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X-RAY EDGES OF FREE-ELECTRON METALS: COMPARISON

OF THEORY WITH DATA§

John D. Dow

Department of Physics and Materials Research Latoratory,
University of Illinois at Urbana-Champaign, Urbana,

- I1linois,U.S.A. 61801; and Deutsches Elektronen-
Synchrotron DESY, Hamburg, Germany+

Because one-electron theory had predicted that
simple metals should exhibit soft x-ray absorption ana
emission edges abruptly truncated by Ferml factors, the
occurrence of peaked L2,3 thresholds in spectra of free-
electron metals posed a speclal challenge to theorists.
The earliest explanations, several decades ago, had
attributed the peaks to rapid variations in the conduction
band densities-of-states, but more recent theories have
assigned the spikes to many-electron final-state Inter-
actions. The purpose of this paper 1s to critically
review exlsting data 1n the light of the Mahan-Nozleres-
de Dominicis theory (MND theory) of many-body effects
and x-ray threshold shapes(1,2).

The spiked edges cited as evidence for the MND
theory are the L2’3 thresholds of Na, Mg, Al, and
ngSbj_x alloys. In addition, the rounded K edges of Li,
Mg, and Al have also teen explained in terms of the
many-body mechanism(3). The theory states that, near
threshold; the 1maginary part of the dielectric function

A

has the form:
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Herc E; is the threshold energy; the step function 6(x)
accounts for the sharp Ferml surface; MQ are single-
particle transtion matrix elements between core states
and conductilon wave functions with angular momentum
quantum number £; £ is a cutoff energy thought to be

a Fermi energy or a band-width; and the threshold

exponents o, are given in terms of the phase shifts 62

3
of a Fermi-energy electron scattered by the hole:

@, = (28,/1) - F 2(2j+1)(8,/m)% . (2)
2 , & 3

3=0
Implicit in the theory are predictions concerning the
dependence of threshold anomalies on (i) conduction
electron density, n=(3/ﬂn)(rsa)'3; (i1) the cutoff
energy £; and (1ii) the angular momentum quantum number

£ (through the exponents o, and the matrix elements Mg).

£
Studies of the L edge of Mg in ngSbl-x alloys

2,3
rroduce an approximate value of the cutoff energy & (4).
Fitting the edge shape with

ag(w,x) = Mg (x) (Mm g ET>-G°(X) 0 (Yw - ET), (3)

and assuming that variatlon in the factor M, (which
depends on dipole matrix elements and the Fermi energy
density of states) is sufficiently small to be neglected,
we find

1n sa(w) 7 1n Mg + ao(x) 1n (E/ﬁw—ET) ()

Thus a plot of 1ln ¢ for Mm—ET fixed, as a function of oy

23
produces a value for £ {Fig. 1). We find that £ is approx-
imately constant with the value 0.24+0.1 eV. Since the

MND theory is only valid for |Mw-Ep| <<€, and it is

generally believed that £ must be either a band-width
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or a Fermi-energy (& 3 5eV), one must judge the theory's

prediction to be unsatilsfled.(Note that for ngp the

slope of the curve in Fig. 1 would have been large

and positive for small values of ao.) 7 A
The present MND theory forblds exponents oy 20.5;

some of -the ngSb exponents exceed one-half.

Furtherrore, the gxgonents appear to define a_continuous
functior. of composition x, suggesting that both the
alloy data and the Mg edge itself may lie outside the :
domain of applicability of-thé pfesent many-body theory(5).
If the x-ray edge anomalles of Na, Mg, and Al are
caused by final-state interactions, then the peak shapes
should be continuous functions of conduction—electrdn‘
density or the recduced radius r.. By fitting exberimental
abscrption lineshzpes with the form-

2

cg(w) = MO

£"0 (Bu-E) 7" 0 (Hw-Eq) -,
suitably broadened, it is possible to extract the values
of the cxponents given in Fig.2 (4,5). This represents
ﬁhe first and, I belileve, only firm evidence that the
threshold anomalies of Na, Mg, and Al are rélated to
conduction electron density and final-state interactions.
In the 1limit of small res exponents computed from
screened potential phase shifts should describe the
observations'foruao(rs). They do not. Thus final-state
interactions appear tec be present, but not in the
 form predicted by the MND theory with screened-potertial
.phase shifts. It 1s, of course, possible that the
exponents, a, are sensitive to detalils of the atomic
charge distributions; realistic calculations of such
effects are in progress. However, i} the exponehtspshould
prove to be more sensitive to atomic charge distributions



than to the electron gas density, the only potentially-
firm evldence for flnal-state interactions causing the
L2,3 edge anETalies will be placed in jeopardy. Also
note that o 1s little more than as asymmetric
broadening parameter in the fltting procedure; thus
the fact that oy i1s a smooth function of rg is not,
by 1tself, firm evidence that the threshold form, Eq.(1),
is valid. )

