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Point-charge electrostatics in disordered alloys
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A simple analytic model of point-ion electrostatics has been previously propBsddagri, S. -H. Wei, and
A. Zunger, Phys. Rev. B2, 11 388(1990] in which the magnitude of the net chargeon each atom in an
ordered or random alloy depends linearly on the nunhljé)r of unlike neighbors in its first coordination shell.
Point charges extracted from recent large supe(@&6—432 atornlocal density approximatiofLDA) cal-
culations of Cy_,Zn, random alloys now enable an assessment of the physical validity and accuracy of the
simple model. We find that this model accurately descrilethe trends ing; vs Ni(l), particularly for fcc
alloys, (ii) the magnitudes of total electrostatic energies in random allgiy$,the relationships between
constant-occupation-averaged chargg$ and Coulomb shiftgV;) (i.e., the average over all sites occupied by
either A or B atomg in the random alloy, andiv) the linear relation between the site chamgeand the
constant-charge-averaged Coulomb stijfti.e., the average over all sites with the same chaiaefcc alloys.
However, for bee alloys th8uctuationspredicted by the model in thg vs V; relation exceed those found in
the LDA supercell calculations. We find thét) the fluctuations present in the model have a vanishing
contribution to the electrostatic enerd) Generalizing the model to include a dependence of the charge on
the atoms in the firsthree (two) shellsin bcc (fcc) — rather than the first shell only — removes the
fluctuations, in complete agreement with the LDA data. We also demonstrate an efficient way to extract charge
transfer parameters of the generalized model from LDA calculations on small unit cells.

I. INTRODUCTION

1
E,=— VA 3
The structural stability of alloys and compounds is deter- M ZNEi Vi @

mined by the kinetic, electrostatic, and exchange-correlation

contributions to the total energy. In first-principles calcula-whereV; is the Coulomb shift at site due to all charges
tions based on Hartree-Fock or on density functional theoryother thang; :

the electrostatic portion of the total energy is characterized in

terms of the electronic charge densjifr) and the nuclear q;

chargesz; . For systems with uniquely specified nuclear po- Vi:j#i R_” 4
sitions{R;} and chargegzy}, the charge density is a well-

defined quantity as is the electrostaid) portion of the total
energy:
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The point charges are obtained by partitionipfy) into
“domains” (spheres, polyhedra, etand integrating the to-
tal charge in each domain. However, because there is not a
unigue way to partition a three-dimensional space, the point
charges are not uniquely defined.

For periodic systemde.g., ordered structures with a
primitive cell or random structures defined by
supercell3®-1116-1% \where all sites are defined as distinct
entities(not as averageésndq; andR; are specifiedEy can
be readily computed from Ed2) using, for example, the
Ewald method. In most statistical approaches to all@yg.,
the coherent potential approximation, or COP&Ref. 19

Indeed, in many previous calculations on ordered
structure$™® and “supercell” models of random alloys™

there are well-definedR;;z}, so the electrostatic energy however, one attempts a description of a random alloy with-

was Obtag}?{js from Eq._(l). However, in s_|mp|er out a specification of altlistinct sitesi but rather some av-
approaches,” ~ one approximates the electrostatic energyerages over. In such approaches one calculates the Made-

by replacing the continuous charge dengify), with ficti- lung energy of the random alloy by determining the

t|pus point chargeqi' al each sitd. For a sys_tem withN configurationally averaged correlation between charges
sites, the electrostatic or Madeluniyl§ energy is :
(0iq;), and using

(Em)r= iNEI %_q,) 5

J#I ij

B S m @

J#I ij

whereR;; is the distance between sitesind j. The Made-
lung energy may also be written
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Until 1990, all CPA-based models for alloy energies have
assumed uncorrelated charges
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(aia;)=(ai){a;), (6) found that charge correlations lead to monotonic surface seg-

. o ) regation profiles and a segregation of the minority species to
which leads to a vanishing electrostatic energy for the ranghe syrface. On the other hand, for thin-film geometries

dom alloy, charge correlations lead to oscillatory surface segregation
profile, and an enrichment of the majority species on the
(Em)r=0, @ surface.
on account of electroneutrality. This approximat[@y. (6)] (iv) Wolverton and Zungéf determined the ground state

