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The double core vacancies in silane and tetrafluorosilane are theoretically investigated. The cor-
responding wave functions and energies are computed using propagator methods, and the results
are analyzed in some detail. The analysis is performed by breaking up their binding energies into
the most relevant components, such as the hole-hole interaction terms and many-body contribu-
tions. An unexpectedly large number of satellite states are predicted, which we take as a possible in-
dication that a breakdown of the molecular-orbital picture of double ionization could also occur in
core-vacancy situations. By comparing with self-consistent-field (SCF) results, we encounter an in-
teresting singlet-triplet separation problem that should be typical for multiple vacancies and is
shown to be attributed to a deficiency inherent to the SCF procedure itself. The results on the dou-
ble core holes in SiX, (X =H,F) are compared and related to single core vacancies and to experi-
mental data on corresponding double-core-excited states.

I. INTRODUCTION

The removal of a single core electron in atoms, mole-
cules, and solids has been investigated in many experi-
mental and theoretical studies and is still a popular
topic.! In contrast to the creation of single core vacan-
cies, much less attention has been paid to the creation of
a double or multiple vacancy in the core. Technical
reasons and the smaller cross sections make the creation
of doubly core-ionized states and their experimental
detection difficult. We mention that the cross section is
enhanced when considering heavy atoms. To the
knowledge of the authors, no experimental results are yet
available for molecular double-core-vacancy states. A
few theoretical investigations on these states have been
carried out.>? On the other hand, experiments on double
vacancies in the core of argon* and of heavier atoms (e.g.,
nickel® and copper®) give rise to the hope that for mole-
cules double-core-hole states can also be expected to be
produced and analyzed in the near future. This assump-
tion is supported by the recently reported finding that
double-core-vacancy-excited states of molecules have
been observed in gas-phase photoabsorption spectra.’-8
In these experiments two core electrons are excited
simultaneously by absorption of a single photon of
sufficiently high energy. The energies of the double-core-
vacancy-excited states converge to the double-ionization
potentials and, therefore, these experiments allow for an
estimate of the binding energies of the corresponding
double-core-hole states, e.g., the energies needed to eject
two electrons out of the core.

In the present paper, we are interested in the binding
energies of double core vacancies in molecular systems.
We focus on the double-core-hole states in silane (SiH,)
and tetrafluorosilane (SiF,). Lacking experimental results
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on double-core-hole states of these molecules we compare
our theoretical results with the experimental data avail-
able for the corresponding double-core-vacancy—excited
states.” Both silicon compounds have a central atom
with more than a single core orbital and thus a manifold
of doubly core-ionized states can be created where both
vacancies are localized on the same atom. The detach-
ment of the core electrons can take place either out of the
same or out of different spatial orbitals. In the latter case
the spins of the remaining electrons can be coupled to
singlet or triplet double-core-hole states. For
tetrafluorosilane the number of possible double-core-
vacancy states is further increased by the fluorine atoms.
The existence of the fluorine core orbitals allows for
another type of double-core-hole state where the holes
are created at different atoms. We refer to these states as
two-center double-core-vacancy states. In analogy, the
other states are called single-center states. The binding
energies of these different types of doubly core-ionized
states of silane and tetrafluorosilane are calculated and
analyzed. Particular attention is paid to the response of
the systems to the sudden creation of a double vacancy in
the cores. For that purpose we study the relaxation pro-
cesses as well as the repulsion effects occurring in the
double-core-hole states. By comparing single and double
core ionization energies we try to reveal the relation
among these vacancies for the general class of molecules
consisting of at least one atom with more than a single,
core orbital.

II. TECHNICAL DETAILS OF THE COMPUTATIONS

For the investigation of the double-core-hole states of
silane and tetrafluorosilane we have applied two different
types of methods. Within one of these approaches
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Green’s functions are used allowing for the direct compu-
tations of the desired binding energies of double core
holes. These are the energies needed to eject two elec-
trons out of the core from a system and they are given as
negative poles of the particle-particle (p-p) propagator® '
in energy space. The p-p propagator has already been ap-
plied to compute doubly ionized valence states.!! 15 Nu-
merical results on double-core-hole states of hydrocar-
bons computed by this method are also available.” The
particular scheme used here and in previous works!2™13
to approximate the p-p propagator is referred to as alge-
braic diagrammatic construction (ADC). The ADC(n)
scheme consists of all terms up to and including nth or-
der of the perturbation expansion of the propagator and
approximates higher orders by infinite partial summation
of terms. For the p-p propagator the scheme is derived
and discussed up to second (n =2) and third (n =3) order
in Refs. 16 and 17, respectively. The general computa-
tional details are given in Refs. 12(a) and 13(b).

In the present paper, we have applied the second-order
ADC scheme (n =2) to the p-p propagator so that the
ADC space is spanned by all dicationic configurations,
which can be classified as two-hole (2A) and three-
hole—one-particle (34-1p) configurations with respect to
the neutral ground state. Being interested in states with
two vacancies in the core, the so-called core-valence sepa-
ration has been used in this work (the number of core va-
cancies is preserved in all configurations). To assess the
inaccuracy introduced by this approximation we have
also carried out for SiH, full-configuration-space calcula-
tions without imposing the core-valence separability. In
the large SiF, molecule the highest five virtual orbitals
that are energetically well separated from the other virtu-
al ones have been excluded from the active configuration
space. The impact of this restriction of the active space
on the final results has been found computationally to be
quite small: the ADC eigenvalues, i.e., the binding ener-
gies of the double core vacancies, are subject to an aver-
age shift of 0.42 eV to lower energy.

The orbital energies and Coulomb integrals resulting
from self-consistent-field Hartree-Fock (SCF-HF) compu-
tations on the neutral ground state serve as input data for
the Green’s-function ADC(2) calculations performed in
this work on the SiH, and SiF, molecules. For both mol-
ecules we have used in the SCF-HF calculations a
double-zeta plus polarization (DZP) basis set consisting
of 6s,4p,'81d Cartesian Gaussians on silicon; 2s,1p on
each hydrogen;'® and 4s,2p,'1d on each fluorine. The
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exponential scaling factor for the s and p functions on hy-
drogen are 1.2 and 1.0, respectively. The exponent for
the d functions on silicon is chosen as 0.39 for both mole-
cules.?’ The exponent for the d functions on fluorine is
taken to be 1.62.2° The total number of basis functions
thus amounts to 44 and 88 for SiH, and SiF,, respective-
ly. The experimental equilibrium geometries of the neu-
tral ground-state molecules have been utilized.?! The
silicon-hydrogen distance is 1.4798 A and the silicon-
fluorine distance 1.55 A. The resulting ground-state HF
total energies are (in a.u.) —291.247681 and
—687.061 541 for SiH, and SiF,, respectively.

For SiH,, the full configuration spaces have the dimen-
sions 2115 (' 4), 2832 (*4), 2110 (!B;, i=1-3), and 2848
(B;,i=1-3), when using the Abelian subgroup D, and
the basis set specified above. Without imposing the
separability of core and valence electrons we obtain in the
case of SiF, spaces spanned by as many as 75491 (! 4),
108798 (*4), 75478 ('B;,i=1-3), and 108834
configurations  (B;, i=1-3). In the restricted
configuration spaces generated by imposing the core-
valence separation, the dimensions of the ADC(2) eigen-
value problems decrease to 1231 (14), 1659 (CA4), 1228
('B;,i=1-3), and 1667 (°B;, i=1-3) for SiH,. In the
case of SiF,, we are still left with 22287 (4), 31842
(4), 22282 (!B;,i=1-3), and 31854 configurations
(B;, i=1-3). These dimensions result if we count the
1s, 25, and 2p electrons of Si and the 1s electrons of F as
core electrons.

