
PHYSICAL REVIE%' B VOLUME 40, NUMBER 18 1S DECEMBER 1989-II

Short-range-order effects in Cu„Pt&

J. Banhart
Institut fiir Physikalische Chemic, Uniuersitat Mu nc'hen, D 800-0Mu nc'hen 2, Federal Republic of Germany

P. %'einberger
Institut fiir Technische Elektrochemie, Technische Universitat Wien, A 1060-Wien, Austria

J. Voitlander
Institut fii r Physikalische Chemic, Uniuersitat Mii nchen, D 8000 M-iinchen 2, Federal Republic of Germany

(Received 22 September 1988; revised manuscript received 28 March 1989)

The effects of short-range order on the electronic structure of Cu„Pt& „are investigated using the
fully relativistic Korringa-Kohn-Rostoker embedded-cluster method (KKR-ECM). It is found that,
with increasing distance to the origin, effects of short-range order become less and less important.
By performing configurational averages it is shown that the (single-site) KKR-coherent-potential
approximation (KKR-CPA) is indeed an excellent approximation to describe the electronic struc-
ture of substitutionally disordered alloys. The results also show an interesting behavior of the densi-
ty of states at the Fermi energy with respect to the short-range-order parameters for the first and
second shell a& and o,2.

I. INTRODUCTION

It is well known that the single-site coherent-potential
approximation (CPA) does not account for short-range-
order effects. In order to study such effects, one of the
most promising approaches is the so-called embedded-
cluster method (ECM). In this method one treats a clus-
ter of atoms embedded in an effective medium deter-
rnined, e.g. , by means of the CPA. The ECM is not a
self-consistent theory like the CPA. It was originally ap-
plied in connection with tight-binding Hamiltonians'
and then generalized to the more realistic mufFin-tin
Hamiltonians. ' Within the ECM the off-site diagonal
Green's functions are calculated directly by means of
Brillouin-zone integrals, i.e., by means of an approach
treating the embedding problem rigorously. By using a
multiple-scattering approach for both the single-site CPA
and the ECM, namely the Korringa-Kohn-Rostoker
(KKR) method, a discussion of short-range-order effects
can be based on the same numerical footing as the
single-site KKR-CPA.

Since one of the components in Cu Pt, is a Sd-

electron metal, undoubtedly relativistic effects are of cru-
cial importance for spectral densities. For this reason the
fully relativistic version of the KKR-CPA (Ref. 5) and of
the KKR-ECM (Ref. 6) has to be applied. This not only

implies that the computational effort is substantially in-
creased as compared to the nonrelativistic KKR-CPA
(Ref. 7), and the nonrelativistic KKR-ECM (Refs. 3 and
4), but also that the group-theoretical means have to be
more sophisticated. '

Short-range order is important for all physical observ-
ables depending on the local environment. Such a quanti-
ty is, for example, the nuclear spin-lattice relaxation rate,
which has been studied for different environments of Pt
atoms in Cu Pt, in a previous paper using the relativ-

istic KKR-ECM. Such a study is yet comparatively easy
to perform, since only (environment-dependent) partial
local densities of states at the Fermi energy are need-
ed. ' In the present paper the energy regime of the
whole valence region is investigated by considering up to
two shells of neighbors. The second shell is important,
since it was argued that in Cu5OPtso short-range ordering
"starts" beyond the 6rst shells of neighbors.

Using the values of environment-dependent densities of
states at the Fermi energy we extend our study up to four
shells of neighbors. Furthermore, we show that at least
for the present system the single-site KKR-CPA is indeed
an excellent approximation to describe the electronic
structure of substitutionally disordered alloys.