was based on the expectation that a randem, uncorre- long-range order and the high-temperature short-range order
lated distribution ofatomson sites would lead to an equally ©f fcc-, bcc-, and sc-based alloys due to electrostatic effects.
random distribution othargesi.e., the charge on an atom in These authors also showed how the charge model could
a given alloy is a property of the atom, irrespective of itsbe analytically mapped onto a cluster expansion, which al-
environment. Equatiofi7) has been assumed in many CPA- lowed for the efficient and accurate determination of energies
based calculation&?*involving the total energy of random ©f any ordered or disordered configuration without the use of
alloys. Magriet al* subsequently criticized this approach as Ewald methods.
being physically implausible, since the assumption of uncor- (V) Ruban et al*® compared the energies of charge-
related chargebEq. (6)] means that am atom surrounded correlated CPA calculations with ordered compound LDA
locally by only A atoms will have the same charge as/n calculations to determine the optimum prefactor for the eIep-
atom surrounded by atoms; chemical intuition suggests, trostatic energy for Cu-Au and Ni-Pt alloys. The energetic
however, that the charge on a site will depend on the identitgontribution due to charge correlations was again found to be
of atoms in its environment because charge transfer i§ignificant: For instance, for random GgAu s alloys, elec-
present only betweedissimilar sites. trostatic contributions to the total energy were found to lower
Magri et al!! noted that in a random alloy, even though the mixing energy by a factor of 3-6 relative to CPA cal-
the occupationof sitei is independent of the occupation of culations with a complete neglect of charge transfer effects.
other sites by definition, thehargeson a site do depend on ~ The charge model ansatz of Maget al. was thus far
the occupations of other sites. These authors therefore préested by comparing its charg¢s;} with those found in
posed a simple model to describe the magnitude of poingmall-unit-cell (< 16-atom LDA calculations, and also for
charges in disordere@nd orderefalloys: The magnitude of 0nly one lattice-type fcc. Recently, much larger LDA super-
the charge on a site is linearly proportional to the numbegell calculations became availabiefor fcc- and bee-based
N of unlike nearest neighbors surrounding that site. withalloys. These calculations combine a locally self-consistent
this charge model, Maggt al. went on to demonstrate that Muffin-tin scheme with a massively parallel computer en-
even for the case of a random alloy with completely uncor-20ling LDA calculations on 256- and 432-atom supercells
related atomic occupations, charge correlations exist in thfP! random Cu-Zn alloys”® Faulkneret al.*"** have used
alloy and these correlations lead to a nonzero Madelung erh€ charge density from these large LDA supercells to exam-

ergy. ine the behavior of point chargds;} in random Cu-Zn al-
Subsequent to the proposal of Magtial,'! the charge 0yS, finding interesting relations between charges and cer-
model has been used in many contexts: tain potentials. Here we determine to what extent the simple

(i) Lu et al® showed that LDA calculations on ordered charge model is able to describe the electrostatic properties

compounds produced charge densities which, when inte?f complicated large scal@256-432-atomLDA based cal-
grated inside muffin-tin spheres, gave point charges whicigulations. We find that the model works very well for fcc
reproduced the behavior of the model. They also exarfiined@ttices, but that in bce lattices, where the first few coordina-

the effect of the ensuing electrostatic energy of the randorfon shells are near to one another, the charge on a site is
alloy on the sign of the ordering energy. correlated with the occupations @anfewneighboring shells,

(i) Abrikosov et al® and Johnson and Pindkiderived ~ Notjust one. The effects of such corrections to the total elec-

corrections to the CPA total energy which introduced chargdrostatic energyEy)r are small, however.
correlations in random alloys. These corrections were shown
to be consistent with the charge model of Maefrial. Sev-
eral authors subsequently used these corrections in total-
energy CPA calculations to determine lattice constants and Consider anA;_,B, alloy with N sites and a nearest-
formation energies of random metallic alloys, finding signifi- neighbor coordination numbeZ. The model of Magri
cant effects due to charge correlations: Johnson and Pinskiet al!' is based on the assumption that the excess charge on
estimated the total-energy contribution due to charge correa site depends only on the identity of fisst neighbors. If an
lations to be —1.25-5.3, and —7.7 mRy/atom for A atom on a central site is surrounded purelyzatoms of
CugsZngs, CugsAugs, and NigsAl o 5 alloys, respectively.  type A, the charge is taken to be zero. If it is surrounded by
(Typical values of alloy formation energies arel0—-20 Z atoms of typeB, the charge is maximal,Z\. For inter-
mRy/atom) Korzhavyiet al. found’® that the energetic con- mediate occupations of the first coordination shell, we as-
tribution due to charge correlations for fLig5is —16.0 sume a linear interpolation between these two limits. For-
mRy/atom, which results in a changeggnin the formation  mally, we then write this charge as
energy of Al-Li alloys.

(iii ) Borici and Monniet? used the charge model to study z
the' segregation pghgylor of a semi-infinite .random Madelung g=\ 2 [S—S .\, ®)
lattice. For semi-infinite surface geometries, these authors k=1

Il. SIMPLE CHARGE MODEL
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where the pseudospi§; is —1 (+1) if an A(B) atom is 1 A

located at sité. (The set of variableS; for all sitesi defines <Q>A=N—A2i ql’i, (10
the configurations.) S, indicates the occupation of th& , , A .
lattice sites which are nearest neighbors tand hence the WhereNais the nurpber oA atoms ino- andI'i" is the Flinn
summation in Eq(8) indicates the number of unlike nearest OPerator such thdt;" = 1 if sitei is occupied by ar atom,
neighbors surrounding the sitex is a constant which indi- andl'f* = 0 otherwise. The Flinn operator is given b =
cates the magnitude of the charge transfer and is an undetdit—S;)/2. Thus

mined parameter of the model. Thus, the charge model will
give trends in the behavior of physical properties, but will
not give numerical values of properties without some input

A PN ~ ~ o~
(@a=5r;2 2 (5SS S+SS W

value of\.
Several questions may be asked concerning the parameter __ Z\ (1_5) (11)
\: (1) Should\ be explicitly composition dependent2) 2(1—x) '