In addition to the ADC(2) computations we have also
carried out so-called ASCF calculations in order to deter-
mine binding energies of double-core-hole states in silane
and tetrafluorosilane at the SCF level. These computa-
tions are based upon separate SCF calculations for the
system’s ground state and the dicationic state under con-
sideration. The basis sets and geometries used in the
ASCEF calculations are the same as specified above.

III. NUMERICAL RESULTS
ON THE DOUBLY IONIZED CORES

Both the silicon molecules, silane (SiH,) and
tetrafluorosilane (SiF,), have a tetrahedral structure and
belong to the symmetry group T,;. The electronic ground
state of neutral silane and tetrafluorosilane are closed-
shell singlet states of A, symmetry and are described by
the following configurations:

SiH,
Core orbitals la? 2a? 1t$
Si(1s) Si(2s) Si(2p)
Valence orbitals 3a?2t$
Si—H bond
SiF,
Core orbitals la? 1t52a? 3a? 2t$
Si(1s) F(1s) Si(2s) Si(2p)
Valence orbitals 4a?3t$ 5a34t1e*5¢51t$
Si—F bond F lone pairs and Si—F bond

Inner valence Outer valence
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The orbitals are divided into a core and a valence part.
The specifications of the orbitals are also reported. We
wish to point out that the core orbital spaces defined here
are spanned by three and five orbitals for SiH, and SiF,,
respectively. The core-valence separation we have ap-
plied in the ADC(2) computations on these molecules is
based upon the appealing argument that, for core and
valence electrons, the differences in the localization in
space and in energy are quite large. In Table I we present
the HF orbital energies € of silane and tetrafluorosilane.
Considering only the Si(ls) orbital as a pure core orbital,
the energy gap between the core and valence orbitals
amounts to 1851.5 and 1831.0 eV in silane and
tetrafluorosilane, respectively. The gap is reduced in
silane to a value of 95.1 eV and in tetrafluorosilane of
74.3 eV when including the 2s and 2p orbitals of silicon in
the core space as well. For SiF,, the extended core space
additionally comprises the 1s orbitals of the four fluorine
atoms. Because of the localized nature of the four
equivalent fluorine atoms, the 17, and la, orbitals (origi-
nating from the same type of parent orbital) are nearly
degenerate.

Up to now there is, to our knowledge, no experience
available on the core-valence separation in the case of
two core vacancies. Imposing the separability of the core
and valence electrons means that the ADC space is limit-
ed to include only those dicationic configurations that
have two holes in the core orbital space independent of
the number of excitations of the valence electrons.®* The
impact of this approximation on the binding energies and

TABLE L

manifold of the double-core-hole states will be discussed
in some detail in Sec. IV.

The 10 core electrons in silane are distributed over 3
orbitals and allow for the creation of 12 (8 singlets and 4
triplets) double-core-hole states: 5 states of 4,; symmetry
(4 singlets and 1 triplet), 1 singlet state of E symmetry, 1
triplet state of T'; symmetry, and 5 states of 7', symmetry
(3 singlets and 2 triplets). Because of the high number of
18 core electrons in tetrafluorosilane (distributed over 5
orbitals) already 37 double-core-hole states can be created
when annihilating 2 core electrons from the neutral
ground-state electronic configuration: 13 states of A4,
symmetry (9 singlets and 4 triplets), 4 states of E symme-
try (3 singlets and 1 triplet), 4 states of T, symmetry (1
singlet and 3 triplets), and 16 states of T', symmetry (9
singlets and 7 triplets). In total 22 singlet and 15 triplet
states result.

In Table IT we have reported the binding energies and
character of the Si single-center double-core-vacancy
states for silane and tetrafluorosilane with at least one va-
cancy in the ls orbital. All the states and energies are
computed via ADC(2). In the framework of our ap-
proach, the character of a state is defined by the associat-
ed leading configurations and the squares of the corre-
sponding components of the ADC eigenvectors. As al-
ready anticipated from the HF orbital energies (see Table
I, in particular, the quantity 2¢), the energies needed to
eject the two 1s electrons is enormous for both molecules.
Interestingly, the substitution of hydrogen by fluorine
shifts the 1s double binding energy by 12.58 eV. The ex-

Energies of the occupied HF molecular orbitals in the electronic ground-state

configurations of silane and tetrafluorosilane, computed at the experimentally determined equilibrium

geometries (Ref. 21).

No.? Orbital Symmetry € (a.u.) —2¢ (eV)
SiH, core
1 Si(1s) 1la, —68.772 822 3742.8454
2 Si(2s) 2a, —6.122 637 333.2142
3 Si(2p) 1z, —4.229289 230.0860
SiH, valence
4 3a, —0.732052 39.8408
5 2t, —0.485934 26.4462
SiF, core
1 Si(1s) la, —68.967418 3753.4358
2 F(1s) 1z, —26.337996 1433.4012
3 F(1s) 2a, —26.337975 1433.4000
4 Si(2s) 3a, —6.300 849 3429132
5 Si(2p) 2t, —4.410322 240.0244
SiF, valence

6 4a, —1.681616 91.5192
7 3z, —1.642 623 89.3970
8 S5a, —0.868 440 47.2634
9 41, —0.789 420 42.9628
10 le —0.735477 40.0270
11 St, —0.714 965 38.9108
12 1z, —0.680 575 37.0392

*The orbitals are numbered going from the core to the valence region.
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TABLE II. Binding energies and character (leading configurations with the squares of the corresponding components of the ADC
eigenvectors) of single-center double-core-vacancy states in silane and tetrafluorosilane computed by ADC(2), imposing the separabil-
ity of core and valence electrons. For details see the text. The 2k components are underlined. All the 3%-1p components larger than
or equal to 0.01 are reported.

Silane Tetrafluorosilane
No. Specification® State Energy (eV) Character Energy (eV) Character
1 Si(1s ) 4, 3919.86 0.75 laj2 3932.44 0.77 1a;?
0.08 laj?2t; '4t3! 0.03 la;?4t;'7t;]!
0.03 la;23a;'4a;! 0.03 la;?5a7 ' 7ai!
0.02 la;23a;'9a;!
0.01 la;22a;'13a;!
2 Si(ls 1257 4, 2070.16° 0.73 la; '2a;! 2082.30° 0.76 la; '3a;!
0.13 lai'2ay'2t; 4¢3} 0.05 lay'3a;'4t; 17t}
0.05 la; '2a;'3a; '4at! 0.04 la;'3a;'5a7 ' 7a;!
0.02 la; '2a;7'3a;'9a;! 0.01 la;'3a;'5a;'6a!
3 Si(ls~'2s7") 34, 2059.39° 0.73 1a; '2a;? 2071.71° 0.76 laj '3a;!
0.12 lay '2a;'2t5 145! 0.05 lay'3a;'4t;'7t]!
0.04 la;'2a;'3a;'4a! 0.04 la;'3a;'5a;'7a;!
0.02 la;'2a;'3a;'9ai! 0.01 la;'3ai'5a;'6ai!
4 Si(ls ~'2p Y 'T, 2018.55 0.73 laj ‘145! 2031.07 0.76 la; 125!
0.12 la; 125 '2t; Y415 0.04 lay'2t; "4ty 175!
0.04 la;'1z; '3a; '4a; 0.04 la;'2t5'5a7 7a;!
- 0.02 laj'1t;'3a;'9a ! 0.01 laj'2t;'5a;"'6a;!
5 Si(ls~'2p~Y) 3T, 2012.34 0.74 la; ‘15! 2024.78 0.76 1a;'2t;!
0.12 lay ‘125 '2¢5 415! 0.05 lay'2t; '4t5 17t}
0.04 la;'1¢5'3a; '4a;! 0.04 lajy'2t5'5a7'7a!
0.02 lay'1t;'3a;'9a;"! 0.01 laj'2t;'5a; '6a;!

