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Applicability of the coherent-potential approximation in the theory of random alloys
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The applicability of the coherent-potential approximati@PA) for the description of electronic properties
of completely random alloys is investigated. This is done by calculating the density of states and the total
energy for different systems and by comparing the results with those obtained for large supercells consisting of
up to 320 atoms in the framework of the ord¢érdocally self-consistent Green’s function method. Thereby it
is found that in the framework of the CPA one obtains a reliable description of the electronic structure of
random alloys. The total energy of a completely disordered alloy can also be reliably estimated provided an
appropriate account is given for the electrostatic contribution to the one-electron potential and energy. There-
fore, we conclude that the CPA can be safely applied to study the influence of disorder on various properties
of metallic alloys for which the muffin-tin or atomic sphere approximation is sufficient and the chemical
contribution to the total energy dominat¢$0163-182@08)03122-1

[. INTRODUCTION that the mixing energies of random fcc Al-ARef. 45 and
Ag-Au (Ref. 46 alloys obtained from CPA calculations, the
The coherent-potential approximatid@PA), originally  Connolly-Williams method, and the SQS methods agree well
introduced by Sovehnfor the electronic structure problem with each other provided one uses similar approximations
and by Taylof for phonons in random alloys, has becomeamong these methods. However, there are examples where
one of the most popular techniques to deal with substituthe agreement is not as go8tbut it is not cleara priori
tional disorder. The success of the CPA is to a large extenihich of the methods is more accurate than the other. There-
associated with its formulation in the framework of the mul-fore, there exist some doubts about the reliability of the re-
tiple scattering theory given by Gyffy. 2 Combined with the  sylts obtained within the CP#:47-49
Korringa-Kohn-Rostoker(KKR) basis set or the linear | the present paper we will compare the electronic den-
muffin-tin orbital (LMTO) basis set, the CPA has been usedsity of states and the total energies of random substitutional
for calculations of bulk electronic structuteground state alloys between different metals calculated within the
thermodynamic propertie’s,”® phase stabilities}>! mag- coherent-potential approximation and by the recently pro-

: i A&Q2—29 R —-33
netic ptr.Opgﬂgg’ d surfacteh eltra]ctrontlc' ts_tructfu?”, posed locally self-consistent Green's functidh.SGF)
segregations, = and many otner characteristics of alloys. - 1o 5051 The | SGF method is an ordét-method for

However, it is very difficult to control the error of the lculati f the el : f ith
coherent-potential approximation. If one derives the CP caicu atlgnp t.e electronic stru_cture 0 ;ystems with an ar-
Abltrary distribution of atoms of different kinds on an under-

formally as an expansion of the Green'’s function for a dis—I . tal lattice. It is Sh 0 b ticularl itable f
ordered systenf*! it is possible to show that the corre- ying crystal 1attice. It Is shown 1o be particularly suitable for

sponding series contains all diagrams describing electrof1€ investigations of random alloys that are modeled by large
scattering by a single site to infinite order. However, there ig€rodic supercells with several hundreds of atoms in the unit
no small parameter in such an expansion, which allows ong€ll- The ordem scaling is achieved by associating each
to judge the applicability of this approximation. A small pa- &om in the system with its so-called local interaction zone
rameter, the ratio between the concentration and the coordfL1Z).>**Inside each LIZ the multiple scattering problem is
nation numbec/Z, has been proposed based on an intuitivesolved exactly. The accuracy of the LSGF calculations is
argument! A comparison with simple analytical models controlled by the size of the LIZ and its minimal size is
cannot clarify the problem. The result of such a comparisorensured by embedding the LIZ into a self-consistent mean-
can neither completely justify nor disprove an approximationfield CPA-like effective medium. For the simplest case of the
because as a rule these models have very little in commosingle-site LIZ, the LSGF is almost equivalent to the CPA
with the situation in real materials. So far the success of théor a multicomponent alloywith a number of components
CPA has been measured mostly by comparisons betweerqual to the number of atoms in the supefcafid the only
theory and experiment, which, though impressive, can somedifference is a correcin the framework of the atomic sphere
times be misleading. First, it is known that negative resultsapproximation account of the electrostatic contribution to
are seldom presented in the literature. Second, the expetihe one-electron potential and the total energy of an alloy in
mental information is obtained for alloys that almost alwaysthe LSGF method. Therefore, it is clear that the LSGF allows
exhibit short-range-order effects, neglected in the CPA. Oms to treat a random alloy problem better than the CPA.
the other hand, it is also very difficult to compare CPA cal-Because of this and also because all other computational de-
culations with other theoretical methods, such adails(i.e., basis set, local density approximation, )etall be
Connolly-Williamg' or special quasirandom structui@QS  essentially equivalent in the CPA and LSGF calculations, a
method™** with small SQS's. Recently, it has been showncomparison between their results is meaningful and the dif-
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ference, if it occurs, must be directly attributed to errors of The success of the CPA in comparison with other single-