Should\ be explicitly volume dependent? Since the equilib- — i i ,
fium volume is a function of composition in size- wherell is the nearest-neighb¢NN) pair correlation func-
mismatched alloys, an explicit volume dependencenof tion, i.e., the lattice average of; ;=S;S; fori andj NN. A
would lead to an implicit composition dependence. It is im-Similar analysis gives
portant to physically distinguish between these two depen- 7
dences(3) Should the values of be extracted from large- <01)B=—(1—IT)- (12)
unit-cell or small-unit-cell alloys, i.e., doescontain mostly 2X
short-range or long-range information? Values Nofhave
been estimated by LDA calculation&*8 ranging from
small-unit-cell ordered compounds-8-16 atomy up to
large LDA simulations of random alloys~200-400 at- 10
oms. For computational simplicity, one should know A=<q)B—<q>A=ZZ)\W, (13
whether it is equally valid to extract values nffrom or-
dered or random alloys, and whether one can even usghere(S)=2x—1. Equationg11), (12), and(13) are quite
smaller cells ~2—-4 atomgthan have been currently used. general and apply to any configuratiéordered, random, or
We next examine the physical consequences of charggsartially orderedl These expressions may be evaluated in
which obey Eq.(8). We then compare these consequencewarious classes of configurations which are interesting.
with results of LDA supercell calculations in order to assess Random alloysWe define a random alloy as one in which
the physical validity of the model. With regard to the ques-the occupation variables S are uncorrelated, i.e.,
tions raised above, we demonstrate that t_he simple charq?i:@i)(s)z(z)(_l)z_ As we will see below, this does
model represents well the charge transfediferentunre- | imply that thecharges g are uncorrelated. In a random
laxed configurations at @@mmonvolume. If more than one alloy, we have
volume is considere(e.g., for a lattice-mismatched alloy at
more than one compositipnthe parameter of the modgl (A)a=—2ZAx; {(Q)g=2ZN(1—X); A=2Z\.
would presumably need to be explicitly volume dependent (14)
(implicitly composition dependentAlso, we find that values
of N extracted from 2—4-atom LDA calculations agree favor-
ably with those extracted from much larger 200-400-atont°
LDA calculations, thereby resulting in a drastic computa-
tional simplification.

In addition, the differenceA in constant-occupation-
averaged charges is given by

Interestingly,A for random alloys is independent of alloy
mpositionx.

Short-range ordered alloysShort-range ordefSRO
measures the extent to which there are atom-atom correla-
tions in a disordered alloy. The relation between the nearest-

lll. PHYSICAL CONSEQUENCES neighbor Warren-Cowley SRO parameter) (andII is

OF THE CHARGE MODEL

- (S)?
A. Average charges T 1(5% (15)
The average chargen all sites (q) is defined as This expression combined with Eqd.1) and (12) and (13
1 gives the constant-occupation-averaged charges for alloys
(q)= NE qi. 9 possessing some degree of SRO:
i
Combining this with Eq(8) gives(q)=0, as guaranteed by (Wa=—220x(1=a); (Q)e=22M1-X)(1-a);
global charge neutrality. However, what is more interesting A=27Z\(1-a). (16)

is the constant-occupation averag®, (or (g)g), i.e., the
average charge of all sites occupied Ay(B) atoms. This  So, the difference in charges should increase in an order-
constant-occupation average is a function of the configuraing type alloy (@<0) relative to the random values, but
tion o and compositiorx, and we can analytically derive this should decrease in a clustering type alleyX0).

guantity for any arbitrary configuration. The definition of  Long-range ordered alloysLong-range order(LRO)
(Q)ais gives an indication for the relative population &f or B
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atoms on a given sublattice. The extent of LRO in an alloy 1 N
may be described bgone or morg LRO parameters;. For (giq;)= NE Qi+ mdj+m
example, for an alloy at=1/2 with a single LRO parameter m=1

0=#%=1 (and no correlations between atoms on the same . z z
sublattice, I1(7)=5?I1(1), so for anystate of LRO at =\ Z200 ;- Z| 2 My + 2 1IN 1+k’)
x=1/2, K=t k=1
= z z o
(Dalm)=—2ZN\[1-7TI(1)], +k21 > M- (22)
lyk=1

=Z\[1- 7?11(1)],
(@s() 1= 771(L)] The sums ovek (k') are over the nearest neighbors of site

i (j). Equation(22) is generally valid for any configuration
and any composition. For random alloyise., alloys with
uncorrelated site occupationghe charge correlations for the
mth shell (qoq,) have been previously deriveénd are

A(n)=2Z\[1- 2(1)]. (17)

For example, in CsCIB2)-type orderingﬁ(l)z —1; thus
as the degree of LRO increases,increases due to the in-

creased number of unlike nearest neighbors. given by
= _ 2,52
B. Constant-occupation-averaged Coulomb shifts, <q0q0>_4x(1 X)NA(Z1+2y),
(V)p and (V) < >_4X(1_X))\2(_22 k)
The Coulomb shiftv; [Eq. (4)] averaged over all sites Gofx 1ER
(V) is zero(just as({q) is zerg due to global neutrality. A (Cqum)=4X(l—x))\2(Km); i 23

more interesting quantity is the constant-occupation average

of the Coulomb shifts on all sites occupied Byatoms in & | these expressiong,, is the coordination of thenth shell
random alloy, (i.e., Z;=Z), andK,, is the number of nearest-neighbor at-

L oms shared by sitésandi +m. As found by Magriet al,!!

<V>A:_Z <Vi1~iA>, (18) Eqg. (23) demonstrate that even when u_bvecupatlonsof sites

NA T are uncorrelated, thehargeson these sites, obeying E@),

. ) are correlated.
where the latter brackets denote a configurational average.

