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The Li soft-x-ray absorption-threshold shape is expressed in terms of the pressure-de-
pendent Knight shift, using a one-electron model and accounting for the indirect interaction
of the lattice with the 1s core, but neglecting the fina1-state interactions currently thought

responsible for the anomalous shape.

In recent years, studies of "many-body effects"
on the optical properties of metals have centered
on the "x-ray anomalies" and their relationships
to Mahan's model' of the final-state interaction.
The primary prediction of the Mahan theory (in
its current form' ) is that the soft-x-ray absorp-
tion spectrum of a simple metal, e2(~), should

exhibit an "anomalous" threshold behavior, cor-
responding to electronic transitions from a core
level to a conduction-band state above the Fermi
energy EF:

c,(~) o- (h~ -E~ -Ez, ) "e(he -EF -E@~).

Here the zero of energy is taken at the center of
the core band, g, is the energy of the bottom
of the conduction band, and 6(x) is the unit step
function. The Mahan exponent ~ can be expressed
in terms of the partial-wave phase shifts at the
Fermi energy, ' and may be either positive or
negative.

The three principal experimental data cited as
support for the Mahan theory are spikes in the
soft-x-ray (30-60 eV) absorption spectra of me-
tallic Na and Mg (o, &0) and a rounded soft-x-ray
absorption threshold in Li (o, &0).' The spectra

of a number of oi:her materials (e.g. , Al, Be) ex-
hibit structures tentatively but ambiguously as-
signed to either "Mahan anomalies" or "band-
structure effects. "

The observed rounded threshold of Li [Fig. 1(b)]
is currently thought to be conclusive evidence for
the validity of the Mahan theory, ' which predicts
rounding whenever ~ is negative; Ausman and
Glick' calculate n = —0.104 for Li. However,
this many-electron explanation seems deficient
in at least three ways. First, the Mahan thresh-
old shape (h~ -E ~ -E, ) ", as calculated using
the Ausman-Glick exponent, disagrees qualita-
tively with the data [Fig. 1(b)]. Second, the ob-
served Li emission'' [circles in Fig. 1(b)] and

absorption spectra overlap throughout an energy
interval approximately equal to the edge breadth.
In contrast, the many-electron theory gives mir-
ror-image absorption and emission edges, which
do not overlap but meet in a cusp. ' Third, in

calculating ~, Ausman and Glick take the excited
electron's angular momentum to be a good quan-
tum number. ' Band-structure effects and elec-
tron-phonon interactions combine to destroy both

rotational and inversion symmetry, allowing
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transitions to s-wave conduction states; thus,
the absorption at threshold should be infinite
(o ) 0), not zero (n (0).' " In this Letter, we
present a one-electron theory that attributes the
Li threshold behavior to a simulated Is band-
width caused by the indirect interaction of the 1s
core state with the lattice.

The x-ray absorption process creates a hole in
a core level and an electron above the Fermi sur-
face [Fig. 1(a)]. If the hole bandis narrow, since
the Fermi surface is sharp, one electron the-ory
Predicts an abruPt threshold

e,'((o) ~A(8(u -Z ) ()(h(u -Z„-Z „), (1)

where A(EF) is finite. However, if the core band
has significant width b, , the image of the Fermi
surface is blurred over a spectral region of width
b, „[Fig.1(b)], giving a broad absorption edge,
with a shape expressible as a convolution" of e,'
[EII. (1)] with the core-band density of states
&co~.

e, ((u)~ fX „(a)e,'((o-a)d&.

FIG. 1. (a) Sketch of densities of states N(K), in arbi-
trary units, versus energy E, in eV, for Li including
a filled (shaded) I.s core band of width 4». and the filled
(shaded) conduction band. Optical transitions of energy~ from the core band to states above the Fermi sur-
face are indicated by heavy lines. (b) Optical absorp-
tion spectra &2(), in various (different) arbitrary units,
versus photon energy S in eV. Only the shapes of the
curves &2() are relevant. Solid line, measurement by
Kunz pt a(t. (Ref. 6); dashed line, constant-matrix-ele-
ment, narrow-core-band one-electron theory, with Egzp
+EF chosen at the center of the observed edge (pre-
sumed phonon-broadened); dotted line, Mahan theory,
for & = —0.1.04, with Egzp +EF chosen to coincide with
the threshold of the observed edge (presumed rounded
by the Mahan effect); circles, emission data, not &2(),
of Sagawa (Ref. 7). Note the overlap of emission and
Bbsorption data.

FIG. 2. Sketch of radial 1s and 2s wave functions
rll) (x) versus x in Wigner-Seitz cells of radii R~s (solid)
and R~s-6R (dashed). Note that $(0), the slope of the
re[)(0) line, increases as the cell is compressed. The
Wigner-Seitz boundary condition for rg(r) is (rg)'=$(R&s).