the CPA. site approximationgvirtual crystal approximatiofVCA) or
averagé-matrix approximatiofATA)] is determined by Eq.
Il. ANALYSIS OF ASSUMPTIONS (1), where the averaging is performed on the self-averaging
UNDERLYING THE CPA guantity, that is, the one-electron Green'’s function. On the

. contrary, neither the one-electron potential that is averaged
In order to understand the critical comments that have Y P 9

been made in the literature on the CHRefs. 44 and 47-49 in the VCA. nor thet T“a”"F in the ATA has.a property of

and problems for which the comparison with more advance&elf-averaglng. Despite this fact, a comparison of the CPA
theoretical method have to be made, we will first repeat arpPectra with quels 'ghat can be solved either analytlcglly or
analysis of the basic assumptions behind the coherenFZy computer simulations, for example, the random binary

40 ;
potential approximation. A complete discussion can be foun(?!loy model,™ has revea_leql the following trend_s. The CPA.
in Ref. 4. We will consider a completely random binary alloy gives a very good description of the alloy density of states if

A.B,_. with only one type of disorder, the substitutional the separation between the energy levels of the alloy compo-

disorder. This means, in particular, that there exists an unpents is not too large. If this is not the case the CPA density

derlying crystal lattice and the sites of this lattice are occu-Of states turns out to be much smoother than the “exact”
pied by the alloy components with probabilities equal to theirreSUItS' that is, sharp peaks that occur for the latter are almost
concentrations. The occupation of each site does not depelji fally smeared out for the former. In other WOI’d.S, the CPA
on whether neighboring sites are occupiedtbgr B atoms, S O.U|d not work well for the systems with a split band be-
i.e., there is no short-range order in the alloy. Though thé]a\_/l_'ﬁr' i< al lated to th ®

size mismatch of alloy components can cause different inter- ere Is also a concern related to the accuracy ofsq.

atomic distancies to be different, i.e., so-called local relax-F'rSt’ in the conventional CPA for a two-component alloy

ation effects, we will not take these effects into consider°N€ always assumes that if a particular site is occupied by an

ation. We remark that such local relaxations can influenc&°MA (B), then the potential function determined by the

. . . . B
the results for the density of states and the total energy Cap_orresppn_dmg one-electron _potent|al for this S'@fs(P )-
culations in some cases of very large size mismaté‘hes.Any variations of these functions due to local environment of

However, the recent systematic study of lattice relaxation§he chosen site are neglected._ On the otlher _hand, calculations
around a single impurity in Cu by Papanikolaetial®* has that goes beyond the single-site approxmatf!r%)n, for e>'<ample,
shown that this contribution to the impurity solution energyby St,h?m ﬁo-callre]:d ertr;]betzciﬁle% clu_sterf Tet Od’r: usmgd

in general is small compared to the values calculated earlie‘cr‘Q s,” have shown that the density of states changes dras-
without lattice relaxation&’ Based on the results of these ucally for. atoms of the same kind but with ditferent lacal
two papers, we leave the investigation of the relaxation prob_surroundlngs. The net charges of alloy components also de-

- d strongly on the number of unlike nearest
lem beyond the scope of the present paper. Finally, any confen 4781
plications due to partial ordering will not be considered,ne'ghboré' Recently, an effect of these charge fluctua-

though these effects could easily be included in the CPAUODS has been observed experimer_ltal_ly as a disorder broad-
(Ref. 13 as well as in the LSGFRef. 5]) calculations. ening of the core electron photqem|ss_|op spetiras a re- .
The key quantity in the calculation of electronic and ther_sult one should expect substantial variations of the potentials

modynamic properties of solids is the one-electron Green’§md pot_ential functions between the chemica_lll){ equivalent
function and the CPA is an approximation for calculating its?‘tomsj[’ |tt|s|n0t clsarlto Wthat extent thefséedr\]/atrlatlons ?re un-
average value in random alloys. In this approximation a regfnportant. In particuiar, it was sugges at some fine

system is replaced by an ordered lattice of effective scatteSiructure of the density of states that is present in real ran-

ers. The properties of these effective atoms have to be dete?-om alloys is destroyeq dL.‘e to the ngglect qf these fluctua-
ions. Second, the application of the single-site Dyson equa-

mined self-consistently by the condition that the scattering Oﬁon for the problem of a single impurity in an ideal HSst

electrons off real atoms embedded in the effective mediurﬁ

vanishes on the average. In the atomic sphere approximatix{ﬁ?“lted in a substantial error for the calculated impurity so-