*The specification is given with respect to the parent orbitals of silicon.
"Here the 2p orbital of silicon was excluded from the core space and attributed to the valence space.

tended core orbital space allows for the removal of two
electrons out of different core orbitals and, thus, for the
study of singlet-triplet splittings in double-core-hole
states (see Sec. V B for more details). The binding ener-
gies of the remaining Si single-center double-core-hole
states in silane and tetrafluorosilane are collected in Table
III. The states with one or two holes in the 1s core orbit-
al of a fluorine atom are considered separately (see Table
IV) and discussed below. For reasons that become clear
in Sec. IV, we have excluded the 2p orbital of silicon from
the core space and attributed it to the “valence” part in
some cases [for the singlet-triplet pairs of A4, symmetry

in Table II and the ' 4, Si(2s ~?) states in Table III].

As expected for double-ionization processes out of core
orbitals, the vacancies are strongly localized in the dica-
tionic states of SiX, (X =H,F) and a clustering of states
with similar hole distribution results (see Tables II and
III). The single-center states decompose into three dis-
tinct groups and can be characterized according to their
hole distribution: above 3900 eV (binding energy) the
Si(1s ~?)-derived states occur; between 2010 and 2085 eV
we encounter the Si(ls ~'2s - and Si(ls ~'2p ~)-type
states; and finally, from 248 to 367 eV, those character-
ized by the Si(2s ~2), Si(2s "12p 1), and Si(2p ~?) popula-

TABLE III. Binding energies of energetically lower lying single-center doubly ionized core states in
silane and tetrafluorosilane computed by ADC(2), assuming the separability of core and valence elec-

trons. For details see the text.

Energy (eV)
No. Specification® State Silane Tetrafluorosilane

1 Si(2s 72 '4, 354.90° 366.56°

2 Si2s ~12p™hH 'T, 313.86 333-330°

3 Si2s ~'2p ") 3T, 296.08 312-309°

4 Si(2p % '4, 259.21 271.03

5 Si(2p % 'E 253.80 265.62

6 Si(2p ~?) 'T, 253.80 265.62

7 Si(2p 7?2 3T, 248.28 260.07

*The specification is given with respect to the parent orbitals of silicon.
“Here the Si(2p) orbital was excluded from the core space and attributed to the valence space.
°From a not fully converged ADC(2) calculation, the eigenvalue was estimated to lie in the specified en-

ergy region.
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tion.

After having presented briefly the numerical results on
the single-center double-core-hole states in SiX,
(X =H,F), we turn to the two-center double vacancies
possible in the core of SiF,. Two types of two-center
states can be created in SiF,: states where the vacancies
are located on equivalent (two fluorine atoms) or different
atoms (the silicon and one of the fluorine atoms) and
thus, we can expect the two-center states to cluster in two
groups. Table IV shows the binding energies and charac-
ter of these states computed via ADC(2). Indeed, we ob-
tain a group at 1403.88 eV, corresponding to states
with two holes on distinct fluorine atoms [for these
states we have introduced the shorthand notation
F,(1s 7")F;(1s ~") with i%}, see Table IV] and a group
comprising states with one hole on a fluorine atom and
one on silicon. Within the latter group we observe a fur-
ther clustering of the states in three subgroups according
to their hole distribution (over the core orbitals of Si): at
2569 eV we see the F(1s ~')Si(1s ~!)-type states; at 876
eV those characterized by the F(ls 1Si(2s 1)
configuration; and finally, at 820 eV  the
F(1s ~1)Si(2p ~1)-derived states appear. The clustering of
states as well as the energy gaps between the groups and
subgroups clearly demonstrate the localized nature of
core orbitals.

The behavior of the electrostatic repulsion between the
two holes allows us to distinguish between single- and
two-center double-core-vacancy states. Due to the more

efficient hole-hole repulsion, single-center states are ex-
pected to appear at higher energies than related two-
center states. A look at Table IV reveals another general
feature of dicationic two-center states: corresponding
singlet-triplet pairs are nearly degenerate. The singlet-
triplet splittings are found to be smaller than 0.01 eV.
This is in sharp contrast to the case of single-center
double-core-hole states where the splitting is very large
(see Tables II and III). The near degeneracy of corre-
sponding singlet-triplet pairs of two-center states reflects
the short-range exchange interaction between the holes
(see also Sec. V A).

IV. IMPACT OF CORE-VALENCE SEPARATION
AND SATELLITE STATES

In the present paper, we have applied the core-valence
separation to an extended core orbital space. Therefore,
it seems natural to pose the question whether it remains a
good approximation even if the core orbital space
comprises more than a single orbital. To answer this
question, we have computed the binding energies of the
double core vacancies in silane twice, with and without
making use of the genuine properties of the core orbitals.
For practical reasons we have included in the ADC cal-
culations all the configurations with two and three vacan-
cies in the core when using the core-valence separation.
We mention that the latter configurations with more than
two holes in the core orbital space need not be taken into
account in the strict core-valence separation.> The com-

TABLE IV. Binding energies and character (square leading components) of two-center double-core-
hole states in tetrafluorosilane computed by ADC(2), imposing the core-valence separation. For details

see the text.

No. Specification® State Energy (eV) Character
1 F(1s~"HSi(1s ™Y 'T, 2569.16 0.78 la;'1z5!
2 F(1s HSi(1s ") ’T, 2569.17 0.78 laj '1z;!
3 F(ls " HSi(1s ") '4, 2569.16 0.78 la; '2a;!
4 F(1s ™ hHSi(1s 1) 34, 2569.17 0.78 lay'2a;!
5 F(1s "HF;(1s ™) 'E 1403.88 0.74 1t52
6 Fi(1s "H)F;(1s1)° 'T, 1403.88 0.37 1£5%, 0.37 1t; '2a!
7 Fi(1s HF;(1s7")° 3T, 1403.88 0.74 1t;?
8 F.(1s HF;(1s7H° 3T, 1403.88 0.74 1t; '2a;!
9 Fi(1s H)F;(1s7")° '4, 1403.88 0.56 2a; 2, 0.19 1z;2
10 F(1s ~")Si(2s 1) '4, 872.62¢ 0.77 2a;'3a;"
11 F(ls ~HSi(2s 1) T, 872.62¢ 0.77 15 '3a;!
12 F(ls " HSi(2s 1) 34, 872.63¢ 0.77 2a; '3a;!
13 F(1s~"Si(2s 1) 3T, 872.63¢ 0.77 1t5;'3a!
14 F(1s 1HSi(2p 1) ‘4, 820.72 0.77 1t5'2¢5!
15 F(1s~hHSi(2p 1) 'T, 820.72 0.52 1z5'2¢5Y, 0.26 2a; '2¢5!
16 F(ls 1HSi(2p ") 34, 820.74 0.77 1t5 '2¢5!
17 F(1s " H)Si(2p™ 1) 3T, 820.74 0.52 15 '2¢5, 0.26 2a;'2¢57!
18 F(ls H)Si(2p ™1 'E 820.57 0.77 1t;'2¢;!
19 F(ls HSi(2p ") ’E 820.57 0.77 1t5'2¢5!
20 F(1s~1)Si(2p ") 'T, 820.57 0.77 125 '2t5!
21 F(1s ™ ")Si(2p ") T, 820.57 0.77 1t5'2t5!
22 F(1s ~1)Si(2p 1) 'T, 820.56 0.52 2ay'2t5', 0.26 115 '2¢5!
23 F(ls " HSi(2p ") 3T, 820.57 0.52 2a;'2t5', 0.26 175 '2t5!