II. COMPUTATIONAL DETAILS

The calculations were performed in three major steps.
The first step was to solve the relativistic KKR-CPA
equations self-consistently. The alloy potentials used
were non-self-consistent and correspond to full Slater ex-
change. For Cu Pt& this potential setup has proved to
give excellent agreement of theoretically calculated nu-
clear spin-lattice relaxation rates and electrical resistivi-
ties" with corresponding experimental values. Probably
effects of charge transfer are rather small in Cu-Pt so that
our non-self-consistent potential would not differ too
much from a self-consistent one. Nevertheless, a self-
consistent calculation of the site potentials —which
within the relativistic KKR-CPA at the present stage of
our work is not yet feasible in a routine manner —is
desirable in order to eliminate ambiguities due to the po-
tential construction. For both the KKR-CPA and the
KKR-ECM all Brillouin-zone integrals are calculated us-
ing the 21 special directions of Fehlner and Vosko. ' It
should be mentioned that all calculations were performed.
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along the real axis.
The second step was the calculation of the off-site diag-

onal scattering path operators r'~( E ), where i Aj, by
means of Brillouin-zone integrations using the single-site
KKR-CPA scattering amplitudes. The number of
scattering path operators which has to be calculated can
be held rather low if one recognizes that they belong to a
small number of equivalence classes, the members of
which can be transformed into each other by similarity
transformations. Thus only a total of four (6,12,14) of
such operators has to be calculated if a total of one (2,3,4)
shell of neighbors is included. If one chooses a fixed-
point mesh for the line integrals along the special direc-
tions, one can calculate the integrals for all inequivalent
scattering path operators simultaneously and therefore
has to calculate the inverse KKR matrix only once for
each k point, thus saving a lot of computing time. We
used a 200-point Gaussian formula for the line integrals.
This numerical technique allows us to integrate a polyno-
mial of degree 399 exactly. The functions we integrate,
the components of the CPA scattering path operator, are
a collection of peaks broadened by disorder and can
therefore be approximated by such a polynomial with
sufficient accuracy. In order to check this integration
procedure we calculated line integrals using Gaussian
formulas with 20, 50, and 100 points. We found that in
all cases the results were stable for already 100 points.

The third step was the calculation of site diagonal
scattering path operaors at the origin of clusters of atoms
with a specified atomic configuration embedded in the
CPA medium. From these operators cluster densities of
states or other properties can be calculated. It is impor-
tant to note that not all possible cluster configurations
(2 in an N-atom cluster) have to be treated separately,
but only those which are nonequivalent in the sense that
they cannot be transformed into each other by spatial ro-
tations. By considering, for example, only a first shell of
neighbors, there is a total of 144 inequivalent
configurations per specified atom at the origin in an fcc
lattice. The size of the cluster matrix in this case is 234.
For a cluster including also the second shell of neighbors,
the corresponding size of the cluster matrix is already 342
with an exploding total number of configurations. Tak-
ing, for example, the fourth shell of neighbors into ac-
count as applied in the following for one particular case,
the size of the matrix increases to 990. Since the cluster
matrices are energy dependent, the computational effort
very quickly becomes prohibitive with an increasing
number of shells.

In the following, the term "CPA atom" means that at a
particular site in the embedded cluster, the effective t ma-
trix as determined by the KKR-CPA is used as single-site
t matrix. If all sites except the origin are occupied by
"CPA atoms, " the KKR-ECM densities of states reduce
exactly to the densities of states as defined within the
KKR-CPA.

The calculated cluster operators ~J (E) and related
cluster electronic properties XJ refer to a definite micro-
scopic cluster configuration J. In order to obtain a mac-
roscopic observable, a configurational average has to be
performed including all possible cluster configurations

and their statistical weights. The macroscopic state of
order may be described using short-range-order parame-
ters:

P ~ ' B' (PAB) B(1 PAB) (3)

The configurational average of XJ is then defined as

(X)„"= y P'X,
J=J„(A)

n

[c~(1—a)] [1—c~(1—a„)]

X g XJ
J=J(,A, n~)

(4)

and analogous for (X)„.
III. RESULTS

The present results can be grouped into three sets of
figures. In group I the Cu (Pt) density of states (DOS)
and its Pt d - and Pt d -like contributions corre-
sponding to a Cu (Pt) atom at the origin and 12 first
neighbors of either only Cu or only Pt is compared for
three different alloys of Cu Pt& „,namely x =0.15, 0.50,
and 0.71, with the corresponding results of a KKR-CPA
calculation (Figs. 1 and 2).