This expression can be evaluated to give . :
E. Electrostatic energies of random alloys

1 .~ - A Using the charge-charge correlations in E2f3), one can
<V>A:m ; EK R_i_(si =S+ (1-S) obtain the electrostatic energies of random alloys which are a
J consequence of the charge model. These energies of random
A 1 ) 2XZ\ alloys have been derived previously for fcc-, bce-, and sc-
= m; ; R—”[l—(ZX— 1) ]5"J*k_R_l’ based alloys™* The energies of fcc and bec-based random

alloys are given by
19

fcc _ _
whereR; is the nearest-neighbor distance and in the second (Em)r7Ep=—4x(1-x)0.7395181. .,

equality of Eq.(19), we have used the orthonormal proper-

b _
ties of the products o8 .2” Similarly for B atoms, (Em)R 7Eo=—4x(1-x)0.345775 2. ., (24)
2(1—-X)Z\ whereEy= (16\)?/2R;.
(V)g=~— TR (20)
F. The g—V relation between charges and Coulomb shifts
C. Relation between constant-occupation-averaged charge ~Fora com_pletely randqm alloy, we may analytically de-
and Coulomb shift rive (Appendix A a relation between the charges and

Coulomb shiftsV; from the charge model: In the model of
g. (8), the magnitude of the charge on a sitsurrounded
Ni(l) unlike neighbors in the first shell does not depend on
the spatial configuration of the Ni(l) and is
—(Das |giIN®]|=2ANP . The Coulomb shiftv;[N{] on a site
Map=—%{ (21)  surrounded byN® unlike nearest neighbors on the other
! hand, does depend in the model of Ef) on the spatial
configuration of theN{*) unlike atoms around and also
D. Charge-charge correlation functions depends on more distant neighbors. If exerageover all
The charge-charge correlation function between sites sites having\{") unlike neighbors, we find analyticallyAp-
andj is given by pendix A the linear relation between the charggN(*)]

From Eqgs.(14) and (19), we have the following relation
between constant-occupation-averaged charge and CoulorB
shift, as predicted by the charge model:
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and the constant-charge-averaged Coulomb ShiftN(»] Charge vs. Number of Nearest Neighbors
(i.e., an average over all sites with the same charge, and — T 1T ‘v 1.7 T Tt T 1
hence with the sami(%): 0.20 f fcc . l
J— 3 Q
AN V1= VIING], (25 ool 08"
wherey (in Ry 1) is the slope of this linear relation, A % ¥ 0
Yied X=1/2)=0.13R,, 0.00¢—
L Q o
B Yoed X=1/2)=0.16R; . (26) 010 _ Ry . . ]
Note thatV; is a constant-charge averagill leaving the 5 4
N{*) dependendein contrast to the constant-occupation av- 4 = LDA Supercell - 256 Atoms ° 5
eraged(V),. To evaluate théluctuationsin V;(N{") about s 0201 o Model T
V;, we perform large-unit-cell simulations for a single, ran- é o 2 4 & s 10 1
domly selected configuration. Equal numbers of atomic types g
A andB (x=1/2) are distributed at random over the 256 fcc £ P ' ' ' ' ' '
sites and 432 bcc sites of the simulation cell. Point charges & 020 bce i
{q;} are then assigned by the model of Ef). Using the i {
Ewald method, we then calculate the Coulomb shift$Eq. o010l ¥ i ? 1
(4)] for each site in the cell. This givestgvs V; relation for o . E E g
the charge model. ¢ 5
0.00

IV. COMPARISON: SIMPLE MODEL
VS LDA SIMULATIONS

XX O
30000

-o_1oz_ § § g ]

Recently*”*®large scale LDA supercell calculatiof®56 X 5 ¥
and 432 atormhave been performed for Cu-Zn alloys with x  LDA Supercell - 432 Atoms g
Cu and Zn atoms placed randomly on the fcc or bee lattice 020 | o Model T
sites of the supercell. These calculations utilize a multiple I ! ! ) ' ' '
scattering framework, and are locally self-consistent: The 6o 1+ 2 3 4 5 6 7 8
charge density associated with each atom is constructed by Number of Unlike Nearest Neighbors

considering only the electronic multiple scattering processes F|G. 1. Charge versus the number of unlike nearest neighbors.
in a finite spatial regiortseveral neighboring shellsentered  shown are the predictions of the charge model of ). and

at that atom. These LDA calculations also use the muffin-tinthe results of LDA supercell calculations of Ref. 18. Values\of
approximation: The charge within the Wigner-Seitz cell sur-[Eq. (28)] were obtained by a least-squares fit to the LDA supercell
rounding each sité (volume ();) is made of a spherically data.

symmetric portion p'(r)=py7(r) inside each muffin-tin

sphere (<Rl,;) and is equal to a constap, in the inter- t|pnal consideration is that. one,_smgle configuration is con-
stitial region between spheres. Point charges are then egidered rather than a configurational average. Thus, in com-

tracted from the muffin-tin charge density by performing theParing properties of the charge model with those of LDA
following integral: supercell calculations, only disparities of more than a few

percent should be considered meaningful.

Am 5
Qi_ ?(RMT)

Ry i 5
gi=4m o pumr(r)redr+pg -z.