“The specification is given with respect to the parent orbitals, involving those of silicon and fluorine.
b j#j, i.e., the vacancies are located on different fluorine atoms.
“Here the Si(2p) orbital was excluded from the core space and attributed to the valence space.
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putations on SiH, show that a shift of at most 0.25 eV
(fourth state of Tables II and III) to lower binding ener-
gies results when imposing the core-valence separation
and separating ten core electrons. On the average, we ob-
tain a deviation of 0.14 eV. The effect on the binding en-
ergies relative to each other is smaller and, thus, these
relative energies are nearly unaffected. The small shifts
in the binding energies above clearly demonstrate the use-
fulness of assuming the core-valence separability when
evaluating double core vacancies, even if the usual 1s core
space is extended to include the 2s and 2p orbitals as well.
For the sake of comparison we also report the somewhat
larger shift of 0.57 eV caused by introducing the core-
valence separability for the double ionization out of the
core orbital of a carbon atom.*?®

Another aspect has to be considered when imposing
the core-valence separation on a core space comprising
more than one orbital. The size of the core space chosen
affects the manifold of possible dicationic states. To
make this effect transparent some general remarks are in
order. From molecule core-level photoelectron spectra it
is well known that the single-core-hole main peak can be
accompanied by a pronounced satellite structure at its
high-binding-energy side.! Satellite states are mainly
characterized by 2k-1p and higher excited configurations
in the case of single ionization. It is clear from general
arguments and from our ADC results that the appear-
ance of satellites can be assumed also in the case of dou-
ble core ionization. These satellites may be addressed, in
analogy to the single-core-ionization event, as shake-up
satellites. Because of the higher amount of relaxation
present in doubly ionized compared to singly ionized sys-
tems we may expect for the former even more intense and
lower-lying satellite states than in the latter case (see also
Sec. VC). Apart from that, a satellite configuration
characterized by four (34-1p) instead of three (2h-1p)
open shells already by itself gives rise to a higher mani-
fold of satellite states.!> Additional many-body effects
may occur, which are discussed in the following.

In molecular systems with more than a single core or-
bital two different types of shake-up satellites may occur:
the double core vacancy may be accompanied by the ex-
citation of a valence or core electron. Configurations cor-
responding to the former type we abbreviate by (2A),-
(1h),-1p indicating that two holes are in the core ¢ and
one hole in the valence part v. The other type of satellites
is characterized by configurations with three holes in the
core part denoted by (34).-1p in the following. Now, the
configurations corresponding to such shake-up satellites
arising from a specific double core vacancy (2A), may, in
principle, interact strongly with 24 configurations of oth-
er core orbitals. This would lead to a breakdown of the
familiar molecular-orbital picture of double ionization
similar to that commonly encountered in the case of ion-
ization of inner-valence electrons.?>!> The various core
orbitals of different energies formally play the same role
as outer- and inner-valence orbitals. Our ADC(2) com-
putations indicate the appearance of the breakdown
phenomenon also in double- (and probably also in single-)
core-vacancy situations. Two specific examples are dis-
cussed below. We would like to stress, however, that

since core satellite states are not well described in a
second-order scheme like ADC(2), our results may only
serve as an indication for the existence of the above-
mentioned interesting phenomenon.

In some cases we find strong mixing between the (24),
and (2h),-(1h),-1p configurations leading to an intense
spreading of the (2h), components over many states ac-
companied by the appearance of various (24).-(1h),-1p
derived satellites above and below the binding energy of
the (2h ), -derived states. Typical representatives of states
exhibiting these many-body effects are the Si(2s ~!12p ™ 1)-
type states (see Table III). The Si2s 2p 7))
configuration strongly interacts with the shake-up
configurations derived from a single 1%4-1p excitation of a
valence v electron into a virtual orbital v on top of
Si(2p ~?). The result is a distribution of the Si(2s ~'2p 1)
component over many states comprising a variety of
Si(2p ~2v ~'wT1)-derived shake-up satellites.

The breakdown phenomenon could, in principle, occur
by the interactions of (2k). and (34).-1p configurations.
Let us consider, for instance, the (34 ),-1p configurations
Si(2s ~12p “2v*!) arising from a 1h-1p excitation on the
Si(2s ~!2p 7!) configuration. They have been computed to
lie in the energy region of the Si(2s ~2) configuration and
to interact with the latter. Due to the incomplete screen-
ing of the 3A-1p configurations by ADC(2) we assume
that the ADC(2) scheme tends to overestimate the 34-1p
contributions to main states, particularly those of (34),-
1p configurations. Thus, it is beyond a second-order ap-
proximation to decide whether (34 ),-1p-derived shake-up
satellites occur in double-core-level spectra. Note that
the latter type of satellites has no analogy in ionized mol-
ecules with only one core orbital. Similarly to the finding
in Ref. 23 for single core ionization we expect that the sa-
tellites accompanying a double core vacancy are ap-
propriately described by the fourth-order ADC scheme.

In the present work we have applied the second-order
scheme and, hence, attributed the Si(2p) to the valence
orbitals when calculating those binding energies of dou-
ble core vacancies affected by the coupling between the
(2h), and (3h),-lp at the ADC(2) level [see the
(1s ~'2s "!)-type states in Tables II and IV and the
Si(2s ~2) double vacancies in Table III]. Fortunately, the
binding energies of the corresponding major double-
core-hole states were only slightly affected by the choice
of the core orbital space. For the Si(1s ~!2s ~')-derived
singlet-triplet pair of silane, for example, we have com-
puted binding energies of 2069.47 and 2058.49 eV for the
singlet and triplet states, respectively, when separating
the core space comprising ten electrons (instead of four
core electrons as in Table II). The very large singlet-
triplet separation thus changed only by 0.21 eV.

V. DISCUSSION

A. Hole-hole repulsion, relaxation,
and other contributions

To analyze computational results we break up the
binding energy into several relevant components of
different physical origin. The binding energy of the dou-



44 DOUBLE VACANCIES IN THE CORES OF SILANE AND . .. 211

ble core vacancy (@ ~!'b7!) or the double-ionization po-
tential (DIP, or alternatively denoted by VP! in the
equations)

VPP=E> (a"'p ") —E° o)

is given as the difference of the exact total energies of the
dicationic state and the ground state of the neutral mole-
cule. It is useful to write

YPWP= —¢ —g, +Egpla b7 1)
—Ra " H+Cla b7, )

where €,,€, are the ground-state orbital energies of the
two core orbitals ¢,,¢,, and the other quantities are
defined in the following.

