
PHYSICAL REVIE% 8 VOLUME 37, NUMBER 3

Brief Reports

15 JANUARY 1988-II

Brief Reports are short papers which report on completed research which, while meeting the usual physical Revte~ standards of
scientific quality, does not warrant a regular article (A. ddenda to papers preuiously published in the physical Review by the same
autho rs are tncluded in Brief Reports. ) A Brief Report may be no longer than 3$ printed pages and must be accompanied by an
abstract. The same publication schedule as for regular articles is followed, and page proofs are sent to authors.

Fully relativistic Korringa-Kohn-Rostoker coherent-potential-approximation
embedded-cluster-method evaluation of short-range-order effects

in substitutional alloys containing heavy elements

P. %einberger
Institute for Technical Electrochemistry, Technical Uniuersity of Vienna, Austria

R. Dirl
Institute for Theoretical Physics, Technical University of Vienna, Austria

A. M. Boring
Los llanos Xationa/ Laboratory, Los llanos, ¹mMexico 875'45

A. Gonis and A. J. Freeman
Department of Physics and Astronomy, ¹rthwestern Uniuersity, Euanston, Illinois 60201

(Received 29 December 1986}

We report calculations of densities of states associated with speci5c local atomic configurations
in substitutionally disordered transition-metal —noble-metal alloys, in particular Au-Pd alloys.
These calculations are based on the fully relativistic version of the Korringa-Kohn-Rostoker
coherent-potential approximation and on the recently developed corresponding embedded-cluster
method, and allow a direct evaluation of short-range-order effects in substitutionally disordered
materials. A discussion of our results and a comparison with results obtained for transition-metal

aBoys such as Pd-Ag is given.

The introduction' of the coherent-potential approxi-
mation (CPA) provided a great advance in the study of
substitutionally disordered alloys. In the CPA, the true
disordered material is approximated by a periodic medi-
um of effective scatterers, determined through the self-

consistency condition that the scattering resulting when

a real atom is embedded in the medium vanishes on the
average. The CPA has a great number of desirable
properties, and has been reviewed extensively in the
literature. t It has also been used successfully to calcu-
late electronic densities of states3' (DOS's) and trans-
port properties ' of disordered substitutional alloys.

As was realized almost simultaneously with its intro-
duction, however, the single-site nature of the CPA pre-
cludes the treatment of statistical fluctuations away from
the effective medium, and thus cannot be used in the
study of short-range-order (SRO) effects in the electronic
structure of disordered systems. Such statistical Auctua-
tions may cause sharp structures in the DOS and can
strongly in6uence physical properties, e.g., the formation
of magnetic moments. Although a mean-6eld, linear-
response theory can be used to obtain x-ray diffuse

scattering spectra in nonrandom binary alloys and thus
provide direct information on the formation of stable
ground states, it may be necessary to consider the non-
linear effects of local environment fluctuations in the
study of phase stability and phase transformations in al-
lays. Consequently, many attempts at establishing a
cluster or multisite generalization of the CPA have been
reported.

Many of these attempts produced methods which were
either too difBcult to implement computationally, such
as the molecular CPA, ' or failed to satisfy important
analytic requirements. In other applications, severe
geometric simpli6cations such as the substitution of a
Cayley-tree (or Bethe) lattice for the proper crystal
structure of the material were made.

To date, the most successful approach to the study of
SRO efFects in substitutionally disordered alloys is
afforded through applications of the embedded-cluster
method (ECM). The ECM allows the exact treat-
ment of a cluster of impurity atoms embedded in a
translationally invariant effective medium, such as that
determined in the single-site CPA. Although the ECM
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is not a self-consistent cluster theory, it permits the cal-
culation of the Green function (or the scattering matrix)
associated with any given cluster configuration and thus
can account directly for the efFects of local statistical
fiuctuations. At the same time, however, the need
remains for a fully satisfactory cluster theory in which
the efFects of SRO would be taken into account self-
consistently.