(ASA) and within the LMTO basis s&*°this condition is ution energies. Though recently Ruban and Skfvéave
written as ' shown that to a large extent this situation is improved by the

proper use of the single-site approximation, the question
(1) about the reliability of this approximation itself still remains.
Another problem is the calculation of the electrostatic
whereg is the so-called KKR ASA Green's function, the contribution to the alloy one-electron potential and total en-
tilde refers to the effective medium, bold symbols denote &rgy. As a matter of fact, the CPA determines a way of
matrix in LL’, L being the combined angular-momentum calculating the average one-electron Green’s function for a
quantum numbersl (m), andg'~(*®) are Green’s functions given potential, but does not provide a prescription of how to
of the alloy components embedded into the effective mecalculate this potentiéf In practice, of course, starting with
dium. The latter are given by the solution of the single-sitethe work of Winter and StockS self-consistent one-electron
Dyson equation potentials were calculated in the framework of the CPA and
an expression for the alloy total energy was justifi¢diow-
g=g+9(P-P)d. 2) ever, the Madelung contribution to the alloy potential and
_ 3 energy was not included. Moreover, it is not possible to take
In Eq. (2) P' and P are potential functions for the alloy this effect into account completely within the single-site ap-
components and for the effective atoms, respectivel}?>3  proximation and one needs to go beyond the mean-field ap-

g=cg+(1-c)g?,
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proximation when calculating the alloy electronic structure  Surprisingly, all the models mentioned above, except that
in order to understand the nature of the electrostatic interamf Refs. 61 and 64, may be reduced to form{fa with
tions in random alloys and to suggest a reasonable modelifferent prefactors3.'? The prefactor cannot be defined
for the Madelung potential and energy that can be use@xactly within the CPA. In Refs. 12 and 13 it was demon-
in the framework of the CPA. At present this problem strated that even though a single valueftan be chosen

is widely discussed in the literature from the for all concentrations and values of lattice parameters, it var-
theoretical”48:9-15.7.61.64.66.67.48nq experiment&t points of  ies from system to system. However, this conclusion was
view. For example, Faulkneet al®"®* have performed an made on the basis of a comparison with experiment or with
analysis of the electrostatic potential and energy in randongalculations using the Connolly-Williams method and there-
Cu-Zn and Cu-Pd alloys modeled by very large supercellsfore is not completely reliable. Also in the model of Faulkner
They have found a nontrivial functional relation between theet al®%* the Madelung energy consists of two terms. The
net charge on site and Coulomb potential at site, the scfirst (denoted asic;) corresponds to Eq5) with 8=0.5.
called gV relation. They also introduced a model for the The second termu,) describes the contribution to the Cou-
Coulomb energy. Unfortunately it is too complicated to belomb energy due to local environment fluctuations and can-
directly applicable for CPA calculations. Magegt al*” and  not be directly calculated within the CPA. However, the ratio
Lu et al*® examined the Madelung energy in random metal-of these two terms may be viewed as a measure of the de-
lic alloys on the basis of calculations for ordered compoundyiation of 8 from 0.5,

They found that the net charge on an atom in a metallic alloy

depends linearly on the number of its nearest unlike neigh- B=0.5+Uco/2uc; . (6)

bors and used this fact to formulate a simple model forIn Eq. (6) we have used the fact that in Refs. 61 and 64 the

charge conrltons I Slofe A Slar conclusr, s o1 radus for the 2 sy was found 0 e very
y lose to the radius of the first coordination sHed, in Eq.

random alloys in the framework of the charge—correlated(pP)]‘ From the results presented in Ref. 64 one can see that in

(CC) CPA. These authors suggested a mean-field version a eneraluc,/uc, depends on the system and concentration,
the CC CPA, the so-called screened CPA model. Recentl o 4 ;
ut it is not clear to what extent this dependence influences

this type of model has been generalized to account for MO e total and the electrostatic energy of an alloy. Again, more

; ; 67 ; _
g'rzt:&t] ggr[ﬁ:eat;)c;gzl:% \é\lllzlv\\l/igo}gf)?zlha \2! i ‘ﬂ%ﬂfﬂﬁg“t‘; systems have to be tested because, as a matter of fact, there is

formulate the screened impurity mod&lIM). no other simple suggestion except three mathematically

