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ELECTRONIC STATES IN -, , ALLOYS: SOFT X-RAY EMISSION SPECTRA*
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It has been recognized since the 30's (Farineau and Morand 1938)
that soft x-ray spectroscopy represents a powerful tool for studying
the electronic states of alloys. However, only with the advent of
equally powerful theoretical tools for calculating the electronic
states has soft x-ray spectroscopy been used as a quantitative test
of the underlying theory of alloys. The recent work of Durham et al.,
(1979) on the CucNii_c alloy system amply demonstrates both the
utility of the experiment and the precision of the theoretical
description afforded by the Korringa-Kohn-Rostocker-coherent-
potential-approximation (KKR-CPA) method of calculating the electronic
states in random metallic alloys (Stocks et al., 1978; Gyorffy and
Stocks, 1979).

Despite the fact that both Li and Mg are simple metals, the
effects of alloying on the Mg L-spectrum are quite marked (Catterall
and Trotter; 1959, Crisp and Williams, 1960). Since the Mg L-spectrum
reflects the local s-density of states in the neighborhood of Mg
sites an explanation of the concentration dependence of the Mg L-
spectrum has to be sought in the screening of a Mg site in the alloy
environment. Inglesfield (1972) recognized, that although both Li and
Mg metals could be treated successfully with pseudo-potential theory,
that a Mg ion embedded in a Li matrix was a strong scattering center
which could not be treated in low-order perturbation theory. In this
regard this heterovalent simple metal alloy system is little different
from a transition metal/transition metal alloy. Despite this under-
lying problem, methods employing pseudo-potential descriptions of
the constituent ions coupled with a low-order perturbation theory
description of the electronic states in the alloy have been used

Research sponsored by th£ Materials Science Division and
Office of Health and Environmental Research, U.S. Department of
Energy under contract W-7405-eng-26 with the Union Carbide Corporation.

By acceptance of this article, the
publisher or recipient acknowledges
the U.S. Government's right to
retain a nonexclusive, royalty-free
license in and to any copyright
covering the article.



extensively (Beauchamp et a l . , 1975, Hafner, 1976). Although these
methods have enjoyed considerable success in explaining structure,
bonding and the thermodynamic properties of many alloy systems
(Hafner, 1977, 1980) cjuestions as to the validity of the underlying
approximations remain (Taylor, 1979). It is therefore of con-
siderable interest to develop a first principles theory of such
alloy systems which avo;ds the use of pseudo-potentials and, more
importantly, low-order perturbation theory and which can be checked
quantitatively against detailed probes of the electronic structure
such as soft x-ray spectroscopy. These calculations can then be
used as a base against which the psuedo-potential methods can, in
the future, be checked.

In the KKR-CPA method of treating electrons in random alloys
(Stocks et a l . , 1978; Gyorffy and Stocks, 1979) the full one
electron crystal potential is modeled by a collection of non-
overlapping muffin-tin potentials. The only inputs to the calcula-
tions are the atomic numbers of the alloying species, the crystal
structure and the latt ice parameter. For a full description of
KKR-CPA and the relevant formula for calculating total and component
densities of states the reader is referred to the references above
and the recent work of Faulkner and Stocks (1980).

In Fig. 1 we show the KKR-CPA densities of states for a
LiQ.8M80.2 alloy* The total density of states curve is rather like
that expected for a bcc simple metal like Li (Moruzzi et a l . , 1978).
The p-density of states is partitioned between the two species in
the ratio of their concentration and has the same general shape as
in pure 11. Contrarily, the s-density of states in the Mg unit cell
is peaked some 2.5 eV below the peak in the Li s-density of states.
Since the Li K soft-x-ray spectrum is related to the p-density of
states on Li sites and the Mg L-spectrum is related to the s-density
of states on a Mg site it is clear that we would expect different
behavior to result from alloying in these two spectra. The former
is more typical of a "common" band model the lat ter of a more loca-
lized model.