A. Dependence of charges
27) on the nearest-neighbor environment

The calculations are carried out for unrelaxed geometries The prediction of the model of E¢8) for the dependence

thus each of the 256 or 432 atoms has an equivalent Wigne t_f_charlge on thle ?umbﬁ: of L;]nllke-nearz_sttng%hb&r_s 'S.Cle?r:
Seitz cell. Cu and Zn have a very small electronegativity IS a lin€éar relation. 1he charges predicted by this simple
model (open circley are compared with those obtained in

difference, so the Madelung energy is quite small in Cu-Zn ) : ;
alloys, and could be moregsusce%)t/ibleqto any errors in th xtenswe LDA supercell calculatiorsrosses (Ref. 18 in

calculation. Cu-Zn is, therefore, a critical test of any charg ig. 1. A least-squares _f't to the LDA supercell data gives

model, as the electrostatic effects in this system are quit¥alues of the parameter.

subtle. An alloy system v_vith more robust charge transfer A€=0.008 19, \P=0.011 76. (28)

(larger electronegativity differengecould, therefore, be of

interest in comparing magnitudes of electrostatic energieshe LDA calculations demonstrate th@t the linear predic-

charges, and other properties. tion of the model is accurate for fcc alloys, hit) for bcc
Differences of~2% are cited’ between LDA calcula- alloys, as recognized by Faulknet al,'”*® there are fluc-

tions using bcc cells of 256 and 432 sites, and hence indicat®ations about the straight line. Recall that in an fcc structure

a typical error due to using a finite-sized supercell. An addithe distances from the origin to theth shell are R,
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TABLE I. Comparison of physical properties of random alloys which are a consequef@etué charge
model of Eq.(8), (b) the generalized charge model of E§4), and(c) those obtained from LDA supercell
simulations of Refs. 17,18. In casé® and (b), we assign charges to sites according to a given midgig!
(8) or (34)] and then calculate the Coulomb shift [Eq. (4)] by applying the Ewald method to the assigned

charges.
Reft/ Ry YIR; (Ry *a.u.™ 1) (Em)r (MRy/atom
fcc (x=1/2)
Model — analytic 1.00 —0.132 —2.60
Model — 256 atoms 1.06 —0.130 —-2.52
Model — 16 atom SQS 0.99 -0.134 —-2.60
LDA supercell — 256 atoms 0.97 —0.123,-0.127 —2.61
Gener. model — 256 atoms 1.02 —0.120 —2.55
Gener. model — 16 atom SQS 1.03 —0.118 —2.52
bcec (x=1/2)
Model — Analytic 1.00 —0.163 —2.57
Model — 432 atoms 0.98 —0.155 —2.64
LDA supercell — 432 atoms 1.02 —0.114,-0.116 —2.67
Gener. Model — 432 atoms 1.19 -0.119 —2.34

1.414R,, and 1.73R; for n=1,2,3, while for bcc these dis- function of LRO parameter in Eq17). The charge model
tances ar®?;, 1.159%,, and 1.638;. Thus, the bcc structure prediction is that\(») should increase for the LRB2 alloy
shows a weaker distinction between first and second neiglrelative to the random alloy by a factd®2(1)/A(0)=2.
bors. We consider belovSec. \J possible generalizations of The LDA calculation$’ show that the introduction of LRO
the charge model for bcc alloys which account for these flucdoes increasé from a value of 0.200 66 for the random
tuations by extending the linear relati®) to more than one alloy to 0.25178 for theB2 ordered alloy, giving
coordination shell. AB2(1)/A(0)=1.25, somewhat smaller than but qualita-
tively consistent with the prediction of the charge model. In
B. Relation between constant-occupation-averaged charge ~ considering the disparity between the magnitude of
and Coulomb shift AB2(1)/A(0) of the simple charge model and that of LDA,

one should remember that in the latter, point charges are
Both the charge model of E¢8) and the LDA supercell  jefined by a nonunique partitioning of space.

calculations result in a relationship between the constant- Tha influence of SRO om was derived for the charge
occupation-averaged charges), and(d)s [Eq. (14] and  moqel in Eq.(16), where it was shown that ordering type
the constant-occupation-averaged Coulomb skiftsy and  srQ(as found in Cu-zn alloysshould increasa relative to

(V)g [Eq. (19)] of the form the random alloy. The introduction of SRO in the LDA su-
percell calculation¥ increasesA from 0.200 66 for a ran-
(V)pp= —(Das (29) dom simulation to 0.205 54 in a simulation with some degree
AB Rett of SRO. This increase is again consistent with the predic-

tions of the charge model.
According to Eq.(21), the charge model of Eq8) gives

Rei= Ry (WhereR, is the nearest-neighbor distanc¥alues
of Res/ R, for the charge model and for the LDA supercell
calculations are compared in Table I. The simple charge The large supercell LDA calculations find a linear rela-
model of Eq.(8) reproduceR /R, of the LDA supercell tionship between the charges on individual sites and the
calculations(0.97 and 1.02 for fcc and bcc, respectively ~ Coulomb shiftsV; on those sites. The simple charge model
within a few percent. of Eq. (8) predicts[Eq. (25)] a linear behavior between

In Eq. (14), it is shown that the simple charge model charge and constant-charge-averaged Coulomb shift, in
predicts that the differenced in constant-occupation- agreement with the LDA supercell calculations. The slope
averaged charges is independent of composition. The LDAy of this linear relation is compared with the slopes from the
supercell resultéFig. 3 of Ref. 17 also show that depends LDA supercell calculations in Table (Note that both charge
very little on composition, in agreement with the model pre-and Coulomb shift are proportional to the paramatef the
diction. model, and thus, the slopeis independent ok.) The rela-

The difference between constant-occupation-averagetive slopey/R; of the model (-0.132) is within a few per-
chargesA(#) for the charge model was also derived as acent of the LDA supercell results for fcc alloys

