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Within the conventional single-site coherent potential approximation (CPA) used to calculate
thermodynamic properties of random alloys, the effect of charge transfer is neglected. We discuss
a number of recent models based on the same mathematical form but with a different prefactor
B which allow one to include charge-transfer effects in the framework of the CPA. We show how
the models work in actual calculations for selected metallic alloy systems, Al-Li, Li-Mg, and Ni-Pt,
which exhibit charge transfer. We find that the so-called screened impurity model (3 = 1), which is
derived completely within the mean-field single-site approximation, leads to the best agreement with
experimental lattice parameter and mixing energy data for Al-Li and Li-Mg alloys. However, for the
Ni-Pt system exhibiting strong ordering tendency this model seems to overestimate the Madelung
energy of the completely random alloy, and in this case the screened-CPA method (8 = 1) gives
more correct results. It is suggested that a comparison with the results obtained by the Connolly-
Williams method may be used to determine an optimal value for 3 depending on the alloy under
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consideration.

I. INTRODUCTION

Modern ab initio theory of the thermodynamic proper-
ties of random alloys is based on the single-site coherent
potential approximation (SS-CPA) in conjunction with
local density theory.!»2 One important problem with this
approach is the general neglect of local environment ef-
fects. In particular, the conventional SS-CPA leads to
complete neglect of the Madelung contribution to the
one-electron potential of the alloy components and to
the electrostatic energy, even in alloys with a consider-
able charge transfer. This is so because in the SS-CPA
the effective medium surrounding each atom is charge
neutral. The magnitude of a possible charge transfer in
a solid depends on the way in which space is divided
into geometrical cells. For instance, in the atomic sphere
approximation (ASA) the charge transfer appears as a
nonzero net charge Q; of component ¢ given by

Qi=z,~—f &rp:, (1)
Sws

where the integral is taken over the atomic sphere with
radius Sws, Z; is the atomic number, and p; the elec-
tron density. In an exact treatment the total energy of a
solid cannot depend on the particular partition of space
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and the application of an approximation such as the ASA
must be justified by the accuracy with which it yields a
total energy independent of cell sizes. Experience shows
that for most ordered alloys the ASA has the required
accuracy. However, the situation is completely different
in the case of a disordered alloy because within the SS-
CPA one does not know the detailed charge distribution
around a particular site. Hence, one must rely on ap-
proximations like the ASA and include the correspond-
ing Madelung contribution to the potential and the total
energy.

Recently, Magri et al.®> and Lu et al.* examined the
Madelung energy in random metallic alloys by means of
their cluster expansion of electrostatic lattice energies.
They found that the net charge on an atom in a metallic
alloy depends linearly on the number of its nearest un-
like neighbors. Since the atomic occupation of the lattice
sites in any random alloy fluctuates, there should be a
corresponding fluctuation in the net charges of the alloy
components. In general, such fluctuations should lead
to a nonzero Madelung energy in a random alloy and
since the CPA as a mean-field theory does not take such
fluctuations into account, Lu et al.* came to the conclu-
sion that charge-transfer effects could not be correctly
described within the existing SS-CPA approaches.

A number of suggestions to correct this shortcoming of
the SS-CPA has been put forward. One such attempt by

5773 ©1995 The American Physical Society
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Abrikosov et al.’ is based on the empirical observation
that the net charge on an impurity atom in a metallic
matrix is almost completely screened by the net charges
of its nearest neighbors.® The idea is to take these screen-
ing effects into account by means of screened Madelung
contributions to the one-electron potentials and the total
energy. Calculations based on this model for a number
of systems®7® showed that the simple correction dra-
matically improved the agreement between experimental
alloy studies and, for instance, the calculated concentra-
tion dependence of ground state properties of random
alloys.