In Fig. 2 we show the Li K and Mg L-spectra for a range of
Li—Mg alloys and for Li and Mg. The samples were prepared by co-
evaporation onto a 85"K substrate. The emission spectra were pro-
duced by an 8—10 ma beam of 2.0 kV electrons and were detected with
a two meter grazing incidence spectrometer fitted with an Au mirror,
a channeltron detector and 150 \m s l i t s . The energy resolution is
about 0.17 eV for both the Li and Mg spectra. The curves plotted
represent the average of five runs. The spectra are normalized to
unity at the spectral maximum and have been divided by E^. The data
of Fig. 2 are abstracted from a study of the LiMg and LiAl alloy
systems (Tagle et a l . , 1980). The Li K-spectrum is virtually unaltered
by alloying with Mg, qualitatively what is expected on the basis of
our densities of states calculation. For alloys dilute in Mg, the
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_ Fig. 1. Total and component
muffin-tin densities
of states in
LiQ.8MS0.2 alloys.
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Fig. 2. Mg L (low-energy peaks) and Li K- (high-energy peaks) soft
x-ray emission spectra in LLcMgi_c alloys. The alloy con-
centration c is marked on each curve.

Mg L-spectrum is peaked about 4 eV below the Fermi energy ep. Upon
increasing the Mg content the position of this peak regains fixed
with respect to cp, however i t becomes less pronounced as spectral
weight increases between this peak and ep. For alloys rich in Mg a
second peak grows in at eF . In pure Mg this Fermi edge peak is pro-



probably a result both of a peak in the one electron density of states
function (Gupta and Freeman, 1976) and many-body Fermi edge effects
(Mahan, 1980). For the low Mg concentration alloys the low lying peak
in the Mg L-spectrum is obviously related to the low-lying peak in the
local s-density of states on the Mg site seen in Fig. 1.

In Fig. 3 we show a comparison between our calculated and our
measured Li K and Mg L-spectra for a U-0.8MS0.2 a^°Y (see
Durham et al. for a discussion of the computational method). The
theoretical curves include a 0.5 eV Gaussian broadening to account for
various broadening processes. For the Li K-spectrum the agreement
between the theoretical and experimental curves is excellent. The
overall shape of the Mg L-spectrum is also given correctly by the
KKR-CPA calculation, the position of the spectral maximum relative
to ep being given precisely by the theory. The experimental points
show low-energy tailing not present in the theory. Though we have
made no attempt to quantify this, it appears that the tailing is
more pronounced than that typical of a pure metal system and may be
due in part to Mg clustering. All such clustering effects are
neglected in the CPA. The generally excellent agreement between the
calculation and experiment leaves little room for any specifically
many-body Fermi edge effects. Why such effects should be of impor-
tance in many pure simple metals but apparently are of little impor-
tance in random alloys is an interesting question.

On the basis of our calculations the physical mechanisms which
give rise to the destinctively peaked Mg K-spectrura on the one hand
and the pure Li-like Li K-spectrum on the other are quite clear.
The very attractive Mg potential is almost sufficient to pull off a
bound state from the bottom of the Li band. Thus, to a large extent
the screening of the Mg sites is accomplished by an essentially ato-
mic like 3s radial function. In Table 1 we list the total and com-
ponent charges inside Li and Mg Wigner-Seitz cells. While the extra
unit of charge in a Mg cell is not entirely screened out inside
a Mg cell a good deal of it is. In contrast the p-charge density
is almost equally partitioned between sites. This result is easily
understood if we think in terms of atomic orbitals centered on the
various sites. Presumably, the charge density which manifests
itself as p-density when expanded about the central cell really
results from the "tails" of diffuse s-functions centered in other
unit cells. While it may be possible to treat the latter using low-
order perturbation theory it is less clear that such a description
of the large cell to cell s-charge density variations would yield
meaningful results. The concentration dependent optimized pseudo-
potential theory of Hafner (1976) appears to go some way towards
addressing this problem. However, on the basis of our calculations,
we are lead to question the utility of pseudo-potential treatments
of the LiMg alloy system in particular and of heterovalent alloys in
general.



Table 1. Total and Component
Wigner-Seitz Cell Con-
duction Band Charge
Densities in Li().8MS0.2.
(Electrons/Atom.)

Symmetry

s (Alg)

P (tlu)

d{^t2§^}
Total

Charge

Li Cell

0.52
0.54
0.02
0.03
1.11

Mg

0.
0.
0.
0.
1.

Cell

85
62
03
03
53

Fig. 3. Calculated ffuJ.1 line) and experimental (dots) Li K and Mg L-
soft x-ray emission spectra in LiQ%gMgo.2 alloys. The theoreti-
cal unbroadened spectra is given by the dashed lines.
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