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Evaluation of isomorphous models of alloys
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OrderN methods for calculating the electronic structure of clusters containing hundreds of atoms using
realistic self-consistent density-functional theory local-density approximation potentials make it possible to test
alloy theories more definitively. Tests are carried out on isomorphous models of alloys in which the atoms of
each species are treated as identical. In contrast, the Nrdateulations lead to a polymorphous model in
which all of the atoms are unique. Isomorphous models are seen to reproduce average densities of states and
cohesive energies surprisingly well, in spite of their deficiencies in other di%@563-182608)06913-4

[. INTRODUCTION lattice is a significant approximation. One of the striking re-
sults from x-ray and neutron-diffraction experiments on solid
Efforts have been made for many years to understand theolutions is the sharpness of their Bragg peaks. Analysis of
electronic structure of substitutional solid-solution alloys,the experimental Debye-Waller factor shdwhat the rms
which are called terminal solid solutions in the metallurgicaldisplacement of atoms from their average position caused by
literature. This is a difficult problem because the lack ofthe size effect is less than one-third the thermal displacement
long-range order means that Bloch’s theorem does not holdit room temperature, even for alloys with large size
and band-theory methods for calculating the electronic strucdifference€ This conclusion is borne out by the more so-
ture are not applicable. When digital computers came intghisticated experimental studies of atomic size effects with

more general use in physics research, simple onete 3 method® that make use of x rays generated by a
dimensional modetsand three-dimensional modélef al- synchrotron.

loys were used to elucidate the general features of the elec- The alloy models used in the earlier computational

tronic structure. It was leaned that highly reproduciblegy,gied2 were chosen to be isomorphous, which means that
characterizations of the electronic states can be obtame[rﬂe potential functions used on all of thAesites are the same
from a single calculation if the number of atoms in the modelas are those on thB sites. The calculations show that th,e

is large enough so that the properties being calculated ale cories that had been proposed, the rigid-band el

self-averaging. Today, orde™N methods for density- . i T
functional theory local-density approximatidibFT-LDA) ylrtua_l cryst_al approxmatloﬁ_, could only b_e used for alloys
in which neither of the constituent atoms is a strong scatterer

(Ref. 4 calculations of the electronic structure for clusters of i . . .
conduction electrons. This eliminates many metallic al-

hundreds or thousands of atoms make it possible to test aIIo% t technological i b h .
theories more definitively on realistic three-dimensional sys-2YS Of technological importance because they contain tran-