The first applications of the ECM were made "'

within a tight-binding (TB) description of the Hamiltoni-
ans for disordered alloys. More recently, the ECM has
been applied ' to Hamiltonians of more realistic po-
tential functions, e.g., those of a muSn-tin type, within
the context of the Korringa-Kohn-Rostoker or Green-
function formalism and in connection with the corre-
sponding version of the CPA (KKR CPA). In most re-
cent applications the ECM has been used ' in the cal-
culation of efFective multiatom interactions in substitu-
tionally disordered transition-metal alloys.

In this paper we report a new implementation of the
ECM which allows the proper treatment of a number of
significant physical features such as relativistic effects,
and eventually spin polarization, which figure prom-
inently in the study of magnetic alloys and alloys con-
taining heavy elements such as the actinides. This appli-
cation of the ECM is based on the fully relativistic ver-
sion (R) of the KKR CPA, i' which already has been
used in a number of calculations. The extension of the
ECM to a fully relativistic treatment of disordered alloys
presents a number of new features when compared to the
nonrelativistic case, so that before presenting our results
we give a brief exposition of some computational aspects
of the formalism. In all our calculations we used poten-
tials constructed using the Mattheiss prescription with
Slater exchange. Such potentials seem to be consistent "
with experimental data for the Au-N67 soft x-ray emis-
sion spectra in Au„-Pd]

RELATIVISTIC KORRINGA-KOHN-RQSTOKER
COHERENT-POTENTIAL APPROXIMATION
AND THE EMBEDDED-CLUSTER METHOD

As has been discussed elsewhere, ' a computational
implementation of the ECM requires the calculation of
the site ofF'-diagonal elements of the scattering matrix, or
scattering path operator, associated with the RKKR-
CPA efFective medium. Formally these elements are
given by the expression

v'~=a(RJ —R; )

fr(k)e ' 'd k

Q I
—1 ] i d3k

8Z

where R; denotes a direct-lattice vector, Qaz denotes the
volume of the first Brillouin zone (BZ) of the reciprocal
lattice, m, is the inverse of the single-site e8'ective
scattering matrix, t „determined in the RKKR CPA,
and G(k) denotes the familiar (relativistic) KKR struc-
ture constants at energy E and crystal momentum k.

Rather extensive use of the group theory allows the re-
striction of the integral in Eq. (I) to the irreducible
wedge, Q&&z, of the BZ,

fD (R)r(k)D(R)e ' 'd'k,
z eo„

(2)
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the summation including only 24 operations. It is clear
that only r" corresponding to diferent distances

~
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~

need be calculated. For

~
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~

we obtain

r"'=D'(R )r'JD(R ), (4)

where R(R, —R, )=(Rk —Rt ) with R 60', For exam-

ple, in a first-neighbor cluster in a fcc lattice one needs
to calculate only five inequivalent r'~ (including trivially
the site-diagonal element r ). All scattering path opera-
tors are calculated in the complex energy plane parallel
to the real axis and deconvoluted to the real axis by
means of a numerical Cauchy-Riemann continuation
procedure for the calculation of the density of states.
The BZ integrations for v were performed using the 21
special directions of Fehlner and Vosko, whereas the
five special directions of Bansil were used in the calcu-
lation of the ofF-'diagonal scattering path operators. In
all cases a maximum number of 200 k points were used
along each direction.

It should be noted that care has to be taken when us-

ing (4) since in some cases, which can be denoted as "ac-
cidental" degeneracies, the group element R does not be-
long to 0&. However, E. can always be identified with
an element of the full rotation group. Such peculiar
cases are shown in Table I of Ref. 37.

Finally, we mention that the use of the unitary proper-
ties of the symmetry operators

expi[Rk (R; —R~ )] exp=i [k R'.(R—R,,. )]

allows one to employ familiar direction methods for
evaluating the integral in Eq. (3).