The two vacancies in ¢, and ¢, repel each other elec-
trostatically. This repulsion energy is given by the
Coulomb integral

Vasar = o (1), (2)] 1, —1,| Mg, (1)g,(2)) . (3)

If the two vacancies are in different orbitals or in a degen-
erate orbital, exchange contributions arise as well. The
explicit expressions for the repulsion-exchange energies
Egy are collected in Table V for all possible Si single-
center double core vacancies in SiX, (X =H,F). We note
that the removal of two electrons out of a threefold de-
generate t, orbital leads to four states of different symme-
try and multiplicity. The exchange integral V,, enters
the expressions for the exchange energy in different ways.
The Coulomb and exchange integrals can be extracted
from SCF-HF calculations on the electronic ground state
of the neutral molecule.

Removing two electrons from core orbitals creates a
new potential for the remaining electrons that can be ac-
counted for in ASCF calculations. In such calculations
the DIP is obtained by computing the energies E2* and
E%in Eq. (1) separately at their respective SCF level. The
relaxation energy R is defined as the change in binding
energy (or DIP) due to the appearance of the new poten-
tial at the SCF level. It is determined from the difference

-‘R:(\/EégF_(_sa“Eb_'_ERE) (4)

TABLE V. Repulsion-exchange energies Egg of all possible
Si single-center double core vacancies in silane and
tetrafluorosilane. For the definition of the integrals see the text.

2h config- Repulsion-exchange
uration energy State
572 Visaa (@a=vs,v=1,2) '4,
sTIs ! Vasas — Varpa (@ =1s,b=2s) 34,
Vasas + Vabba ‘4,
sTp ! Vosa — Vassa (@a=vs,v=1,2;b=2p) 3T,
Vabab + Vabba ITZ
p -2 Vauau +2 Vubba ! A 1
(a,b =2p, different components)
Vaaaa - Vabbu 11E
Vabub + Vabba zTZ
Vabab — Vabba T,

between the ASCF energy and that obtained at the
frozen-orbital (FO) level of approximation. R is always
positive and hence decreases the DIP, as can be seen in
Eq. (2).

The difference C between the exact DIP and the one
computed via the ASCF procedure arises from correla-
tion effects. As can be seen from Eq. (1), C itself is given
by the change of correlation energy in the molecule due
to the creation of the double vacancy. For core vacan-
cies, the correlation contribution C is generally believed
to be substantially less relevant than the relaxation con-
tribution R. We have seen in the preceding section that
this is not necessarily the case for particular types of dou-
ble core vacancies. It should be noted that both relaxa-
tion and correlation effects are included in the DIP com-
puted using the ADC(2) scheme. Of course, since this is
only a second-order scheme and R is a large number, we
cannot expect high accuracy.

To get some quantitative idea of the size of many-body
contributions to the binding energies of double core va-
cancies we have computed them approximately from Eq.
(2) after replacing the exact DIP by the one computed via
ADC(Z) (CVEII)P(:Q)):

R—C=—¢,—¢,+Egg—VRE., . (5)

R —C is the total contribution to the DIP beyond the FO
level of approximation, i.e., the relaxation and correlation
contributions accounted for in the ADC(2) scheme. In
Table VI we report the resulting values for the Si single-
center double-core-hole states of silane and
tetrafluorosilane. The repulsion-exchange energies of
these states are reported as well. The Egxg terms have
been computed with the aid of the formulas given in
Table V. As one immediately notices from Table VI, the
strong repulsion of the core holes overcompensates the
energy lowering effect of the relaxation term and, conse-
quently, shifts the DIP’s to higher energies. It is worth
noting that the repulsion amounts to about four times the
size of the relaxation when detaching two electrons out of
the strongly localized ls core orbital. The overall large
orbital energy gap between the Si(ls 2)- and
Si(1s 125 !)-type states is further enlarged to roughly
1850 eV in both systems. For the other states we find the
ratios between the repulsion-exchange and many-body
contributions to be of the order of 2. These values are
comparable to those reported recently for methane and
acetylene.?®

The repulsion-exchange energies simplify for two-
center double core vacancies. In the case of two-center
states the exchange integrals are negligible for localized
orbitals like core orbitals because they describe a short-
range interaction. The fact that the holes are indeed situ-
ated at different atoms manifests itself in the near degen-
eracy of corresponding singlet and triplet states (see
Table IV). The repulsion-exchange energy reduces to the
repulsion term for two-center states and can thus be de-
scribed to a good approximation by the inverse of the dis-
tance between the centers.

To compute relaxation energies we have performed
ASCEF calculations on some double core vacancies in SiX,
(X =H,F). There is a lack of experience in SCF computa-
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TABLE VI. Many-body contributions and repulsion-exchange energies of single-center double-core-vacancy states in silane and

tetrafluorosilane.
Silane Tetrafluorosilane
Many-body Repulsion- Dominant Many-body Repulsion- Dominant
contribution® exchange 2h contribution® exchange 2h
No. Specification® State (eV) energy (eV) component (eV) energy (eV) component
1 Si(1s %) 4, 52.71 229.73 la;? 50.73 229.74 la;?
2 Si(ls 71257 1) 4, 34.59°¢ 66.73 lay'2a7! 32.61° 66.74 la;'3a;!
3 Si(1s 71257 1) 34, 35.43¢ 56.79 lai'2a7! 33.26° 56.80 lai'3a;!
4 Si(ls ~'2p 1) 'T, 36.60 68.65 lay'1t5! 34.29 68.64 lai!2es!
5 Si(1s ~12p 1) T, 36.98 62.82 lay ‘15! 34.76 62.81 la7!'2t;!
6 Si(2s72) T4, 22.07¢ 43.76 2a7? 20.12°¢ 43.76 3a;?
7 Si(2s7'2p 1) T, 21.71* 53.88 a7t da* 53.88 3ai 25!
8 Si2s~12p~1) ’T, 21.55* 35.94 2a; eyt d* 35.94 3a; 25!
9 Si2p %) '4, 26.28 55.31 1t52 24.30 55.30 2t52
10 Si(2p7?) 'E 23.94 44.99 1t;2 21.97 47.56 2152
11 Si2p %) T, 23.94 47.57 1t52 21.97 47.56 2t5?
12 Si(2p 7?) 3T, 24.30 42.41 1¢52 22.36 42.40 2152

*The specification is given with respect to the parent orbitals of silicon.
YThe many-body contributions are dominantly characterized by relaxation effects. Otherwise the value is marked by an asterisk.
“The value was extracted from an ADC(2) calculation using a core space not including the 2p orbital of silicon, i.e., here the Si(2p) or-

bital was attributed to the valence space.

4The ADC(2) calculation was not fully converged but allows us to estimate the many-body contributions: for the !T, and *T, states

the values range from 15to 16 eV.

tions on doubly core-ionized states. The computations
tend to collapse variationally during the SCF procedure.
To understand this fundamental limitation of the SCF we
consider, for instance, the Si(ls ~!2s ~!)-derived states of
A, symmetry. These lie higher in energy than other
states of the same symmetry. Representatives are the
(la;'3a; Y- and (2a;'3a;!)-derived states in SiH,>"
and (la;'4a;)-, (lay'Sa;h-, (Ba;'4a;')-, and
(3a; '5a; ")-derived states in SiF,>", being all of 4, sym-
metry. Consequently, it is variationally difficult for the
HF method to access the higher-lying Si(1s ~!2s ~1-type
states. By variational collapse the SCF procedure con-
verges to lower-lying states of the same symmetry. The
favorites are the (2a; '3a; ))- and (3a| '4a; ')-type states
in the case of SiH, and SiF,, respectively. Therefore, we
have determined the required HF energies approximately
as quasistationary energies corresponding
to the energy plateaus formed as a function of the itera-
tion number during the SCF procedure. It is thus clear
that the results must be considered with care.