tems that can also be studied experimentally. They also maldition metals. Efforts to _trea; strlong scattering led first to the
it possible to study the additional theoretical questions thaflVeraget-matrix appr_ommanorjlr,z and later to the coherent
arise in the process of iterating the DFT-LDA potentials toPotential approximatiofCPA)." All of the theories that
self-consistency. They require supercomputers, preferabljave been mentioned have the effect of replacing the differ-
with parallel architecture, and would have been impractical £nt scatterers in the alloy with a single effective scatterer so
short time ago. that, for the purposes of a calculation, the disordered system
For the sake of being definite, a disordered alloy will beis replaced by an ordered one. The most generally successful
pictured as an infinite collection of two kinds of aton#s, theory is the CPA. It has been used to explain a wide range
andB, placed on the sites of a Bravais lattice with probabili- of experiments on metallic alloy$,and it contains the rigid-
ties equal to their concentrations,and 1-c. Experimen- band model, the virtual-crystal approximation, and the aver-
tally, materials can be fabricated that approximate this ideahget-matrix approximation as limits when the parameters of
picture by quenching certain binary metallic alloys from highthe alloy are such that those theories should be applicable.
temperatures. If the Warren-Cowley short-range order coef- In Sec. Il, various versions of the CPA are discussed. In
ficients o, Obtained from diffuse scattering intensities of x Sec. I, the locally self-consistent multiple scattering
rays or neutrons are small, the sample may be treated asethod used for orde calculations is described briefly,
disordered for most purposes. It might be thought that theind the results of calculations on realistic models of alloys
placement of the atoms precisely on the sites of the averagge compared with the predictions of some isomorphous
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CPA'’s. The results of this comparison are discussed in Se@re the basis for extensive investigations of the Coulomb
V. energy in alloy$*=2® Calculations on a Cu-Zn alloy with a
1024-atom supercell shéfvthat it is necessary to sum the
Il. COHERENT POTENTIAL APPROXIMATIONS contributions from a very large number of nearest-neighbor
o . shells in order to obtain the correct value for the Coulomb
The remarkable insight that led to the first CPA theorypotential at any specific site, but the average of the Coulomb
evolved over a period of time with contributions from many potentials at the Cu sites or at the Zn sites alloy is short
scientists, but it was first clearly formulated in Ref. 12 in range. This result can be used as a justification for the
terms of the isomorphous models that were in use in th%creening assumption in the SCPA of Refs. 21 and 22, al-
computational studies. The electron interactions with all tthough the original belief that the origin of the Coulomb
A atoms in the alloy were assumed to be described by thgotential in alloys is qualitatively similar to that in the im-
same one-electron potentiaj(r), and interactions with the purity problem is clearly not true.
B atoms are represented by(r). The procedure for finding ~ The orderN calculations lead to a polymorphous model
the effective CPA pOtentia}(l’) starts with the calculation of of the a”oy’ in which every atom is seen to be unique_ Even
the scattering matrix that describes scattering fropr)  if two atoms are of the same species, their charge densities
embedded in a lattice, with(r) on all the other lattice sites, are different because their environments are different, as will
7A(E). The scattering matrixg(E) is obtained similarly. pe demonstrated numerically in Sec. Ill. It follows that the

The CPA relation that defines ther) is or B atomic potentialsy i(r) and vg;(r), depend on the
site indexi. This conclusion was discussed at great length in
c7a(E)+(1-c) 7a(E) =0, D Ref 26, J ?

which means that, on the average, the effective medium is For a model of an alloy with a specified distribution of
such that there is no scattering from Aror B atom embed- atoms on the sites of the Bravais lattice, it is possible to
ded in it. It follows that(r) depends on the energy and  define a polymorphous CPA in which the scattering matrix
the concentratiore, and it turns out to be complex. As this 7a,i(E) describes the scattering from, ;(r) embedded in a
approximation was studied by others, it came to be underattice with »(r) on all the other lattice sites. The CPA con-
stood that it could be described in terms of an infinite sum ofition becomes

certain classes of terms in perturbation theory which could

. . Na Ng
be represented by diagratfsThe result that the effective _
potential»(r) is complex is a significant achievement of this ;A TA,i(EHgB 78,(E)=0, )

theory, because it represents correctly the fact that propaga- .
tors in random alloys are damped. Later additions to thevhereN, andNg are the number oA andB atoms in the
theory included a more clear prescription for calculating thecrystal. This is still a CPA approximation because the disor-
properties of the alloy from the CPA Green’s function for the dered alloy will be replaced by an ordered system with the
general case of muffin-tin potentials in three dimensiSns. €ffective potentiab(r) on every site. The potentiair) is a

As the CPA began to be used to calculate the electroni€omplex function ofE andc, and it can be used to define a
structure of real alloys to explain experimental measureGreen’s function and a Bloch spectral density function as for
ments, it became desirable to have a method for calculatintpomorphous CPA’s. Of course, further approximations have
va(r) and vg(r) self-consistently using the DFT-LDA. A 10 be made in the implementation of the theory because there
scheme was proposed to do this that seemed to work well i€ an infinite number of terms in the sums. In particular,
applications'® and was later generalized to calculate totalcalculations are carried out with supercells containing a finite
energies’ This self-consistent-field method is called the Number of atoms. Such a polymorphous CPA has been pro-
Korringa-Kohn-RostokefKKR)-CPA 8 posed and investigatéd The comparison of the predictions