Later, Johnson and Pinski® suggested an approach
which includes charge-correlation effects directly in the
CPA. The mean-field version of this charge-correlated
CPA, screened CPA (scr-CPA), exploited the empirical
fact also found in Refs. 3, 4 that the net (or excess) charge
on an atom in an alloy is a linear function of the num-
ber of its nearest unlike neighbors. Although the physi-
cal origin of the scr-CPA was different from that of the
correction suggested by Abrikosov et al.,® it turned out
that the two approaches were mathematically equivalent
except for the fact that the Madelung energy given by
Abrikosov et al.® was twice the value obtained within
the scr-CPA by Johnson and Pinski.? It was therefore
suggested® that the expression for the Madelung energy
in Ref. 5 was in error owing to the neglect of double-
counting.

Before we discuss the different expressions for the
Madelung energy in random alloys we would like to
point out that in those CPA schemes which are based
on the ASA one may circumvent the Madelung problem
by choosing the atomic sphere radii of the alloy compo-
nents so as to obtain charge-neutral spheres.%!! In that
case the Madelung contribution will vanish completely.
However, if the sphere radii are too different, one may
compromise the accuracy of the ASA and a careful con-
sideration of the trade-off between the different sources
of errors is required to make such a scheme work.

At present there exist four different suggestions for the
Madelung energy of a completely random metallic alloy.
If Q4 and Qp are the net charges of the alloy components
given in the ASA by Eq. (1), c is the alloy concentration,
e the electronic charge, and R; the radius of the first
coordination shell, the expressions may be written

Epn = —Be?c(1 — c)(—Q-i—I_—{——M, (2)
1

where the prefactor 3 is defined by

0.0 in Refs. 1, 2,
_ ) 0.65735 fcc in Ref. 12,
B= 1.0 in Ref. 5,
0.5 in Ref. 9 .

Which of these prefactors is correct and which should
be used in SS-CPA calculations? The analysis of this
question is the main goal of the present paper and we
shall address it by discussing the physical arguments for
each of the four models and subsequently compare the
results of calculations on three representative metallic al-

loy systems, i.e., Al-Li, Li-Mg, and Ni-Pt, which exhibit
charge-transfer effects.

II. MADELUNG ENERGY
OF A COMPLETELY RANDOM ALLOY

The Madelung energy per atom of a lattice of IV net
point charges @Q; may be expressed as

e? Q:Q;
Ey=_—) =2, 3
M= aN ; R;; ®)

3]
where R;; is the distance between site ¢ and j. In a ran-
dom alloy Q;Q; may be replaced by the configurational

average

N Z.

(QiQj)m = ﬁ > Y Qi (4)

™ =1 k=1

where the second sum runs over sites in the mth coordi-
nation shell containing Z,, atoms. The Madelung energy
in a random binary alloy A.B;_. is then

2 °© . .
Eu=5 3 Mg, (5)

where R,, is the radius of the m shell.

To describe configurational effects we introduce occu-
pation numbers §; = 1 or 0 if site ¢ is occupied by atom
A or B, respectively. The average occupation number
is the concentration of the A element in the alloy, i.e.,
(&) = c. In the case of a completely random alloy the
occupation numbers for different sites are independent

and (§,£J> =c?+ C(l - C)&,’j.

A. Conventional SS-CPA

In the conventional SS-CPA it is assumed that all
atoms of the same kind have the same net charge Q4
or @Qp, which does not depend on the local environment.
As a result,

Qi =&Qa+ (1-&)Qs, (6)

and it follows on account of the overall charge neutrality
that

(QiQ;) = (Q:)(Q5) =0, (7)

and, hence, Eps = 0. This approximation will work well
in many cases,!'2 but if the charge transfer is appreciable,
which is the case for the three systems considered here,
it may even lead to qualitatively incorrect results.3:10:11

B. Charge-correlated model

In a real random alloy any atomic configuration is pos-
sible and atoms of the same type may have different local
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atomic environments. In contrast to the assumption of
the conventional SS-CPA one would therefore expect the
local electronic states and in particular the net atomic
charges to fluctuate. Such fluctuations of the net charge
should lead to additional contributions to the Madelung
energy of the alloy.

