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In considering the &-Cuckoo „Ge„alloys on the basis of a realistic muffin-tin Hamiltonian,
the most notable feature of the electronic spectra is found to be the appearance of an im-
purity band below the host conduction band. In accord with relevant experiments, a Fer-
mi surface is predicted to grow at approximately half the rigid-band rate for x & 0.5 at. %
Ge and essentially at the rigid-band rate for x &5 at.% Ge. This effect is related to a
transition in the nature of states associated with the impurity band; these states are lo-
calized atomic s-like states for x ~0.5 and become delocalized in concentrated alloys.

PACS numbers: 71.25.Pi

Alloys of noble metals with polyvalent solutes
(such as Zn, Al, Ga, Ge, Si, and As) have played
an important role in developing our understanding
of the electronic structure of disordered metals. '
Following the classic studies of Hume-Rothery,
similarities in the electronic spectra of this se-
ries of alloys have been emphasized and, in fact,
the simple rigid-band (RB) model has been used
frequently to describe these systems. "However,
recent work shows that the RB picture is defici-
ent in & Cusp~ Zn, in several important re-
spects, ' most notably, (i) the energy levels in
the alloy are complex, with the imaginary part
representing disorder scattering, (ii) two sets of
d bands (arising from Cu and Zn 3d levels) appear
in the alloy, and (iii) the conduction band of Cu is
progressively lowered in energy with respect to
the Cu 3d bands as the Zn concentration increas-
es. It is clear then that the host band structure
is modified in a concentration dependent manner
in CuZn. In this connection, we compare and
contrast CuGe and CuZn in order to delineate the
extent to which the modification of the host spec-
trum may nonetheless be similar for various
polyvalent solutes.

We emphasize that the density of electron states
associated with a single impurity embedded in Cu
differs markedly for the case of various polyval-
ent solutes. ' In particular, some impurities
yield well-defined impurity levels (e.g. , Ge, As,
and Si an s level, and Zn a d level), while others
do not (e.g. , Al). This Letter focuses on the
question of how the aforementioned differences in
the single-impurity limit manifest themselves
for finite solute concentrations. The symmetry
of the impurity levels will be seen to play a dom-
inant role in determining the nature of the alloy
spectrum. In this context, one long-standing
puzzle is noteworthy. de Haas-van Alphen(dHvA)

experiments of Coleridge and Templeton' show
that the Fermi surface (FS) of Cu», „Ge„grows
at roughly half the rigid-band rate in dilute al-
loys, whereas positron-annihilation experiments"
for higher impurity concentrations find a FS
growing in essential accord with the rigid-band
model. This is in sharp contrast to the behavior
of Cu», „Zn„ in which the FS grows linearly with
x in agreement with the RB predictions. As noted
in the abstract, our computations explain this ef-
fect in terms of a transition in the nature of
states associated with the Ge impurity band.

We treat Cu, ~ „Ge„as a random binary alloy
of nonoverlapping muffin-tin atoms. The average
electronic spectrum is obtained on the basis of
the coherent potential approximation (CPA). The
details of such a framework for treating disor-
dered alloys have been discussed elsewhere' "
and will therefore not be presented.

Figure 1 shows the CPA complex energy bands
along the direction ~ to X in CugpGe». The
impurity band associated with Ge is seen to ap-
pear around —0.2 Ry and is found to involve states
of s-p character. " The impurities generally in-
fluence host states of s-p symmetry (e.g. , X,.)
most severly. In contrast, states of d character
(e.g. , X,-, X„X„and X,) experience smaller
shifts and disorder dampings compared to their
values in Cu (shown as dashed levels). In view of
these results, the nature of disorder in Cu„, „Ge„
can be characterized as follows: states of s-P
symmetry see large disorder (they are in the
split-band regime in the sense that two sets of
s-P bands appear in the alloy), whereas the effec-
tive disorder parameter for d-type states is rela-
tively smaller. The situation differs fundamental-
ly from the case of Cu, ~ „Zn„,"where the effec-
tive disorder is large for d-type states (recall
that two sets of d bands appear in Cu„~„Zn„),
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PIG. 1. (a) Complex energy bands along I' —X in
CugpGeip. The vertical length of shading around the
levels equals 21ImE(k)1. Dashed lines on the symmetry
points mark energy levels in pure Cu. (b) Average
electronic density of states in Cu and CuspGe~p, together
with the corresponding photoemission measurements of
Norris and Williams (Ref. 13).

and relatively smaller for the s-P-type states.
This observation is crucial in understanding how
solutes with valence Z& 2 modify the spectrum of
Cu.

Figure 1(b) shows that the calculated densities
of states in Cu as well as Cu»Ge„are in good
overall agreement with the photoemission meas-
urements of Norris and Williams" (notwithstand-
ing the usual limitations of the neglected matrix-
element, many-body, and other effects in the
theory) Most .notably, the marked broadening of
structures at the top and bottom of the Cu d band
in the experimental CuGe spectra (around 2 and
5 eV) is correctly reproduced by the theory. We
note that the structure in the density of states
arising from the impurity band [around 10 eV in
the theoretical curve in Fig. 1(b)] is very weak.
This is primarily a consequence of the s-P char-
acter and the previously noted large disorder
smearing of the associated states. It is clear that
the impurity band would not be observable via
usual band spectroscopy techniques. However,
the following discussion will show that the concen-
tration dependence of the FS dimensions' pro-
vides unambiguous evidence of the existence of
the impurity band.

