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We formulate an expression for the single-electron photoexcitation cross section, 0.(~),
exploiting the orthogonality of the final electron eigenstate to the occupied states of the
excited solid. %'e find that 0. depends significantly on the final-state angular momentum.
The predictions of a simple model calculation correspond closely with experimental pho-
toabsorption in several metals, as shown explicitly for the K shell in Li and the K and
L shells in Al.

The cross section, v(to), for the photoexcitation of an electron from a deep core state to a continuum
state in a complex molecule or solid has recently received a considerable amount of attention as a po-
tential source of information about the local environment of particular atom species. This possibility
hinges on two properties of the excitation: The threshold energy identifies the atom species of the
core electron; the energy dependence of o above threshold is sensitive to only the immediate environ-
ment of that atom because of the short mean free path of the excited electron. In the following formula-
tion of an expression for o, we depart markedly from previous treatments' ' in that we exploit the or-
thogonality of the final electron eigenstate to the occupied states of the excited solid. To evaluate the
resulting expression, we introduce a simple model which exhibits the primary structural information
contained in o. Each crystal structure yields its own distinct signature. We find a significant depen-
dence of o on the angular momentum of the final state. This explicit E dependence has not been report-
ed in previous formulations, although observed experimentally. ' The relative positions and shapes of
the oscillations in our expression correspond closely to those in the experimental cross sections for
photoabsorption in a number of metallic solids, as shown explicitly for excitations from the E shell in
Li and from the K and L shells in Al.

The total cross section for the photoexcitation of a single electron from a core state j with energy
E; by the absorption of a quantum k&'d from the radiation field is'

ot(to) = 4v'~~~I 1 -f(E))&il&k~ ~ r (- (2vt) 'IG'(E)

where e is the fine structure constant, eT, q is the
unit electric field vector associated with propa-
gation vector k and polarization ~, r is the posi-
tion operator, E =E,.+@&, and G is the Green's
function of the full solid Hamiltonian, II. We
have neglected all multielectron excitations. The
Fermi fa,ctor, f(E), has been introduced to ex-
clude explicitly all excitations to occupied states,
and we are free to modify or eliminate their con-
tributions to G. Accordingly, we will depart
from previous treatments' ' by replacing G with
QGQ in Etl. (1), where

0=1-Z.lc&&el. (2)

The sum in Etl. (2) extends over ail of the core
states of II, taken to be the eigenstates of isolat-
ed atomlike potentials and nonoverlapping when
associated with diff erent sites. Let us introduce
a more general operator R, where

R =1 —Z.lg.&&o I

and the Ig, & are arbitrary vectors. Finally, let

-G (E)l)st~ rli&,

H =Ho+ V, where H, is the Hamiltonian of an elec-
tron in the presence of the excited core and V is
the contribution of the remainder of the system.
With these definitions, it is straightforward to
demonstrate that

QGQ = QGoQ+ QGoTgGoQ, (4)

where G, is the Green's function of H, and T& is
the T matrix of the potential VR,

Tent=[1 —VRG, ] 'VR.

When QGQ is substituted for G in Eq. (1), the
effect of Q is to "orthogonalize" G, to the occu-
pied states of II, modifying substantially the di-
pole matrix element bebveen the initial state and
G, . For example, the presence of Q typically
suppresses strongly the 2P transition to es rela-
tive to Ed, consistent with experiment. '

The effect of R on o depends upon the choice of
the Ig,&, which can be selected to optimize the
convergence of the procedure used to calculate
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o.&(~) = Z ~.» "(~)[1+&~ (~)]
)tla) p ~

mhere

(6)

b, .(&u) = QN, exp[- p (E)r,]

h, ~+ is the spherical Hankel function of the first
kind, ' and A, = (2E)'". These expressions differ
from the results of other treatments' by the
presence of an explicit functional dependence on
the angular momentum of the final state through

The agreement between our formulation
and experiment depends critically on the com-
bined effect of this l dependence and the introduc-
tion of orthogonalization.

The oo factor in Eq. (6) contributes a broad,
atomlike background to the cross section, essen-
tially featureless except for the threshold. ' The
on1y short-period oscillations in a come from ~,
and are a manifestation of the local environment
through the shell radii. In the following, we mill

T&. For the purposes of this work it is sufficient
to consider the effect for R equal to Q, a case
which has been examined often in pseudopotential
theory. ' The relevant back-scattering matrix
elements, (-klVQlk), are usually positive over
most of the range of interest here, as can be
verified readily for a single core with a simple
calculation. This repulsive interaction is in
sharp contrast with the attractive first-order in-
teraction expected everym'here for a simple elec-
trostatic potential (V). It will be seen that this
repulsion is completely consistent with experi-
ment.