To take such charge correlations into account, Lu et
al.* evaluated the Madelung energy of a completely ran-
dom metallic alloy by means of scheme which was based
on the emprical evidence that the net charge of an al-
loy component in metallic alloys is proportional to the
number of atoms of opposite type in the first coordina-
tion shell. Here, we rewrite their analytic result in a more
convenient form in order to simplify the comparision with
other models. In their scheme the net charge of site ¢ is
determined by*

Z,

Qi=¢6Qa+(1-&)0B - Zil > rQa+ (1 - &)@,
k=1

(8)

where Q4 and Qp are the average net charges of the A
and B components in the alloy and the summation runs
over the Z; atoms in the first coordination shell.

Substitution of (8) into (3) results in the following ex-
pression for the Madelung energy of a random alloy with
charge correlation:

o) (Qa — Qp)?
R b

1

= —Bec(1 - (9)

where

4

Km = km/Z1, km is the number of shared nearest neigh-
bors between sites ¢ and ¢ + m, {n, = Z,/Z;, and

m = Rm/R;y. The first four values for x, ¢, and p which
give a nonzero contribution to (10) are listed in Table I.
The values for the 3 factor in the fcc and bcc lattices are
0.657 35 and 0.691 55, respectively.

TABLE I. Coordination parameters of the fcc and bec lat-
tices for the first four coordination shells (m = 1, 4).

Lattice m
1 2 3 4
Kom 1/3 1/3 1/6 1/12
Cm 1 1/2 2 1
fec N 1/3 1/6 1/3 1/12
om 1 V2 V3 2
Ko 0 1/2 1/4 1/8
Cm 1 3/4 3/2 1
bec N 0 3/8 3/8 1/8
om 1 2/4/3 2v2/V3 2

C. Screened impurity model

It is intersting that the result of the charge-correlated
model may be obtained without any statistical consider-
ations, i.e., in the mean-field approximation. This allows
us to describe charge-transfer effects completely within
the framework of the SS-CPA as we shall explain in the
following.

The basic idea behind the CPA is the substitution of
the initial random alloy by an ordered lattice of effec-
tive scatterers. In the single-site approximation the prop-
erties of these effective atoms must be determined self-
consistently by the condition that the scattering of elec-
trons off real atoms treated as impurities in the effective
medium vanishes on the average. Hence, in the frame-
work of the SS-CPA the attention is focused on a sin-
gle atom embedded in the mean-field effective medium.
If this atom has a nonzero net charge, one must decide
what should be done with the compensating charge in
order to make the whole system charge neutral. If, for
instance, one assumes that the compensating charge is
distributed equally over all sites in the effective medium,
the Madelung potential for this atom and consequently
also the corresponding Madelung energy is zero. Other
models may, however, lead to nonzero Madelung poten-
tial and energy.

It appears difficult to devise a model for the compen-
sating charge from a purely mathematical point of view.
Instead, we shall base our considerations on the anal-
ysis of results obtained by more sophisticated methods
which goes beyond the single-site approximation. In par-
ticular, we consider the results of self-consistent Green’s
function calculations of impurity atoms where the per-
turbation of the nearest neighbor atomic shells are taken
into account.® These calculations show that, at least for
metallic systems, the perturbation in the charge density
induced by the impurity atom is small beyond its nearest
neighbor shell, and that practically all the compensating
charge is located on the nearest neighboring atoms.