Figure 2(a) and Table l show that the predicted
slope (dk„„„/dx) in the limit of low Ge concentra-
tion (x &0.5 at. /o) is in good accord with dHvA
measurements. ""(The dHvA results for the
belly radii are not available at present. ) The
CPA neck as well as belly radii are seen to in-
crease at roughly half the corresponding rigid-
band rate for quadrivalent impurities [column
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FIG. 2. The CPA results for changes in (a) the neck
rad~+s kn ecg aDd~ {b) the belly radii k~pp and k~gp &D

as a function of Ge concentration. The disorder smear-
ing IAk(EF) I is shown by vertical bars attached to the
theoretical points (see Ref. 14) . Dashed lines give
predictions of the RB model for solutes of valence 2
=3 and 4. Experimental points are as indicated in the
legend.

(c)] in sharp contrast to Cuzn [column (d)].
More precisely, we find the effective valence of
Ge in this limit to be 2.5, i.e., only 2. 5 of 4 va, l-
ence electrons of Ge are added at the Fermi en-
ergy (EF}. This would explain why Coleridge,
Holzwarth, and Lee" obtain a substantially lower
value (than 4) of the Friedel sum in their analysis
of CuGe data.

Turning to the high-concentration regime (x
5 at. %), Fig. 2 and Table I show that the calcu-

lated slopes (dk/dx) of the various FS radii cor-
respond to an effective Ge valence of somewhat
less than 4 [seen most easily from column (g)
which gives values on the order of unity for the
ratio of CPA to the Z =4 RB prediction. ] The the-
oretical values of (dk/dx) are in substantial ac-
cord with the corresponding experimental values
deduced from the positron-annihilation measure-
ments'"' [column (f)], despite the relatively poor
resolution of the available data.""It should be
noted, nonetheless, that the absolute values of
the experimental changes in the FS radii in Fig.
2 are generally higher than the theoretical values
[e.g. , the calculated neck radius around 9% Ge
lies outside the experimental error bars in Fig.
2(a)]. Higher-resolution experiments would be
most interesting in this regard. "

The nonlinear composition dependence of the FS
of Cllyoo „Ge„may be under stood as fol low s. For
low Ge concentration (x &0.5 at.%) the impurity
band consists largely of states localized around
the impurity. Qualitatively, this band may be
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TABLE I. The slopes (d&/dx) in mrad/at. % Ge for k~ci„4~op, and Otto. In the low-concen-
tration regime, theoretical slopes are based on computations with x & 0.5 at. % Ge (the lowest
concentration considered was x = 0.1 at.Vo Ge); the experimental value [column (b) j gives the
slope of the straight line drawn through the dHvh data (Fig. 1 of Ref. 5). In the high-con-
centration regime, theoretical slopes are based on calculations employing x &5 at. % Ge (see
Fig. 2). The experimental values are slopes of straight lines drawn through the positron an-
nihilation data shown in Fig. 2. The quantity of r is defined a.s the ratio (CPA slope)/(rigid-
band slope) .

(a)
CPA

Low-concentration regime
(b) (c) (d)

Expt. r (CuGe) r (C uGe) /r (C uZ n)

High-concentration regime
(e) (6 (g)

CPA Expt. r (C uGe)

&~ok
&coo

+fto

0.04
0.02
0.02

0.034 0.6
0.6
0.5

0.6
0.5
0.5

0.066
0.044
0.039

Q ]1 ~0 ]Qb

0 08b

0.06

0.9
1.0
0.8

'Based on data of Ref. 6.
Based on data of Ref. 7.

thought of as an atomic s level, which would ac-
comodate two electrons per Ge atom and yield a
FS growing at a rate corresponding to an impurity
of valence Z-2. (In reality, of course, the im-
purity band involves some admixture with the host
conduction-band states, and therefore, accomo-
dates less than two Ge electrons per impurity and
yields a FS growing at a rate somewhat faster
than &-2.)

In the regime of higher Ge concentration (i.e.,
x ) 5 at.'%%uo), the states associated with the impurity
band become delocalized due to Ge-Ge interaction
and develop overlap with the Cu conduction-band
states. The modification of the host spectrum can
now be grasped better with reference to the
molecular orbital theory. 22'~ The s and P levels
of Cu and Ge interact and form states of bonding
and antibonding character. The impurity band in-
corporates bonding states, while the antibonding
states move above EF. lt follows that the impurity
band would now take up roughly one Ge electron
per impurity (contrasted with roughly two Ge elec-
trons per impurity in low-concentration limit).
But the movement of antibonding states above EF
causes a loss of roughly one Cu electron per im-
purity. Thus, on the whole, despite the presence
of an additional band (possessing a total weight of
two electrons per impurity), the effective valence
of Ge is not substantially reduced. 24

The fact that the impurity band is composed of
states of s-P character would appear to play a
crucial role in delocaiizing" the associated states
in concentrated Cu«, „Ge„and giving a concomi-
tant increase in the growth rate of the FS. Such
a transition would not be expected in Cu, « „Zn„

(and does not take place), where the impurity band

involves rather tightly bound Zn 3d levels; the
width of Zn 3d bands in Cu„Zn„ is 1 eV compared
to an impurity bandwidth of 4 eV in Cu90Ge».

We expect our description of the electronic
structure of Cu», „Ge„to be relevant more gen-
erally in describing the effects of Ge, Si, As,
and Sn in noble- and transition-metal hosts in the
alloy as well as metallic-glass phase. Further
investigations of the electronic structure of this
class of alloys via various experiments are likely
to prove very worthwhile.

We are grateful to I . M. Huisman, S. Kaprzyk,
1.Schwartz, and P. E.- Mijnarends for important
conversations. This work was supported by the
U. S. Department of Energy.
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