In Table VII we report the ASCF binding energies of
the three single-center singlet-triplet pairs possible in
SiH,. For the >4, states the ASCF binding energies are
smaller by about 10 eV than the corresponding ADC(2)
values. Discrepancies of this magnitude are to be expect-
ed when relating them to the values of 12.11 and 12.42
eV for methane and acetylene, respectively.®’ These
discrepancies are partly due to correlation effects includ-
ed in the ADC(2) results and partly due to the incomplete
relaxation energy in the ADC(2) scheme. Since the remo-
val of two core electrons is connected with strong relaxa-
tion effects, we cannot expect a second-order scheme to
fully account for these effects. We can expect that the
relative energies of the various states are correctly repro-
duced by the ADC(2). An interesting example is report-
ed in Sec. V B.

As long as the relaxation contributions are the dom-
inant many-body contributions, the ASCF procedure is
expected to yield smaller DIP’s than the ADC(2) ones.
The values of the DIP’s obtained at the ASCF level for

TABLE VII. Binding energies of some single-center double-core-vacancy states of silane and
tetrafluorosilane computed by ASCF. The corresponding ADC(2) values are given in Tables II and III.

(VDIP (CV)
No. Specification® State Silane Tetrafluorosilane
1 Si(1s 71257 1) T4, 2050.59 2064.07
2 Si(1s 71257 1) 34, 2048.88 2063.01
3 Si(ls 7 '2p 1) T, 2018.94 2031.76
4 Si(ls~12p 1 3T, 2014.06 2027.21
5 Si(2s~'2p 1) T, 320.39 336.08
6 Si(2s " '2p 1) 3T, 304.44 316.70

2The specfication is given with respect to the parent orbitals of silicon.
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the last four states in Table VII are larger than the corre-
sponding ADC(2) values. We take this as a possible indi-
cation that the ASCF procedure as described above has
not fully “converged” for these states.

B. The interesting problem of singlet-triplet separation

The singlet-triplet splittings of the Si(1s ~'2s ~!) double
vacancies in SiH, and SiF, lead to an interesting problem
typical for multiple vacancies. As can be seen in Table
II, these splittings are large and amount to nearly 11 eV
at the ADC(2) level. In sharp contrast to this result, the
SCF calculations predict much smaller splittings of less
than 2 eV (see Table VII) as typical for doubly ionized
valence states. This strong deviation calls for further
analysis. For this purpose we have computed the split-
tings for several singlet-triplet pairs of SiX,?t (X =H,F)
by different methods. Our results are collected in Table
VIII showing singlet-triplet separations computed via
ASCEF, at the FO level of approximation and by ADC(2).
The discrepancies found for the singlet-triplet separations
of the Si(ls " '2p~!)- and Si(2s ~'2p ~!)-derived states
range from 0.2 to 3.1 eV, as expected from the different
levels of theory employed.

The singlet-triplet separation of the Si(1s ~12s ~!) dou-
ble vacancies obtained at the SCF level might be a result
of a third-order effect and, hence, not reflected by the
second-order ADC results. Otherwise it could be an ar-
tifact of the not “fully” converged SCF calculations per-
formed or a deficiency inherent in the SCF procedure it-
self. As a first step towards the understanding of what
happens at the SCF level, we have computed the
Coulomb and exchange integrals of the 1s and 2s core or-
bitals using either nonrelaxed or relaxed molecular orbit-
als (MO’s). In the latter case we have performed two
computations using the relaxed MO’s of the dicationic
singlet and triplet states. Comparing the resulting in-
tegrals to those obtained with the MO’s of the neutral
ground state, the largest change (decrease) is found for
the exchange interaction V', ,;,; when using the MO’s

of the Si(ls '2s7!) singlet state. By contrast, it de-
creases only slightly when computing it with the MO’s of
the corresponding triplet state. We take these findings as
a first indication that the singlet (and not the triplet)
states show the extraordinary behavior at the SCF level.

The coupling system of two holes is closely related to
that of two electrons. This leads immediately to the idea
of analyzing the problem by studying a two-electron
model system where the problem simplifies and thus al-
lows us to carry out a more transparent discussion. We
have chosen the Si'>* ion as a model system in order to
investigate the coupling of the two electrons in the 1s and
2s orbitals of the same atom. For convenience, the sing-
let configurations of Si!?* that are of relevance in this
context are denoted by |¥3(1s%)), |¢¥5(1s'2s')), and
|¢5(25?)) and the triplet configuration by |$7(1s'2s!)).
In the SCF the energy of |¢5(1s'2s!)) is not invariant to
a mixing of the 1s and 2s orbitals and is thus lowered by
this mixing. Now it becomes clear what happens at the
SCF level. Due to the different types of configurations,
the SCF procedure on |¢5(1s'2s!)) (open-shell case) does
not variationally collapse to |¢3(1s?)) characterized by a
closed-shell HF determinant. Based on a variational con-
cept, the SCF procedure tries to mimic the energetically
lower lying |#3(1s?)) by artificially contracting the 2s or-
bital.

In this context it is interesting to study how the mixing
leads to the artificial energy lowering. Upon the 1s-2s or-
bital mixing the singlet wave function ¥;(1s'2s') gets
some ¥3(1s?) character [constrained by the equal-weight
appearance of 15(2s2)]. The relevant interaction between
the configurations [#5(1s'2s')) and |¢3(15?)) reads

Hlo:(¢f|ﬁl¢g>:‘/§(hzs,1s Vo 151515 ) 5

where h, ; is the one-particle matrix element of the 2s
and 1s orbitals and

VZS,ls,ls,ls:<2S(1)15(2)Hr1_r2|‘1|IS(1)13(2)) .

TABLE VIII. Singlet-triplet splittings (Ag.r) of single-center double-core-hole states of silane and
tetrafluorosilane computed by ASCF. The corresponding values obtained at the frozen orbital (FO) lev-
el of approximation and those resulting from ADC(2) calculations are also reported.

Ag.r (eV)
No. Specification® States ASCF FO ADC(2)
SiH,
1 Si(ls 12571 14,-34, 1.71 9.94 10.77°
2 Si(1s ~12p ™1 T, 3T, 4.88 5.83 6.21
3 Si2s 12p 1) T, 23T, 15.95 17.94 17.78
SiF,
1 Si(1s 1257 1) 14,234, 1.74 9.94 10.59°
2 Si(1s ~'2p 1) T, 3T, 4.55 5.83 6.29
3 Si2s ~'2p 1) T, 3T, 19.38 17.94 21°

*The specification is given with respect to the parent orbitals of silicon.
®The value was extracted from ADC(2) computations using a (1s2s) space as core orbital space. For de-

tails see the text.

