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why superfluidity of solids, if it does exist, has
failed to manifest itself, although it should be
noted that so far there has been no explicit at-
tempt to measure p, /p, in solid He'.
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The shape of the L2 3VV Auger line has been calculated for a Si(111) surface and found
to be in excellent agreement with the data of Houston and Lagally. By contrast, the ex-
perimental lme shape scarcely resembles the self-fold of the occupied Si density of
states, a fact which the calculation shows to be the result of matrix-element angular mo-
mentum dependence and not of "many-body" effects.

This Letter reports the first complete one-body
calculation (i.e., including matrix elements) of a
core-valence-valence Auger line shape for a sol-
id. The case treated, the (L»VV) line associat-
ed with Auger emission from Si 2p core holes
through a clean Si(111) surface, is of particular
interest because (see Fig. 1) the experimental
line shape' is in rather poor agreement with the
weighted self-fold of the occupied density of
states (WSFDOS) for this surface (the weighted
SFDOS is calculated by summing the self-fold of
the occupied local DOS for each crystal layer

times a factor' which accounts for inelastic
damping of the Auger electrons). Until now it has
not been known whether such a discrepancy is an
indication of "many-electron effects" or, more
simply, of a variation across the valence band of
one-electron model Auger matrix elements, ' be-
cause neither of these effects has heretofore been
studied quantitatively. In fact, our results show
for Si(111) that the simpler explanation is cor-
rect, i.e., that apart from the absence of a sharp
dangling-bond surface-state peak in the data, the
discrepancy can be largely explained as a conse-
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quence of a strong angular momentum dependence
in the Auger matrix elements of a one-electron
band model [see Fig. 1, curve c, for the quality
of the agreement].

The substantial difference between the WSFDOS
and one-electron-theory curves can be reduced,
to an extent, by accounting properly for the rel-
ative numbers of final partial-wave states allowed
by angular momentum and parity conservation
(see the "kinematics" curve in Fig. 1). Final-
state counting is, of course, completely ignored
in comparing the WSFDOS, an initial-state prop-
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FIG. 1. Comparison of experimental Bi{111),L 2 3VV

Auger line shape of Ref. 1. {solid lines) with curve a,
the WSFDOS {see Ref. 2 for definition), curve b the full
theoretica1 curve with all matrix elements not forced to
equal zero by selection rules set equal to 1, and curve
c the full theoretical curve with the actual matrix ele-
ments. The scale on the y axis'is for the "full theory"
curve c and is expressed in 47()& 10 I ((particles/ener-
gy && time). Units for the other curves are arbitrary.

0
All the theoretical curves were computed for a 7-A
mean free path. E, was taken to equal its x-ray-edge
value of —99.5 eV relative to the valence-band maxi-
mum; thus, no "relaxation" energy shift was necessary
to obtain agreement between data and theory.

erty, ' to experiment. However, a much closer
agreement is found between the theoretical line
shape and the weighted self-fold of the p-like
component of the DOS. In fact, the agreement is
so close that we have not plotted this curve in
Fig. 1. This result is a consequence of the dom-
inance of certain of the Auger matrix elements
in the one-electron band calculation, for which
both valence electrons must be p-like. ' Thus the
discrepancy between the WSFDOS and experiment
is a "matrix-element" and not a "many-body-ef-
fect" (apart from the dangling-bond peak4).

Our calculation was carried out for a twenty-
layer Si film with unreconstructed (but relaxed' )
(111) surfaces, by using a linear-combination-of-
atomic-orbitals description of the Si valence
bands" to reduce the Auger matrix element to a
linear combination of atomic Auger matrix ele-
ments. These atomic elements were then evalu-
ated using a set of self-consistent atomic Si or-
bitals. '~

Multiple scattering in the final-electron wave
function was ignored on the assumption that it
would have little effect on the total number of Au-
ger electrons to escape the solid and would there-
fore not affect the angle-integrated Auger line
shape. Thus the final electron was represented
by an incoming Coulomb-like wave function" cal-
culated for a single Si ion. The Si inner poten-
tial, V0=17.5 eV, was included by evaluating the
final electron wave function at an energy equal to
E+ Vo, where E is the Auger electron energy ref-
erenced to the vacuum level. The effect of the
inelastic mean free path X(E) was incorporated by
multiplying the matrix element for emission of
an Auger electron from depth D" inside the film,
at exit angle 8,"by the damping factor exp[-D
x sec 8/A. (E}].

These approximations, together with the ne-
glect of all interatomic contributions to the Auger
matrix element and the assumption of a uniform
spatial distribution of 2p core holes within a, few
A(E) of the surface, lead to a general expression
for a core-valence Auger current of the form

(2)

where E~ii„ is the valence-band energy associated with surface wave vector k" and band n. ' cz"(k",Z}

J(E) = Q fd(() Eg ~ ~(E —(d~Z~)Fg g ~(Eq+()~Z~)W)~ ~ ig g ~(E,Z)~
gz, ~pr. I. '

e I Xe 2s

where E, is the core level energy, Z, is the depth of the jth layer of atoms, and where, for s-p va-
lence bands, the angular momentum indices L =(l,m, ) range over the four values {(0,0), (1,0), (1,a 1)).
The quantities F~ ~i(E,Z,) are occupied local density-of-states matrices defined by

