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Auger-Electron Spectroscopy as a Local Probe of Atomic Charge: Si L2 3 VV
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Auger-electron spectroscopy is shown to measure something quite different from pho-
toemission: the distribution of atomic {as opposed to overlap) charge populations across
the valence bands. ~ile matrix-element effects must be considered in s~ band mate-
rials, their inclusion in calculations still lead to poor agreement with experiment. Qood
agreement may be obtained, however, if one divides the electronic charge into atomic
and overlap {bonding) LCAO components and notes that the latter does not contribute to
the Auger current,

Previous theoretical work by Feibelman, Mc-
Guire, and Pandey' and Feibelman and McGuire'
has shown that Auger matrix element effects
cannot be neglected in s-p band materials such
as silicon. Thus the naive theory of Auger core-
valence-valence (CVV) line shapes, which uses
the self-fold of the total valence-energy-band
density of states (DOS), is inappropriate for
these materials. However, the above theoretical
work still failed to achieve good agreement with
the experimental silicon I-, ,VV or L,L, ,V Auger
line shapes. While the Auger matrix elements
were shown not to vary appreciably with the Auger
electron energy, they were shown to vary signif-
icantly as a function of the local angular momenta
of the final-state holes. The matrix-element ef-
fects were shown to favor the pp over the sp or
ss final states. ' However, the analysis in Ref. 2
showed that the theory still predicts far too much
sp character for the J, ,VV. It has been exper-
imentally observed for Li4 and Al, ' as well as
for Si, that the CVV lines are almost purely self-
folds of the p partial DOS (p PDOS) which may be
obtained from R-shell. x-ray emission experi-
ments, The unanswered question that remains
is, then, why the ss and particularly the sp con-
tributions to these CVV Auger lines are almost
nonexistent.

For covalent molecules' Lwhere atomic orbital
(AO) overlaps are comparable to silicon] the
interatomic Auger matrix elements have been
shown to be about 10 ' smaller than the intra-
atomic elements. ' This has been shown to be
true for the Si L»V V transition by the present
author. In the prototypical LCAO covalent (bond-
ing) wave function between two atoms, N[a(r —R~)
+ b(r —R~)], the charge density is usually ana-
lyzed in terms of atomic (Ã'a' and N'b') and bond-
ing (2N'ab) components. ' However, since the
bonding component is composed of the product
of AO's from different sites, its contribution to

the Auger current is intrinsically of the inter-
atomic type shown to be negligibly small. Thus
only atomic components (e.g. , N'a' if the core
hole is on site A) contribute to the Auger line
shape.

We expect then that the strength of a valence
state's contribution to the Auger line will be in-
versely proportional to the square of its contrib-
ution to the bonding charge of the solid (see be-
low). Examining the s-p band materials, in this
case Si, we immediately note that such contribu-
tion is not uniform, but that the Ss AO in Si con-
tributes considerably more to the bonding charge
than the 3p AO's do.

This may be easily understood by considering
the nature of the Bloch function normalization,
gg, given by

A
N- '/'= QS„~;exp(ik R,),

where S„~,. is the overlap integral between the
ith AO's on atomic sites a and b and where the
sum is restricted to the 4th sublattice. Since
the s functions are nondirectional and the overlap
inherently positive, Eq. (1) is»1 for the 3s AO;
but for the directional p functions which often
have negative overlaps, Eq. (1) is -1 and is fre-
quently & T. Thus at the F point in the Brillouin
zone (where the bands are purely s- or p-like
and where the coefficients may be determined by
AO overlaps and symmetry) the coefficient of the
3s AO is 0,42 (at I",) while the 3p. AO coefficients
are 0.92 (at F»').' Thus the 3s AO contributes
an atomic charge (N' in the above notation) of
0.18/M electrons and a bonding charge of 0.82/M
electrons (M is the number of unit cells). Each
3p AO, however, contributes 0.85/M atomic and
only 0.15/M bonding electrons. While this effect
is altered at other points in the Brillouin zone by
the phase factor in Eq. (1) and by s-p mixing, the
overall trend remains. If a Wannier basis were
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FIG. 1. The s (solid line) and p„(dashed line) partial
densities of states using a Hartree-Fock AQ basis.
Note the relative reduction of area under the s PDOS
when compared to Fig. 2, illustrating the large contrib-
ution of the 3s AO to the bonding charge.

assumed (as was done in Refs. l and 2) instead of
an AO basis, both coefficients would be 0.71.
These differences are compounded by the fact
that the product of the coefficients appears in the
Auger matrix elements and that the contribution
to the Auger line is given by the square of these
elements (by first-order perturbation theory).
Thus variation in the coefficients have a quartic
effect on the Auger line shape. '0

Feibelman and McGuire' noted the inconsistency
in the theory, which made use of AO's in the cal-
culation of the matrix elements but Wannier func-
tions in the PDOS calculations. The present work
shows that this is equivalent to a failure to divide
the charge into atomic and bonding components,

FIG. 3. The calculated Si I.2 3VV Auger line broken
into sp (dotted) and PP (dashed) components. The ss
components are negligible and have been neglected.
The energy scale is, of course, relative.

as the Wannier functions are by definition ortho-
gonal and have no "bonding" charge. Since they
were not explicitly determined by the empirical
band theory of Pandey and Phillips, "they could
not be used to calculate the Auger matrix ele-
ments. "

New PDOS for silicon using an AO basis' have
been generated in the present work and these re-
sults (Fig. l) may be compared to the Wannier
PDOS (Fig. 2). Since the area under the PDOS
corresponds to the amount of atomic charge con-
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FIG. 2. The s (solid line) and p„(dashed line) partial
densities of states from the theory of Pandey and Phil-
lips using a W~~nier basis.
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FIG. 4. A comparison of the theory of Ref. 2 (top)
to the experiment (Ref. 14) and to the present theory
(bottom). Broadening to the experimental resolution
would improve the agreement further.
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tributed by that basis function, "we see that the
reduction in relative size of the s PDOS means
the 3s function contributes more to the bonding
charge than the 3p functions do, as expected.

A new Auger CVV line was generated using the
formulas and radial matrix elements of Ref. 2,"
but with the new AO PDOS that are consistent
with these elements. Figure 3 shows that the sp
portion of the new Auger line has been greatly re-
duced while the ss portion is so small that it has
not been included, Comparison of the new results
to experiment and to the older theory may be seen
in Fig. 4.

It may thus be concluded that a consistent one-
electron LCAO theory is indeed capable of agree-
ment with the experimental CVV Auger spectrum
of Si. The larger AO overlaps found in Li and
Al imply that the effect in those metals will be
even greater, and this fact is a probable explana-
tion of the observed pp dominance in these mate-
rials.

The author wishes to thank P. J. Feibelman and
E. J. McGuire for many helpful discussions of
this problem and for making their results avail-
able prior to publication, This work was sup-
ported by the U. S. Department of Energy under
Contract No. AT(29-1) 789.
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