.6 25.11

so-called “‘strong” transitions in Table IV exceeds the
number of observed lines. This is because we have not
considered the cross sections. The corresponding calcu-
lations requires the description of the system beyond the
independent-electron model and have not been done in
these molecules. Nevertheless, it is reasonable to expect
finding different transitions with different probabilities.
Let us consider the A; structures: If, for example, we as-
sume that the isolated transition 1s2p —a,a, has a negli-
gible cross section, then the agreement between theory
and experiment becomes fair and we are left with two
couples corresponding to 1s2p —a ¢, and 1s2p —t,t,.
Indeed, in this case the most probable transition would be
1s2p —a,t, giving rise to A, and A4,. The other transi-
tion 1s2p —t,t¢, is likely responsible for the shoulder and
the asymmetric broadening found on each side of the 4,
feature. Consequently, the 4 ,- A4, energy separation of 7
eV is due to the S-T separation of the 1s2p —a, ¢, transi-
tion which equals at most 2K;; +2K,,. It is largely dom-
inated by the core-electron exchange term. This explains
that the A4,-A4, energy separation is a characteristic of
the silicon atom and does not vary significantly from one
molecule to the other. The molecular nature of the tran-
sitions is reduced to the K, term and is only responsible
for the deviation to the 2K;; value and the presence of the
multiplet around the A, line. The only measurement to
our knowledge which can be compared to these results
was performed on the neon atom by Esteva et al.® Here,
a shape very similar to our spectra was found, with two
sharp lines at the edge at a distance of 3 eV which is very
close to the value of 2K ,,,=2.48 eV which we calculate
with the same approach. In contrast, when core-core va-
cancies are found within the same orbital (1s1s, 2s2s, and
2p2p), the K;; term (Table III) does not exist. Conse-
quently, the singlet-triplet separation is reduced to the
term exchange of the valence electrons, which amounts
typically to 1 or 2 eV only. This remains to be verified
experimentally.

Let us analyze the other structures labeled 4; and 4,.
From Fig. 2, one sees that they are much broader than
A, or A,. They are the most pronounced in SiCl, and in
Si(CH;),. They have a relative energy compared to 4,
around 13 to 20 eV and this value depends on the ligand.
The fact that there are no other E;; , lines but those re-
ported in Fig. 1, we believe that those features reflect oth-
er double excitation features described by formula (4),
i.e., those which result from one-core excitation plus
one-core ionization. Their relative energy with respect to

normal double-core vacancies excited states equals to
T; ., tJj —Jy, and this sum depends on the ligand. If
we reduce the transitions to (ls—1,,2p— ),
Is —>,2p—t,), (1s—a;,2p—> ), or (1s—0,2p—a,)
including the singlet-triplet coupling of the core elec-
trons, we expect already eight lines above the A, features.
Taking typical values of T and J in SiX, molecules, we
expect them around 7 to 15 eV above A;. Consequently,
the interpretation of 4; and A4, as due to simultaneous
excitation and ionization of 1s and 2p electrons is reason-
able. Notice that in neon, Esteva er al.® observed supple-
mentary lines to the double excitation features which
resemble the present observations. Although Esteva
et al.® did not interpret them in detail, they found them
close to ionization limits like 1s — o, 2p —np, or ns.

The analysis of the B feature is more complicated. In
the first place, we could not detect any multiplet within
our signal-to-noise limit. Notice that the short lifetime of
the 2s hole (and 1s) is not favorable for detecting weak
features associated to 1s2s double excitation. In our first
analysis, we have considered that the B- 4; energy separa-
tion amounts to some 50 eV, i.e., the 2p-2s binding energy
separation and that the B width is not compatible with a
multiple scattering resonance or an EXAFS oscillation.
A final possibility could be the onsets of the 1s'2p !
double-ionization continuum because the present calcula-
tions predict it not far from B (Fig. 1). We do not favor
this interpretation because in a one-electron scheme
analysis of photoabsorption spectra at core edges, the
continuity of the oscillator strength from bound states to
the continuum, combined with the short lifetime of the
core hole, makes the amplitude of the ionization continu-
um very weak compared to the first allowed core to
valence bound state. If this analogy is conserved for the
double-ionization excitation spectrum, we expect the
magnitude of the double-ionization continuum to have a
very small amplitude compared to those of the bound
states ( 4;). Consequently, we are left with the interpre-

1

tation of B being due to 1s2p — 0% double excitation.
With the preceding interpretation, we now discuss the
absolute energies of these features. The calculated values
of Table IV are too high in energy compared to experi-
ment since a shift of —13 eV (or —28 eV) has been neces-
sary to compare with the experiment. This is inherent to
Hartree-Fock calculations and the fact that core-hole
screening effects are not properly taken into account.
Indeed, the calculation of Szargan et al.!® which imposes
a core level occupation like 1s'°2p° found a much lower
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energy than the present experiment. In any case, the
large experimental gap between the energy of the refer-
ence peak and the A; and B peaks, as seen in Table I, is
not only due to the supplementary energy of exciting a 2p
or 2s electron but also to the Coulombic repulsion be-
tween the core holes [the & term of formula (1)]. This
term amounts to more than 60 eV for 1s2p or 1s2s and
reaches 223 eV for lsls (Table III). The latter value,
which has not yet been confirmed experimentally, is com-
patible with the calculated value of 99 eV of Cederbaum
et al.’ for the double s vacancies in the carbon atom of
some hydrocarbons. The effect of the & term is probably
partly reduced because of relaxation, screening and corre-
lation effects.

As a conclusion, we have observed double-core vacan-
cies in photoabsorption spectra of isolated silicon com-
pound molecules. We interpret with the Hartree-Fock
model the experimental observations in terms of 1s2p and
1s2s core excitation into low-lying unoccupied valence
orbitals. The almost constant energy separation between
the two low-lying features 4, and A, is mainly due to
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the coupling of the core electrons in singlet or in triplet
and is essentially independent of the chemical environ-
ment around the silicon atom. The effect of the ligands is
reduced to a broadening of the bands because of the pres-
ence of several electric dipole transitions allowed in the
tetrahedral symmetry group. Finally, from this work, we
predict that the energies of double-core ionization limits
which can be determined with photoelectron spectrosco-
py should be expected some 25 eV above the 4, and B
structures.
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