This model is based on the empirical observation that theequivalent models, the SIM, the screened CPA, and the
P tharge-correlated model, on how to calculate the Madelung

net charge on an impurity atom in a metallic matrix is almost o .
) nergy and potential in random alloys in the framework of
completely screened by the net charges of its nearegt . ~pa

neighbor<® Based on this, there are two simple assumptions
behind the SIM. First, the net charge of an alloy component
Qa(s) €mbedded in the effective CPA medium is completely lIl. COMPUTATIONAL DETAILS
screened by the first shell of effective atoms that surround it. |, order to make a comparison between the CPA and the
This assumption must not be confused with screening of ne{ypercell LSGF calculations as meaningful as possible we
charges of real atoms in real alloys. The SIM deals with the,aye ysed essentially the same computational setup in both
restricted average net charge for ther B component of the  ca5es. All calculations were performed by means of the sca-
alloy. Second, the screening charge is uniformly distributedy, rejativistic LMTO method in the tight-binding represen-
among all nearest neighbor atoms. The corresponding Madegstion employings,p, andd orbitals in conjunction with the
lung contribution to the one-electron potential is then givengiomic sphere approximatiGf*° Exchange and correlation
as were included within the local-density approximation using
the Perdew-Zunger parametrizafioof the many-body cal-
, Qa(B) culations of Ceperley and AldéP.During the self-consistent
e R, ' ) procedure the reciprocal space integrals were calculated by
means of 280—54R points in the irreducible part of the bcc
whereR; is the radius of the first coordination shedljs the  or fcc Brillouin zone, while the energy integrals were evalu-
electron charge, and the net cha@gg, is defined as ated on a semicircular contour in the complex energy plane
using 16—25 energy points distributed in such a way that the
sampling near the Fermi level is increased. When calculating
Q= dr pi—2Z;. (4)  the density of state¢DOS) we increased the number &f
Sws points by an order of magnitude. The Green’s function was
evaluated for 1000 points on a line in the complex energy
plane parallel to the real axis and was then analytically con-
tinued towards the real axis.

In our LSGF calculations we model a random alloy by
means of a supercell consisting of 144 atoms for fcc alloys
2 and 128 atoms for bcc alloys. Inside the supercell the atoms
E, = _Ige2c(1_c)w (5)  are distributed in such a way that the pair correlation func-

M . . . .
Ri tions are zero up to the sixth shell of nearest neighbors,

A(B) _
VM( )— _

In Eq. (4) the integral is taken over the atomic sphere, de
fined by the radiu§,ys, andZ; andp; are the atomic number
and the electron density of componéntrespectively. The
expression for the Madelung energy may then be written
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which ensures a very good convergence of the total energy 20 — —
and the alloy density of states with respect to the supercell L ()

size®! However, in some cases larger supercells with up to
320 atoms were considered. In Refs. 50 and 51 it was also
shown that the convergence of the total energy calculations
by the LSGF method with respect to the size of the local 10fp —Cu 1
interaction zone is particularly good for the random alloys I Pd
and as a rule a single-site LIZ is sufficient to obtain an ac- !
curacy of the order of 0.1 mRy. However, to eliminate pos-
sible artificial agreement between the CPA and the LSGF [ {
calculations we have used the LIZ that includes up to four 0 ———
shells of neighboring atoms. In addition, this ensures very I i

15 | 1

good convergence of the calculated site-decomposed DOS. g (b) i:a
The total DOS was found to converge already for much o B ”l i
smaller, in general, single-site LIZ sizes. ®© c i
b~ — Gu i
S0l A | -
IV. RESULTS AND DISCUSSION S |
A. Density of states for a completely random alloy § 5r .*‘EH"E ]
it

Let us start the discussion by considering the question of “H‘W,
how well the CPA describes the density of states for binary —
random fcc alloys when the separation between the band L ©) |
centers of the alloy components increases. For this purpose 15 b !
we have considered three Cu-based alloys on the fcc crystal ‘:

lattice, Cu-Pd, Cu-Au, and Cu-Zn. These systems have been
extensively studied in the framework of the CPRefs. 71— 10
80, 13, 5, and Band the supercell approacHeg*®1-¢4Here
they are chosen for a reason that becomes clear from Fig. 1.
In this figure we show the distribution of the number of
atoms having particular values of the LMTO band center ] i
parameterE (Refs. 55—-59as obtained from our LSGF cal- il —t
culations for 144 atom supercells. One observes that the
Cu-Pd system exhibits a common band behavior, while a
separation between the bands increases through the Cu-Au g 1. pistribution of the number of atoms having certain val-
alloy towards the Cu-Zn alloy, which is already definitely & e of the LMTO band center potential parametein the 144
case W|th We” Separated bandS In addItIOI’], there are S|gn|fbt0m superce”s mode“ng random equiatomic fe): Cu_Pd, (b)