The KKR-CPA was criticized for not treating the Cou- in Sec. Il of two isomorphous CPA's with ordé¥-calcula-
lomb energy correctly, and a simple model was proposed fofions leads to the conclusion that there is some room for

predicting the charge on an atom in an all8$°A method ~ IMProvement in such theories.

for including a more explicit contribution from the Coulomb

energy in the CPA, while retaining the isomorphous model ll. ORDER- N CALCULATIONS

of the alloy, was developett.It is based on the assumption

that the charge on an atom in the alloy would be screened by The orderN method used in the following calculations is

its nearest neighbors, just as it is for impurities in otherwisecalled the locally self-consistent multiple scatterihGMS)

perfect metals. This screening assumption is also used as theethod, and a complete description of it is in the

basis for a more complicated theory for improving the treatditerature?® 1t is based on the multiple-scattering equations

ment of the Coulomb energy called the charge-correlatedf Rayleigh® that are also the basis for the Korringa-Kohn-

CPA (cc-CPA.?2 By making further simplifications, the cc- Rostoker method! It has been demonstrated that the method

CPA was transformed into an isomorphous CPA that differds well adapted to treat transition metals. When solving the

from the one suggested in Ref. 21 by the choice of amultiple-scattering problem, the interaction of an atom with

prefactor”® We will refer to these two isomorphous CPA’s all neighbors in a local interaction zone that includes four or

as the screened CP@ESCPA. more nearest-neighbor shells is treated exactly. The Cou-
Self-consistent DFT-LDA calculations on supercells con-lomb interactions with the remaining infinity of atoms are

taining hundreds of atoms have been carried out with thalso treated exactly, but the multiple-scattering part is ap-

orderN method that will be described in Sec. lll, and theseproximated. This process is repeated for each oiNteoms
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in the cell, and the entire process is iterated until self- fcc
consistency is attained. The calculations are speeded up by 50.00 e e
exploiting the analytic properties of the single-particle ! '
Green's function and the variational properties of the DFT- 4000 | ]
LDA, but they would be rather time consuming without a I ]
massively parallel supercomputer. a0.00 _
The LSMS method is used here to carry out DFT-LDA € ’ 1
self-consistent calculations on models of fcc and bcc copper- § ]
20.00 [ .

zinc alloys. This alloy system was chosen because it is the
classic example of a Hume-Rothery alffyand has been N
discussed extensively in the materials science literature. 10.00 |
Since the constituents are both transition metals, experience
from ordinary band-theory calculations leads us to expect
that the muffin-tin approximation that we use will not intro-
duce significant errors. Finally, there is no experimental rea-
son to believe that the size difference between copper and
zinc would cause the rms deviation of the atomic positions
from the sites of the ideal lattice to be significant.

000 L
02 -015 -04 005 0 005 01 015 02

charge (electron charges)

The atoms in a given supercell are distributed randomly bcc
on the lattice sites with probabilitiesand 1-c. The super- 50.00 pr—— T T T T T T T T
cells are then periodically reproduced to fill all space. Alloys [ ]
containing 10%, 25%, 50%, 75%, and 90% of copper are 4000 [ ]

considered, and calculations are also done for the pure met-
als. All of these calculations are done for both the fcc and

bce phases. For the fcc alloys, 500 atoms are randomly dis- = 09T ]
tributed on the ideal lattice positions in the supercell, and the 3 L ]
lattice constant of 6.90-bohr radii is used for all concentra- © 2000 | ]
tions. For the bcc case, 432 atoms are used, and the lattice i ]
constant for all concentrations is chosen to be 5.50-bohr ra- 10.00 _

