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Self-consistent-field (SCF) atomic and molecular orbitals and energy levels for O, SiO, and collinear
Si,O are used to interpret the oxygen Ko soft-x-ray emission spectrum of silica. The O and Si, O

orbitals are calculated in both the frozen-orbital (FO) and relaxed-orbital (RO) approximations. The
results are used to calculate the emission-line energies and oscillator strengths for the oxygen Ka
spectrum of each species. The calculated separation between the m and o emission lines of collinear
Si,O in both the RO approximation (6.9 e¢V) and the FO approximation (6 eV) are somewhat larger
than the observed separation between the principal emission peak and low-energy satellite in silica (5
eV), but it is shown that the bending of the Si-O-Si bond in silica will reduce the separation. The
calculated position of the principal line for Si,O (525.7 eV in the RO approximation) is in good
agreement with the principal peak observed in silica (526 eV). The 3p and 3s atomic orbitals of
silicon are found to be strongly modified from their free-atom shape in both SiO and Si,O; enough to
make an order-of-magnitude difference between oscillator strengths calculated in the SCF and
linear-combination-of-atomic-orbitals approximations. The modifications of the oxygen valence orbitals are
relatively small. The oxygen sp hybridization is quite small. The atomic population of the 50(SiO)
level is 88% 2s(0), 2% 2p (0), 4% 3p (Si) and 5% 3s(Si). The d hybridization is also small: a
maximum of 5% 3d (Si) in the 27, (Si,0) level and 1% 3d (O) in the 27,(Si,0) level. Crossover
transitions in a literal sense are negligible. The 25 (O) line in the silicon KB spectrum of SiO, for
example, [the 50(SiO) — 107(SiO) transition], is almost entirely a vertical transition which comes from
the small 3p (Si) admixture. An atomic population analysis gives ionicities of Si*®’*0~%" and §j,**-37 07074

I. INTRODUCTION

Within the past few years there have been a num-
ber of experimental studies of the satellite struc-
ture of the oxygen Ka emission band in silica.
There have also been a number of semiempirical
calculations of the corresponding energy spectra
for molecular fragments. These calculations leave
several questions of interpretation un2:.swered.
The work reported herein was undertaken to re-
solve these questions and to demonstrate the man-
ner in which ab initio calculations on molecular
fragments can be used to provide a more reliable
and detailed interpretation of soft-x-ray emission
spectra in solids.

The experimental data are summarized in Fig.

1, Emission spectra from several sources, taken
from published figures, have been plotted together
after scaling to equal peak heights and matching
abscissas. The errors introduced by replotting
from journal illustrations do not appear to be large
enough to cause any serious loss in the experimen-
tal information. The closest correspondence is be-
tween the measurements of Fischer! and of Klein
and Chun.? We take this as an indication that these
are the most reliable data. Both find a principal
peak at 526 eV, a satellite very close to 521 eV,
and a slight shoulder on the low-energy side of the
principal peak suggesting the existence of an unre-

8

solved satellite between 1 and 2 eV below the peak.

The data of Mattson and Ehlert® show the same
features, but the positions are displayed about 0.5
eV to higher energies. They also observe some
high-energy satellites. These satellites are, how-
ever, strongly dependent on the material used for
the dispersing element of the x-ray spectrometer
and the manner of excitation, so that it would be
fruitless to attempt to interpret them from the
available data.* Multiple-ionization effects also
complicate the interpretation of high-energy satel-
lites.

The data of Ershov and Lukirskii® show the same
two primary features, but the principal peak is at
525 eV and the secondary peak is at 519 eV. There
is no evidence of a low-energy shoulder on the
principal peak, but there is a small shoulder at 514
eV. This is probably spurious, for there is no
evidence of such a shoulder in the data of Klein and
Chun, and Fischer states that he has looked care-
fully for such a peak and found no evidence for it.®
Ershov and Lukirskii also show an indication of a
small shoulder on the high-energy side of the prin-
cipal peak, but the comments in the preceding
paragraph concerning high-energy satellites apply
here also.

The ratio of the height of the principal peak to
the height of the low-energy satellite is approxi-
mately 4:1 for all four sets of data. When the
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FIG. 1.
calculations.

broader base of the principal peak is taken into ac-
count, one may crudely estimate the ratio of the
integrated intensities to be of the order of 8:1,
within liberal limits of uncertainty. This figure is
probably an upper limit, for it does not appear that
the base of the principal peak is more than twice
that of the satellite, and it may be less.

It is of interest to contrast the soft-x-ray emis-
sion spectra with photoemission spectra obtained
by electron spectroscopy.’ Although electron
spectroscopy provides higher instrumental resolu-
tion, the soft-x-ray emission spectra provide more
information. The former involve electronie tran-
sitions from valence to the continuum levels and
hence provide a fairly uniform sampling of the
charge density of the valence levels throughout the
crystal. The latter involve electronic transitions
from the valence levels to a core level and hence
provide a measure of the charge density of the va-
lence levels in the vicinity of the nucleus of a given
atomic species. These can be quite different, as
can be seen by comparing the silicon K8 and oxy-
gen Ko emission spectra in silica.®® [One of the
more interesting contrasts is the presence of a
25(0) line in the silicon KB spectrum but not in the
oxygen Ko spectrum, a matter which will be dis-
cussed in more detail later.] The photoemission

525 530 535 540

eV

Summary of observed oxygen Ko x-ray emission spectra in silica and the results of previous semiempirical

spectrum of SiO; has been measured by DiStefano
and Eastman® using both ultraviolet and x-ray ex-
citation. The structure is consistent with what one
might expect from combining the OK« and SiKpB
soft-x-ray emission spectra.

A qualitative interpretation of these data is evi-
dent from the geometry of silica. There are 13
known forms of silica, of which all but one (sti-
shovite) consist of arrays of SiO, tetrahedra linked
together by shared oxygen atoms at each vertex in
the manner shown in Fig. 2. The bond lengths and
bond angles differ slightly in the different lattice

FIG. 2. Linked SiO4 tetrahedral units in silica.
large atoms are silicon, the small ones oxygen.

The
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arrangements, but the local geometry of the tetra-
hedral units and their coupling ramains the same
in the absence of defects. [The Si-O bond length
varies from 1.52 to 1.69 A [2.9 to 3.3 B, where

1 B (bohr)=0.52918 A] with a mean of 1.612 A
(3.046 B), and the Si-O-Si bond angle varies from
120° to 150°.° In vitreous silica there is a distri-
bution of angles with 2 maximum at about 144° 1]
We can expect that the dominant features of the ox-
ygen Ka spectrum (the principal peak and low-en-
ergy satellite) will be reproduced by a model con-
sisting of a collinear Si-O-Si fragment. In this
model the 2p valence electrons of oxygen may be
separated into two groups: two ¢ electrons and four
7 electrons. The o electrons will be more strongly
bonded than the 7 electrons, so that they will have
a lower orbital energy. Hence, we may expect a
spectrum with two peaks: a principal peak from the
2pm electrons dropping down to the oxygen 1s level,
and a somewhat smaller peak at lower energies
from 2po electrons dropping down to the oxygen 1s
level. Bending of the bond may explain the shoul-
der on the low-energy side of the principal peak,
and coupling with more distant neighbors will
broaden the emission lines of SiO into bands, but
the dominant features should not be affected.

This reasoning is so simple and straightforward
that it would be difficult not to accept the validity
of such a model. But calculations are still needed
in order to verify it and to provide a more detailed
picture of the electronic structure. The calcula-
tions which have been published to data have been
semiempirical. The oxygen Ka spectra inferred
from these calculations are summarized at the
bottom of Fig. 1.

A very simple Hickel calculation based on an
SiQ, tetrahedral fragment has been published by
Urch. ! Using intuitive semiempirical arguments,
Urch inferred that the spectrum should consist of
a broad intense band corresponding to electrons
dropping from 2p lone pairs or 7 orbitals into the
oxygen ls orbital, a somewhat less intense peak
about 4 eV lower, and a still weaker peak another
4 eV lower. This interpretation is not conclusive.
The parametrization is highly simplified; arbi-
trary correction factors are introduced; and an
SiO4 fragment does not take into account the influ-
ence of the second Si-O bond linking each oxygen
atom. The rather large oxygen sp hybridization is
also open to question. The lowest satellite corre-
sponds to an electron dropping from a hybridized
oxygen 2s level into a 1s level. The experimental
evidence (noted above) and symmetry considera-
tions (see below) indicate that this satellite would
not be observable,

A simplified linear-combination-of-atomic-or-
bitals to give molecular orbitals (LCAO-MO) treat-
ment of an Si-O-Si fragment, using sp® hybrids for

the silicon orbitals, has been reported by Reilly. 12
The oxygen hybrids were constructed in such a
manner that the sp mixing was determined by the
Si-O-Si bond angle rather than by matrix elements
coupling the s and p orbitals. The original oxygen
2slevel splitsina roughly symmetrical manner into
two levels, both with strong 2p components. Reilly
obtains a dominant band associated with the lone
pairs, one satellite about 10 eV below this band,
and another satellite about 10 eV below the first
one. Qualitatively, Reilly and Urch predict the
same satellite structure, but their predicted sepa-
rations differ by a factor of about 23. The ad hoc
procedure used by Reilly to calculate the mixing,
and the large mixing of the oxygen 2s and 2p orbit-
als, are open to question.

Bennett and Roth!® have published extended Hiick-
el-method calculations for somewhat larger frag-
ments. The chief difference between their calcu-
lations and those of Urch and of Reilly is that ex-
tended Huckel theory is used in a straightforward
and consistent manner. Their level separations
are much smaller. They obtain, for both an eight-
molecule B-crystobalite structure (where a “mole-
cule” is an SiO, fragment) and an idealized eight-
molecule structure in which the Si-O-Si fragments
are collinear, about 18 levels near the oxygen 2p
level. These levels may be grouped into a very
broad band and two weak satellites. However, the
separation between the principal band and the sat-
ellites is of order of 1 eV, which is compara-
ble to or less than the width of the primary peak.

More sophisticated calculations have been pub-
lished recently by Collins, Cruickshank, and
Breeze! for the silicate ion and orthosilicic acid,
and used to interpret the silicon L, ; x-ray emis-
sion spectrum. These calculations cannot, unfor-
tunately, be used to interpret the oxygen Ko emis-
sion spectrum in silica because the second Si-O
bond associated with each oxygen atom provides a
rather different chemical environment.