Pl

Ez,l;(E,Z}=Qf(2-), f(E(.„)5(E —Ek „)cz"(k",2,) c~."'(k",Z},
n
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is the amplitude of the atomic orbital of angular momentum I in the jth layer, and f(Eqn „) is a Fermi
function. The quantity W~ z, .& I .(E,Z,)in .Eq. (1) is given by'

4m
IVi. ,~,~,x,,s, '(E~Z) —

3gs ~~) ~) &,N, s &&p 0'& (E») (ML~!,L,,L2,'(lp).N&)
(~), ~&,&,tf~, , ei

x[~s&'&~, ,s, .sp'),Ql) *-a s&'~,r,,'~,'.(r,0'),P&)*]+Le+a' =4 4] (3)

where

(+ + ) =
g ~ ~ ~ ~ f d+ ~xPI ~ /&v(~) I &,;4 (~) I&,;b Ix) I, (4)

2mE (2l, + 1}(2l,+ 1)(l,-m) I (I, —m) I

with y(x) =—[(Ex'+Vo)/(E+ Vo)]'~'. The Pm(y) in Eq. (4) are associated Legendre polynomials. Finally,
the atomic matrix elements M~(~)& z, &(r) in Eq. (3) are given by

2

M~('),» &&~—= d'~,d'z»& &* r L, r, --
~ ~ r, && r, . (5}

In Eq. (5), QV)(r, ) is the partial-wave component
of the (incoming") final electron wave function
cor re sponding to L~ = (l~l, m"l) .

In order to recover the usual assumption that
J(E) is proportional to the WSFDOS it is clear
from Eq. (1) that W~ ~ ~ z, z, .(E,Z,)must be. pro-
portional to 6 ~ i& & .. However, cf. Eqs. (1)-(4),

2. 2it is hard to see what choice of the M~(~)~ & &0)'s
1 2

could yield this result. Thus, in general for s-P
valence bands such as those of Si, one should ex-
pect J(E) to be not th'e WSFDOS, but rather a
sum of the 256 different folds of the sixteen com-
ponents of the density-of-states matrix E~z.(E@z).
The marked difference between the WSFDOS and
one-electron theory curves in Fig. 1 illustrates
this fact dramatically.

On the other hand, there is an approximation
involving "neglect of matrix element variation"
that predicts Z(E) somewhat better than the
WSFDOS. Specifically, setting all the M~&&~ ~ & I)
equal to 1 apart from those required to vanish
by the angular momentum and parity selection
rules, m, + m, = m ' +m~, (l~~ -l, (

~ 1+l„and
l, +l, +l" = I, 3, or 5, one obtains the curve la-
beled "kinematics" in Fig. 1. Notice that this
curve still has too much weight on the low-energy
side, but does resemble the data more closely
than the WSFDOS. The reason for this improved
agreement is that the "kinematics" curve in-
cludes the fact that the selection rules (cf. above)
allow decay into more final partial-wave chan-
nels [i.e. , values of (l"&,nial)] when either or both
of l, and l, equal 1 than when both of them are
zero. As a consequence, the p-like region of the
Si DOS (i.e., the upper part of the valence band)
i.s enhanced relative to the s-like part. Since
this final-state counting argument is quite gener-
al, we anticipate its possible usefulness in inter-

preting Auger spectra from materials other than
Si.

We conclude with a discussion of the two main
differences between the J(E) calc'ulated via Eqs.
(1)-(5) and the experimental line shape' as seen
in Fig. 1, curve c. The first difference, the pres-
ence in the theoretical curve of a sharp peak at
-95 eV, is a consequence of our neglect of the
Coulomb repulsion between valence electrons.
The 95-eV peak, that is, can be easily shown to
represent an Auger event in which both valence
electrons are initially localized in a single Si
dangling bond. In a theory which included Cou-
lomb correlations, the probability of finding two
electrons in such a configuration would be much
smaller (i.e., by a factor -50)" than in the pres-
ent uncorrelated theory. Thus the absence of the
95-eV peak in the experimental line shape is a
true "many-body effect. "

The other main difference between the calcu-
lated and observed Auger line shapes is the fact
that the main peak in the former is split, while in
the latter it is not. This discrepancy may be due
to one of our approximations, e.g. , the neglect of
final-state multiple-scattering or of many-body
effects, or it may be due to the fact that the data
of Ref. 1 were obtained from a rather imperfect
Si(111) surface. This latter possibility is being
checked at present.

In summary, the differences between the ex-
perimental and theoretica1 line shapes are rela-
tively small. Thus, we conclude that the 1,3VV

Auger transition for Si(111) can be understood
largely within a one-electron-band picture of Si;
many-electron effects need only be invoked to ex-
plain the observed suppression of the calculated
dangling-bond peak. This result suggests the
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following studies for the future:
(1) Equations (1)-(5) yield an absolute number

for the total yield of Auger electrons per core 2p
hole, given the electron mean free path. Thus
one should measure the Si I~VV Auger intensity
absolutely, which would permit a determination
of X given the 2p ionization cross section, or
vice versa.

(2) The L, ,VV line shape should be measured
for Si(111) covered by an adsorbed monolayer.
One would hope to see a surface-state peak ap-
pear due to this state's being doubly occupied.

(3) Comparison of complete one-body calcula-
tions and data should be undertaken for a variety
of materials, not only for the Auger spectra, but
also for ion-neutralization" and appearance-po-
tential" spectra. The theories of both of these
latter experiments are similar to that of Auger
spectra. Thus they should also be subject to
significant matrix- element effects.
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