dii. Warren-Cowley short-range order parameters are calcu-
lated for the first 12 nearest-neighbor shells, and they are of
the order of 0.01. Experimentally, alloys with sro parameters 0.00 R
ten times as large are observed to behave like random alloys. 02 -015 01 -005 0 005 01 015 02
Tests are made to demonstrate that the samples are large charge (electron charges)
enoyg.h 39 that the CaICUIations on thesfe _aI_on models give a FIG. 1. A histogram distribution showing the charges on the
realistic picture of the properties of the infinite alloys. These,

d th h . hat h b d b sites of two 50% copper-zinc disordered alloys. The charges with
tests, and the other assertions that have been made a itive sign correspond to copper atoms, which gain electronic

these alloy models, were discussed at great length in Ref. 2@y, g6 in the alloy. The negative charges are associated with the
A careful definition of the concept of the charge to be assoinc ‘atoms. The upper panel is for models of fcc alloys véth

ciated with a site is also given in that reference, where the-g 90 a.u. calculated with supercells that contain 500 atoms, and
relation between these charges and the Coulomb potentials @k lower panel is for bee alloys with=5.50 a.u. and 432 atoms.
each site is demonstrated.

In all of the LSMS calculations, the number of different  The average charge on a s{@), or (q)g, calculated by
charges found on the copper or zinc atoms is equal to thany of the available methods, is an approximately linear
number of such atoms in the sample. The statistical distribufunction of concentration, so the charge transfer depends
tion of these charges is shown in Fig. 1 for 50% fcc and bcaonly weakly onc. In Fig. 2, LSMS-CPA calculations of
alloys. The standard deviation is approximately 25% of the=(qg)c,—(0),, for the fcc and bcc Cu-Zn alloys described
average charge for each atom in the fcc and bcc alloysabove are compared with the average charge transfers taken
Clearly, the assumption in isomorphous models that everglirectly from the LSMS data. The fact that the charge trans-
copper or zinc atom has the same charge is not realistic. fers are very nearly the same is not a great surprise, although

The LSMS calculations produce a set of self-consistentt is not required and seems to imply that the underlying CPA
potentialsv, ;(r) and vg(r) for each atom in the sample. idea is a powerful one. Charge transfers calculated with po-
They contain all of the Coulomb effects that can be obtainedentials obtained with the self-consistent KKR-CPA
from a DFT-LDA calculation. The average of these poten-method® are also shown in Fig. 2. This charge transfer is
tials over all the atoms of each species will lead to potentialabout 70% of the one predicted by the LSMS, for both the
va(r) and vg(r) that can be used in an isomorphous CPA,fcc and bec alloys. From Fig. 2 one can obtain the impres-
which is called the LSMS-CPA. Since the self-consistencysion that LSMS-CPA calculations are almost as good as
steps involved in generating the average potentials, includingSMS calculations, and that KKR-CPA calculations are only
the Madelung potentials, are in the LSMS calculation, it70% as good, but the story is not so simple.
would not be proper to iterate the\(r) andvg(r) further in Since the average potentialg(r) and vg(r) contain all
the LSMS-CPA. of the Coulomb effects, the LSMS-CPA will achieve the
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FIG. 3. The free energies of mixing of five fcc copper-zinc
disordered alloys witta=6.90 a.u. as a function of concentration.
The results of the LSMS calculations with supercells that contain
w 0.24 bee 500 atoms are shown by the solid line. The KKR-CPA and LSMS-
% R TTTT T ' CPA give to the values shown by the dashed line and the line made
S i _ - © up of short dashes. Adding the bare interatomic Coulomb energies
G 0227p - e 7] to these values leads to the results shown by the line made up of
s [ — long and short dashes.
§ 020 .
% r LSMS It can be seen from Fig. 3 that, fo’r the fcc alloys, thE
— 018 | --B--KKR-CPA ] for both of the isomorphous CPA’s are remarkably close to
_§ : — - -LSMS-CPA the LSMS results. The values for the KKR-CPA agree better
2 016 | - than those for the LSMS-CPA, but the latter can be im-
g e B----ees B----a proved. The contribution to the LSMS cohesive energy from
g 014 - the interatomic Coulomb interaction$® was calculated for
5 L these same alloy models in Ref. 28E,,, obtained by
5 o012 Lo ! ' . addingU€ to the AE calculated with the LSMS, is also
0.00 0.25 0.50 0.75 1.00 shown in Fig. 3. In a similar fashion, an approximationxo

atomic fraction of Cu

is added to the mixing energies from the CPA step in the
SCPA calculations of Refs. 21 and 22. For the 50% alloy, the