C. The q—V relation between charges and Coulomb shifts
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(—0.125+0.002), while for bcc alloys, the slope of the fluctuations is used in Eq(3) to compute the random alloy
model (—0.163) is too large in magnitude relative to the energy, we recover precisely the same enéngiuding fluc-
LDA result (—0.115+0.001). tuationsderived in Eq.(24). Thus, although the fluctuations
The relationship between; and the distinct Coulomb in V; are graphically impressivéFig. 2), the energetic con-
shift V; (not the constant-charge-averagédl as obtained in  sequence of these fluctuations is strictly zefmply indicat-
the simple model of Eq(8) is shown in Fig. 2, where it is ing that the fluctuations in Coulomb shift are symmetrical
contrasted with the results of the LDA calculations of Ref.about the average linear behavior.
18. The fluctuations in Coulomb shift about the average lin-
ear behavior ofy; andV; are quite small in the fcc random
alloy, but are substantial in the bcc alloy. We have next
determined the effect of these fluctuations on the electro- The simple charge model predicts specific values for the
static energyEy)r of the random alloy: If the linear rela- charge-charge correlations of random alloys given in Eg.
tion Eq. (25) between charge and Coulomb shifieglecting  (23). The quantitative results of the LDA supercell for these

D. Charge-charge correlations functions
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FIG. 3. Charge-charge correlation functions for randoml/2 alloys. Shown are the correlations of the simple charge model and the
generalized charge model for fcc and bcc lattices. For the simple charge model, the analytic result$23j Brg plotted while the
correlations of the fc¢bco) generalized charge model are obtained from a 16(882-atom simulation, configurationally averaged over
20 configurations. Correlation functions are shown normalizexfito
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correlations are a bit unclear: In Ref. 18, the authors note thafFig. 2), these fluctuations have a vanishing contribution to
for 256-atom LDA supercell calculations, the nearest-the Coulomb energyand thus the model produces accurate
neighbor correlations are sizeable, but they also note that thenergetics.

values beyond the nearest-neighbor shell are smaller than the
predictions of the model, although these values are not too
well known due to the relatively small size of the simulation
cell. When larger LDA supercell simulations become avail- Our foregoing discussions were based(either LDA or
able, a comparison of charge-charge correlations from LDAEwald) simulations of rather large superce{ksg., 256-432
supercell with the predictions of E§23) (and those of the atom). We next examine the extent to whisipecially se-
generalized charge model described belewould be of in-  |ected small cells can mimic larger, nonspecially selected
terest. The analytic values of the charge-charge correlatiogells. Special quasirandom structur€QS’s (Ref. 9 are
functions of Eq.(23) are plotted in Fig. 3. We have also small-unit-cell structures which are constructed in such a
compared these analytic values with those obtained from oygay so that structuralnot charge-chargecorrelation func-

large-unit-cell S|mulat]ons of the charge mocﬂpbt shown. tions IIsgsmatch as closely as possible those of the random
Although the correlations for the nearest-neighbor shell are — . . .
robust with respect to unit cell size, the correlations for thea”c’y (HSQSNHf?ﬂdOH) for sevgral neighboring shells. In th'_s
more distant third, fourth, fifth shells are extremely sensitive’/@ the SQS is a small-unit-cell ordered structure which
to the size of the simulation cell: For a single fcc 256-atomMimics the random alloy. It is interesting to see how the
simulation, one can even find third- and forth-neighbor cor-charge model calculation of a small-unit-cell SQS compares
re|ati0ns Wh|Ch have an opposite Sign re'ative to the exad\/ith the |al’ge Scale 256-atom Simu|ati0n8 described abOVe.
analytic values. Even for very lardé6 384-atom fcc simu- We have performed an Ewald calculation for a 16-atom,
lations configurationally averaged over 20 configurations, thécc-based SQS structurédenoted SQS-16 with point
third- and fourth-neighbor correlations may differ from the charges taken from the charge model of E). Structural
analytic values by~10%. Thus, in order to compare the information for SQS-16 is given in Appendix B. The result-
LDA charge-charge correlations for random alloys with theing Re/Ry, ¥/Ry1, (Eyn)r, and thegq—V relation for the
analytic results of the simple charge model, the size of the&sQS-16 are collected in Table I, where they are compared
LDA supercell calculations would have to be significantly with analogous calculations usingrandomly selected256-
increased. atom cell. We see that the 16-atom SQS calculation matches
the 256-atom simulation for all properties to within a few

E. Coulomb energy of random alloys percent. Also, the electrostatic energy of the SQS-16

The Madelung energy of the simple charge model for & Em)sqs/Eo=—0.740 compares much more favorably with
random alloy is given in Eq(24) in terms of the parameter the exact value of- 0-1?25 than does the energy of the 256-
\ and the nearest-neighbor distarRe. If we use the nu- atom simulation(Ey)g™* **"VEq=—0.716. Thus, for the
merical values for\ given in Eq.(28) and the nearest- case of electrostatic energies, the 16-atom SQS provides a
neighbor distances used in the LDA supercell calculationgnore accuratedepiction of the random alloy than does a
for Cu-zZn alloys, single, randomly selected 256-atom configuration. It would

be interesting to compare the LDA energies of the SQS-16
Rl°=4.879 a.u.; RI=4.763 a.u., (300 with those of larger, but randomly selected supercglls.