Based on this observation we suggest the following
model which may be called the screened impurity model
(SIM) for the Madelung contributions to the potential
and the total energy of a random alloy. First, the net
charge of an alloy component @ 4(p) embedded in the ef-
fective CPA medium is completely screened by the first
shell of its surrounding effective atoms. Second, the
screening charge is uniformly distributed among all the
Z, nearest neighbor atoms and the net charge on each
nearest neighbor is

Qa(B)

Q1=Qz="-- Z

=Qz, =— (11)

The corresponding Madelung potential for the impurity
atom is

2(2A(B)

A(B) Z

where the sum runs over the atoms in the first coordina-
tion shell, and the Madelung energy of the cluster con-

(12)
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sisting of the impurity atom plus the closest neighbors
is

pAB) _ € 2Qamy(X7L 1Qk)
M Rl

Z .
% X:: ’. (13)

In (13) the first term is the energy of the electrostatic
interaction between the impurity atom and its compen-
sating charge and the second term is the electrostatic
energy of the compensating charge.

If (11) is substituted into (13), we obtain

QZ
EaB) = —prer A8 (14)
R,
where
4
In (15) ny = Np/Z1 and N, is the number of impurity

nearest neighbors which are in the mth coordination shell
with respect to some impurity nearest neighbor.

Within the SIM the Madelung energy of a completely
random alloy is then

ESM = cEf + (1 — ¢)EE = —pB*e%c(1

b

0) (Qa — QB)?
R,
(16)

and by means of the parameters listed in Table I and
the fact that n,, = kn(, one finds * = (3. Hence,
the charge-correlated model and the SIM, in the particu-
lar case where the compensating charge is uniformly dis-
tibuted over the nearest neighbor atoms, give the same
Madelung energy. On the other hand, we do not consider
the two models to be equivalent because the Madelung
energy in the SIM does not depend on the type of atoms
surrounding the impurity atom. Furthermore, in con-
trast to (9) the SIM expression (14) has been obtained
without any consideration of correlation effects. In fact,
(14) is derived completely within mean-field theory and
may therefore be used in SS-CPA calculations.

It was suggested in Refs. 5, 8 that one may use the
SIM expression with 8* = 1 for the Madelung energy of
a random metallic alloy, i.e.,

SS—SIM __
Eyy =

—e?c(1 - C)W, (17)

in SS-CPA calculations, which means that one neglects
the interactions between the screening charges them-
selves as represented by the last term in (15). Since a
single-site contribution to the total energy should include
only interactions between a given site and its neighbors,
the neglect of the interneighbor interactions seems a nat-
ural consequence of the single-site approximation. As a
matter of fact, it is impossible to obtain an exact expres-
sion for the 8* factor in the single-site approximation, be-
cause the detailed inner structure of the screening charge
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is unknown. In this situation, the best choice of 8* may
be determined by a comparison of calculated properties
with appropriate experimental data. It is our experience
that (17) works well for different metallic alloy systems
and as rule dramatically improves the agreement between
calculated ground state properties and the experimental
data.

One advantage of the SIM is the fact that one may
generalize the correction to the Madelung potential and
energy to the case of a multicomponent alloy. This is so
because the Madelung potential in Eq. (12) only depends
on the on-site net charge and therefore has the same form
for any number of alloy components. Consequently, the
Madelung energy in Eq. (16) may be obtained as

SIM
EM

=Y ciEiy, (18)

where ¢; is a concentration of the ith component, and
Ei, is given by Eq. (14).

Within the so-called screened CPA Johnson and
Pinski® have derived an expression for the Madelung en-
ergy of a random alloy which is equivalent to (14) but
with g* = 1/2. In doing so, they apply an expression
equivalent to (5) which implies the statistical equiva-
lence of all the lattice sites. However, in their deriva-
tion the atom in a central site and its nearest neighbors
are treated as statistically inequivalent because the ex-
cess charge on the central atom is assumed not to de-
pend on the number of unlike nearest neighbors while at
the same time such a dependence is included when the
nearest neighbors are considered. It seems to us that a
derivation of the Madelung energy within the scr-CPA
should be based on the analytic charge-correlated model
of Lu et al.* described in Sec. IIB. However, in that case
we do not find an approximation which would lead to the
result 8 =1/2.