Group II concentrates on a single alloy, namely
CuMPt~o (Figs. 3 —5). Here the Cu- (Pt-) like DOS and its
d ~ - and d -like contributions for a Cu (Pt) atom in the
origin and (a) a first and second shell of neighors of either
only Cu or only Pt and (b) a first-neighbor shell of CPA
atoms and a second-neighbor shell of either only Cu or
only Pt is shown in relation to the corresponding KKR-
CPA results. Also considered is the case when for a Cu
(Pt) atom at the origin the first and second shell of neigh-
bors is occupied by Cu and Pt atoms according to the or-
dered CuPt superstructure (L 1, ).

Group III finally deals with the DOS at the Fermi en-

ergy as calculated, for example, as a function of the
short-range-order parameters a, and a2 or in relation to
the single-site KKR-CPA (Figs. 6—g).

PAB
~AB

CB

In (1) an A atom is at the center of the rth shell, c~
denotes the macroscopic concentration of species 8, and
P," is the pair probability of finding a 8 atom anywhere
in the rth shell around an 3 atom. Since u„" =a, "=a„
and 0 & P, & 1, the range of a, is given by

1— 1 &e, &1 .
max cA, cB

For a configurational average it is assumed that the sta-
tistical weight of a given configuration depends only on
the number of 2/8 atoms, n„/n~, in the shell con-
sidered. This implied that the situation is described by
pair probabilities only. The weight for an 3-centered
configuration with nB B atoms in the rth shell
J„(A, ns, n ), n„+ns =n, is given by
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FIG. 1. Cu-like (left panel) and Pt-like (right panel) DOS for
Cu»Pt85, Cu&OPt&o, and Cu»Pt» (from top to bottom). In each
entry the solid line corresponds to the single-site KKR-CPA
calculation, the dashed line to 12 Pt first neighbors, and the
dashed-dotted line to 12 Cu first neighbors. Vertical line: Fer-
mi energy.

FIG. 2. Ptd '-like (left panel) and Ptd5i2 like (right pane/)
DOS for CuigPt8g CU5oPt5o and Cu7lPt&8 (from top to bottom).
In each entry the solid line corresponds to the single-site KKR-
CPA calculation, the dashed line to 12 Pt first neighbors, and
the dashed-dotted line to 12 Cu first neighbors. Vertical line:
Fermi energy.

A. First-neighbor-shell eft'ects

It is perhaps surprising to find out from Fig. 1 that the
Cu-like DOS is little inAuenced by the occupation of the
first shell of neighbors, whereas the Pt-like DOS obvious-
ly is rather sensitive to it. This strong dependence of the
Pt DOS on the environment, however, is more or less re-
stricted to an energy regime below about 0.4 Ry and to
the vicinity of the Fermi energy. It is interesting to see
the Pt DOS of Fig. 1 resolved into d - and d -like
contributions. In Fig. 2 (left panel), for Cu only nearest
neighbors, the peak in the d - like Pt DOS moving from
about 0.32 to 0.24 Ry with respect to increasing Cu con-
centration, is separated from the corresponding d -like
peak (see right panel) by about 0.06 Ry, which is about
half of the spin-orbit splitting for Pt. For Pt only first
neighbors, one can see from Fig. 2 the building up of two
d -like peaks and one d -like peak. The DOS of a Pt
atom surrounded by 12 Cu atoms is very much like that
of a Pt impurity in a Cu host with virtual bound states in
the corresponding energy regimes, whereas a Pt neigh-
borhood tends to produce a peak structure closer to that
in pure Pt.