A list of other related contributions to the mea-
surement and interpretation of soft-x-ray emission
spectra in insulating materials would include the
work of Fischer on titanium, vanadium, and chro-
mium oxides and also some nitrides and carbides“’;
the work of Glen and Dodd on glasses!®; and the
work of Koster on a number of oxides and fluo-
rides.!” Ruffa’s semiempirical valence-bond
calculations should also be mentioned.'® A more
complete list of references may be found in the re-
view articles by Nagel'® and by Baun and Fisher, #
and in the proceedings of the Strathclyde confer-
ence.?

The three semiempirical calculations discussed
above are in rather marked disagreement with
each other and also with experimental observa-
tions. This disagreement, plus the fact that a
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semiempirical calculation with adjustable parame-
ters does not provide convincing justification for a
model used to interpret two emission lines, leaves
us roughly where we were at the start—with a very
plausible model that we are inclined to accept on
faith, but no independent verification. In this sit-
uation one may turn to ab initio calculations.

The ab initio calculations presented herein will
still be model calculations. The effect of nuclear
motion is omitted by assuming that the positions of
the nuclei are fixed, and the effect of all but near-
est neighboi's is neglected by using molecular frag-
ments. These neglected effects could be included,
but they would require much more elaborate calcu-
lations of adiabatic potential surfaces for the frag-
ments, Franck-Condon factors, and the electronic
energy bands. We are, by implication, assuming
that nuclear motion and distant neighbors merely
introduce broadening without greatly affecting the
positions or integrated intensities of the dominant
peaks. Regardless of whether this assumption
should eventually prove to be valid, we argue that
one should investigate local interactions, which
will have a strong effect on the peak positions and
integrated intensities, before undertaking the much
more elaborate calculations required in order to
reproduce the entire spectral distribution of an
emission band.

Systematic mathematical approximations will
also be introduced, viz., the single-configuration
self-consistent-field approximation and the Root-
haan-expansion method. However, once the initial
model and mathematical approximations have been
chosen, no adjustable parameters are allowed.
Since the approximations are well defined and have
been used for a variety of calculations on atoms
and small molecules, we have some a prioriknowl-
edge of their limits of validity and the magnitude
of the errors. We can, therefore, make tentative
use of the wave function to predict and interpret
some of the more subtle details of the electronic
structure. At the very least, the systematic nature
of the ab initio approach enables us to assess
where we stand and what improvements in the mod-
el will be needed in order to reach an acceptable
level of accurate calculations for interpreting and
predicting observed phenomena. This is the ra-
tionale for undertaking the calculations reported
herein,

The use of an Si;O model, which is central to our
approach, merits some further discussion. It im-
plies that the oxygen-oxygen interaction is a rel-
atively small effect which can be neglected as a
first approximation. This is at variance with mod-
els used to interpret the polarizibility of silica,
which picture the silicon atoms as small nonover-
lapping positive ions and the oxygen atoms as large
strongly overlapping negative ions.# In Fig. 2 we
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show the silicon atoms as approximately twice the
size of the oxygen atoms. This is consistent with
the average Hartree-Fock radii of the valence or-
bitals®'# (g, @) = 2. 75 B, (Mgysy =2.21 B,
(Map(0y=1.23 B, and (7)3,(0)=1.14 B) and also the
tetrahedral covalent radii of Pauling, % (Rg, = 2. 21
B and Ry=1.25 B). We note, however, that the
valence orbitals of silicon are rather diffuse. (See
Fig. 3.) This suggests that one might draw the
radii in such a manner that the valence electrons
of silicon lie largely within the volume occupied by
the oxygen atom, leading to a picture of small Si*
ions surrounded by large O™~ ions. However, the
silicon valence orbitals are still centered on the
silicon nuclei rather than the oxygen nuclei, so that
this does not appear to us to be a natural interpre-
tation. I the ionic picture were valid, then it
would be reflected in the atomic population analysis
of the self-consistent-field molecular orbitals
(SCF-MO’s). The oxygen atomic orbital compo-
nents would be significantly larger than the sepa-
rated-atom orbitals, and a large charge transfer
from the silicon to the oxygen atomic orbital com-
ponents would occur. In fact, we find that the oxy-
gen atomic orbital components are nearly the same
as for the separated-atom orbitals (there is a
somewhat larger change in the silicon orbitals, but
it does not support a strongly ionic picture), and

Gp(Sil2p(0D,-=0.19

R=57 Bp(Sil|3p(SiN, 2030
2p(0) — r— 2p(0")
L R=50 —— (29(0)'29(0')}05 006
|

FIG. 3. Orbital amplitudes and overlaps for the un-
modified po valence orbitals of silicon and oxygen. [Note
that the radial component of the local amplitude, R, ()
=71P,(»), rather than the radial amplitude, P, (), has
been plotted. The normalization is [§ R% ()% dr
=[3 Py (r) dr=1].
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the charge transfer is represented by the formulas

8i*0+7%0=0:78 and 8i,*370"", We anticipate that the

oxygen charge in Si,O, (and silica) will be smaller,

perhaps of the order of Si*0,0*°; certainly not any-
thing close to Si*0,.

If one adopts the viewpoint suggested by an
atomic population analysis of SCF-MOQ’s, and uses
the valence orbital overlaps as a measure of the
covalent interatomic interactions, then the Si-O
interaction is very strong (much stronger than the
overlap of 0.19 would indicate, since the overlap
is so large that there are appreciable regions of
negative overlap density which partially cancel the
regions of positive overlap density), the Si-Si in-
teraction is also quite strong, but the O-O interac-
tion is rather weak. (See Fig. 3.) From this
viewpoint an Si,O model, which includes the Si-O
and Si-Si interactions but neglects the O-O interac-
tions, is a reasonable one.

A calculation of the Ko emission line for atomic
oxygen is presented in Sec. II. One purpose of
this calculation is to provide a reference calcula-
tion for a rough calibration of the errors in the
calculated line positions. It demonstrates the im-
portance of hole polarization, and also the fact that
one can prove very little from qualitative agree-
ment between observed and calculated spectra.

The multiplet structure of atomic oxygen gives
rise to an emission spectrum which is in as good
agreement with the observed emission spectrum
for oxygen in silica as some of the semiempirical
calculations noted above. A more rigorous calcu-
lation is, therefore, needed in order to verify our
belief that the observed structure is due to chemi-
cal bonding effects.

A calculation of the Ko emission line for oxygen
in the diatomic molecule SiO is presented in Sec.
IOI. Although an SiO fragment is not a good model
for quantitative studies of the oxygen emission
spectrum in silica because it omits the second
bond, it provides a simple and useful model for in-
vestigating certain qualitative features of the OK«a
emission spectrum, In particular, it is useful as
a limiting model for examining the oxygen sp hy-
bridization. (The oxygen sp hybridization in Si,0
is suppressed by symmetry.) Contrary to the as-
sumption made by Urch* and by Reilly, 12 we find
that there is a very little oxygen sp hybridization.
We also find that d hybridization, although present,
is not a very important contribution, contrary to
the conclusions of Collins et al.* An analysis of
the SiO wave function also demonstrates that direct
crossover transitions in a literal sense make only
a very small contribution to the emission lines.
The eigenstates are mixtures of atomic compo-
nents, and the dominant contribution to a transition
between valence and core levels is a vertical tran-
sition between atomic components on the same

atom. We find that the silicon atomic components
are strongly modified from their shape in the sep-
arated atoms, and that this has an order-of-mag-
nitude effect on the calculated oscillator strengths.

Calculations for collinear Si-O-Si are presented
in Sec. IV. The agreement between the calculated
and observed positions of the principal peak is
good, but the calculated separation between the
principal peak and satellite is too large. However,
in Sec. V it is shown that bending of the Si-O-Si
bond will reduce the calculated separation. Oxy-
gen sp hybridization, and also the 2s(0)~-1s(0)
transition, are completely forbidden by symmetry.
The atomic orbital modifications are essentially
the same as those found for SiO.

The refinements which will be needed in order
to reach the level of accurate predictive calcula-
tions are discussed in Sec. V. These include
bending of the Si-O-Si bond, adding oxygen neigh-
bors by using an Si;O; fragment, and introducing
correlation effects. Beyond these refinements for
obtaining an accurate picture of the line structure
of the oxygen Ko spectrum, there are a host of in-
teresting problems involved in interpreting the
broadening of the lines into bands by means of cal-
culations of the influence of more distant neighbors
and the motion of the nuclei.

II. Ko LINE FOR ATOMIC OXYGEN IN THE HARTREE-
FOCK APPROXIMATION

Starting from the 1s?2s22p* ground configuration
of oxygen, the absorption process excites the atom
to a 1s 2s22p* configuration, which then decays to
a 15%2s%2p® configuration by emission of an x ray.
The allowed transitions are shown in Table I.

The emission-line energies in the Hartree-Fock
frozen-orbital approximation are

AE = €pp — €15+ 2K1’01 Gl(Zp, 18)

+[ & - 2Ky, +4Kixe - ¥ Kifa] F3(2, 2p) , (1)

where ¢, are the orbital energies in the parent
(1s®2s22p*) configuration and K, ,,, K{,,, and K{’,
are vector coupling coefficients for the parent, ex-
cited, and final configurations, respectively.2® The
orbital energies are €;,= -562.39 eV and ¢,
=-17.19 eV, ¥ and the Slater integrals for oxygen
in the 3P state are G'(2p, 1s)=2.873 eV and F3(2p,
2p)=9.145 eV. The energy differences for the al-
lowed transitions in the frozen-orbital (FO) ap-
proximation are given in the second column of Ta-
ble II. The orbitals from a 3P parent state were
used for all FO calculations. 2

The FO approximation neglects the contraction
of the occupied orbitals due to the presence of a 1s
hole in the excited state and a 2p hole in the final
state. A relaxed-orbital (RO) approximation which
takes the hole polarization into account may be ob-
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TABLE 1. Excitation and decay scheme for atomic ox-
ygen.