In conclusion, we would point out that the SS-SIM-
CPA and the scr-CPA are based on different models for
the Madelung energy of a random alloy and that they
are obviously both approximate. One way to determine
which is the better approximation is to compare the
results of actual calulations with experimental observa-
tions. However, as always the most consistent compari-
son is with other first-principles calculations. In particu-
lar, one may compare with the mixing energy of a com-
pletely random alloy calculated by the Connolly-Williams
method (CWM).1® The remainder of the present paper
is devoted to such comparisons.

III. DETAILS OF CALCULATION

The present calculations have been performed by
means of the tight-binding linear muffin-tin orbital
(LMTO) method!*~1° for the pure elements and by the
LMTO-CPA method?®?! for the fcc Ni-Pt, fcc Al-Li, and
bce Li-Mg alloys applying in all cases the second-order
scalar-relativistic tight-binding LMTO Hamiltonian with
s, p, and d orbitals within the atomic sphere approxima-
tion. For exchange and correlation we used the Perdew-
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Zunger parametrization?? of the many-body calculations
of Ceperley and Alder.23 The k-space integrals were cal-
culated in the 1/48 part of the Brillouin zone over 240 k-
points for the fcc lattice and 280 k-points for the bcc lat-
tice. All the energy integrals of the LMTO-CPA method
were evaluated by means of 16 points on a semicircular
contour in the complex energy plane.

At each concentration we performed fully self-
consistent all-electron calculations for ten different values
of the Wigner-Seitz radius around the equilibrium with
a step equal to 0.05 a.u. The convergence criteria for the
total energy was 0.001 mRy. In order to determine the
equilibrium lattice parameter and ground state energy we
used the exponential function fit proposed by Moruzzi et
al.?4

Since the constituents in the Al-Li and Li-Mg alloy
systems have different ground state crystal structures,
we calculated the mixing energy rather than the mixing
enthalpy. The former is defined by

Ealloy(c) — E;lloy _ CE(‘)A — (1 — c)EOB, (19)

mix

where Ej with j =alloy, A, or B represents the ground
state total energies of an alloy and its components de-
termined at the equilibrium volume corresponding to the
crystal structure of the alloy.

We have considered three different models: (i) the
conventional SS-CPA without any contributions to the
Madelung potential and energy, (ii) the SS-SIM-CPA
with the Madelung potential given by (12) and the
Madelung energy given by (17), and (iii) scr-CPA of Ref.
9 represented by (12) and (16) with 8 = 1/2. The results
of the calculations with neutral spheres as well as the
results for equivolume spheres were taken from Refs. 10,
11. The latter corresponds to our conventional CPA cal-
culations, and the small deviations from our results are
probably due to the differences in computational details,
e.g., the method used in the Brillouin zone integration.

IV. RESULTS
A. Al-Li and Li-Mg alloys

The Al-Li and Li-Mg alloy systems have very unusual
properties in the Al-rich and Li-rich regions, respectively.
For instance, Al-Li exhibits a decrease in the lattice pa-
rameter [see Fig. 1(a)] and an increase in the Young’s
modulus with increasing Li concentration in spite of the
fact that pure Li has a larger atomic volume and a smaller
Young’s modulus than pure Al.® The Li-Mg system is
interesting because of the peculiar concentration depen-
dence of its thermodynamic and kinetic properties con-
nected with an electronic topological transition.2%:® It has
also been found experimentally that the lattice parameter
of Li-Mg alloys decreases with increasing Mg concentra-
tion in the Li-rich region [see Fig. 2(a)] although Vegard’s
law would predict an increase.

There are two reasons why these particular systems
may serve in a test of different models for the Madelung

0.1

aalloy -y (A)

10 .

