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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 final-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, €,(w), should
exhibit an “anomalous” threshold behavior, cor-
responding to electronic transitions from a core
level to a conduction-band state above the Fermi
energy Er:

e;(w)x (iw —Ep —E )" 0(fiw —Ez ~E

gap gap)'
Here the zero of energy is taken at the center of
the core band, Egap is the energy of the bottom

of the conduction band, and 6(x) is the unit step
function. The Mahan exponent o 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 (@ <0).° The spectra

of a number of other 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 o is negative; Ausman and
Glick? calculate @ = —0.104 for Li. However,
this many-electron explanation seems deficient
in at least three ways. First, the Mahan thresh-
old shape (7w —E —E ,)™, as calculated using
the Ausman-Glick exponent, disagrees qualita-
tively with the data [Fig. 1(b)]. Second, the ob-
served Li emission™® [¢ircles 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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FIG. 1. (a) Sketch of densities of states N(£), in arbi-
trary units, versus energy E, in eV, for Li including
a filled (shaded) 1s core band of width A, and the filled
(shaded) conduction band. Optical transitions of energy
7w from the core band to states above the Fermi sur-
face are indicated by heavy lines. (b) Optical absorp-
tion spectra €,(w), in various (different) arbitrary units,
versus photon energy Zw in eV. Only the shapes of the
curves €,(w) are relevant. Solid line, measurement by
Kunz et al . (Ref. 6); dashed line, constant-matrix-ele-
ment, narrow-core-band one-electron theory, with Egap
+Ef chosen at the center of the observed edge (pre-
sumed phonon-broadened); dotted line, Mahan theory,
for @ =—0.104, with Eg,, +Er chosen to coincide with
the threshold of the observed edge (presumed rounded
by the Mahan effect); circles, emission data, not €,(w),
of Sagawa (Ref. 7). Note the overlap of emission and
absorption data.

transitions to s-wave conduction states; thus,
the absorption at threshold should be infinite
(a >0), not zero (o <0).1> 1In this Letter, we
present a one-electron theory that attributes the
Li threshold behavior to a simulated 1s 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 band is narrow, since
the Fermi suvface is shavp, one-electvon theory
predicts an abrupt threshold

€"(w) <Al ~E 4 = E gap)s (1)

where A(E;) is finite. However, if the core band
has significant width A ,,, the image of the Fermi
surface is blurved over a spectval vegion of width
A,, [Fig. 1(b)], giving a broad absorption edge,
with a shape expressible as a convolution® of ¢,°
[Eq. (1)] with the core-band density of states
NCO‘E:

€ (W)x [N () €,%(w —A) dA.
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FIG. 2. Sketch of radial 1s and 2s wave functions
7y @r) versus v in Wigner-Seitz cells of radii Ryg (solid)
and Rys—OR (dashed). Note that ¥ (0), the slope of the
7 (0) line, increases as the cell is compressed. The
Wigner-Seitz boundary condition for 73 () is @y)’' =9 (Rys) .

The experimental data for Li, both for emission
and for absorption [Fig. 1(b)], are consistent with
this picture, provided A,, is approximately 0.5
eV. Thus there remains only the question, “Why
is the 1s cove level 0.5 eV wide for Li?” Tight-
binding band theory predicts negligible width (=2
meV); the divect 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 amplified 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,

OR, distorts the 2s wave function (Fig. 2), caus-
ing a small change 6(¥). The effective charge
seen by the 1s electron, Z,,, is likewise altered
slightly, 6Z,., by the 2s electron causing a 7ela-
tively small change 8¢,, in the 1s core energy
€s=—2Z,5%x(13.6 eV):

06,/ €15~ =202, /7 -

But a change in €, as small as 1% represents a
change of order 1 eV.

The effective charge seen by a 1s electron has
contributions from the nucleus (Z =3), the other
1s electron, and the 2s electron; this last contri-
bution is modulated by the lattice. Thus we write

d0Z, ™~ 6[p(0) 2%"7“133,

where we have assumed that the electronic charge
density [(¥)I? is nearly uniform over the 1s Bohr
radius a, .
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Therefore we estimate the half-width of the 1s
level due to electron-lattice interaction (in terms
of the rms ion displacement 6R) to be

3A,,~|06e, /5R)OR|

_=2¢; 4ma, ® [6I¢(O)12j|36}{
~Zw 3 (6(V/V) R

Observe that all the factors in Eq. (2) are well
known and can be extracted from experiment. We
have Z,,=2.69,"° ¢, =0.53 &, a,,=ay/Z,,, the
Wigner-Seitz radius R g =3.25a¢5, and 6R=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
x107%g,"3; we note that hyperfine data for Li va-
por in a He buffer gas, if extrapolated to solid
conditions, would give a very much larger num-
ber.’® Hence we find

A,,~0.46 eV, 3)

@)

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 undressed elec-
tron, not to the widthless 1s polaron, and its si-
mulated width is Mwp, where for Li we estimate
A~ 13, Miwp~ 0.45 eV. The crucial point is the
large size of .

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.'”2526

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—and found excellent
agreement with soft—x-ray data. Bergersen ef al.
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 [p(0)[%; (2) the nuclear charge of Na is 11 not
3, making 6Z/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 A, to be less than 0.1
eV for the L edge in Na. Of 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
lifetime.

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 domi-~
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.

We are grateful to F. C. Brown, D. L. Dexter,
C. P. Flynn, T. L. Gilbert, J. J. Hopfield, R. S.
Knox, W. Kohn, C. Kunz, G. D. Mahan, C. P.
Slichter, and B. Sonntag for their constructive
and critical comments.