Parent Excited Final
state state state
Configurations 1s% 2s% 2p' —1s 25% 2p* —~15? 2% 2p®
. ‘p -~ %
P —
2 { p
P~ Yz
Terms

1D—~2D—o{

ls — ZS - ZP

tained by using separate SCF calculations for the
excited and final hole states and taking the energy
difference. The results for RO calculations are
shown for comparison in the third column of Table
o

RO calculations for the Ko emission-line ener-
gies of Na*, Ne®, and F~ give the values 1041.0,
848.8, and 6717.2 eV, respectively, which may be
compared with the corresponding experimental val-
ues 1041, 1, 848.8, and 676.6 eV.?® Extrapolating
the differences for Z=11, 10, 9 and down to Z=8,
one might infer that RO calculations of the oxygen
Ko emission lines should give values which are of
the order of 1 eV above the experimental values.
But we also note that a similar extrapolation on
the difference between the FO and RO calculations
leads to a predicted difference of 22 eV for oxy-
gen, whereas the actual difference (Table II) is
closer to 15 eV. With due allowance for these un-
certainties, one is led to expect that the true val-
ues for the Ko emission lines should lie some-
where between 15 and 25 eV below the values cal-
culated in the FO approximation. We expect the
error in RO calculations to be quite small, of the
order of 1 eV, but more theoretical and experi-
mental data on a variety of systems are needed be-
fore a probable bound as small as this can be as-
signed with confidence.

Hole polarization has a relatively small (but
non-negligible) effect on the separation between
emission lines with a common excited state.
(Compare the difference between the 2P~ 2D and
2p~2p or 2D~ 2D and 2D ~ 2P emission-line ener-
gies for FO and RO calculations.) It has a much
larger effect on the separation between emission
lines for different excited states. (Compare the
‘p-*s and 2P~2D lines.) This should not be un-
expected, for we know that the error in the calcu-
lated term splittings for light atoms can be as
large as 50%, and can vary appreciably from one
term interval to another.3° The smaller effect on
intervals between satellites with the same excited
state is, presumably, due to better cancellation of

GILBERT et al.
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correlation errors.
The isotropic oscillator strength for an atomic
transition in the FO approximation is given by®

f=%AE§ |(a’'L'M'| 257, aLM)|?

iNAE|(a'L'M| 2D 2,| aLM)|?
=3NiNAE|(1s] 2] 2p9) | 2, (2)

where AE is the energy separation of the initial and
final levels measured in hartrees, o and o’ label
the initial and final configuration and spin states,

L, M and L’, M’ label the initial and final angular
momentum states (M =L or L/, whichever is
smallest, in the second line), (1s|z|2p,)=6.18

x 1072 B is the dipole matrix element between the 1s
and 2p, oxygen orbitals in the parent @p) state, and
N; and N, are numerical coefficients which are
tabulated in Table II. The oscillator strengths for
the various transitions in the FO approximation
are tabulated in the last column of Table II. Oscil-
lator strengths for the RO approximation were not
calculated.

The transition probability for Ko emission has
been calculated for Ne* in both the FO and RO ap-
proximations, and it is found that the RO value is
about 40% larger than the FO value.3? This is pri-
marily due to a change in the value of (1s|zl2pg)
when the contracted orbital is used, so that it
should not have as great an effect on the ratio of
the line intensities.

The line intensities are actually proportional to
the Einstein coefficients for induced transitions,
B=(me®/mAE) . However, the energy level differ-
ence AE is very nearly the same for the different
transitions of interest, so that we may use the os-
cillator strengths to compare the line intensities.
The oscillator strengths have the convenient prop-
erty that they are dimensionless quantities which

TABLE II. Calculated Ka emission spectrum for
atomic oxygen.

Oscillator

Emission Energy strength

AE(eV)* Coefficients® for FO’s

Transition FO’s ROs N N, f

‘p—is 547.0 531.5 1 ¢ 0.023
'P—’D 546.6 532.4 ¥ 3 0.128
’p—-2p 544.4 529.9 2 3 0.076
p—D 546.9 532.1 & 1 0.077
p—+2p 544,17 529.7 2 P 0.026
:s—2p 547.9 532.0 3 2 0.103

2Reference 27.
bSee Eq. (2).

°The 1s? 2s® 2p* 3P parent
state was used.
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obey the Kuhn-Thomas sum rule, ¥, f,m=1.

If we assume that !D and 'S terms are not ex-
cited, so that the only contribution is from the 3P
decay sequence, and introduce the 20-eV correc-
tion discussed earlier, then the atomic FO calcu-
lations lead to the following predicted oxygen Ko
spectrum: a dominant peak (coming from the un-
resolved *P—*S and 2P~ ?D transitions) and a sat-
ellite above 2 eV below (from the 2P~ 2P transi-
tion), with an intensity ratio of approximately 2: 1.
The RO calculations suggest a similar spectrum,
with a more pronounced broadening of the dominant
peak (or, for high resolution, a shoulder on the
low-energy side).

It is interesting to compare the ab initio atomic
SCF calculations, summarized at the bottom of
Fig. 4, with the semiempirical molecular calcu-
lations, summarized at the bottom of Fig. 1. The
former are in at least as good agreement with ex-
periment as the latter. If one were to rely pri-
marily on agreement between the calculated and
observed positions of the emission peaks as a test
of the validity of a model, one would have to take
the atomic model as seriously as the molecular
models on the basis of this comparison. However
the atomic model cannot be correct because the
Si-O overlap is so great that bonding effects must
be important; hence, we infer that a much closer
agreement between theory and experiment is
needed before we can draw conclusions regarding
the electronic structure from observations of the
emission spectra.

III. OXYGEN Ko LINES FOR SiO IN THE HARTREE-FOCK
FO APPROXIMATION

The ground state of neutral SiO is
16220%30% 17* 4025026021 T0%'=. The MO ener-
gies and gross atomic populations are given in Ta-
ble I for an internuclear separation of R=3.104
B (1.643 A).% The atomic orbital energies of the
free atoms are also tabulated for comparison. The
orbitals and orbital energies were obtained from
the calculations of McLean and Yoshimine.3* The
inner orbitals and levels are primarily atomic in
character, with increasing delocalization as one
moves out toward the valence levels. The initial
state for all K emission lines is 2¢%y, i.e., a
2y, state formed by removing an electron from the
20 orbital of the parent state. The 50%% level is
predominantly 2s(0), i.e., the dominant atomic
component of the 50 MO is a modified oxygen 2s
atomic orbital, but there is a non-negligible delo-
calization with consequences which will be dis-
cussed in more detail later. The strongly delocal-
ized 602, 27%I and 70 %% levels are donor levels
for the oxygen Ko emission spectrum.

The emission energies in the Hartree-Fock FO
approximation, given by

AE=€p - €, (3)

are listed in Table IV for igAy=20 and ix =50, 60,
27, and To. Oscillator strengths, calculated from
the expression

F=3NAE| | 2T, | ¥ |2=2NAE| GA| F|ighe) | 2
@)

for the same levels, are also listed in Table IV.
N is the orbital degeneracy of the final state: N=1
for T states and N=2 for Il states. All quantities
must be expressed in atomic units [1 hartree(H)
=27.212 eV, 1 bohr(B)=0.52918 A] when Eq. (4)
is used.

The results in Table IV are summarized graph-
ically and compared with the experimental oxygen

$i;0-RO

I
Si,0-FO l 0 .
L

SiO-FO

!
0-FO I |

-

FIG. 4. Comparison of the oxygen Ka emission lines
calculated for different models with the emission spectrum
observed by Klein and Chun (Ref. 2). FO=frozen orbit-
als, RO=relaxed orbitals, The dominant calculated line
has beenaligned with the dominant experimental peak at 526
eV. The difference, AE 4,  —AE 4, between the calcu-
lated and observed positions of the dominant peak are as
follows (the quantity in parentheses is the percent errorJ:
Collinear Si,0, RO’s, —0.3 eV (0.06%); collinear Si,O,
FO’s, 18.8 eV (3.6%); SiO, FO’s, 20.7 eV (3.9%); O,
RO’s, 6.4 eV (1.2%); O, FO’s, 20.6 eV(3.9%). The
length of the lines representing the calculated emission
spectra are proportional to the calculated oscillator
strengths, except for O-RO for which oscillator strengths
were not calculated.
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TABLE III. SiO orbital energies and atomic popula-
tions, *

iA nl(A) €a® € NN
1o 1s(Si) —68. 812 —68.853 2.00
20 1s(0) —20.668 —20.532 2.00
30 2s(8i) -6.157 -6.193 2.00
i 2p(Si) —4.256 —4,295 4,00
40 2p(Si) —4,256 —4,292 2.00
50 25(0) -1.244 -1.220 1.77
3s(8i) -0.540 0.10
3p(si) -0.297 0.07
2p(0) —0.632 0.04
3d(si) e 0.02
60 3s(Si) —-0.540 —-0.602 0.92
2p(0) —-0.632 0.91
25(0) -1.244 0.13
3p(Si) -0.297 0.03
3d(0) cee 0.01
2r 2p(0) -0.632 —0.443 3.22
3p(Si) -0.297 0.59
3d(Si) e 0.15
4f1(Si) 0.03
3d(0) 0.02
70 3s(S1) ~0.540 —0.436 0.76
2p(0) -0.632 0.68
3p(Si) -0.297 0.54
3d(Si) o 0.01

*Energies in hartrees, 1H=27,212 eV.

PAtomic orbital energies for unmodified orbitals in free
atoms. Values are from Ref. 23.

®Molecular orbital energies for an internuclear distance
of R=3.104 B (1.643 A). Values are from Ref. 34.

9Gross atomic populations. (See Appendix) The total

gross atomic populations for Si and O correspond to
S{*0-780"0.78_

Ka x-ray emission spectrum for silica in Fig, 2.
The agreement is rather good, which is unfortunate
because the model is not valid for silica. An SiO
fragment provides for only a single Si-O bond to
each oxygen atom, whereas in silica each oxygen
atom is bonded to two silicon atoms.

The SCF-MO’s for SiO can, nevertheless, be
used to interpret some features of the soft-x-ray
emission spectra of silica. On the basis of experi-
ence with calculations on a variety of diatomic
molecules, we are confident that an SCF calculation
provides a reasonably accurate picture of the elec-
tronic structure of diatomic SiO, even though some
quantitative aspects are not well represented. 3 If
the difference between the environment of an oxy-
gen atom in SiO and the environment of an oxygen
atom in silica is taken into account, we can use the
MO’s of SiO in order to obtain some insight into
the electronic structure of silica.

A matter of particular interest is the nature of
crossover transitions in which an electron in an
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orbital energy level identified with an atomic orbit-
al of one atomic species drops down into an unoc-
cupied orbital energy level identified with an atom-
ic orbital of another atomic species. The silicon
KB spectrum of silica provides a classic example
of a crossover transition.3® It contains an emis-
sion peak which is clearly identified with an elec-
tron from a 2s(0) level (the 50 level of SiO) drop-
ping down into a half-occupied 1s(Si) level (the 1o
level of SiO). The small overlap between a 1s(Si)
and a 2s(0) orbital raises questions regarding the
literal interpretation of this peak as a true cross-
over transition. One can investigate these ques-
tions by using an expansion of the SCF-MO’s into
their atomic components.