Mixing energy (mRy/atom)

-20 i 1 1 <|)
0 10 20
Concentration of Li (at. %)

FIG. 1. The alloy lattice parameter relative to that of pure
Al (a) and the mixing energy (b) in the Al-Li system plotted
as functions of the Li concentration. The solid squares, cir-
cles, and triangles are the results of the conventional SS-CPA,
the SS-SIM-CPA, and the scr-CPA calculations, respectively.
The results obtained with equal (open square) and neutral
(open circle) spheres at 25% are those of Ref. 11. In (a) the
dot-dashed line corresponds to Vegard’s law and the experi-
mental lattice parameters (open diamonds) are from Ref. 27.
The open triangle in (b) is the mixing energy of the ordered
Al3Li compound in the L12 structure calculated by the LMTO
method. The solid diamonds are the Connolly-Williams re-
sults for the mixing energy of completely random Al-Li alloys.

energy in random alloys. First, as was noticed before®®

their thermodynamic properties are very sensitive to
charge-transfer effects which are considerable in these
systems. Second, they do not exhibit any strong ten-
dency towards ordering, and, moreover, there are prac-
tically no short-range-order (SRO) effects in the Li-Mg
alloys?® which makes possible a direct comparison be-
tween the properties calculated within the SS-CPA and
the experimental values.

Here, we have considered fcc-based Al-Li alloys with up
to 25% of Li and bcc-based Li-Mg alloys with up to 70%
of Mg. The calculated lattice parameters are presented
in Table II and it seen that the LMTO-ASA calculations
underestimate the lattice constants for both pure Al and
Li, a trend one would also expect in the alloys. There-
fore, when the conventional CPA calculations predict lat-
tice parameters for random Al;sLizs and LigoMgoo which
appear to be in seemingly better agreement with the ex-
periment values than the results of all other calculations,
this is the result of a similar underestimate.
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FIG. 2. The alloy lattice parameters relative to that of pure
Li (a) and the mixing energy (b) in the Li-Mg system plotted
as functions of the Mg concentration. Notation as in Fig. 1.
The experimental results for the lattice parameter (Ref. 29)
and the heat of formation of liquid Li-Mg alloys (Ref. 31) are
shown by open diamonds.

In fact, when we consider the concentration depen-
dence of the lattice parameter calculated within the SS-
CPA the results turn out to be qualitatively incorrect;
i.e., one finds in this case an increase of the lattice param-
eter in the Al-Li as well as the Li-Mg system as a function
of the second component concentration [see Figs. 1(a)
and 2(a)] to the extent that both systems are expected
to show a positive deviation from Vegard’s law. On the
other hand, if we include the SS-SIM correction to the
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Madelung potential and energy, the calculated concen-
tration dependences of the lattice parameters exhibit the
experimetally observed trends.

We note that the neutral sphere calculation also qual-
itatively improves the agreement with experiment in the
Al-Li alloys'! although the decrease of the lattice con-
stant for the random AlysLiss alloy relative to pure Al
seems to be too large. In contrast, the scr-CPA leads to
incorrect concentration dependences for Al-Li as well as
Li-Mg alloys but corrects part of the failure of the conven-
tional SS-CPA calculations. We take the close agreement
between the SS-SIM-CPA calculations and the experi-
mental lattice parameters shown in Figs. 1(a) and 2(a)
to mean that the SIM provides an adequate description
of charge-transfer effects, at least in the Al-Li and Li-Mg
alloy systems.

We are not aware of any experimental values for mix-
ing enthalpies of the solid state in the Al-Li and Li-Mg
systems. However, as their alloys form stable solid solu-
tions in a broad concentration range, one would expect
negative values for the mixing energies. This expectation
is partially supported by the heat-of-formation measure-
ment of Mashkovetz and Puchkov for the liquid Li-Mg
alloys®! and for Al-Li alloys by a number of calculations
for the ordered AlzLi compound!!:3%:33 predicting nega-
tive mixing energies.