F. Approximating sarge random supercells
by small-cell “special quasi random” structures

we obtain the electrostatic energies of the simple charge

model for Cu-Zn: V. GENERALIZATIONS OF THE MODEL

(Em)r(fcc;x=0.5=—2.60 mRy/atom, A. Summary of successes and failures of the simple model

We have thus far ascertained the physical predictions of
the simple, nearest-neighbor charge model of @&, and
compared them with the results of large LDA supercell cal-
(Em)r(beex=0.5=-2.57 mRy/atom. (3D .y jations of Refs. 17 and 18. In many cases, the simple

These values are compared with the Cu-Zn LDA Supercenzharge model accurately predicts the electrostatic properties

(Em)r(fce;x=0.7)=—2.18 mRy/atom,

valueg®in Table I: orL _ _ _
(i) The behavior of charge versus nearest-neighbor envi-
(Em)r(fcc;x=0.5=—2.61 mRy/atom, ronment is reproduced well by LDA calculations of fcc-
based alloy$Fig. 1(a)].
(Em)r(fcc;x=0.7)=—-2.20 mRy/atom, (i) The proportionality Ry/R; between constant-

occupation-averaged chargéq),g and Coulomb shift
(Em)r(bccx=0.5=—2.67 mRy/atom. (32) (V)ag Of the modelis the same as that of LDA to within a
few percent(Table ).
For all cases, the prediction of the simple model is extremely (iii) For fcc alloys, the lineag—V relation of LDA is
accurate: the model energies fall within 0.1 mRy of the LDAwell reproducedincluding fluctuations by the model(Fig.
supercell calculations. Although the model of E) was 2). The model value for the slop@R; of theq—V relation
shown to have significant fluctuations in the-V relations in fcc alloys is within a few percent of LDATable ).
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(iv) The Coulomb energies of the model are extremely B. Generalizing the model
accurate with respect to the LDA valués within 0.1 mRy/ The charge model of Eq8) is based on the obvious

atom. ) . . chemical fact that atomic charge results from charges-

(v) The slope of thej—V relation, y, in Fig. 2 is the same g and that the latter depends on the identity of tiegh-
for A andB. The LDA supercell calculations also show simi- g5 since charge transfer does not occur between chemi-
lar slopes ¢/R,) for charges on Cu £0.123) or Zn gy equivalent sites. Thusj; should depend on the local
(—0.127) atoms in the fccx=1/2 alloy, or for Cu  gnyironment of sité. Magri et al ! took first neighbors to be
(—0.114) or Zn (-0.116) atoms in the bce=1/2 alloy. the “leading order” contribution to the local environment,

(vi) The slope of the chargeersusnumber of unlike near- g for the case that Maget al. treated — fec alloys — we
est neighborsFig. 1) are negatives of one another. LDA haye seen that the charge model provides an adequate de-
supercell calculationgfor fcc alloys support this(Fig. D). scription of electrostatics. However, alloys based on different

(vii) In the impurity limit, the model predicts that the |atice types can have different structural environments, in
charge onA embedded in pur8 is equal(in magnitud@ to  erms of coordination numbers and neighbor distances: In the

that of B embedded in purd,*® fcc lattice there is a significant “gap” between the distance
of the first coordination and that of the second. In bcc, how-
() a(x—1)| =|(q)s(x—0)| =22\ (33) ever, the “gap” is after the second shell. This suggests that

one generalization of the charge model which would affect
bcec and fcc alloys differently is to allow the charges in the

The LDA supercell calculations also show this behavé&te  model to be dependent on more distant neighbor shells.
Fig. 1) for an atom surrounded completely by unlike neigh-Thus, instead of requiring the charges to be a function of the
bors. Note that neither the simple model nor the LDA supernumber of unlikenearestneighbors, we define generalized
cell simulations include the effects of atomic relaxations,charge modein which charges are a function of the number
which could likely eliminate the degeneracy of E§3). [To  of unlike nearest neighborsn the first several shells of
describe relaxed configurations, it is anticipated that moreyeighbors:
parameterge.g., bond lengthswould need to be introduced
into the model} s

(viii) A is composition independent in the charge model; =2 )\sk21 [S—Siik ] (34)
values of A (Table | of Ref. 18 extracted from the LDA s s
supercell calculations also demonstrate th& not sensitive  For this generalized charge model, the charge on ai sge
to concentration. We reiterate that the charge model delinearly proportional to the generalized number of neighbors,
scribes only unrelaxed configurations at a fixed volume. Foy:
lattice-mismatched systems, alloys of different composition
will have different volumes, and the charge transfer will de- ~ %)
pend on this volume. To model this effeat,should be ex- sz N; N (39)
plicitly volume dependent. Thiexplicit volume dependence
would lead to arimplicit dependence of on composition. whereNi(s) is the number of unlike neighbors in tlséh shell
(Presumably, this implicit composition dependence is nofor the atom at sité. In this “generalized” charge model of
seen in the LDA supercell data of Ref. 18 due to the fact thaEq. (34), there areS parameters, wher8 is the number of
the system studied, Cu-Zn, has a relatively small lattice misshells included.
match) However, this should not be confused with ex- To determine the parameters of the generalized charge
plicit composition dependence nf model, we have fit(via a least-squares proceduréhe

Although there are many cases of agreement between tlgharges of the LDA supercell calculations to E8¢) includ-
predictions of the charge modgtq. (8)] and the electrostat- ing five shells. The parametexg are zero, for all intents and
ics of large LDA calculations, certain discrepancies arise irpurposes, fors>2 in fcc ands>3 in bcc. Within these
these comparisons: ranges, we found