The 2s(0) emission peak occurs in both the oxy-
gen Ka and silicon KB spectra of SiO. (Refer to
the calculated oscillator strengths for the 2022
-~ 5022 hole transition in Table IV and the 1¢2%

-~ 5023 hole transition in Table V.) The change in
environment in going from SiO to silica suppresses
the peak in the oxygen Ko spectrum and enhances
it in the silicon KB spectrum. The 2¢(SiO) and
50(Si0) levels both become gerade levels in Si,0,
so that dipole transitions are forbidden. They re-
main almost forbidden in Si;O; and silica. The
1¢(Si0) and 50¢(SiO) levels go into gy and £, levels
of SiO,, respectively, between which dipole tran-
sitions are allowed. If one constructs an approxi-
mate #,(SiO,) orbital by taking appropriate linear
combinations of 5¢(SiO) orbitals, one finds that the
coefficient of the 3p(Si) atomic component is en-
hanced by a factor of 2/[3(1 - S)[*/2, where S is the
overlap between two normalized 50(SiO) orbitals
which share a common silicon atom. This factor
provides an enhancement of the order of 2 in the
oscillator strength. Leaving these qualitative and
well -understood differences between SiO and silica
aside for the moment, let us analyze the nature of
the 50~ 1o crossover transition in SiO in a little
more detail.

The expansion

‘I’u(i'-)-‘"%: By, a1 Pty () (5)

TABLE IV. Energies and oscillator strengths for the
oxygen Ka x-ray emission spectrum of SiO in the Har-
tree-Fock FO approximation.

Transition® AE (eV) f
20 %3 —~50 2% 525.5 0.0007
2022 —~ 602z 542.3 0.019
2¢ %z —2r2n 546.7 0.070
2022 —~17022 546. 8 0.018

2 evels are designated by iA 2*1A, where iA is the hole
in the parent configuration and 2% A js the term label.
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TABLE V. Energies and oscillator strengths for the
silicon Ka and KB x-ray emission spectra of SiO in the
Hartree-Fock FO approximation,

Transition AE (eV) f
10 22 =17 1 (Ka) 1756.7 0.158
1025 =40 %2 (Ka) 1756. 8 0.079
10 22 —50 %% (KB) 1840.4 0. 00030
10 %z —60 %z (KB) 1857.2 0.00038
1o 2z —27 %11 (KB) 1861.6 0.00101
10 %2 —70 %z (KB) 1861. 8 0.00170

of a molecular orbital into its atomic components
may be used to analyze dipole matrix elements be-
tween molecular levels into components which cor-
respond to hybridization, delocalization, and
crossover. (The algorithm for this expansion is
described in the Appendix.) The decomposition is

-| . *
<i)t‘ r l lle) = Z; B“.A,
AA' LY

X('ﬂ“(A)|i7|n'l""'(A'))B,,,,.A,,,. (6)

The individual terms in Eq. (6) are not uniquely
defined because the atomic components are not or-
thogonal, so that the individual atomic dipole ma-
trix elements depend on the choice of the origin. In
analyzing transitions in which one level is almost
purely atomic character, as occurs here, the most
reasonable choice is to place the coordinates at the
origin of that atom. We shall adopt this prescrip-
tion.

The 10(SiO) and 20(SiO) levels are almost purely
atomic in character, so that Eq. (5) reduced to a
single term:

¥10(810) = P14(81) »

(M

Y20(510) = P1s(0) -

IN THE OXYGEN Ka X-RAY...
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The expansion of the 5¢(SiO) orbital is
Ysos100 = 0. 9088 9350, —0.1061 930,
+0.0192 ¢33 ) - 0.0044 ¢330,
+0.1325 9395, +0.0917 335,
+0.0334 @35, +0.0058 @35y, . (8)

The dipole matrix element decomposition for the
50~ 10 and 50— 20 transitions, obtained by substi-
tuting Egs. (7) and (8) into Eq. (6), are summa-
rized in Table VI. The decomposition is illus-
trated schematically in Fig. 5.

We note that, for both transitions, a single ver-
tical component provides the dominant contribu-
tion. Inthe 50~ lo transition, the 3p(Si)—~ 1s(Si)
component contributes 106% of the total dipole ma-
trix element in spite of the fact that the gross
atomic population of the 3p(Si) component is only
4% of the total. The 2s(0) - 1s(Si) crossover com-
ponent contributes only —5% of the total even
though the 2s(0) atomic component comprises 88%
of the population of the 5¢(SiO) level. A similar
situation occurs for the 50— 2¢ transition, although
here the crossover contributions amount to 10% of
the total even though the ratio of the gross atomic
population of orbitals contributing to crossover and
direct transitions has dropped from 23 to 5. The
increase in the crossover contribution is obviously
due to the more diffuse character of the silicon
valence orbitals.

Literally speaking, both the 50— 1o and 50—~ 2¢
transitions are primarily vertical. The oscillator
strength of the 50~ 1o transition is almost com-
pletely determined by delocalization; i.e., an ad-
mixture of a 3p(Si) component into a nominally
25(0) level, and the oscillator strength of the 5¢
- 2¢ transition is primarily determined by hybridi-
zation; i.e., an admixture of a 2p(O) component.
In effect, an electron in a 5¢ level resonates (in

TABLE VI. Atomic component analysis of the {50(Si0) | z | 1s!%(Si)) and {50(SiO) | z | 1s*°(0)) dipole matrix elements

for R=3.104 B.*

nl(4) Bso, a1 (nI%°(A) | 2g; | 1s1°(Si)) Bsoai{lzg |) (nl*°(4) | 20 | 1s*°(0)) B ailzol)
2s(0) 0.90879 0.00013 0.00012 0 0

2p(0) —0.10613 -0.00031 0,00003 0. 05804 -0.00616
3d(0) 0,01915 0. 00055 0.00001 0 0

4£(0) —0.00444 —0.00057 0.00000g 0 0

3s(8i) 0.13248 0 0 -0.00216 -0.00029
3p(Si) 0.09173 -0, 02925 —0.00268 —-0.00371 —0.00034
3d(Si) 0. 03342 0 0 —-0.00351 —0.00012
4f(S1) 0. 00578 0 0 —0.00398 -0.00002

(50(Si0) | zg; | 15'°(8i) ) =—0. 00252°

(50(Si0) | 2o | 1s%°(0) ) =—0. 00693°

2The analysis is based on the expansion (5¢(Si0) | =2 4; Bso,4;{nI°°4) | .

are bohrs.
b(50(Si0) | z | 16(Si0) ) = — 0. 00256 B.
¢{50(Si0) | z | 2¢(Si0)) =- 0. 00722 B,

See text. Units for dipole matrix elements
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3s(Si) 5%

3p(Si) 4%
2s(0) 88%

,./2P(O)~Is(0) 89%

3p(Si)—Is(Si) 106%—
piSi=is(Si} 106% | 3p(Sil~15(0) 5%

2p(0)—Is(Si) =1% —| )
| 3s(Si)—Is(0) 4%

28(0)—~Is(Si) -5% —

\9, 20
1s(0) 100%

Is(Si) 100%

FIG. 5. Schematic representation of the decomposition
of the 50(Si0) —2¢(Si0) and 50(Si0) —~1¢(Si0) transitions
into atomic components. The numbers opposite the atom-
ic component labels [3s(Si) 5%, 3p(Si) 4%, etc.] give the
relative gross atomic population, 100 X(N,ﬁ‘/ Np), for a
given component and level. [The small 3d(Si) and 4f(Si)
components of the 50(SiO) level have been omitted.] The
number opposite the atomic transition labels [3p(Si) —
1s(Si) 106%, etc.] give the relative contribution of the
atomic components of the dipole matrix element to the
total dipole matrix element: 100 X Bg, 4;(nl(A)| z | n'l'(A"))/
(5alz|nl'(A*)); n'l'(A’)=1s(Si) or 1s(0).

the sense of Pauling) between modified 2s(0),
2p(0), 3p(Si), and 3s(Si) atomic orbitals, and
makes a transition to the 1o or 2¢ level only by a
vertical jump from a 3p(Si) to a 1s(Si) orbital or a
2p(0) to a 1s(0) orbital, respectively. The de-
scription “delocalization transition” might be more
appropriate than “crossover transition” for the 5¢
- 1o transition, although the latter designation is
still appropriate from the viewpoint of the over-all
process.

It is perhaps worth noting that the use of the di-
pole matrix elements (1| ¥li’1") for calculating
molecular transition probabilities in the soft-x-ray
region would not be justified if crossover contribu-
tions were important. The wavelength of soft x
rays is not sufficiently large compared to the in-
teratomic distances to permit one to neglect the
exponential term in the matrix elements
(ixle*™*51 4’2" from which the formula expressing
transition probabilities in terms of dipole matrix
elements is obtained. We have, for x rays from
the oxygen Ka emission spectrum, kRg;.,=0.5 and
k{M14(0) =0.03, where x=27/1=0.15 B is the
wave vector for the x ray, Rg_o=3.1 B is the
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nearest-neighbor distance, and (7)o, =0.20 B is
the mean radius of an oxygen 1s orbital.

There is another interesting bit of information
which one may extract from the SCF-MO’s for
SiO. Referring to Table IV, we note that the 5¢
~ 20 transition (i.e., the 20— 50 hole transition)
has an oscillator strength which is only 1% of the
oscillator strength of the dominant transition (the
27~ 20 transition). This is consistent with the
fact that the coefficient of the 2p(0) component in
Eq. (8), which provides the dominant contribution
to the oscillator strength, is approximately 0. 1.
But we also note that the oscillator strength of the
50- 1o transition (Table V) is more than 10% of
the combined oscillator strengths of the two domi-
nant transitions (7o~ 1o and 27—~ 1¢). The 3p(Si)
populations in the 7¢ and 27 levels are less than
the 2p(0) populations, so that one would expect
some increase in the relative intensity of the 5¢
line in the silicon KB spectrum as compared to the
oxygen Ka spectrum. But the coefficients of the
2p(0) and 3p(Si) components in the 5¢ level [Eq.
(8)] are approximately equal, and the ratio of the
2p(0) and 3p(Si) populations in the valence levels
is only about 3, so that we must look further in
order to explain the order-of-magnitude difference
in the relative intensities.