The experimental data for Li, both for emission
and for absorption [Fig. 1(b)], are consistent with
this picture, provided 6„is approximately 0.5

eV. Thus there remains only the question, "5'Ay

is the 1s core level 0.5 eV wide for Li&" Tight-
binding band theory predicts negligible width (= 2

meV); the direct interaction of the 1s level with
the lattice vibrations likewise gives insufficient
broadening (= 100 meV).' However, a. sizable con-
tribution to the 1s core width comes indirectly
from the 2s electron and the electron-lattice in-
teraction, which is a,mplified in Li (somewhat
like a Sternheimer effect)." This may be seen
by considering a Wigner-Seitz model of solid Li,
and concentrating on boundary-conditions for
band-bottom wave functions.

A small change in the local lattice constant,
bg, distorts the 2s wave function (Fig. 2), caus-
ing a small change b,)(r). The effective charge
seen by the Is electron, Z„, is likewise altered
slightly, 6Z„, by the 2s electron causing a rela-
tively small change R„ in the Is core energy
c„=-Z„'x(13.6 eV):

bs„/ei, = —26Zt, /Z„.

But a change in e„as small as 1% represents a
change of order 1 eV.

The effective charge seen by a is electron has
contributions from the nucleus (Z = 3), the other
Is electron, and the 2s electron; this last contri-
bution is modulated by the lattice. Thus we write

6Z„= 6 i y(0) i'asa„',
where we have assumed that the electronic charge
density ip(r)l is nearly uniform over the 1s Bohr
radius ags .
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Therefore we estimate the half-width of the ls
level due to electron-lattice interaction (in terms
of the rms ion displacement 5R) to be

-', ~„=i(5~„/m) mi
—2e„4va„Dig(0) P 35&z„3 5(v/v, ) ft

Observe tha. t all the factors in Eq. (2) are well
known and can be extracted from experiment. We
have Z„=2.69,"a~ =0.53 A, a„=a~/Z„, the
Wigner-Seitz radius B~ =3.25az, and 5A =0.42 A
(from neutron-diffraction data). ' The factor in
square brackets can be obtained from the varia-
tion of the Knight shift with pressure, "and is = 2
x10 'gB ', we note that hyperfine data for I i va-
por in a He buffer gas, if extrapolated to solid
conditions, would give a very much larger num-
ber." Hence we find

~„=0.46 eV,

a value somewhat smaller than given by detailed
calculations, ' but certainly large enough to ac-
count for the observed 0.5 eV width of the Li
threshold' in both absorption and emission. "

In terms of conventional electron-phonon inter-
action theory, "the phonons dress the 1s electron
levels, shifting them without any broadening.
However, the x ray couples to the un& essed elec-
tron, not to the widthless 1s polaron, and its si-
mulated width is AI+D, where for Li we estimate
& = 13, p@~D= 0.45 eV. The crucial point is the
large size of A..

Two prime tests of this model would be (i) a
measurement of the edge shape in Li' and Li',
to determine a dependence on isotopic mass,
and (ii) high-resolution photoemission measure-
ments. " Observe that the model predicts approx-
imately the same temperature dependence for the
x-ray edge width and the Knight shift. Both seem
to be at most weakly temperature dependent. """

If this electron-phonon mechanism is dominant,
the observed angular dependence of y-ray and
electron inelastic scattering cross sections should
be significantly less dramatic than the depen-
dence predicted by Doniach, Platzman, and Yue"
for a Mahan-effect Li edge.

In spirit, this work is similar to Overhauser's
direct core-electron-lattice interaction model, '
as evaluated for Li by McAlister. ' McAlister's
calculation included both band effects and elec-
tron-phonon interactions~nd found excellent
agreement with soft-x-ray data. Bergersen et &1.

subsequently found Overhauser's estimate of the

core width to be too large, and concluded that the
direct interaction could not account for the Li
edge shape. However, the indirect interaction
treated here gives a core width comparable to
Overhauser's original estimate, and, if used in
McAlister's calculation, would restore the sub-
stantial agreement with experiment.

In contrast to Overhauser's model, the pres-
ent indirect-interaction model makes it clear
why phonon broadening does not significantly al-
ter the x-ray spectrum of Na: (1) The core hole
of Na is 2p-like, has zero amplitude at the nu-
cleus, and is somewhat less sensitive to changes
in ip(0)i', (2) the nuclear charge of Na is 11 not
3, making 5Z/Z smaller than in Li; (3) the heavi-
er nuclear mass of Na leads to somewhat small-
er-amplitude lattice vibrations; and (4) the addi-
tional core electrons present in Na but missing
from Li can absorb the pressure of the com-
pressed valence electron, further diminishing
the effect. We estimate 6„to be less than 0.1
eV for the I. edge in Na. Qf course, the K edge
in Na should exhibit a significant rounding, but
the effect may be obscured by Auger broadening. '
Thus the large phonon broadening should occur
in Li and possibly Be, but its significance in
other materials will be governed by the Auger
lif ctime.

In summary, we have shown that the anomalous
rounding of the Li x-ray edge can be explained
in a one-electron picture by an electron-ampli-
fied indirect interaction between the 1s core and
the lattice. Final-state interactions, although
certainly important, are not necessary to pro-
duce the observed anomaly, and may not be dorni-
nant in Li. The exact form of final-state effects
and the relative importance of phonon effects will
have to be determined experimentally.

The Mahan anomalies in Na and Mg will be the
subject of a subsequent publication.
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