FIG. 2. The difference in the average charge of the copper atLSMS—CPA—i— uc binding differs from the LSMS value by

oms and zinc atoms on the sites of copper-zinc disordered alloys ) o
a function of concentration. The charge transfers calculated with thagsgol\xé_tgiifﬂg a(;?/(;lrjg;[ngz ﬂ\:\(/ahiII_eSI\gr?eCEél\/lI) g Cé;r;gA bl;“'rg_the
LSMS method are shown by the dots connected with a solid ”ne'pserbinds

The circles connected with a dashed line show the charge transfe L
calculated with the LSMS-CPA, and the KKR-CPA results are The results are qual't,at'vely the same fo!’ bF:c alloys, as
shown by the boxes connected with a short-dashed line. The upp&@" be seen from Fig. 4. The overbinding of the
panel is for models of fcc alloys with=6.90 a.u. calculated with LSMS-CPA+U™ is greater for this case than the underbind-
supercells that contain 500 atoms, and the lower panel is for bctd for the LSMS-CPA. Also, there is an asymmetry in the
alloys witha=5.50 a.u. and 432 atoms. energy of mixing calculated with the isomorphous CPA’s
that does not appear in the LSMS energy. When this result
same ends as the SCPA, except that no assumption is ma@@s observed, the LSMS calculations were rerun with differ-
about the screening length for the Coulomb potential in theént samples and the local interaction zones were made larger,
alloy. We do not claim that LSMS-CPA calculations are thebut no significant change was observed.
same as SCPA calculations, but we do claim that they pro- Another quantity of considerable interest in the theory of
vide a test of the improvement on KKR-CPA calculationsalloys is the electronic density of statd30S), defined so
that can be expected by including Coulomb effects in arthat n(E)dE is the number of eigenvalues betwegnand
isomorphous model of the alloy. In particular, the chargeE+dE. The average DOS on the copper and zinc sites are
transfer A obtained from the SCPA should be comparablecalled nc(E) and nz,(E), and the DOS for the alloy is
with the one from the LSMS-CPA. A comparison with avail- N(E)=cnc(E) +(1—c)nz,(E). In the LSMS calculations,
able SCPA energy of mixing calculations will be shown in every copper and zinc site in an alloy has a different DOS,
Sec. IV. and these must be averaged in order to findrthgE) and
Cohesive energy calculations were carried out for all the1z,(E) from that calculation. The isomorphous CPA’s give
Cu-Zn alloys and for the pure materials in the fcc and bcoonly onenc(E) andnz,(E) for each alloy. Thenc (E) and
phases. The free energy of mixing is defined as nz,(E) calculated with the LSMS-CPA are compared in Fig.
5 with the average DOS from the LSMS calculations for the

AEnix=Ealloy= CEcy— (1—C)Egz,. 3 50% fcc and bec alloys. The LSMS-CR#((E) andny,(E)
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atomic fraction of Cu Energy (Ry)
FIG. 4. The free energies of mixing of five bcc copper-zinc
disordered alloys witta=5.50 a.u. as a function of concentration.
The results of the LSMS calculations with supercells that contain 140.0 bce
432 atoms are shown by the solid line. The KKR-CPA and LSMS- : ! ! ! '
CPA give the values shown by the dashed line and the line made up 1200 Cu LSMS
i i i i ' i Zn LSMS
of short dashes. Adding the bare interatomic Coulomb energies to L T Cu LSMS-CPA
these values leads to the results shown by the line made up of long 100.0 | Ve Zn LSMS-CPA

and short dashes.
80.0
for the bcc alloy show a pronounced two-peak structure in
the d-band region that is well known from band-theory cal-
culations. The averagec (E) from the LSMS calculations
is quite similar to the LSMS-CPA¢(E). nz,(E) does not
show the two-peaked structure, however.