The explanation lies in the modification of the
atomic orbitals which occurs when the atoms are
brought together to form a molecule. These modi-
fications are relatively small for oxygen orbitals,
as may be seen in Fig., 6 where the modified
2p™(0), 2p*(0), 2p%(0), and 2p*°(0) atomic orbit-
als are compared with the unmodified 2p(0O) orbit-
al of an isolated oxygen atom. Within the region
of overlap with a 1s(O) orbital the differences are
all small, so that the orbital modifications will not
have a significant effect on the dipole matrix ele-
ments. The situation is quite different for silicon
orbitals, as may be seen from Fig. 7. Not only
are the differences between the modified and un-
modified orbitals much more pronounced, but the
pronounced contraction of the orbital tails in-

&3 1.0
8 —1s(0): Pyglr)| =2.02 ot r=0.13
2 S Imax
E 0.8
=
<
- 06}
% in 7o
g oal in 2m
o in 6fy
o in free atom
50.2H .
I inSco
E
o L 1 1 1 R |
e

o
N
o
S
o
o
~
®

FIG. 6. Modified 2p(0) atomic orbitals in SiO.



8 CHEMICAL BONDING EFFECTS IN THE OXYGEN Ka X-RAY... 5987
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FIG. 7. Modified 3p(Si) atomic orbitals in SiO.

creases the amplitude within the K and L shells by
a factor which can be greater than 3.

The quantitative effect of these modifications on
the dipole matrix elements may be seen more pre-
cisely in Table VII where the dipole matrix ele-
ments of the modified 2p(0) and 3p(Si) orbitals are
compared with each other and with the dipole ma-
trix elements for the corresponding unmodified or-
bitals. The oxygen matrix elements are all com-
parable. The 3p°°(Si) matrix element is larger
than the 3p(Si) matrix element by a factor of 3.6,
and larger than the 3p"™(Si) and 3p?"(Si) matrix ele-
ments by factors of 2.1 and 2.5, respectively.

The valence orbital contraction which occurs when
a silicon atom is placed in an SiO molecular en-
vironment can, therefore, enhance the intensity of
the 5¢ satellite in the silicon K8 spectrum of SiO
by a factor of approximately 5.

This example of orbital modification in mole-
cules serves to emphasize the fact that LCAO cal-
culations are not reliable for calculating x-ray
emission intensities. Orbital relaxation and cor-
relation effects can introduce errors which ap-
proach a factor of 2 in some cases (see Secs. IV
and V), but orbital modifications can introduce
order-of-magnitude errors which make a compari-
son between observed and calculated results rather
meaningless.

Returning to Table III we note that the d hybridi-
zation of the orbitals is rather small. The great-
est d hybridization occurs in the 27(SiO) orbital
where the 3d(Si) population is 4% of the total. This

is in contrast to the results of the calculations of
Collins et al.'* who obtain rather large 3d popula-
tions for SiO,. While one might argue that it is
possible for the additional oxygen neighbors to
cause a marked increase in the silicon d popula-
tion, we are inclined to believe that their result is
a property of their basis sets and not of the sys-
tem. It has been our experience that when basis
functions of higher symmetry are added to a mini-
mal basis set without first augmenting with basis
functions of lower symmetry, these added basis
functions will attempt to remedy the deficiencies
of the basis set of lower symmetry. We expect
that if SiO, calculations were done with nominal or
accurate s and p basis sets for silicon, the d hy-
bridization would be much closer to that which Mc
Lean and Yoshimine obtain for SiO than that which
Collins et al. obtain for SiO,.

IV. OXYGEN Ko LINES FOR COLLINEAR Si-O-Si IN THE
HARTREE-FOCK APPROXIMATION

The configuration of neutral collinear Si,O is

10% 1% 207 302 20% 402 302 174 174 507 402 27 602 507 272,
9
This is an open-shell configuration with three ©
terms: ’z;, 'a,, and 's;. Self-consistent-field
energies, orbitals and orbital energies, atomic
populations and dipole matrix elements were calcu-
lated for these terms using the ALCHEMY comput-
er program.®’ The optimized basis set determined
by McLean and Yoshimine for SiO was used.3* In
view of the similarity of SiO and Si,O, it was as-
sumed that the accuracy of the calculations for the
two systems would be comparable without further
optimization of the basis function exponents.

TABLE VII. Comparison of dipole matrix elements
(in bohrs) of some modified and unmodified atomic or-
bitals.

Oxygen 2p
(2p°°(0) | 2 115(0)) =0. 0579
(2p%(0) 1 21 15(0)) =0. 0606
(2p1(0) 1% 115(0)) =0. 0591
(2p"(0) 1 21 15(0)) =0. 0579
{2p(0) 1211s(0)) =0. 0618

Silicon 3p
(2p(Si) | z11s(Si)) =0, 0429
{3p%°(Si) | z | 1s(Si)) =—0.0293
(3p%(Si) | x 1 1s(Si)) =—0. 0115
(3p™(Si) | 2 | 15(S1)) =—0. 0139
(3p(Si) 1 21 1s(Si)) =—0. 0081
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TABLE VII, Excitation and decay scheme for collinear Si-O-Si.
Parent Excited Final
state state state
Configuration [Eq. (9)] 20, hole 40, hole 2m, hole 50, hole
25= 25 2 25
3a- Zg - Zy I, Zy
Ze - 4so- 45m 4 4
Terms Ze - Zu T Zu
20 2 2
a, - n, - 2a, n,, %s, A,
'z - M M ’m, o

Only those selected results which are relevant
for interpreting the oxygen Ko x-ray emission
spectrum are included in this article. A complete
listing of energies, orbital expansion coefficients,
and selected molecular properties for all three
states has been deposited with the National Auxil-
iary Publications Service. 3®

The excitation and decay scheme for the states
which contribute to the oxygen Ko emission spec-
trum are shown in Table VIII. The orbital ener-
gies and gross atomic populations for the different
atoms and atomic symmetries are listed in Table
IX for all three terms and all 15 occupied orbitals.

The atomic populations and the orbital energies
of interest are essentially the same for all three
parent terms: the differences between the 2¢,,

40,, 27, and 50, orbital energies vary by less than
0.02 eV from one parent term to another. The
open shell (the 27, shell) has an oxygen atomic pop-
ulation of only 0.02 for all terms, so that differ-
ences in the electronic structure of the three terms
should have very little effect on the electronic
structure of the oxygen atom. Hence, we may lim-
it our attention to a single branch of the excitation
and decay sequence. The branch starting from the
nondegenerate 12:; parent term has been chosen for
this purpose.

The coefficients for the expansions of the MO’s
into modified atomic orbitals (MAO’s) [Eq. (A4)]
are given in Table X for the '3} state. The MAO’s
are portrayed in Figs. 8-10. The modifications
are similar to those found earlier for SiO, except
that the 2p°4(0) orbital, which is a minor compo-
nent of the 50,(Si,0) orbital, is appreciably ex-
tended. Aside from the 3p%%(Si) orbital, which
does not contribute to the oxygen Ko emission
spectrum, the modified 3p(Si) orbitals are strongly
contracted, as before.

The atomic populations on the different atoms
have been identified with an atomic shell (labeled
by the principal quantum number n) as well as by
an angular momentum. This identification should
not be taken too literally, for the atomic orbitals

are modified relative to the orbitals in isolated
atoms. The identification is made on the basis of
orbital energy considerations, identifying a compo-
nent with the shell of that symmetry for which the
undistorted atomic and molecular orbital energies
differ least.

We note that there is some d hybridization, but
it is rather small: the largest amount being for
the 2m, orbital in which there is a 34(Si) atomic
population of 0.1 on each silicon atom. (Other typ-
ical silicon d hybridizations per atom are 0. 01 for
50,, 0.003 for 60,, 0.01 for 40, and 5¢,, and
-0.001 for 27,.) This is, again, in contrast to the
rather large d hybridization obtained by Collins
et al.™* The comments made at the end of Sec. III
concerning the 4 hybridization in SiQ are applicable
here also.

The energy differences corresponding to the
emission lines of interest, obtained from Eq. (3)
with igxg = 20, and ix=50,, 40,, 2m,, and 50,, are
tabulated in Table XI. The oscillator strengths,
computed from the dipole moments using Eq. (4),
are also listed. The results for the FO calcula-
tions are given in the second and fourth columns.
The results for RO calculations are given in the
third and fourth columns. A graphical comparison
with the other calculations and with the observed
oxygen Ka emission spectrum of silica is given in
Fig. 4.

Although the collinear Si,O model corresponds
more closely to the true structure of silica than the
SiO model, the agreement between the observed
and calculated satellite interval is slightly worse.
The observed separation between the primary and
satellite peaks in silica is 5 eV. The calculated
separation is 4.4 eV for SiO in the FO approxima-
tion, 6 eV for collinear SizO in the FO approxima-
tion, and 6.9 eV for collinear Si,O in the RO ap-
proximation.

The intensity ratios of the primary lines to the
satellite are 4.6:1 for the SiO-FO calculation,
2.4:1 for the Si,0-FO calculation, and 3.9:1 for
the Si;O-RO calculation. The uncertainty in the
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TABLE IX. Collinear Si-O-Si orbital energies and atomic populations.?®

% ‘o, R
23 nl(A) €m € N € NGy € NG
lo, 1s(Si) - 68, 812 -68.810 2,00 —68. 812 2,00 - 68. 814 2,00
1o, 1s(Si) —68. 812 —-68. 810 2,00 —68. 812 2,00 —68. 814 2.00
20" 1s(0) -20.668 —20.622 2,00 -20.623 2,00 -20.624 2,00
30, 2s(Si) —6.157 —-6.154 2.00 —-6.156 2.00 —6.158 2.00
20, 2s(Si) -6.157 —-6.154 2.00 -6.156 2,00 —6.158 2.00
40’, Zp(Si) —-4,256 —4,256 2.00 —-4,258 2,00 —4.260 2.00
30y 2p(si) —-4,256 —4,256 2,00 —4,258 2.00 -4,260 2,00
1m, 2p(Si) —4,256 —4,255 4,00 —4,257 4,00 —4,259 4,00
1mg 2p(Si) -4,256 —4,255 4,00 -4,257 4,00 —4,258 4,00
50’! 25(0) -1.244 -1.392 1.81 -1.393 1.81 -1.39%4 1.81
3s(Si) -0.540 0.09 0.09 0.09
3P(Si) -0.297 0.08 0.08 0.08
3d(si) e 0. 02 0. 02 0. 02
40, Zp(O) —0.632 -0.821 1.45 -0, 822 1.45 -0,823 1.45
3s(Si) —-0.540 0.40 0.40 0.40
3p(si) -0.297 0.12 0.12 0.12
34(Si) e 0.03 0.03 0.03
2T, 2p(0) -0.632 -0.600 3.34 —-0.601 3.33 —0.602 3.33
3p(si) -0.297 0.39 0.39 0.39
3d(Si) e 0.20 0.20 0.20
4f(Si) o 0.07 0.07 0.07
60" 3s(Si) - 0.540 —0.469 1.78 -0.470 1.78 -0.471 1.78
3p(Si) —-0.297 0.20 0.19 0.19
2s(0) -1,244 0,02 0.02 0.02
3d(Si) e 0.01 0.01 0.01
50, 3s(Si) —0.540 —-0.424 1.50 —-0.425 1.50 —-0.426 1.50
3p(si) -0,297 0.38 0.38 0.38
2p(0) —0.632 0.11 0.11 0.11
3d(Si) se 0.02 0.02 0.02
21rg 3p(si) -0.297 —-0.203 1.98 —0.182 1.98 -0.162 1.98
3d(0) b 0,02 0. 02 0.02