°The value was taken from not fully converged ADC(2) calculations.
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Using the HF orbitals of |¢§(1s!2s!)), the (absolute) cou-
pling |H | is computed to reach the enormous size of
533.18 eV. As expected in light of the above discussion,
the driving force of this artificially large coupling be-
tween the singlet configurations is |k, ; [, which
amounts to 379.03 eV and results from the strong 1s-2s
orbital mixing in |¢5(1s'2s')). In the SCF calculation on
[¢$) this surprisingly enormous coupling to |#3) is not
accounted for. Its neglect leads, in spite of the large ener-
gy gap of 1757.88 eV between the 1s and 2s orbitals, to a
substantial lowering of the singlet energy and thus to a
much too small singlet-triplet splitting of 1.99 eV. The
exact singlet-triplet separation has been computed to be
14.01 eV. These SCF and exact results on Si'?* compare
favorably well with the ASCF and ADC(2) results, re-
spectively, on the corresponding dicationic states of SiH,
and SiF, (see Table VIII).

Obviously, the appearance and strength of |H | de-
pend on the choice of the orbital basis. If H, is calculat-
ed with the MO’s of [¢7(1s!2s!)) we obtain a positive
value of 20.79 eV. Expressing finally the singlet wave
functions in the MO basis of |¢35(1s?)), the coupling
|H,,| vanishes, of course, according to Brillouin’s
theorem. Thus we can conclude that the large size of
|H ol is an artifact of the SCF procedure itself and an ex-
tension to the multiconfiguration (MC) SCF approach is
needed to describe |¢;(1s'2s!)) correctly. Such an ex-
tension should at least comprise the two configurations
|#3) and |¢35). The triplet state |7) is not affected by
the above points, the SCF energy is invariant to a mixing
of the 1s and 2s orbitals, and the SCF procedure is an ap-
propriate tool. These conclusions have been supported
by full-configuration-interaction computations performed
on all the relevant states of Si'?*.

We conclude that, in contrast to the singlet double core
vacancies, the binding energies of the triplet Si(1s ~12s ~ ')
vacancies can be assumed to be reliably predicted by the
ASCF procedure. We wish to point out that ASCF re-
sults on double or multiple vacancies deserve, as illustrat-
ed here, to be treated with some caution. A more de-
tailed analysis of these limitations of the SCF approach
will be presented in a separate article.?*

C. Relationship between single and double vacancies

A wide variety of experimental and theoretical studies
have been devoted to single core vacancies in electronic
systems,! but only little is known about double or multi-
ple holes in their cores. Therefore it is convenient to use
the results on singly ionized states as a basis for the dis-
cussion of the more complex case of double core holes.

Let us consider the relaxation process taking place
upon creation of single and double core vacancies and
compare the corresponding relaxation energies. In analo-
gy to Eq. (4), the relaxation energy of a single core vacan-
cy a ! is defined by the difference

Ra H=—VE& r—e,, (6)

where Vi p is the ionization potential computed by the
ASCF procedure. Here the ground-state orbital energy
—e¢, of the core orbital ¢, corresponds to the binding en-

ergy obtained at the FO level of approximation. Via per-
turbation theory one obtains the following approximate
second-order expressions for the relaxation energy of a
single and double core vacancy, assuming the separability
of core and valence electrons:®

2
R(a*‘)=2§;——V""’" , (7)

L

€&,

( Vajan + Vbjbn )2

€€,

R(a7'p"H=23 (8)
in

The indices n and j refer to doubly occupied valence or-
bitals and unoccupied orbitals, respectively. To reveal
the relation between R(a ') and R (a ~'b 1) we express
R(a"'p71) in terms of R(a™"). For the special case
a =b, the double vacancy relaxation energy takes on the
simple form (in second-order perturbation theory)

R(a™2)=4R(a™ V). 9)

In the general case a7b we crudely estimate the relaxa-
tion energy defined in Eq. (8) by

Ra b " H)~R(a " H+R(b"")+2[R(a " HR(b ]2 .
(10)

According to Eq. (9) we may expect the relaxation energy
for a double vacancy a ~2 to equal four times that of a
single vacancy a ~!. A point-charge model where the re-
laxation energy is quadratic in the hole charge agrees
with this second-order result.

To assess how the above findings match in the present
case of the SiX, (X =H,F) molecules we have computed
the relaxation energies of 1s and 2s single and double core
vacancies. The relaxation energies R (a ~') have been ob-
tained by Eq. (6), while we have determined the values of
R (a % from ADC(2) and Eq. (5), assuming R >>|C| in
the latter. Our results are collected in Table IX repeating
the R (a ~?) terms of Table VI for comparison. A look at
the last column of Table IX, which shows the ratios be-
tween the relaxation energies, reveals smaller values than
predicted by Eq. (9). As discussed in Sec. V A, these
discrepancies partly result from correlation effects includ-
ed in the ADC(2) scheme and from the incomplete ac-
count of relaxation energy by ADC(2). In general, the ra-
tio of 4 predicted by second-order perturbation theory is
expected to be somewhat too large.

Of course, it is more appropriate to compare relaxation
energies obtained at the same level, e.g., computed via the
ASCF procedure. For the triplet states derived from the
Si(1s ~'2s 71) configuration it is reasonable to assume that
the ASCF procedure yields reliable DIP values (see Sec.
V B) and, therefore, we consider these states as examples
for the general case a#b. With the VRIFL values and Eq.
(4) we obtain relaxation energies of 45.94 and 41.97 eV
for the 34, states of SiH,>" and SiF,>", respectively.
Equation (10) predicts relaxation energies of 49.52 and
45.49 eV and thus a chemical effect of 4 eV due to the
substitution of H by F in agreement with the ASCF
value.
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TABLE IX. Relaxation energies of singly and doubly ionized 1s and 2s core holes and their ratios
for silane and tetrafluorosilane. The relaxation energies R(a ~!) of the singly core-ionized states and
the relaxation energy R(a ~'b ') of the triplet Si(1s ~!2s ~!) states have been computed by the ASCF
procedure. The relaxation energies R (a@ ~2) of the doubly core-ionized states are computed via ADC(2)
assuming that the correlation contributions can be neglected and they are, thus, only approximate. All

energies are in electron volts.

R(a™h Ra~ b7 R(a"%)/R(a™")
SiH,
Si(ls 1) 19.95 Si(1s 72) 52.71 2.6
Si(2s 1) 6.61 Si(2s 72) 22.07 3.3
Si(ls 2571 45.94 (49.52)*
SiF,
Si(1s 1) 18.17 Si(1s 72) 50.73 2.8
Si2s 1) 6.16 Si(2s ~2) 20.12 3.3
Si(ls 1257 1) 41.97 (45.49)

2The values in parentheses show the prediction of Eq. (10).

_ D. Brief comparison with experiment
on double-core-excited states

In order to find out where the ADC(2) results on the
double core vacancies lie on an absolute energy scale it
would be illuminating to compare them to experimental
data. Lacking experiments on double core holes in SiX,
(X =H,F), we relate them to the experimental results ob-
tained on double-core-excited states of these molecules.’
In the photoabsorption spectrum of silane, two groups of
signals have been observed with centers at 1973.8 and
1980.3 eV.” They have been interpreted as originating
from a simultaneous excitation of Si(ls) and Si(2p) core
electrons into low-lying unoccupied orbitals v* and as-
signed to a triplet and a singlet state, respectively. In the
spectrum of SiF, the corresponding states have been
found to lie at 1984.0 (triplet) and 1990.9 eV (singlet). A
further group of peaks centered at 2013.9 eV has been ob-
served and also assigned to the Si(1s ~'2p ~!v*?) type of
states but with another occupation pattern in the orbitals
(v*). The multiplicity of the resulting states has not been
specified. For the Si(1s2s) double-excitation process a
single experimental value for SiF, around 2027 eV is re-
ported. From these experiments (the energies of the
double-core-excited states converge to the DIP’s), the
DIP’s of the associated double core vacancies have been
predicted to lie 25 eV above the excitation energies of the
observed double-core-excited states.’