cant variations of the potential parameters for the same allogy-Au, and(c) Cu-zn alloys. The data for Cu are shown by the full
components in all alloys, thereby allowing us to check theline, the data for the other alloy components are shown by the
accuracy of the CPA with respect to this effect. dashed lines.

In Fig. 2 we show the density of states for thesgRd,
alloy. The total density of states calculated in the frameworkThe total densities of states for the ¢Au,s alloy calcu-
of the CPA and that for the supercell by the LSGF methodated by the two methods is again shown in Figg) 3while
are indistinguishable from each othétig. 2(a)]. The same the corresponding restricted averages are given in Flg. 3
conclusion can be made for the restricted averages of thé&/e have chosen this particular composition due to a very
DOS calculated for each alloy component separafElg.  interesting effect discussed earlier in the literature. Namely,
2(b)]. To illustrate the fact that the observed agreement is noan ordered CiAu alloy shows well pronounced peaks in the
just an artifact of using a CPA-like effective medium in our low-energy Au-related part of the spectrum that are com-
LSGF calculations we show in Fig(@ the DOS for several pletely washed out in the random alloy calculated by the
atoms in the supercell that have different local environmentsscalar-relativistic CPA. It was also shown that the peaks are
One can clearly identify a substantial difference betweenassociated with Au atoms completely surrounded by Cu
say, a Pd atom that has 11 unlike nearest neighbors and oneighbors’®#4 As such a configuration must be present in a
with just 3 of them and similar effects for the Cu atoms. real random alloy, the traces of the peaks could survive, and
However, when averaged in the total alloy density of statesthe too smooth DOS calculated by the CPA for the Au part
the result become essentially the same as that obtained by tbé the spectrum has been viewed as a failure of this
CPA mean-field treatment. approximatiorf**

As a matter of fact, this agreement should be expected for In Fig. 3(c) we show that, indeed, the DOS for an Au
alloys with common band behavior. Therefore, the case o&tom surrounded by only Cu neighbors in the two first shells
the Cu-Au alloy represents a more interesting example, asxhibits a sharp atomiclike virtual bound state originating
the separation between the Cu and Au bands increases whéom the fact that there is almost no Guelectrons in this
compared to Cu-Pd. However, we remark that in the Cu-Awenergy interval and therefore there is no site available for the
system a band splitting is still smaller than the bandwidth.Au d electrons to hop to. However, due to the low probabil-
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FIG. 2. Density of states of the random fccgRd,, alloy. The FIG. 3. Density of states for the random fcc/&Au,s alloy. The

(a) total DOS andb) restricted average DOS were calculated for anotation in(a) and(b) is similar to that in Fig. 2. Ir{c) the DOS for
144 atom supercell by the LSGF meth@din black lineg and in  the Au atom having 18 Cu neighbors in the first two shells is shown
the framework of the CPAthick gray lineg. In (b) the restricted as a full black line. The restricted average DOS for the Au calcu-
average DOS for Cu is shown by dashed lines and for Pd by solithted for supercells with 144ull gray line), 256 (dotted black ling
lines. In (c) the site decomposed DOS calculated by the LSGFand 320(dot-dashed black lineatoms is also shown ift).

method for several atoms having different numbers of unftke
first number in parentheseand like (the second numbgnearest

neighbors is shown. can see in Figs.(4) and 4b), where we present a compari-

son of the DOS calculated for fcc ggAu;o and CupAusg

ity of this configuration to occur in a random alloy, this peak alloys by these two methods. However, as one can see in Fig.
is hardly seen in the restricted average of the DOS for Au ifd(c), the average local density of states for Au atoms in the
the alloy, which turns out to be in good agreement with theCuygAu,q alloy calculated in the framework of the CPA de-
CPA resulfFig. 3(b)]. Even better agreement is observed forviates from the result obtained by the LSGF method for a
the total density of statd&ig. 3(@)] because of the relatively 256 atom supercell. We will explain this deviation later, but
low concentration of Au in the GgAu,s alloy. In addition, we would like to point out that our result is in agreement
we show in Fig. &) the average DOS for Au in this alloy, with the earlier observation made by Ruban and Skfver,
calculated by the LSGF method for supercells of differentwho also found that the CPA predictions for total average
sizes. Very good convergence is clearly seen. quantities, such as the total energy or the total density of