ncy(E) and nz,(E) calculated with the LSMS-CPA and
the KKR-CPA are compared in Fig. 6 for the 50% fcc and 0.0
bcc alloys. At first sight, the difference between these curves
seems quite small, given the fact that the charge transfer
predicted by the KKR-CPA is only 70% of the correct value.

However, the slight upward shift of the coppebands and  opper-zinc disordered alloys. The solid curves show the DOS cal-
the slight downward shift of the zind bands in the KKR-  ¢jated with the LSMS, and the dotted curves are that obtained with
CPA calculations is quite enough to account for that errorghe LSMS-CPA. The upper panel is for a model of a fcc alloy with
because there are ten electrons indhigands. A conclusion a=6.90 a.u. calculated with a supercell that contains 500 atoms,
that can be drawn from the data in Figs. 5 and 6 is that thend the lower panel is for a bce alloy wit=5.50 a.u. and 432
isomorphous CPA’s lead to remarkably good predictions foratoms. The energy is relative to the Fermi energy.
the densities of states of alloys.

All of the calculations on fcc alloys described above werebecause of zero point motion and thermal expansion. The
carried out for a lattice constaat=6.90 bohr radii, while the ~shape of the curve agrees with experiménhowever. Of
bce alloys havea=5.50 bohr radii. This makes it easier to course, the fcc phase only exists in nature for alloys that
compare the parameters calculated for different concentrgontain more than 60% copper.
tions, but it leads to an error in the lattice constant-af% The cohesive energy calculations described above were
at the ends of the concentration range that will have a sigused to obtain the free energies of mixing for the fcc alloys
nificant effect on the free energies of mixing. It is of interestwith the lattice constants shown in Fig. 7. They are com-
to apply the same analysis to a model that should be comp#ared in Fig. 8 with LSMS-CPA and KKR-CPA energies,
rable with experiment, so additional LSMS calculations inalso carried out on alloys with the proper lattice constants.
which the lattice constants are adjusted to minimize the coThe experimental energies of mixing for taephase fcc al-
hesive energies were carried out for a series of fcc alloydoys are also showrr. The predictions of the isomorphous
Cohesive energy calculations were performed for pure cop€PA’s agree very well with those of the LSMS calculations;
per and zinc and for alloys containing 10%, 25%, 50%, 75%put the free energies of mixing obtained from experiment are
and 90% of copper using supercells that contain 256 atomsarger than the LSMS predictions. A possible explanation for
It was found that doubling the size of the supercells changethis was touched on in Ref. 29. The alloy models that have
the cohesive energy by a few micro-Rydbergs. The equilibbeen discussed on this point were constructed with a random
rium lattice constants that result from these calculations araumber generator, and were checked for randomness. It is
compared with experiment and with the results of otherquite easy to build any degree of short-range order into a
DFT-LDA calculations® in Fig. 7. As usual, the DFT-LDA sample, and the LSMS calculations are no more difficult for
lattice constants are slightly smaller than experiment, partlyhat case. Calculations were carried 33t on a random

60.0

40.0

densities of states (1/Ry)

20.0

0.2 0.0
Energy (Ry)