2Atomic orbital energies €,; are from Ref. 23. Molecular orbital energies €;, have been
calculated for each term for an internuclear distance of R=3.02 B (1.6 A). All energies are
in hartrees, 1 H=27,212 eV. N}_", are the gross atomic populations (see the Appendix). The
silicon populations are the sum of the gross atomic populations for both silicon atoms. The
07%™ charge state. The
total energies for the three states are E(°Z;) = —652.7186 H, E('A,) =—652. 6974 H, and
E('z}) =-652.6763 H.

total gross atomic populations for Si and O correspond to a Si3?37
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TABLE X. Expansion coefficients Bj, 4;, for the expansion of molecular orbitals for the valence shell of the 12; state

of collinear Si;O in modified atomic orbitals: ¥y, (T) =3 4;Bin@iia)(@). 2

nl(A)

i 25(0) 2p(0) 34(0) 4£(0) 35(Si) 3p(Si) 34(Si) 47(Si)
50, 0.91257 e 0. 03441 e 0.07928 0.06434 0.02661 0.00588
4o, e —0.76098 s —0,01644 0.23767 0.09739 0.04131 0.00804
2Ty .. 0. 85363 oo 0.01137 oo 0.14305 0.06923 0.02329
60, 0.32341 e 0.00018 e —0.70321 0.18690 0.02133 0. 00053
50, e —0.47236 s -0.00979 —0.73036 0.22435 0,03403 0.00268
21rg oo e —0.02794 e s 0.75703 0.00981 0.00360

aCoefficients are given only for the left silicon atom, Si(1). The relation between the coefficients for A =Si(1) and A’
=8i(2) is By a3 =% (- 1! By, 1> Where the +(-) sign applies to gerade (ungerade) states, respectively. Blank entries are
coefficients which vanish identically for reasons of symmetry.
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FIG. 8. Modified 2p(0) atomic orbitals in collinear
Si,0.

magnitudes of the integrated intensities for the
primary and satellite bands in silica prevents a
meaningful quantitative comparison of calculated
and observed intensities. All that one can really
say is that the experimental ratio probably lies be-
tween 4:1 and 8:1, which is in reasonable (but in-
conclusive) agreement with the collinear Si,O0-RO
calculation.

The most marked improvement is in the position
of the dominant peak. The difference between the
SiO and collinear Si,O models appears to be rela-
tively unimportant for the primary peak position;
the improvement is primarily due to orbital relax-
ation. The error in the FO approximation is about
20 eV, or close to 4% for both the SiO and collinear
Si,0 models. It drops to less than 1 eV (less than
0.1%) for the RO approximation. This agreement,
together with previous work which provides evi-
dence for the reliability of RO calculations of x-
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FIG. 9. Modified 3s(Si) atomic orbitals in collinear
$1,0.
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FIG. 10. Modified 3p(Si) atomic orbitals in collinear
Si,0.

ray emission spectra, ¥"*?° is the strongest quantita-

tive evidence available in support of the identifica-
tion of the 20, s}~ 27,%11, transition in Si,0 with
the primary emission peak.

The predicted high-energy satellite at 528 eV
(the 20,%z;~ 50,2, transition) will be more
strongly influenced by the environment than the
other transitions, so that a comparison with the
observed emission spectrum in silica is not justi-
fied. The emission peak corresponding to a 2s(0)
donor level (the 20, 25}~ 50, %, transition) does not
occur because it is forbidden by symmetry, as
noted earlier.

The net charge on the oxygen atom, as measured
by the gross atomic population, drops from -0.78
in SiO to - 0. 74 in Si,O. The large decrease in the
silicon charge, from +0. 78 to +0. 37, suggests that
the silicon charge is rather sensitive to the en-
vironment. This is consistent with the fact that the

TABLE XI, Transitionenergies and oscillator strengths
for the oxygen Ka x-ray emission spectrum of collinear
Si-0-8i. 2

AE (eV) f
Transition FO’s RO’s FO’s RO’s
2, 2} —~50, ’=;  549.6  527.6  0.007  0.015
20, 22} —2m, N,  544.8  525.7  0.076  0.122
20, 22} —~40, %5,  538.8  518.8  0.032 0,031
20, 5y —~50, 'z  523.3 voe 0 0

The !z} parent state was used.
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silicon valence orbitals are quite extended. The
more compact oxygen orbitals can be expected to
be less sensitive to the environment. Adding
another silicon ion introduces Coulomb repulsion
between the silicon ions. A decrease in the silicon
charge lowers the total energy by decreasing this
repulsive energy, as well as maintaining the charge
balance.

In going from an Si;O fragment to an SiO, frag-
ment, which can be expected to have an ionicity
very close to that of bulk silica, the silicon charge
will increase in order to maintain the charge bal-
ance. We can also expect some change in the oxy-
gen charge. We speculate that this change will be
a small decrease in order to reduce the increase in
total energy introduced by the Coulomb repulsion
between the oxygen ions. A charge configuration
of Si**0,° would not surprise us. A charge con-
figuration as ionic as Si*?0,™ would surprise us.

Further refinements are clearly needed in order
to converge to reasonable quantitative agreement
with the observed interval between the primary and
satellite peaks and to explain the shoulder on the
low-energy side of the primary peak. These re-
finements, which are beyond the scope of the ab
initio calculations undertaken for this study, are
discussed in Sec. V.

V. REFINEMENTS

Three refinements are needed to extend the cal-
culations to the point where they can be used for
accurate quantitative interpretations and predic-
tions: (a) bending of the Si-O-Si fragment; (b) in-

TABLE XII. Occupied Si-O-Si orbitals.

Bent Si;0 Collinear Si;0  Major atomic components?®

1a1 1(7‘ 1S(Si)

1by 1o, 1s(Si)

2ay 20, 15(0)

3a1 3U'g 2S(S1)

2b, 20, 25(Si)

4ay 40, 2p(Si)

3b, 30, 2p(8i)

5ay 1im, 2p(Si)

1b1 17|',‘ Zp(sl)

laz 1‘"‘ 2[)(51)

4b, 1w, 2p(Si)

6ay 57, 25(0)

5b, 40, 2p(0), 3s(Si), 3p(Si)
Tay 2m, 2p(0), 3p(Si), 3d(Si)
2by 2m, 2p(0), 3p(Si), 3d(Si)
8ay 60, 3s(Si), 3p(si)

6b,y 50, 3s(Si), 3p(Si), 2p(0)
2a, 2m, 3p(Si)

7b2 27|'g 3P(Si)

3Components with gross atomic populations greater
than 0.1 (see Table IX).
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FIG. 11.
Si,0.

Symmetry orbitals for collinear and bent

clusion of more distant neighbors; and (c) elec-
tronic correlation. The effect of bending is of par-
ticular interest because it will introduce a qualita-
tively new feature; viz., splitting of the dominant
peak. The effect of bending will be discussed in
some detail below. The remaining effects will be
considered only very briefly because there is not
much that can be said without undertaking detailed
calculations which are beyond the scope of this
study.

A. Bending Effects

Bending of the Si-O-Si fragment reduces the
symmetry from D, to C,,. All degeneracies are
lifted. The occupied orbitals are shown in Table
XII. If the axes are chosen as shown in Fig. 11,
then the a (b) orbitals are those which are even
(odd) under 180° rotations about the x axis, and the
orbitals with subscripts 1 (2) are those which are
even (odd) under reflection in the xy plane. The
shaded and unshaded circles in Fig. 11 indicate
orbital amplitudes of opposite sign. Only the dom-
inant s and p components are indicated, using an
obvious schematic representation. Note that the
silicon p orbitals may rotate independently in the
ay and b, symmetry orbitals. The relative ampli-
tudes of the different components for the collinear
case may be obtained from Table X.

The correspondence between the parent states of
the collinear and bent molecules is as follows:

ces Zﬂf 37;;.. .+ 2a,7b, By,
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<. 272 "{[“ ‘ Zag 1A1] =[--- 7bg 1A1] s
' (4
«v.2a,7h; By, (10)

cee 2[1‘:’ 12;.. [++- 2a2 24, ] +[--- B3 14],
where -+ signifies the closed shells, which con-
sist of the shells in all but the last two lines of
Table XII. In a single-configuration approximation
the *A, states would be - -+ 2a3'4, and 7b3'4,.
Mixing of these two configurations is necessary in
order to obtain proper correspondence with the
terms of the ground configuration of the collinear
molecule. The excitation and decay sequence for

the term arising from the 's;; term of the collinear
molecule is

parent state: 4,

excited state: 2ay 24,

5bs%By, 2by°By,
8ay%A;, 6b,°B,,

(11)
final states:

where the orbital symbol labels the hole in the
parent configurations. Decay sequences for the
other parent states may be obtained from the or-
bital correspondence

U(" @, Oy~ bz’
11':" a, (12)

y
”:" Az, Ty~ b,

11':" bz,

[where 7*= (7* +i7”)/2!/?], and the term correspon-
dence,

T~ Ay, H,~A+B,

E;" B, H,"A2+Bz9 (13)
Tu—~ By, B,~A;+By,
Tu~ By, 8,~A+B;.