It is interesting to note how the single-site KKR-CPA
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FIG. 3. Ptd -like {left panel) and Ptd -like (right panel)
DOS in Cu&oPt, o. In each entry the solid line corresponds to the
single-site KKR-CPA calculation, the dashed line to a cluster
with the first and second shell of neighbors occupied by Pt
atoms only, and the dashed-dotted line to the same cluster, but
occupied by Cu atoms only. Vertical line: Fermi energy.

reAects the two "extreme configurations" of either only
Cu or only Pt first neighbors. In particular from the
d ~ -like Pt DOS one can see that (for energies below 0.4
Ry) the single-site KKR-CPA result indeed has round
peaks in the vicinity of the peaks generated by either only
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FIG. 7. Density of states at the Fermi energy for clusters (in-
dicated by the numbers) occupied by only Cu or Pt and the oth-
er sites occupied by CPA atoms. Left: Cu at the origin, right:
Pt at the origin. Abscissa: number of sites in a particular shell;
arrows indicate if the shell is occupied by Cu or Pt. (1) First
shell either only Cu or only Pt, (2) first shell CPA atoms, second
shell either only Cu or only Pt, (3) first and second shell CPA
atoms, third shell either only Cu or only Pt, and (4) first-,
second-, and third-shell CPA atoms, fourth shell either only Cu
or only Pt. The horizontal line refers to the single-site KKR-
CPA result.

In order to estimate separately the effect of a second
shell of specified neighbors, Fig. 4 shows the case that the
first shell of neighbors is occupied by CPA atoms and the
second shell by either only Cu or only Pt atoms. Now
both kinds of atoms at the origin are quite insensitive to
the occupation in the second shell, with the biggest effects

. 6

30 ~

5

20 ~

10

&~.~"CP

.r
50

c—cu (at.%)
100

FIG. 8. Single-site KKR-CPA densities of states at the Fermi
energy as decomposed with respect to the components Cu and
Pt and compared with corresponding experimental linear
coefficients of the specific heat (squares). The theoretical values
for the pure metals are from Refs. 17 and 18, the experimental
values (squares) from Refs. 19 and 20.

occurring in the Ptd -like DOS. It is therefore not at
all surprising that the single-site KKR-CPA covers both
cases of extreme occupation of the second shell of neigh-
bors very well.

It is well known that the CPA represents a con-
figurational average. By using second-shell clusters, how-
ever, it is possible to illustrate how much the single-site
KKR-CPA resembles "locally" the ordered CuPt super-
structure. In this type of ordered structure the first,
third, fifth, etc. shell around a central Pt atom is occu-
pied by 50% Cu and 50% Pt atoms, while the second
shell is entirely occupied by Cu atoms, the fourth shell by
Pt, and so on. In Fig. 5 the single-site KKR-CPA results
are compared with the case that the occupation of the
first and second shell of neighbors is in accordance with
the 1.1, (ordered) superstructure. This comparison is
amazing, since for a Cu atom at the origin the differences
between the "statistically disordered" and the "ordered"
case are indeed marginal and even for a Pt atom at the
origin the single-site KKR-CPA gives a fairly accurate
description for the electronic structure of the "ordered"
cluster embedded in the CPA medium. Figure 5 has to
be regarded as a convincing illustration for the frequently
used statement that the disordered state is a suitable

'

reference medium for perturbation expansions of physical
properties of ordered phases in terms of order parame-
ters. Such expansions are, for example, used in the gen-
eralized perturbation method (GPM). '

C. Short-range-order efFects at the Fermi energy

Considering all nonequivalent configurations of the
first shell, by means of Eq. (4) the configurational average
has been calculated for a number of values of the SRO
parameter o;i. In Fig. 6 the configurationally averaged
DOS at the Fermi energy is shown as a function of a, .
This figure actually shows that although the Pt site at the
origin is -rather sensitive to local arrangements, at the
Fermi energy these effects are much less drastic. For
Cu5OPt~o, for example, the configurationally averaged
density of states changes from 6.6 states/Ry for a, = —1

(complete order) to about 9 states/Ry for a, =l (com-

plete segregation). Apparently with respect to ai, short-

range ordering reduces the linear coefficient of the
specific heat. A similar behavior can be seen with respect
to 0.'2. Because of the restricted range of pair probabili-
ties [see Eq. (1)j these changes are less important for Cu-
or Pt-rich alloys. Note that in Fig. 6 the scale on the
right-hand side refers to units facilitating a comparison of
the bare DOS to the linear coefficient of the specific heat.