The results presented in Figs. 1(b) and 2(b) show that
the conventional CPA predicts positive mixing energies
in both the Al-Li and the Li-Mg systems whereas the
SIM-CPA leads to negative mixing energies as does in
fact the single neutral sphere result!! for the Al;sLias
alloy. However, as in the case of the lattice parameter
the neutral sphere approach seems to overestimate the
effect of charge transfer. It is furthermore seen that the
scr-CPA leads to concentration dependences which are
intermediate between the results of the pure SS-CPA and
those of the SIM-CPA and hence closer to the expected
behavior. Since the Madelung term (17) in the SS-SIM
is always negative, such a behavior is to be expected and
it means that the conventional SS-CPA in the case of
nonzero charge transfer will always overestimate mixing
energies.

TABLE II. Lattice parameters (in A) for the Ni-Pt, Al-Li, and Li-Mg systems.

System LMTO SS-CPA SS-SIM-CPA scr-CPA  Equivolume Neutral Experiment
spheres® spheres®
Al 3.913 3.919 4.049°
AlgsLis 3.933 3.912 3.925 4.046°
AlzsLizs 4.003 3.907 3.965 4.005 3.814 4.010°
Li 3.356 3.4834
LigoMgzo 3.432 3.345 3.401 3.472¢
Ni 3.474 3.517°
Pt 4.024 3.916°
NisoPtso 3.830 3.775 3.809 3.860 3.768 3.749°

®Reference 11.

PReference 27, data for a random alloy at 4.47 at. % Li.
“Reference 28, data for an ordered Als;Li compound.
dReference 29, data for a random alloy at 19 at. % Mg.

°Reference 30.
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One must be careful when comparing calculated mix-
ing energies valid for completely random alloys with ex-
perimental values which could exhibit short-range-order
effects. While the Li-Mg alloys may safely be considered
as completely random?® there appears to be a certain
amount of SRO effect in the Al-Li system to the extent
that a metastable ordered AlzLi phase (L1, structure) is
formed. In the latter case a comparison with experiment
may therefore be misleading.

As an alternative to the CPA calculations and to avoid
the influence of SRO we have estimated the heat of forma-
tion of completely random Al-Li alloys on the basis of the
CWM.!3 Hence, we have performed LMTO calculations
of the total energies of ordered Al-Li alloys (Al, Al;Li,
AlLi, LizAl, Li) and extracted the Connolly-Williams in-
teractions. These were subsequently used in the calcula-
tions of the mixing energies of completely random alloys
whereby the Madelung contribution per definition was
treated exactly. We conclude on the basis of the close
agreement between the SS-SIM-CPA and the Connolly-
Williams calculations of the mixing energies shown in
Fig. 1(b) that the SS-SIM-CPA provides an adequate de-
scription of charge-transfer effects in completely random
Al-Li and Li-Mg alloys.

B. Ni-Pt alloys

The Ni-Pt alloys form fcc-based solid solutions in the
complete concentration range at high temperatures, and
exhibit a strong tendency towards ordering. In this sys-
tem the conventional CPA calculations predict too large
positive mixing enthalpies'®'!! and the main reason for
this failure, as suggested in Ref. 10, appears to be the ne-
glect of charge-transfer effects in the SS-CPA. The Ni-Pt
alloy system may therefore serve as a test of the appli-
cibility of models for the Madelung potential and energy
in the SS-CPA. However, one should keep in mind that
the actual experimental data correspond to alloys with a
certain amount of SRO effects as well as local atomic dis-
tortions while in the SS-CPA calculations one considers
completely random alloys on a rigid perfect lattice.

The lattice parameters of pure Ni, pure Pt, and a
NisoPtso alloy obtained by various methods are shown
in Table II. Here, one observes that all the calculated
values agree with the experimental results to within a
few percent (a maximum deviation of 3% is found for
pure Pt) and one cannot judge which of the computa-
tional techniques leads to the best overall agreement with
the experiment results. The situation changes when we
consider the concentration dependence of the lattice pa-
rameter in NiPt alloys shown in Fig. 3(a). Here, one sees
that the conventional SS-CPA calculations, which neglect
charge-transfer effects completely, strongly overestimate
the deviation from Vegard’s law. In the scr-CPA calcu-
lations the deviation from Vegard’s law is somewhat re-
duced but still significant. In contrast, the SS-SIM-CPA
results are in excellent agreement with the experimen-
tal observations and so is the single result of the neutral
sphere approach.0:1!