The following reasoning may be used in order to
obtain a qualitative estimate of the effect of bend-
ing on the separation of the peaks in the emission
spectrum,

Three different bonds are involved in each MO
of Si,0: two Si-O bonds and one Si-Si bond. One
might be tempted to assume that the Si-Si bond was
weak and made only a small contribution to the or-
bital energy, but inspection of the overlap integrals
for the modified atomic orbitals provides convinc-
ing evidence that this is not so. The relevant
overlaps are listed in Table XIII. The Si-O over-
laps are given for the SiO bond distance of 3.02 B.
The Si-Si overlaps are given for the Si-Si bond dis-
tance in the collinear fragment (6.04 B), for a
fragment bent to an angle of 144° (5.74 B) and a
fragment bent to an angle of 90° (4. 27 B).

We assume that bending will have a relatively
small effect on the energy of the Si-O bond, so that

the energy changes will be primarily due to changes
in the energy of the Si-Si bond. A reliable quanti-
tative estimate of this contribution cannot be given
without undertaking detailed calculations which are
beyond the scope of this study. However, a quali-
tative estimate, i.e., a determination of the direc-
tion in which the orbital energy levels move and
the order of the final levels, can be obtained by
considering an Si, fragment and examining the
bonding or antibonding characteristics of the MO’s
for Si,. If the Si, component of an Si,O molecular
orbital is a bonding orbital, then bending the SiO
fragment will lower that level. Conversely, if the
Si, component is an antibonding orbital, bending
will raise that level.

We may invoke the general rule that, in a homo-
nuclear diatomic molecule, the g, and 7, orbitals
are bonding orbitals, while the ¢, and 7, orbitals
are antibonding. As the Si,O fragment is bent, the
7ay and 2b, orbital energy levels (which come from
the 2m, level) will go down and the 55, and 6b, lev-
els (which come from the 40, and 50, levels) will
go up. The bonding orbitals are those for which
the component overlaps are positive (i.e., the
atomic orbitals in Fig. 11 have the same shading
in the regions closest to each other), while the an-
tibonding orbitals are those for which the compo-
nent overlaps are negative (i.e., the atomic orbit-
als in Fig. 11 have opposite shading in the regions
closest to each other). The magnitude of the over-
lap provides a rough measure of the magnitude of
the bonding or antibonding effect. We infer by in-
spection of the geometry (Fig. 11) that the 74 level
will drop more than the 25, level, thereby splitting
the original 27, level. Similarly, the 7b, level
should rise more than the 2a; level.

Using these qualitative considerations as a
guide, we infer that bending will change the orbital
energy levels in the manner indicated in Fig. 12,
We have no reliable way of inferring the magnitude
of these changes without further calculations, so
that the magnitudes of the displacements shown in
Fig. 12 have no significance. The directicns of the
changes are significant, insofar as one can trust
the reasoning outlined above. It is encouraging to
note that the changes are in the proper direction to
restore at least some of the quantitative agreement
which was lost in going from an SiO fragment to a
collinear Si,O fragment.

We looked into the possibility of obtaining a
semiquantitative estimate of the changes by doing
a simple Hickel-type calculation. If one knew the
off -diagonal matrix elements of the Hartree-Fock
operator between the atomic components for the
collinear molecule, it would not be unreasonable to
use the atomic overlaps in the spirit of extended
Hiickel theory in order to obtain a crude estimate
of the Hartree-Fock operator for the bent frag-



was not easy to extract the relevant matrix ele-
ments from the calculations made with the
ALCHEMY computer program, and the reliability

of procedures based on Hickel approximations is
open to serious question; hence, we decided to set-
tle for the qualitative study of bending outlined
above.

B. Larger Fragments

The logical next step for refining the calculations
would be to use a larger fragment. An energy lev-
el for an Si,O fragment which was predominantly
of oxygen character would become a band of seven
lines in an Si;O; fragment. The Si;O; fragment
would be a bipyramidal structure obtained by adding
an equilateral array of three oxygen atoms at each
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TABLE XII. Overlap integrals between modified and unmodified atomic orbitals in Si,0.*
(nl™A) | ' 1P A)),
tA R=3.02 4.27 5.74 6.04 B
(2p(0)1 35 (S1) ), free 0.26433 .o e e
40, 0.25032 .. .. ..
50, 0.33543
(2p(0) | 3p(Si) ), free 0.19016 oo see
40-“ 0'26701 . e cee
2m, 0.24851 e . .
50, 0.26538 . see
(2p(0) 1 3p(Si) )y free 0.23352 . . .
40, 0.10465 . e .
2m, 0.21288 .
50, 0.26229 .
(3s(8i) | 3s(8i’)), free e 0.29266 0.12392 0.10187
40, see 0.14800 0.04453 0.03399
6o, cee 0.30546 0.13192 0.10886
50, 0.33673 0.15167 0.12621
(8s(8i) 1 3p(Si’)), free 0.43478 0.25028 0.21796
40, . 0,07122 -0.02213 ~0.02836
6o, . 0.38362 0.20625 0.17712
50, 0.33644 0.17098 0.14478
(3p(8i) | 3p(Si")), free 0.31720 0.30203 0.28266
40, 0.16287 0.00099 ~0.01379
2m, see 0.32558 0.20252 0.17581
60, .. 0.32794 0.24141 0.21666
50, 0.31515 0.18392 0.15749
2m, 0.30241 0.32807 0.31269
(3p(S1) 1 3p(Si")), free cee 0.29759 0.13813 0.11674
40, e 0.01055 —0.01032 —0.00947
2m, e 0.17859 0.06383 0.05128
6o, 0.22203 0.08989 0.07405
50, 0.15996 0.05408 0.04293
2m, 0.33527 0.16402 0.13994
“The Si-O distance in Si,0 is 3.02 B. The Si-Si distance is 6.04 B in collinear Si,0, 5.74
B for £ Si-0-Si=1.44°, and 4.27 B for £8i-0-Si=90°. (| ), is the overlap for p orbitals
oriented along the line of centers and (| ), is the overlap for p orbitals oriented perpendic-
ular to the line of centers.
ment. However, circumstances were such that it to form two tetrahedra with a common oxygen ver -

tex and bases rotated by 30° with respect to each
other. (See Fig. 2.) The oxygen-oxygen overlap
(for unmodified orbitals) is {(2p(0)! 2p(0’)),=0. 0631
and (2p(0)| 2p(0’)),=0.0151 for R=5 B (the distance
between neighboring oxygen atoms in silica).

If the charge on the central oxygen atom did not
change, then one could argue that the added neigh-
bors would decrease the satellite separation. The
added neighbors would raise the potential of the
silicon atoms relative to the central oxygen atom,
which would raise the 40, level relative to the 2,
level (because the latter has a higher oxygen-to-
silicon population ratio). This argument would
still be valid if the charge on the central oxygen
atom decreased, provided that the oxygen-to-sili-
con population ratio of the 27, level remained
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FIG. 12. Orbital energy levels for collinear and bent
Si;0. The diagram for the levels of the bent fragment
was obtained from qualitative considerations and is in-
tended only to show the direction of the displacements.
(See text.) The double arrows indicate the separation be-
tween the principal peak and the low-energy satellite, not
a transition.

higher than for the 40, level. However, we have
no assurance that this last condition will be satis-
fied. The charge on the oxygen atom will probably
decrease in order to compensate for the Coulomb
repulsion between the negatively charged oxygen
atoms. (Note that the charge on the silicon atoms
decreased by a factor of 2 in going from SiO to
Si,0.) It is likely that more of this will come from
the 27, orbital than from the 4¢, orbital. Faced
with these uncertainties, the matter of both the
sign and magnitude of the correction due to more
distant neighbors must be left open until SCF cal-
culations on larger fragments are available.

The interpretation of the results of calculations
with larger fragments will require some care.
The additional oxygen atoms will not be at equiva-
lent positions (i.e., in the same environment®®),
This can introduce spurious effects which are
analogous to surface effects. In an Si,O, fragment
there will be one interior oxygen atom and six ox-
ygen atoms on the surface. One should, therefore,
use the separation of the levels in which the pre-
dominant atomic component is that of the central
atom (or for which the admixtures of surface atom
components have the same signature and compar-
able magnitudes) in order to determine the separa-
tion of the peaks in the emission spectrum. The
distribution of the additional oxygen levels in SiO,
would not provide a reliable picture of that part of
the line broadening in silica which is due to the
band structure of the electronic energy levels.

The spurious surface effects can be eliminated
only by going to a much larger fragment, which is
not feasible, or, for crystalline silica, by calcu-
lating MO’s for the entire crystal. If one neglected
all short-range interactions beyond second neigh-
bors (exchange, overlap, etc.) and took the long-
range Coulomb interactions into account by means
of a point-ion field, then such a calculation would
not be much more difficult than a calculation of the
MO’s for an Si,O, fragment, However, it would be
essential to take into account the modifications of
the atomic orbitals. We have seen that the modi-
fications of the orbitals which occur in going from
an LCAO to an SCF calculation are important, so
that an LCAO calculation would be a backward
step.

A conventional SCF-MO calculation for a crystal
presents computational problems associated with
the fact that the modified atomic orbitals obtained
by a population analysis are different for each lev-
el, and the number of levels in a crystal is infinite.
The important distortions which occur can be ex-
pected to be due to the influence of near neighbors,
so that it should be possible to take them into ac-
count in a crystal by doing an LCAO calculation
with a small set of distorted atomic orbitals
(DAQ’s) rather than by using the infinite set of
MAOQO’s obtained from a population analysis of the
SCF-MO’s. This approach may be implemented
by transforming the Hartree-Fock equations to
equations for localized orbitals.*® The trans-
formed equations appear as equations for individ-
ual atoms (or fragments) with additional terms
which are due to the environment of neighboring
atoms. The environmental terms may be treated
in various approximations in order to obtain the
distortion introduced by the environment to various
levels of accuracy. The SCF solutions of the
transformed equations are DAO’s. The MO’s are
constructed as linear combinations of the DAO’s so
that the MO’s and energy levels may be obtained
by a linear-combination-of-distorted-atomic -orbit -
als (LCDAO) calculation which is entirely analogous
to an LCAO calculation. The DAO’s differ from the
MAQ’s in that they do not depend on the molecular
energy level. If the environmental terms were ne-
glected entirely, the localized orbital equations for
DAO’s would reduce to the Hartree-Fock equations
for isolated atoms, and the calculation would re-
duce to a conventional LCAO calculation. This lo-
calized orbital approach to the SCF problem for
crystals has been applied to a number of different
crystals by Kunz.