-0.4

FIG. 5. The densities of statax(E) and nz,(E) for 50%
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- Cu LSMS-CPA constants calculated for fcc copper and zinc and for models of 10%,
Z 12001 4 — é?; If(%%lng 1 25%, 50%, 75%, and 90% fcc copper-zinc alloys. The calculations
= 1000 L | y — — -7n KKR-CPA ] are done with supercells that contain 256 atoms. The open circles
» are the experimental dafRef. 34. The triangles are the calculated
£ 800} _ values of Ref. 33.
»
S 600f y IV. DISCUSSION
[0}
2 400 . It is possible that theorists would have been reluctant to
& invest the effort that it took to develop the isomorphous CPA
3 20.0 - i theory for alloys if they had seen the width of the distribution
0.0 of charges shown in Fig. 1. That would be unfortunate, be-
-0.8 -0.6 -0.4 0.2 0.0
Energy (Ry) fcc CuzZn
FIG. 6. The densities of stateg,(E) andn,(E) for a model of % I T _LS'JIS T ]
a 50% fcc copper-zinc disordered alloy wah-6.90 a.u. The solid 5 0.0 —_ _LSMS & SRO p
curves show the DOS calculated with the LSMS-CPA, and the dot- D>._-‘ r — — -LSMS-CPA
ted curves are those obtained with the KKR-CPA. The energy is £ B\ N LSMS-CPA+Coul. / 1
relative to the Fermi energy. é 2.0 L N 'E':gz?et A - #} i
2 )]
E \ /)]
S a0 \ ‘/ ]
sample of a 30% fcc alloy made up of 256 atoms, and on a § . . |
model that has the experimentally observed Warren-Cowley 2 \ o/
short-range order coefficientsThe energy of the alloy with g 6.0 - \9/ ]
short-range order is found to be lower by 1.17-mRy/atom. o v
Assuming that short-range ordé@RO would lower the free h -
energies of mixing of all the alloys by a comparable amount, 8.0
we change the LSMS free energies of mixing MEsrg= 0.00 0.25 0.50 0.75 1.00
—5.77c(1—c)mRy/atom, wheree is the atomic fraction of atomic fraction of Cu

copper in the alloy. This estimated curve is shown in Fig. 8,
and is seen to agree with the experimental free energies (Efs

mixing within the concentration range of copper-rich pri- of the experimental short-range ordghe line with long dashes

mary S_O“d solutions. . The calculations were carried out for fcc copper and zinc and for
It .m_'ght seem at first glancec thgt the agfeem‘?”t of thernodels of 10%, 25%, 50%, 75%, and 90% fcc copper-zinc alloys
predictions of the LSMS-CPAU™ with experiment is very  yith supercells that contain 256 atoms. The lattice constants used

good. In fact, that agreement must be considered fortuitoUgyre shown in Fig. 7. The LSMS-CPA and KKR-CPA energies of
because the best values fAE;, that can be obtained for mixing are shown with the long dashed line and the long-and-short-

this model from the DFT-LDA are the ones from the LSMS dashed line. The LSMS-CPA plus the interatomic Coulomb energy
calculations. The overbinding predicted by theseuC is shown with the dashed line. The experimental energies of
LSMS-CPA+ U€ calculations was also seen in Figs. 3 and 4.mixing from Ref. 35 are shown by the diamond-shaped marks.