In this respect it is interesting to analyze what would bestates, are more reliable than predictions of restricted aver-
the response of the density of states of Cu-Au alloys to ages. In fact, the coherent-potential approximation was for-
change of concentration. If the Au concentration decreasespulated to calculate total averages in random alloys and one
the relative probability to find an Au atom completely sur- has to keep this in mind in actual applications.
rounded by Cu neighbors increases and vice versa if the Au Finally, let us consider the Cu-Zn systéfhAs one can
concentration increases. Therefore, we expect that the agregee from Fig. 5, the separation between the Cu anddZn
ment between the total DOS, calculated by the CPA and thbands is of the order of the bandwidth and this is a case
LSGF, will be again very good. This is really the case, as onavhere a comparison between the CPA and the “exact” re-
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FIG. 4. Density of states for the random ft@ CuypAu,, and FIG. 5. Density of states for the random fcc{gansg alloy. The

(b) CusgAus, alloys calculated for 256 atom supercells by the LSGFnotation is similar to that of Fig. 2.

method(thin black lines and in the framework of the CP&hick

gray lines. In (c) the restricted average DOS for Au atoms is shownatom surrounded by 1 Au and 11 Cu nearest neighfoms-

by solid lines (CypAu;0) and dashed lines (GyAus). The DOS  pare the full and the dotted lines in Figich]. In this case the

for an Au atom in CypAu,, alloy surrounded by 1 Au and 11 Cu situation is very similar to what has been observed in model

nearest neighbors is shown (0) by black dotted line. It has been calculations, namely, that the CPA smears out the fine struc-

obtained by the LSGF method. ture of the DOS. This, however, is not seen in thimal DOS

due to the dilution effect. On the other hand, in alloys with

higher concentrations the energy levels of the alloy compo-
ents have different locations due to the different local envi-
onments of each atorfsee Figs. (c) and Hc)] and as a

fesult the DOS is smeared out and is in almost perfect agree-

ment with the CPA DOS. It is amusing to notice that due to

the existence of fluctuations of the local potentials for the

same alloy component, which is supposed to work against

sults for the simple analytical models shows large
discrepancie®’ Thus the CPA is supposed to fail for the
Cu-Zn system. However, as a matter of fact, it does not an
the agreement between the mean-field and the supercell r
sults is again very impressive for both the total DOFyg.
5(a)] and the DOS averaged over the alloy compongrit.
5(b)]. In Fig. 5c) we show again the density of states for the
different atom; in the S“pefce”'. which allows us t(.) eXpla.'nthe applicability of the CPA, they turn out to contribute to its
why the CPA in fact works in this case. The point is that in

o . accuracy.
the models it is customary to consider only two levels for the
two alloy components. In the case of a large separation be-
tween them, the model DOS has sharp peaks, smeared out by
the CPA due to the fact that its mass operator is complex. From the discussion above one can judge the accuracy of
However, the situation when at least one of the alloy com+the description of the electronic structure of random alloys in
ponents has well defined energy level could occur only inthe framework of the coherent-potential approximation.
dilute alloys. Indeed, in our calculations for the fccggu;; ~ However, as has been pointed out in Sec. I, calculations of
alloy we have found that theestricted averageof the Au  the self-consistent potentials and total energies are addition-
DOS is almost totally dominated by the DOS for the Au ally complicated by the inability to account for the electro-

B. Total energy of a completely random alloy
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FIG. 6. Total energies of differerg) fcc and(b) bcc random 03 o3 00 o 02

alloys calculated in the framework of the CPA and the screened net charge on site

impurity model(SIM) as a function of the SIM parametgrrelative

to the LSGF total energies calculated for the same alloys modeled FIG. 7. Coulomb potential at a site as a function of the net

by 144 atom(fcc) and 128 atoni{bco supercells. charge on site for three fcc Cu-Zn allof25% (filled circles, 50%

(filled squarel and 75%(filled triangles of Zn] calculated by the

static potential and energy of disordered systems within thé’SGF method. Values to the left are for Zn and those to the right
- .are for Cu. Averaged values are shown by open squares. The