In order to examine the primary structural in-
formation contained in v(&u), we will introduce a
model which is especially appropriate for iso-
tropic simple metals. The potential of the excit-
ed core will be neglected. Vfe will include in 60,
however, a factor of exp[- p(E)r&],"which can
be shown to represent quite well the effect of an
imaginary self-energy correction for lifetime or
mean-free-path limiting effects. With regard to
T&, we will neglect multiple-site scattering and
replace the array of single-site scatterers with
spherically symmetric 6-function shells of strength
N, V, (N, atoms of strength Vo in shell s). The
radii of these shells, r„arechosen to equal the
appropriate excited-core to atom distances.
These approximations yield the following simple
expression for photoabsorption from the nl core
shell:
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compare & directly with the experimental cross
sections.

4 is completely determined to mithin an arbi-
trary scale factor (V,) by the shell radii of the
appropriate structure and by p. In Figs. 1 and 2
me have plotted && for constant p together with
the experimental cross sections, ~, for R-shell
absorption in Li (bcc)" and for both K- and I-
shell absorption in Al (fcc).'o" For the case of
I--shell absorption, we have plotted &, since the
2P-to-« transition is expected to dominate. ' Ex-
amining the short-period oscillations superim-
posed on the smooth background, note the strong
correlation between theory and experiment in the
relative positions and shapes of the oscillations—the signature of the spectrum. We have found
a similar correspondence for the E shell of Be
(hcp) and the I. shells of Na (bcc) and Mg (hcp).
Each structure considered was found to have its
own distinct signature, a critical property from
the standpoint of structure determination.

The experimentally observed variation in ~ be-
tween theR and L shells of Al is accounted for
quite well by our theory. The predicted zeroth-
order l dependence is evident in the leading term
in lm[plz, +(p)]' in powers of 1/p: (-1)'sin(2p).
Although Shiraiwa, Ishimura, and Samada' were
cautious about the l dependence and noted that
their expression for 4 was applicable only to E-
shell absorption, there is no evidence that either
Ritsko, Schnatterly, and Gibson' or Ashley and
Doniach' took account of this effect. The impor-
tance of explaining the observed dependence of
~ on the angular momentum of the final state has
been stressed by Fano. '

I

60 80 100 120 140

hw (eV)

FIG. l. g& calculated for the K shell in Li (bcc) with

p as indicated, plotted together with the experimental
Z (see Ref. 9) as a function of photon energy.
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paths are the longest. " The sensitivity of b, to
the value chosen for p suggests the possibility of
obtaining an experimental estimate of p from Z.
In Li, for example, p appears to vary from ap-
proximately 0.2 A ' at 5-10 eV to 0.4 A ' at 25
eV above threshold. Finally, note that the small
values of p expected in the immediate vicinity of
threshold should produce very sharp variations
of 4 with energy. The neglect of this variation
in treatments of the "edge singularity" in metals"
is a potentially serious omission.

We have shown that most features of the photo-
absorption cross section can be understood quali-
tatively through proper treatment of bvo aspects
of the final electron state —its angular momentum
and its orthogonality to the occupied states of the
excited solid. A quantitative treatment of the
photoexcitation background, 0, and of the back-
scattering potential of individual atoms will be
needed to establish a detailed correspondence be-
tween theory and experiment. Understanding the
experimental manifestations of these and other
effects will be greatly facilitated by the essential
simplicity of our approach.

FIG. 2. {a) 4i calculated for the K shell in Al (fcc)
with p as indicated, plotted together with the experi-
mental Z (see Ref. 10) as a function of photon energy.
(b) 42 and Z for the L, shell in Al (fcc) (see Ref. 9) plot-
ted as in (a).

We let V, be a positive constant in each calcu-
lation of &, equivalent to a repulsive interaction
between the outgoing electron and the surround-
ing atoms. Having treated the l dependence prop-
erly, we found that this choice of V0 corresponds
well with experiment over most of the energy
range of interest. As discussed earlier, this
finding is consistent with our considerations of
or thogonalization.

In each figure, we have plotted 4 for that con-
stant value of p which gives the best overall fit
to experiment, and also for a p of one-half that
magnitude in order to show the signature in more
detail. The same values of p, are used for both
K and L shells in Al. As expected, increasing
the value of p decreases the rapid oscillations
due to more distant shells. An energy-dependent
p would have no effect other than allowing more
structure at very lom' and very high energies,
where experiments indicate that the mean free
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