FIG. 8. The energy of mixing calculated with the ordér-
MS method for no short-range ord@olid line) and an estimate
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cause the comparisons in Figs. 3—6 and also Fig. 8 show that3275.7843 47 Ry for bcc Cu witra=5.5 bohr radii.
the predictions of densities of states and energies of mixingarger differences have been observed in calculations on the
obtained from isomorphous CPA are remarkably good. Thisiickel aluminides. To illustrate the extent of these differ-
is not unexpected because many experiments on alloys haggices, these data show that the difference between the cohe-
been successfully explained using this theory. The physicalive energies for fcc and bce Cu is only 1-2 mRy when the
pictures that have come from the theory, such as the exisstomic volumes are approximately the same. The difference
tence of a Fermi surface with varying degrees of smearingin the cohesive energies predicted by muffin-tin and full-
are useful and correct. potential calculations is still not known exactly, but all the
The KKR-CPA gives a value for the charge transfer inevidence is that it will be an order of magnitude smaller than
Cu-Zn alloys that is only 70% of the LSMS result, while the the difference between the muffin-tin and ASA enerdfes,
LSMS-CPA gives a value that is almost the same as th@articularly for Cu and Zn.
LSMS. In spite of this, the magnitude of the difference be- This is not to say that the error in the energy of mixing
tween the energy of mixing given by these CPA’s and thehas the magnitude of the differences discussed above since,
LSMS calculation is almost the same, and is quite small. Iras shown in Eq(3) that energy is a difference between the
the calculations on Cu-Zn alloys with realistic lattice con-cohesive energies and a straight line extrapolation between
stants in Fig. 8, the KKR-CPA underbinds by about 1 mRy,the energies of the pure metals. The fcc Cu and Zn cohesive
while the LSMS-CPA-U€ overbinds by approximately the energies quoted above are the ones used in obtaining the
same amount. energies of mixing in Fig. 8, and it can be seen that the shifts
AEn for fcc Cu-Zn alloys has been used as a test casgor the pure metals are almost the same. At the same time,
for other calculations using the KKR-CPAas well as more  comparisons are not very meaningful in the mRy range until
recent versions of the CP&=?’ Comparing all of those cal- all of the calculations are carried out with the same full-
culations with the results shown in Fig. 8, it is seen that thergyotential methods. The full-potential version of the multiple-
is general agreement that maximum energy of mixing giverscattering method is understood in principle, but it has not
by the KKR-CPA is smaller than experiment by about 2yet been fully implemented in the LSMS codes.
mRy for these alloys. The polymorphous CPA calculations |t is easy to say that the successes of the isomorphous
of Abrikosovet al?’ give an energy of mixing that is about 1 CPA's are due to a cancellation of errors. There is probably
mRy smaller than experiment, which is in agreement withmore to it than that, and it would be worth the effort to try to
the LSMS calculations in this paper. Like the present auunderstand the reason theoretically. Although it is now pos-
thors, they ascribed the missing 1 mRy to short-range ordesible to calculate many properties of alloys more or less di-
The energies of mixing given by the cc-CPA and SCPArectly using ordetN methods of the type discussed in this
calculations of Johnson and Pin&kare essentially the same, Paper, there are many good reasons for developing less com-
and that result agrees with experiment without invokingputat|0na”y demand|ng theOI’IeS that contain the essentlal
short-range order. physics. Such theories promote the understanding of the phe-
It should be borne in mind that approximations werenomenon, and they can be used to treat a multitude of sys-
made in all of these calculations that have nothing to do witfems rather than just a few examples. The ofdeapproach
the DFT-LDA or with alloy theory. The calculations in this IS & useful tool for evaluating approximations used to extend
paper employed the muffin-tin approximation, while those inthe CPA, as has been demonstrated by the results in this
Ref. 22 use the atomic sphere approximafid8A), and the  Paper.
authors of Ref. 27 employed a tight-binding linear muffin-tin
orbital basis in conjunction with an ASA. The LSMS code
can be run in a muffin-tin mode or an ASA mode with the
flip of a switch. Our experience is that an ASA calculation  This work was supported in part by Office of Basic En-
will give a value for the cohesive energy of a given transitionergy Sciences, Division of Materials Science and Office of
metal system that is 20-30 mRy lower than the muffin-tinComputational and Technology Research, Mathematics, In-
value in a multiple-scattering formalism that is otherwise theformation and Computational Sciences Division, U.S. De-
same. For example, the cohesive energies calculated with thartment of Energy, under Subcontract No. DE-ACO05-
muffin-tin and ASA approximations are 3275.766 09 and 960R22464 with Lockheed-Martin Energy Research
—3275.786 27 Ry for fcc Cu witha=6.7677 bohr radii, Corporation. We made use of the Intel Paragon XP/S-150
—3553.144 45 and—3553.165 22 Ry for fcc Zn witha  massively parallel supercomputer at the Oak Ridge National
=7.2744 bohr radii, and —3275.76464 and Laboratory.
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