CPA. In the present paper we will concentrate on the practi-

cal part of this probl | ill trv t derstand if dashed line shows thgV relations as expected from the SIM and
P probiem, namely, we will iry to understand it y, corresponding average values calculated self-consistently in the

it is possible to .de_scribe in pracltice the total ene_rgy O_f Hramework of the SIM CPA are shown by the open triangles. A
random alloy within the very simple screened impurity fqq Wigner-Seitz radiuRy<=2.70 a.u. was used for all alloys.
model(see Sec. )l This will be done by considering a large

number of different examples. tion of B for fcc [Fig. 6(@)] and bcc[Fig. 6(b)] alloys com-

The main problem is that, unfortunately, the paramgter posed from different elements. We observe that for the
of the model cannot be determined within the framework offormer all lines crosses the zero lifiee., results of the SIM
the CPA itself. Therefore, in order to obtaf it has been CPA become equivalent to those of the LSGF supercell cal-
suggested in Ref. 13 to use other methods of total energgulationg at about the same value of the paramgger0.6.
calculations for random alloys that do not rely on the single-Of course, there could be examples where the agreement
site approximation. The LSGF method is very suitable forwould not be so good, but so far we have not yet found such
this purpose. There are several questions that must be af-case. It appears, therefore, that for the close-packed fcc
swered. First of all, one may investigate whether there existstructure there exists a universal valuef# 0.6, which al-
a single value of the parametgrin Eg. (5) that gives satis- lows one to calculate the total energy of a completely ran-
factory results in different systems. At this point let us em-dom alloy in the framework of a mean-field treatment almost
phasize that we will compar®tal energies obtained by dif- with the same accuracy as with a method that goes beyond
ferent techniques rather than thlectrostaticcontribution to  the single-site approximation. For the more open bcc struc-
the total energy as has been done in earlier studies of randoture we find larger discrepancies between the optitaal-
alloys with the help of large supercefs®*” Our reasons ues in different alloys due to the larger role of the screening
for this are the following. First, it is the total energy that is from the second shell of nearest neighbors. $it0.6 is a
the quantity of main interest in most calculations. Secondrather good choice. The ordering energies calculated within
we have found that the total energy converges faster witlthe CPA for the NigTiso and NigAlsq alloys are— 30 and
respect to the size of the supercell than its separate contribu=36 mRy, respectively, and the error compared to the refer-
tions (including the Madelung energyThis allows us to use ence LSGF calculations«(32 and—38 mRy) is only of the
medium size supercelldetween 100 and 200 atojris our  order of 2 mRy, or about 5% of the ordering energy itself. In
studies. However, there is also the second question thamny case, without taking the electrostatic contribution into
arises in this context, namely, whether Ef) with 8 ob-  consideration these values becomd6 and—45 mRy, re-
tained from a comparison with other first-principles methodsspectively, i.e., the error increases substantially.
really describes the Madelung energy of a random alloy or The second question has already been discussed in the
whether it compensates both kinds of errors coming from thditerature in Refs. 64 and 46, where it was found that 9.
unknown part of the Coulomb energy and the CPA itself. with 8=0.6 gives a satisfactory, though not perfect, descrip-

To answer the first question we have compared total ention of the Madelung energy at least in Cu-ZRef. 64 and
ergies, calculated by the LSGF method for different alloysAg-Au (Ref. 46 alloys. In Figs. 7 and 8 we illustrate directly
(modeled again by large supercgltd in the framework of how well Egs.(3) and(5) work. In Fig. 7 we have presented
the SIM CPA for different values of the prefact®. The the qV relation§™®* obtained by our LSGF calculations for
so-obtained energy differences are shown in Fig. 6 as a fund44 atom supercells which model the completely random
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6 T T 2
T QA
_ 2 <A(B)
® 25% Zn, LSGF, per atom EA(B) - Be R—l (8)
4l L 50:/0 Zn, LSGF, per atom i
_ A i gy peratem A parabolic shape of the curves presented in Fig. 8 is to
3 CILSGF, average be expected from thgV relations. Again, one can see sev-
E 2} /\SIM-CPA (3=0.6) ] eral branches for different concentrations and the SIM ex-
8 pression(8) with 8=0.6 (dashed line in Fig. Bdoes not fall
@ oL -I"'-A Pe . - i exactly on them. However, the average values again agree
s ¥ WA s07 % . very well between the CPA and the supercell calculations. It
2 } appears therefore that the SIM with universal prefagior
s 2r ¢ 5# ‘ék‘ 1 =0.6 can be used together with the CPA technique to obtain
2 7 "4 a reasonable ASA estimate of the energy of random alloys.
S 4t '_ A . -‘E i However, we remark that the SIM includes only the
3 a, Zn Cu * monopole-monopole contribution to the electrostatic poten-
© ./ .' LY tial and energy. Therefore, it is supposed to be used only in
fr eom AT connection with the muffin-titMT) approximation or ASA.
,/o' a Y In view of the complications that arise in setting up a model
) : . N for this contribution we expect it would be even more com-
0.2 01 0-0 01 0.2 plicated to take into account other nonspherical terms and

t ch it ) o
net charge on stte consequently to arrive at a generalization of the CPA to the