The principal experimentally-relevant prediction
of the many-body theorists has dealt with the angular

momentum dependence (6,7):

on > 0 and oy < 0.
This, when taken with the selection rule MO=O for parity-
"forbidden" K-edge transitions from s-cores, implies
that L
2,3

are peaked by the final-state interactions (ao > 0),

edges (involving transitions from p-core levels)

whereas K edges are rounded (ai < 0). This prediction
is now known to apply only to solids which exhibit bound
excltons 1In emission; and not to free-electron metals
{for which both aq and oy must be positive) (8,9). The
Friedel sum rule relates the exponents %0 and o4
provlided one i1s wililling to either neglect phase shifts
62 for £ 2 2 or to compute them using a model potential
(4,10). For free-electron metals with no bound exciton
states, the resulting exponents generally lie in the
ranges 0 < ay < 0.3, 0 < o, < 0.1. Thus both K and L2,3
edges should be enhanced by final-state interactlons.
"The observed rounded thresholds at the K edges of Li,
Mg, and Al cannot be caused by the MND effect as once
thought; and therefore the predliction of an angular
momentum dependence is largely vacuous for absorption
and emission spectra. )

However, the angular momentum dependence of the

theory can be checked using electron energy loss spectros-
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copy, which measures the clectron dynamic structure
factor S(a,w). The Doniach, Platzman, Yue theory (11)

of the structure factor (neglecting interference terms) 1s:

> 2 -a 2 -0,
S(q,w) «fM-(q) { Kw-E ) °+ MI(q) { Khw-E ]G(Hm—E ).
S AN =N )

In contrast to optical experiments, in which transitions
are induced by the dipole operator, the energy loss
experiment measures transitions induced by the (Fourier

transformed) charge density operator:
<d]exp ig.T|f> = 13. <|P|f> + terms of order q°
In the forward-scattering limit (q+0), the charge density

operator obeys dipole selection rules and produces an
energy loss spectrum with the same shape as the optical

-
absorption spectrum. For general wavevector g, it does not.

Thus, according to Donlach, Platzman, and Yue, for the
K edge of L1 we have

-
1im Mo(q) = 0,
q+0

whereas for the L2 3 edge of, say, Na we have
3

>
1im Mi(q) = 0.
q+0

For larger g, all matrix elements are generally
Tfinite. Concentrating on the fact that the energy-
loss measurements produce shapes of the edges, not
absolute values, and recognizing that the shapes
are sensitive only to the ratio MS(E)/M%(E), we see

that for an > @ the K edges should become dramatically

1’

peaked as g increases, whereas the L edges should

2,3
become flatter.
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Ritsko, Gibbons, and Schnatterly (12) have measured
the structure factor S(q,w) of Li for g=0 R_i, q=0.9 &_1,
and q=1.25-1. Within an experimental uncertainty of
2%, they see no change in edge shape. Thus it 1s
possible to conclude that none of the edge founding
in L1 is caused by the MND effect, that the MND
effect (1f operative at all) either is approximately
two-orders of magnitude weaker than once thought or
enhances the edge so slightly (ao < 0,12) that the most-
plausible explanation of the data completely rules out
the many-body mechanisw in Li. Therefore, one of the
following appears to be invalid for Li: (1) the MND
theory; (ii) the Doniach, Platzman, Yue theory of S(a,w);
or (i1i1) the Ritsko, Gibbons, Schnatterly data. Since
earlier absorption measurements on Lil—xcux alloys
had led to the same conclusion (13,14) as subsequently
drawn by Ritsko, Gibbons, and Schnatterly, it would
appear that a new theory of ecdge anomalies 1s called
for.

In summary, the many-body theory makes predictions
about the dependence of the x-ray threshold anomalies
on (1) cutoff energy &; (1i) the size of the exponents a3
(1ii) the variation of the exponents with ros and (iv)
the angular momentum dependence of the threshold
shapes -- none of which are verified experimentally.

On both theoretical and experimental grounds the K edges
of Li, Mg, and Al can be excluded as evidence for the
theory. Of the remalning data clted as supporting the
theory, th? L2,3 edge~-shapes of Na, Mg, and Al do not
exhibit the expected dependerice on Ty and the L2,3 ecdge
of Mg in ngSbi—x yields excessively large exponents and

a small value of the cutoff energy §.
The case against the present theory of electron-hole

interactions in metals 1s strong now. If the predicted
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dependences (15) of the energy-loss spectra on q are
not verified experimentally for the L2’3 edges of
Na, Mg, and Al, then 1t will be necessary to develop
a new theory of flnal-state interactlions and their
effects on the optical properties Qf metals.
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