Once the site ofF-'diagonal elements v"J have been deter-
mined, the local density of states associated with site i
and cluster configuration J can be obtained from the ex-

pression

where tR ) denotes the matrices of the I,~ (t,„-like) vec-

tor representation of the point group, and D(R) contains
blockwise the Clebsch-Gordon coeScients which reduce
the d~-like representations. It should be noted that by
using projective representations the summations in Eq.
(2) can be restricted to a sum over the 48 operations of
01, rather than the 96 operations of the double group
0&*. Furthermore, by making use of the properties of
the inversion operator I, a left-coset decomposition can
be employed, 0„=I O, IO I, so that we have

fD (R)[ r(k)[ e
g ~o IBz
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n,J(E)=——Im TrR [2];;,1
(5) 30 (a) 3o

where site i is assumed to be occupied by an atom of
type a. In this equation, the supermatrix [2] ' is
defined by its matrix elements,

[[2] 'I; =(m' —m')5; +[r '];1,
where m' is the (inverse) scattering matrix for the atom
occupying site i, and [r];i=r J is the matrix of the intra-
cluster effective-medium matrix elements given by Eq.
(3). Finally, the matrix R in Eq. (5) consists of the ra-
dial integrals

R&& ——JZ&(r,E)Z&.(r, E)d r, (7)

with ZJ (r,E) being a properly normalized spinor.
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APPLICATIONS TO Au&&Pd25

Figure 1 depicts calculated density-of-states curves for
the alloy Au7sP12s obtained through the use of Eq. (5),
where site i is chosen as the center of a nearest-neighbor
cluster. Since Au75Pdi5 shows a weakly split d -like
band, the various panels in the figure show di~ -like
(dashed curves) and a( r -like (solid curves) partial DOS's
for some extreme and some intermediate configurat1ons
of the 288 possible configurstions, of the 12 nearest
neighbors in the fcc lattice. In the left (right) side of the
figure, the DOS's correspond to the center of the cluster
being occupied by a Au (Pd) atom. (a) shows the species
component DOS for a Au atom obtained in the RKKR
CPA. The remaining panels depict the local density of
states associated with a Au atom surrounded (b) by 12
Au atoms, (c) by 9 Au and 3 Pd atoms, and (d) by 12 Pd
atoms. The right side of the figure shows the DOS ob-
tained with Au and Pd center atoms interchanged.

As is seen in Fig. 1, the local environment does indeed
affect the local DOS, the effect being a function of con-
centration. There is more change in the DOS of a Pd
atom as the local environment is varied, than of a Au
atom. The high Au concentration diminishes the efFect
of local fluctuations while greater changes may be ex-
pected when the environment around a Pd atom changes
from all Au [Fig. 1(f)], to all Pd [Fig. 1(h)]. Overall,
however, the changes due to SRO in this system are
quantitatively smaller than in transitional alloys such as
Pd-Ag. ' In the later case, the Pd d resonance lies
above the Ag d band leading to the formation of s virtu-
al bound state when small amounts of Pd are added to
Ag. On the other hand, the Au and Pd d snd d
resonances are very close to one another and all lie in-
side both the Au and Pd 1 bands. As a consequence, the
alloy is characterized by the presence of essentially a
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FIG. 1. d' -like (dashed curves) and d' -like (solid curves)
DOS's for (a) an Au atom in the CPA, (b) an Au atom sur-
rounded by 12 Au atoms, (c) by 9 Au and 3 Pd atoms, and {d)
12 Pd atoms. (e), (f), (g), and (h) correspond to (a}, (b), (c), and
(d) but with the Au atom at the center of the cluster replaced
with a Pd atom.
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common band, and SRO efFects are, therefore, consider-
ably smaller. In particular, at the Fermi energy of the
CPA medium the DOS for the Au atom at the center of
the cluster varies from 2.5495 (Pd-only neighbors), to
2.6488 (Au-only neighbors), with the CPA predicting
2.6479 states/Ry.

The results presented in this paper can be taken to be
indicative of the flexibility of the method used to exam-
ine the efFects of SRO in alloys in which relativistic
efFects can be expected to play a significant role. Since
spin-only polarization csn be taken into consideration
rigorously, 38 39 this method can be used to examine SRO
effects in magnetic systems from s direct, first-principles
point of view.
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