If we consider the mixing energies shown in Fig. 3(b)

0.10

)

A

0.05

A0y = Capy - (1-c)ay, (

0.00

Mixing energy (mRy/atom)

0 20 40 60 80 100
Concentration of Pt (at. %)

FIG. 3. The lattice parameter relative to Vegard’s law (a)
and the mixing energy (b) for the Ni-Pt system plotted as
functions of the Pt concentration. Notation as in Fig. 1. The
solid diamonds denote the CWM results from Ref. 35. The

experimental results for the lattice parameter (Ref. 30) and
the mixing energy (Ref. 34) are shown by open diamonds.

we observe a similar pattern. In fact, the conventional
CPA predicts positive mixing energies over the whole
concentration range, while the SS-SIM-CPA model leads
to negative mixing energies in complete agreement with
the experimental data and the neutral sphere calcula-
tion. Again the scr-CPA is intermediate between the two.
However, the experimental mixing energy for the Ni-
Pt system includes a short-range-order contribution and
when such a contribution is included in the CWM calcu-
lations of Amador and Bozzolo3® also shown in Fig. 3(b)
one in fact obtains a fit to the experimental data similar
to that of the SIM calculation.

It appears that the success of the SIM may be fortu-
itous in the Ni-Pt system since the model is expected
to describe completely random alloys and not include
any short-range-order effects. It should therefore not
yield mixing energies in agreement with the experimen-
tal data. If we allow the prefactor 8 of the SIM to vary
and in particular to take on the value which gives the
best fit to CWM calculations, we will ascertain that the
subsequent SS-CPA calculations do not include model-
dependent contributions which act as unwanted short-
range-order terms. Judged from the results in Fig. 1(b)
and Fig. 3(b), B values close to 1 and 1/2 would lead to
perfect agreement with the CWM calculations in the Al-
Li and the Ni-Pt systems, respectively. We are at present
investigating the feasibility of such a procedure.
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V. SUMMARY

We have compared a number of models for the
Madelung energy of completely random metallic alloys
within the atomic sphere approximation and the single-
site CPA, and found that all the existing models may be
viewed in terms of a Madelung-type expression (2) where
a particular model may be distinguished by its value of
the prefactor 3. We discuss two approximations which
are derived entirely within the mean-field approximation
but differ by a factor of 2 in the prefactor. The first
model is based on the observation that the screening of
an impurity in a metal occurs essential within the first
coordination shell and this leads to a prefactor 8 = 1
(SS-SIM-CPA). The second model explicitly includes the
correlations caused by the distribution of nearest neigh-
bor net charges and leads to 3 = 0.5 (scr-CPA).°

We find in actual calculations that the difference in
the prefactor 3 strongly influences the calulated thermo-
dynamic properties and suggest that 3 for a particular
alloy system may be determined in a fit to the results
from calculations by the Connolly-Williams method. In
the alloy systems treated here we would choose 3 slightly
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less than 1 in Al-Li and Li-Mg and slightly larger than 0.5
in Ni-Pt. This means that charge-transfer effects cannot
be neglected when the random alloy is considered and
that the effect may be treated approximately within the
single-site CPA.

The fact that 8 may depend on the actual system
under consideration should perhaps not come as a sur-
prise. Both the SS-SIM-CPA and the scr-CPA models
of charge-transfer effects as well as the charge-correlated
model* are approximations where one neglects the inner
structure of the screening charge and imply that all the
screening charge is located in the nearest neighbor shell.
On the basis of the present calculations a value between
0.5 and 1 is expected.
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