In terms of the DOS at the Fermi energy in Fig. 7 the
question is addressed of how far out from a particular site
short-range-order effects matter. For this purpose, em-
bedded clusters with a Cu or Pt atom at the origin and
with either only Cu or only Pt occupation in a particular
shell are considered, while all other sites are occupied by
CPA atoms. These "shell-dependent" DOS's are plotted
versus the number of sites in the corresponding specified
shell and compared to the values of the single-site KKR-
CPA. The slopes of the lines connecting the values of the
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TABLE I. [r (E ) —1. "(E )]/7.(EF).

Irreducible
component

I +( 1/2)

I —
(~ 1/2)

I —
(p 3/2)

I +(d5/2)
r+(d'")
I +(d 5/2)

( d 3/2, 5/2)

—0.000 07
0.000 02

—0.000 40
—0.009 80
—0.001 00
—0.004 21

0.011 69

Cu&5Pt85
Im

—0.000 95
0.012 24

—0.000 69
0.004 61
0.004 21
0.001 10
0.008 05

—0.000 04
0.000 13

—0.001 69
0.005 20
0.003 29

—0.000 27
0.208 20

CU5pPtsp
Im

—0.000 89
0.011 92

—0.001 28
0.018 78
0.008 59
0.005 08
0.029 68

—0.000 06
0.000 40

—0.004 22
—0.000 49
—0.000 99
—0.002 39
—0.19940

CU7] Pt29
Im

0.000 22
0.009 55
0.003 76

—0.003 98
—0.000 06
—0.004 68

0.004 57

shell DOS with the CPA values express the inhuence per
atom of the specified shell on the DOS of the central site.
As one can see from Fig. 7 for the Cu-like DOS only
effects from the first shell are of some importance,
whereas for the Pt-like DOS effects beyond the second
shell are of minor importance. It should be noted that by
filling up the shells successively with CPA atoms explicit-
ly the inhuence of a particular shell with specified occu-
pation can be investigated.

Using Eq. (4) to calculate a configurational average of
the cluster scattering path operator rJ(E) for the disor-
dered case (a, =O), one obtains again an effective (site-
diagonal) scattering path operator corresponding to the
site at the origin. It should be noted that —considering
only a first shell of neighbors —for this average a total of
288 configurations needs to be calculated. This quantity,
which shall be termed rc ( E ) refiects now a non-self-
consistent averaging including the first-neighbor shell and
can be compared with the corresponding (self-consistent)
eff'ective scattering path operator r, ( E ) as defined
within the single-site KKR-CPA. Table I shows the rela-
tive differences of these two quantities at the Fermi ener-

gy for the three alloys Cu»Pt85, Cu50Pt5o, and Cu7, Pt29.
The notation used for the irreducible components of the
scattering path operator is that of Staunton et a/. It is
indeed amazing to find out from Table I how little these
differences are for the "large" diagonal components, car-
rying practically all the weight in the evaluation of the
corresponding partial angular momentum dependent
DOS's. The only large difference occurs for the off-
diagonal component. Table I illustrates in actual num-
bers that at the Fermi energy in these three systems obvi-
ously Auctuation terms for the CPA condition play only a
very minor role, i.e., that the single-site KKR-CPA is

indeed a very good approximation for the electronic
structure of substitutionally disordered alloys. All physi-
cal quantities of substitutionally disordered systems relat-
ed to the one-particle Green's function, which do not ex-
plicitly depend on local neighborhoods, can therefore be
expected to be in good agreement with the corresponding
experimental data.

Figure 8 finally shows that the calculated values of the
single-site KKR-CPA, which served as reference for the
present study of short-range-order effects, compare
reasonably well with existing experimental values of the
linear coefficient of the specific heat. In particular, con-
sidering that no electron-phonon enhancement is includ-
ed to the theoretical values, the linear coefficient of the
specific heat is quite accurately described as a function of
concentration for noble-metal-rich binary alloys.

IV. CONCLUSION

The present paper presented an extensive study of
short-range-order erat'ects for Cu~Pt& . It is found that
there are certain energy regimes where the local environ-
ment has a notable inhuence on the electronic structure
of the investigated substitutionally disordered alloys. It
is also found that the single-site KKR-CPA is indeed a
very good approximation to describe the efFective rnedi-
um.
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