FIG. 8. Coulomb energy at a site decomposed into atomiccase of the full potential or full charge density methods.
sphere contributions as a function of the net charge on the site fdrlowever, Koepernilet al® recently applied basic ideas of
the same fcc Cu-Zn alloys as in Fig. 7. The notation is similar tothe SIM in order to estimate the electrostatic potential in
that in Fig. 7. their linear combination of atomic orbitals CPA calculations.

Also Korzhavyi and RubdH have found that in certain cases
5% SIM CPA ASA calculations can reproduce the results of the

fec Cu-zn alloy at three stoichiometric compositions: 2 LSGF calculations, which include nonspherical corrections
ircles, 50% d 75%(triang| f Zn. Though ’ .
(circle 6 (Squares an ftriangles of Zn. Thoug %the ASA. In the latter case, of course, neitlier 0.6 nor

we have used smaller supercells compared to the calculatioﬁ ; dius in EqE3) and (5) . ] |
reported in Refs. 61 and 64, the slopes of the lines in ou € screening radius n £qss) an remains universal.

calculations and in these works agree well with each other, owever, we believe that a consistent way O.f treating this
Also in Fig. 7 we show a line, calculated from E¢@) problem is to go beyond the single-site approximation and to

(dashed ling One can see that its slope differs from those ofYS€ other methods, for example, the LS(Eefs. 50 and 51

theqV relations and this disagreement is to be expected bef th;ggz,sg,elf)&a"y seli-consistent  multiple-scattering

cause the SIM has been suggested as a model to calculdt
average values of the electrostatic contributions to the one- V. SUMMARY
electron potential and energy. When one consider average '
values for the alloy components, calculated by the SIM CPA We have compared results for the density of states and the
(open triangles in Fig.)7and the LSGRopen squargsvery  total energy of completely random alloys in the framework
good agreement is found. Notice also the very good agreesf the coherent-potential approximation with those obtained
ment between not only potentials, but also average ndbor large supercells by the ordét-locally self-consistent
charges in the CPA and the supercell calculations. This addSreen’s function method. As the LSGF goes beyond the
to our belief in the reliability and internal consistency of the single-site approximation, but keeps all other computational
SIM because net charges were calculated self-consistently @mspects essentially the same as in the CPA, such a compari-
the framework of the SIM CPA and in principle did not have son allows us to check precisely the applicability of this
to be the same as in the reference LSGF calculations. approximation in the theory of random alloys. For the den-
Similar conclusion can be drawn from Fig. 8, where wesity of states very good agreement was observed for three
plot the Coulomb energy at a site calculated in the ASA as alloy systems, Cu-Pd, Cu-Au, and Cu-Zn, despite the fact
function of the net charge on the site for three fcc Cu-Znthat the separation between the band centers increases from
alloys: CysZnys, CusgZnsg, and CysZn;s. Here we make Pd to Au and from Au to Zn, and there are substantial varia-
use of the ASA decomposition of the alloy Madelung energytions in the potentials for the same alloy components having
into site contributionEE, for each sitd in the supercell different local environments. We show that a reliable esti-
mate of the alloy total energy may be obtained within the
CPA. We also find that in the atomic sphere approximation
;1 i and in the framework of the screened impurity model there
Em=35QiVu- (7)  exists a universal prefactor of this modgk0.6, which
gives satisfactory agreement between the CPA and the LSGF
total energies in all systems considered in the present study.
This partitioning is not physical, but it allows us to compare However, we note that there are several aspects of the
the LSGF results with those of the SIM CPA, where a simi-CPA that were not considered in the present work and limit
lar partitioning of the restricted averages of the Madelungts applications. Among those are the inability of the CPA to
energy for theA or B alloy components have the fotfn treat nonspherical contributions to the one-electron poten-
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tials, which makes it hardly possible to set up a meaningfubrder effects® one must, of course, go beyond the single-site
full-potential version of the method, the inability to treat approximation. This can be done, for instance, in the frame-
consistently local lattice relaxations, and the inability to de-work of the LSGF method, used here to provide reference
scribe directly the short-range-order effects in alloys. How-data.

ever, our results strongly suggest that the CPA can be safely
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