When ab initio calculations are extended to frag-
ments as large as Si;0,, it will be interesting to
carry through a corresponding analysis of the sili-
con KB and L emission spectra using the sequence
of fragments Si, SiO,, and SizO,.
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C. Electronic Correlation

The contribution associated with electronic cor-
relation is generally understood to be the differ-
ence between an observable calculated in the Har-
tree-Fock (single-configuration) approximation and
the same observable calculated by solving the non-
relativistic Schriodinger equation exactly. Relativ-
istic effects and effects associated with the motion
of the nuclei are regarded as separate contribu-
tions. The fixed-orbital approximation is also
normally used for single-configuration calculations
of excitation spectra. According to this conven-
tion, we have already included the most important
electronic correlation effect by using the RO ap-
proximation in the single-configuration calcula-
tions for the collinear Si,O fragment.

Calculations of the term splittings in isolated
atoms have shown that correlation effects due to
mixing of other configurations can have an impor-
tant effect on the term separation."a The oscillator
strengths are particularly sensitive to electronic
correlation.*® There are many ways of calculating
this contribution. Perturbation calculations pro-
vide the most accurate results for isolated atoms,
but are difficult to apply to molecules. ***** Other
methods which show considerable promise include
the many -electron theory of Sinanogly, *° the Bethe-
Goldstone method of Nesbet, *® and the natural-or-
bital configuration-interaction method of Bender
and Davidson.*” We are inclined to favor the mul-
ticonfiguration SCF method, which is a direct ex-
tension of the Hartree-Fock approximation, and
leads to a very compact and easily interpreted form
for the wave function.*® It has been applied with
considerable success to both atoms and small mol-
ecules.

Electronic correlation will almost certainly be
important for the oscillator strengths. In general,
the correlation correction tends to decrease the os-
cillator strength for transitions in which the active
electron remains in the same shell.* The effect
may be reversed (and smaller) for intershell tran-
sitions due to a possible slight contraction of the
charge distribution. The correlation corrections
to the line positions are rather subtle, and there
does not appear to be any reliable way to estimate
their sign or magnitude from simple arguments.

VI. CONCLUSIONS

The calculations presented herein confirm the
widely accepted interpretation of the origin of the
primary and satellite peaks in the oxygen Ko soft-
x-ray emission spectrum of silica: the primary
peak is due to electrons in levels which are of pre-
dominantly 2pn(0) character dropping down to un-
occupied 1s(0) levels, while the low-energy satel-
lite is due to electrons in levels which are of pre-
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dominantly 2po(0) character dropping down to un-
occupied 1s(0) levels. (7 and ¢ orbitals are here
defined as p orbitals which are parallel and per-
pendicular, respectively, to the plane which bi-
sects the Si-O-Si angle.) The agreement between
the experimental separation of 5 eV and the calcu-
lated separations of 4.4 eV for SiO, 6 eV for col-
linear SiyO in the FO approximation, and 6.9 eV
for collinear Si,O in the RO approximation is not
very good, but a qualitative analysis of the contri-
butions from bending suggests that this correction
would reduce the error, so that there is reason to
expect that a more sophisticated calculation would
yield good agreement. The 0.06% difference be-
tween the observed position of the primary line and
the calculated position for Si;O in the RO approxi-
mation provides more convincing quantitative evi-
dence, even though the unusually good agreement
is probably fortuitous.

These results were not unexpected. They serve
primarily as a benchmark to show where we stand
with regard to accurate interpretive and predictive
calculations of the electronic energy levels and
structure pertaining to soft-x-ray emission spec-
tra. The more interesting results come from the
additional information which one can extract from
the ab initio wave functions. One bit of informa-
tion was a more detailed explanation of the experi-
mental fact that an oxygen 2s(0) line is observed
in the silicon K spectrum but not in the oxygen Ko
spectrum. Part of the explanation was well known
and relatively trivial: The local symmetry is dif-
ferent for oxygen and silicon atoms, and the differ-
ences are such that a transition from the 2s(0) lev-
el is forbidden for oxygen but allowed for silicon.
The interesting and unexpected aspect was that
crossover transitions in the literal sense of the
word are very improbable: The 2s(0) - 1s)Si) tran-
sition is really a 3p’(Si)—~ 1s(Si) transition which
occurs because there is an appreciable admixture
of a modified 3p(Si) atomic component in the ¢, or-
bital of SiO4. Another interesting result was the
strong enhancement of the oscillator strength due
to contraction of the MAO components of the mo-
lecular orbitals. This result leads us to conclude
that the LCAO approximation is inadequate for a
quantitative, or even semiquantitative, interpreta-
tion of soft-x-ray emission spectra. One must use
atomic orbitals obtained from SCF calculations.

The qualitative analysis of bending effects sug-
gested that the shoulder observed on the low-ener-
gy side of the primary peak is due to splitting of
the 2m, level of the collinear SiO fragment, but
SCF calculations for a bent fragment will be needed
to verify this hypothesis.

The level of accuracy of both measurements and
calculations is still much too low to permit one to
infer bond angles from x-ray emission spectra.
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However, if the resolution of the measurements
could be improved by an order of magnitude, e.g.,
from the order of 0.5 to 0.05 eV, and accurate
calculations embodying the refinements discussed
in Sec. V were carried out, one might be able to
extract information on the Si-O-Si bond angle.

The full value of the experimental data will be
realized when the complete spectrum is calculated
so that the information contained in the width of the
emission bands can be extracted. This will re-
quire a calculation of the MO’s and electronic en-
ergy bands for the entire crystal, and also a cal-
culation of the interatomic forces and the Franck-
Condon factors. A calculation at this level of so-
phistication would be an ambitious undertaking, but
not beyond the realm of feasibility. The benefit
would be that, in addition to providing a full inter-
pretation of the emission spectrum, it would pro-
vide wave functions and energy levels that gave a
rather complete characterization of the system and
could be used for interpreting other experimental
observations as well. The full wave function would
also be useful as a starting point for studying the
defect properties of silica.

ACKNOWLEDGMENTS

We acknowledge, with thanks, helpful correspon-
dence from Professor W. Beall Fowler and Dr. D.
S. Urch, an advance copy from Professor D. W.

J. Cruickshank of his work on the silicate ion, and
helpful conversations with Dr. William Primak on
the properties of silica.

APPENDIX: MODIFIED ATOMIC ORBITALS AND ATOMIC
POPULATIONS

Atomic population analysis, introduced by Mulli-
ken in 1955, *° is a familiar technique for analyzing
MO’s in terms of their atomic constituents. It is
usually described in terms of the overlap matrix.
In this work the emphasis is on the constituent
atomic orbitals, which have been named modified
atomic orbitals by Mulliken. % Since the analysis
needed for this work is short and straightforward,
but buried within other material in the literature
in a variety of notations, a brief summary of the
algorithms for constructing MAO’s and calculating
atomic populations is included in this appendix.

Molecular orbitals calculated in the SCF approx-
imation by the Roothaan-expansion method (SCF -
MO’s) are represented by an expansion of the form

Pira @ =§ Ciro Xpla(F) ’ (A1)

where 7 is the principal index, X and o are the MO
symmetry indices, and p labels different basis
functions of the same molecular symmetry. Ina
collinear molecule, p=Alp represents three in-
dices: an atomic site label, A=8i or O in the

problem at hand; anatomic symmetry label; 1=0, 1,
2,... (ors, p, d,...); and a label p for different
atomic basis functions of the same symmetry on
the same site. (In noncollinear molecules, the
atomic symmetry index m must also be included,
but for collinear molecules m is a unique function
of X and @.) The basis functions have the form

Xo)m(i‘.) = XAtp,Aa(rA’ 04, wA)
=R1)(YA)Ylm)m(9A’ ‘pA) ’ (AZ)
where

Ryp(7)=[(@ny,)1 [ M3(2L,, 102

Xy™Mp g~f1p" (A3)

is a normalized Slater -type orbital which is com-
pletely characterized by two parameters, n;, and
&5, and Y,,(6, ) is a spherical harmonic. The
radial functions R,;, will be different for different
atoms and may be different for different molecular
symmetries, so that we should write R};f for a fully
explicit notation, but we will omit the superscripts
on R;, in order to avoid a too confusing array of
indices.

We may rewrite Eq. (5) as the sum

Pin(F) = % By, a1 0mt oy (), (Ad)
where
PR m=riPh(nY, mm(em ®a) (A5)

are MAO’s which are constructed by summing over
basis functions of the same atomic symmetry on
the same site and renormalizing. The molecular
and atomic symmetry subindices « and m, , have
been omitted because they do not play a role in the
analysis for collinear molecules. We have also
added a principal atomic quantum index » in order
to indicate the correspondence between the modified
and unmodified AO’s. (A principal atomic index is
not essential because an MO can have only one
atomic component for each atomic symmetry and
site.) The unmodified AO’s, ¢, 4,, are identified
by the absence of MO superscripts. [The notation
Inl*™(A) and 1%n1(A)) will also be used for MAO’s
and AO’s, respectively. ]

The expansion coefficients in Eq. (A4) are given
by

B, a1 =u:° (B (R an'?, (A8)
where
ﬁf‘,(?’)=‘)"EC“'M,R,,(T) (A7)
»

is the unnormalized radial MAO, obtained from
Egs. (Al) and (A2). The normalized radial MAO is

P:?I (r)= 7?Cilx,mp Rlp('r) ’ (A8)
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where Cj, 415 = Cir,a15/Br, s

If we were to replace the MAO’s by the unmodi-
fied AO’s of the free atoms, we would obtain an
LCAO rather than an SCF approximation. The
modifications of the radial orbitals can be de-
scribed roughly as a contraction or dilation, al-
though more subtle changes in shape will also oc-
cur. The modifications will, of course, be differ-
ent for different MO’s, so that each MAO must be
labeled by the MO indices ix.

The atomic populations may be obtained directly
from Eq. (A4). The net atomic population for the
Ath atomic site and /th atomic symmetry type of
the {xth molecular level is N, | B, 4; 1%, where N,
is the occupation of the ixth molecular level. The
gross atomic population is given by
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N =NuA,z:{ B, il ™ A)| n' 1 (A") Bjy,ar - (A9)

This definition is chosen in such a manner that the
overlap charge is distributed between the overlap-
ping atoms and the total charge in each shell is
properly accounted for; thus,

ZN;X; =Nn . (AIO)
Al

The ionic charge for a given species is defined to
be
Qu=2N{-2,, (A11)
i

where Z, is the charge on the nucleus.

*Work performed under the auspices of the U.S. Atomic
Energy Commission.
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