0o

*Research supported in part by the National Science
Foundation under Grant No. NSF-GH-33634. J.D.D.
gratefully acknowledges partial support by a National
Science Foundation Postdoctoral Fellowship (1967—
1968), by the U. S. Atomic Energy Commission through
Argonne National Laboratory, and by the U, S. Air
Force Office of Scientific Research under Contract No.
F44-620-C-0108.

761



VoLuME 31, NUMBER 12

PHYSICAL REVIEW LETTERS

17 SEPTEMBER 1973

fResearch performed under auspices of the U.S. Atom-~
ic Energy Commission.

iResearch supported in part by the National Science
Foundation under Grant No. NSF-GP-19891.

1. D. Mahan, Phys. Rev. 153, 882 (1967), and 163,
612 (1967).

M. Combescot and P. Nozidres, J. Phys. (Paris) 32,
913 (1971), and references therein; work before 1969
is reviewed by J. J. Hopfield, Comments Solid State
Phys. 2, 40 (1969).

SHopfield, Ref. 2.

4G, Ausman, Jr., and A. J. Glick, Phys. Rev. 1_8_3_;
687 (1969), and Phys. Rev. B 1, 942(E) (1970). G.D.
Mahan [J. Res. Nat. Bur. Stand., Sect. A 74, 267 (1970)]
obtains o ~#—0.17.

S =26,/m =2 (21’ +1) (6,/m)%. See P. Nozidres and
C. T. Dominicis, Phys. Rev. 178, 1097 (1969).

8C. Kunz, R. Haensel, G. Keitel, P. Schreiber, and
B. Sonntag, in Electronic Density of States, edited by
L. H. Bennett, U. S. National Bureau of Standards Spe-
cial Publication No. 323 (U.S. GPO, Washington, D.C.,
1971), p. 275.

"T. Sagawa, in Soft X-Ray Band Spectra, edited by
D. J. Fabian (Academic, New York, 1968), p. 29.

850ft X-Ray Band Spectra, edited by D. J. Fabian
(Academic, New York, 1968).

%In the one-electron approximation, the angular
momentum of the excited electron has no influence on
the sharpness of the threshold. For alternate view-
points, see M. J. Stott and N. H. March, Ref. 8, p. 283;
P. M. O’Keefe and W. A. Goddard, Phys. Rev. Lett. 23,
300 (1969); T. McMullen, J. Phys. C: Proc. Phys. Soc.,
London 3, 2178 (1970).

g6 R. S. Knox, Theory of Excitons, Suppl. No. 3 to
Solid State Physics (Academic, New York, 1963), p.121.

Hrhe observed spectrum should (but does not) contain
a small s-wave spike superposed on the larger rounded
p-wave shoulder. We are grateful to D. L. Smith for
discussions of this point.

L2This is the nondirect transition approximation.

3g, Bergersen, T. McMullen, and J. P. Carbotte,
Can. J. Phys. 49, 3155 (1971).

1R Sternheimer, Phys. Rev. 80, 102 (1950); M. H.
Cohen and F. Reif, in Solid State Physics, edited by
H. Ehrenreich, F. Seitz, and D. Turnbull (Academic,
New York, 1957), Vol. 5, p. 347.

Bp. M. Morse, L. A. Young, and E. S. Haurwitz, Phys.

762

Rev. 48, 948 (1935).

18y, G. Smith et d., in Proceedings of the Fourth IAEA
Symposium on Neutron Inelastic Scatteving, Copenhagen,
Denmavrk, 1968 (International Atomic Energy Agency,
Vienna, 1968), Vol. 1, p. 149.

"G. B. Benedek and T. Kushida, Phys. Chem. Solids
5, 241 (1958), Fig. 8. The rms fractional volume de-
formation for a typical unit cell is larger than static
deformations easily achievable with laboratory pres-
sures—hence, we evaluate the derivative of the Knight
shift at the highest measured pressures.

BThe data indicate a fractional hyperfine shift of 7.7
x10"8 per Torr pressure of He buffer gas. |L. C. Ball-
ing and R. H. Lambert, Phys. Rev. 183, 180 (1969).]
Estimating a collision time of 107¢ sec at 1 Torr pres-
sure and 10™'3 sec in the solid, we extrapolate 6Z;,/Z
~ 0.77, an 80% effect.

195, D. Dow and J. E. Robinson, unpublished.

2'Since we have included only the influence of the 2s
electron at Er on the 1s effective charge, we expect
that this value is a lower bound on the core width.

2y equating the variation in transition energy to the
variation in €5 with lattice fluctuations, and by using
Koopmans’s theorem [T. A. Koopmans, Physica
(Utrecht) 1, 104 (1933)], we gain the advantage of a re-
sult expressible in terms of experimental data. More
careful many-body calculations (Ref. 19) indicate that
our estimates of the large phonon effect on the core hole
are probably conservative.

22, B. Duke and G. D. Mahan, Phys. Rev. 138, A1965
(1965) .

3We are grateful to D. J. Fabian for discussions of
this point.

2We are grateful to B. Sonntag for discussions of
this point.

el Kunz, private communication.

2B, R. McGarvey and H. S. Gutowsky, J. Chem. Phys.
21, 2114 (1953). The high-pressure Knight shift should
be used in computing the x-ray edge width (see Ref. 17);
the temperature independence has been demonstrated
only at zero applied pressure.

2’S. Doniach, P. M. Platzman, and J. T. Yue, Phys.
Rev. B 4, 3345 (1971).

%gee, e.g., L. G. Parratt, Rev. Mod. Phys. 31, 619
(1959), or Ref. 25.

297, J. McAlister, Phys. Rev. 186, 595 (1969).

3% . Bambynek et al., Rev. Mod. Phys. 44, 716 (1972).