Due to the higher amount of experimental data on
Si(1s ~12p “!4*?) electron excitations we focus on
Si(1s ~12p ~!)-derived states. It is clear that the binding
energies of doubly core-excited states cover an energy re-
gion depending on the occupation pattern of the virtual
orbitals v*. According to Ref. 7, the experimental data
on the Si(1s2p) doubly excited states are spread over a
range of nearly 30 eV in SiF,. For a preliminary compar-
ison we focus on the signals common to the spectra of
both molecules, i.e., we exclude the group observed for
SiF, at 2013.9 eV. Adding 25 eV to the experimental
data’ we obtain, on the average, a deviation of 14 eV

from the corresponding ADC(2) values. This finding is in
line with the result on the Si(1s ~!2s ~!)-derived triplet
state, where we have found a deviation of about 10 eV be-
tween the ASCF and ADC(2) values (see Sec. VA). We
recall that the absolute DIP values of the Si(1s ~'2p ~!)-
derived states are of the order of 2000 eV and a
discrepancy of the above-mentioned magnitude is indeed
a satisfactory result.

A guide to assess the relative accuracy of the ADC(2)
results are the singlet-triplet splittings. Extracting the
singlet-triplet splits of the Si(ls ~!2p ~!)-derived states
from the experimental data, they amount to 6.5 and 6.9
eV in SiH, and SiF,, respectively, while they are comput-
ed to be 6.21 and 6.29 eV according to ADC(2) (see Table
VIII). Obviously, the literature results and ours match
well, confirming that relative binding energies are de-
scribed quite accurately by the second-order ADC
scheme, even in the case of doubly core-ionized states.

Finally, we mention a minor point. In order to achieve
coincidence with experiment, the data of a semiempirical
model had to be shifted down in energy by several elec-
tron volts.” This shift can be explained readily. As is im-
mediately seen from Eq. (10), it is not sufficient to consid-
er single-hole-relaxation effects [R (a ') and R (b 1)] as
done by using experimentally determined single-
ionization potentials. A relevant contribution [third term
on the rhs of Eq. (10)] to the excitation energy must be in-
cluded as well which, according to Eq. (10), can also be
estimated from the single-ionization potentials. The lack-
ing term is computed to amount to 23 and 21.2 eV for the
Si(1s “'2s ~!) double ionization in SiH, and SiF,, respec-
tively.

VI. SUMMARY AND CONCLUDING REMARKS

In the present work we have investigated theoretically
the double vacancies in the core of silane and
tetrafluorosilane, using the Green’s-function method.
Within the computations we have imposed the separabili-
ty of core and valence electrons and extended the core
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space for the first time to include more than a single or-
bital. It has been shown that for most purposes the core-
valence separation remains a good approximation even
for an extended core orbital space. Because of the local-
ized nature of the core orbitals the double-vacancy states
have been found to cluster in distinct groups according to
the relative location of the two holes. One finds dication-
ic single-center states where the vacancies are located in
the same or different core orbitals of the same atom as
well as two-center states where the holes are on different
atoms. In the latter case a further clustering of states
with similar orbital hole distribution character has been
observed.

The binding energies of the double-core-hole states in
SiH, and SiF, have been analyzed in terms of hole-hole
interaction and many-body effects. For all single-center
states, except the Si(ls ~2) double vacancies, the hole-hole
interaction effects have been computed to amount ap-
proximately to twice the size of the many-body contribu-
tions. The hole-hole interactions consisting of the hole-
hole repulsion and exchange terms have been shown to be
mainly determined by the electrostatic repulsion between
the holes. The many-body contributions comprise the re-
laxation and correlation effects and are, as expected for
core vacancies, dominated by the relaxation of the
valence electrons. For particular types of double-core-
hole states, however, correlation contributions also play a
substantial role. Our ADC(2) computations predict the
existence of a variety of dicationic satellite states, indicat-
ing the possibility of a breakdown of the molecular-
orbital picture of double ionization in core-vacancy situa-
tions also.

To compute relaxation energies we have performed
ASCEF calculations on some double core vacancies in SiX,
(X =H,F) and encountered an interesting problem of the
singlet-triplet separation that should be typical for multi-
ple vacancies. By studying a two-electron model system
we could show beyond doubt that the binding energies of
the singlet Si(1s ~'2s ~!) vacancies are not correctly de-
scribed at the SCF level due to an artifact of the ASCF
procedure itself, and that an extension to a MCSCF ap-
proach is needed. The binding energies of the corre-
sponding triplet holes, on the other hand, can be assumed
to be reliably predicted by the ASCF. As a major result,
we would like to stress that, apart from errors in the ab-
solute binding energies of some dicationic states, the
DIP’s relative to each other may also be affected by these
limitations of the SCF method and hence ASCF results
on double or multiple vacancies should generally be con-
sidered with care. »

For double core vacancies the analysis has exhibited
several advantages of the ADC(2) scheme compared to
the ASCF procedure. In contrast to ASCF, the relative
energy positions of the doubly core-ionized states can be
assumed to be satisfactorily described by ADC(2). This
finding has been substantiated by relating the ADC(2) re-
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sults to those extracted from experiments on doubly
core-excited states.” In addition to the above-mentioned
limitations of the SCF approach, the SCF computations
on double core holes have shown that it is variationally
difficult for the HF method to describe the corresponding
states and, in particular, to access higher-lying double-
core-vacancy states in the presence of lower-lying dica-
tionic states of the same symmetry. The Green’s-
function ADC theory offers the possibility of directly
computing the binding energies of all dicationic states of
interest at a time that drastically reduces the numerical
effort compared to ASCF.

Because of the lack of experience on multiple core va-
cancies we have paid attention to their relation to the
well-investigated single core vacancies. In particular, the
comparison of the corresponding relaxation energies al-
lows us to obtain a further understanding of double core
vacancies. Calculations have been performed on both
single-core and double-core-vacancy states and explicit
expressions for the respective binding energies are given
in second-order perturbation theory. Another aspect of
interest is the possible decay of a double core vacancy in
comparison to that of a single core vacancy, in particular,
when the core space comprises several orbitals as in the
present cases of SiX, (X =H,F). In analogy to the Auger
decay, a double-core-hole state may decay into triply ion-
ized states by emission of a further electron. In addition
to this mechanism, similar to that of a single core hole, a
variety of radiative and nonradiative decay channels exist
for a double core vacancy that are not present in the case
of a single core vacancy. We therefore expect in general
the appearance of much more pronounced and complex
shake-up and shake-off structures in double core than in
single-core-hole situations. In fact, we see that the de-
tachment of two core electrons is of interest by itself be-
cause it is accompanied by several additional effects not
found when removing only one core electron.

Up to now much less attention has been paid to the
study of the nuclear dynamics in a double-core-vacancy
states. Because of the near degeneracy of some doubly
core-ionized states, in particular, that observed for two-
center dicationic states of a molecule with several
equivalent atoms like SiF,, the coupling of the states
through the nuclear motion should lead to comparably
interesting vibronic coupling phenomena, as found for
doubly ionized valence states.!*

We hope that our theoretical results on double core
holes will stimulate experiments on double-core-vacancy
states as well as further experimental activities in the field
of double-core-excited states.
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