(i) The LDA calculations show that the charge is not a
single-valued function when plotted versus the number of  A'°=0.00 745, AF9\!°=0.214, Al /\fe~0,
unlike nearest neighbo(&ig. 1). Although there is not much

width to the distribution for fcc alloys, there is a significant \P=0.00 786, \5°YA\P=0.660,
width for bcc alloys. Also demonstrated by Fig. 1 is that
charges in the model of E8) are quantized since the num- ACIN=0.0645, AP /\DC~o0. (36)

ber of unlike nearest neighbors must be an integer. The LDA
calculationgparticularly for bcg show no such quantization.
(i) The slope of they—V relation (y/R,) for bcc alloys
(Table )) is significantly larger in magnitude in the model  We show in Figs. 3, 4, and 5 results for generalized fcc
(—0.163) than in the LDA calculations0.115). (bco charge models including the first tw@hree) neigh-
(i) There are significant fluctuations about a linearbors shells with these values af;: Figure 3 shows the
g—V relation obtained by the charge model; however, thecharge-charge correlations of randam1/2 alloys predicted
LDA calculations show a nearly perfect linear relation with by the simple charge model of E¢(B), and the generalized
no fluctuationgFig. 2). The fluctuations of the charge model charge model of Eq(34). Although there are currently no
are especially pronounced for bcc alloys. LDA results with which to comparédue to the size of the

C. Testing the generalized model
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Charge vs. Generalized Number of Neighbors tions. [The fcc model for nearest neighbors only is already
. . . . . accurate with respect to LDA calculatioiBigs. 1 and 2,
0.20 |- fce ] thus generalizing the fcc charge model to first and second
- neighbors does not produce a large effett. Fig. 6, we
show the values of the parametarsversus distance of the
0.10 shells. One can see that the parameters are reasonably well
fit by an exponential function,
0.00
)\S:)\lR_Tle_(Rs_Rl)/RO' (37)
-0.10 | _ , ,
with a decay length oRy=0.34R;. This suggests that in an
[ | x LDA Superceli - 256 Atoms alloy the net charge on each site is screened effectively in a
@ -0.20 - | —— Generalized Mode! - 2NN 1 very short range.
£ . . ; . ) Since the generalized charge model predicts a linear
% 0 2 4 6 8 10 12 g—V relation in disordered alloys, with almost no fluctua-
Y : : : : , tions, one can also obtain a generalized model ofGbe-
2 ! lomb shiftsin an alloy
8 020
o
ZS
0101 VieyIRe| 2 N2 [S-Si] |- (39)
=
0.00 & Thus, the Coulomb shifts, like the charges, depend only on
) the occupation of the first few neighboring shells.
-0.10 D. Extracting values of A from LDA: Supercell-size dependence
- [ x LDA Supercell - 432 Atoms We have demonstrated the validity of the generalized
020} Generalized Model - 3NN 7 model of point charges and shown how the parameters of the
, , , . . model\s may be extracted from large-unit-cell LDA calcu-
0 2 4 6 8 10 12 lations. However, the models of point chargémth the
Generalized Number of Neighbors, N simple and generalized modglassume that thghysical

mechanisnunderlying excess charge on a site is the same for
e(?rdered and randpm alloys. This suggests that thg values of
of Eq. (34) using the values ok fit to large-unit-cell LDA calcu- As could .be °bt"?"”e‘?' from small-unit-cell CalCUIatlonS'. Fpr
lations given in Eq(36). Also shown are the charges of the LDA Computathnal simplicity, one should know whether it is
large-unit-cell calculations of Ref. 18. equally valid to extract values of from ordered or random
alloys, and whether one can use LDA calculations of small
current LDA supercells we note that the generalized charge cells (~2-4 atom$to extract the values of. To this end,
model changes the sign of the second-neighbor correlation iwe have complemented the large-unit-cell LDA calculations
both fcc and bcc relative to the simple model. It would beof Faulkneret all’ on random bce Cu-Zn alloys by perform-
interesting to compare these correlations with those of LDAng calculations of severairdered small-unit-celbcc-based
when larger supercell calculations become available. Cu-Zn ordered compounds. We use the linearized augmented
__ The chargey; versusthe generalized number of neighbors plane wave (LAPW) method® The ordered structures
N is shown in Fig. 4 for LDA and for the model of EB4).  considered are all bcc superlattices: Zn; (001),
For fcc alloys, the corrections induced by generalizing theCu,Zn, (111), Cu,Zn, (001), Cu,Zn; (001), CusZn,
charge model are small since the original model of @yis  (111), and CuZn, (101). All of these compounds have 2—4
already very good. The predictions of the generalized chargatoms/cell and the first five are commonly referred to by
model fit the LDA supercell data extremely well even for bcctheir Structurbereicht designationB2, B32, B11, C11,,
alloys, where the nearest-neighbor model of E8). was andDO,, respectively. In the LAPW calculations, we have
lacking. used the exchange correlation of WigA&The muffin-tin
Figure 5 shows the relation between chaeggeand Cou- radii are chosen to be equé.2 a.u) for both Cu and Zn.
lomb shiftV; of the generalized charge model, comparing theBrillouin-zone integrations are performed using the equiva-
results with LDA. Like LDA, the generalized charge model lent k-point sampling methodf Since the charge model is
predicts a linear relation betweepn andV; with almost no  appropriate only for charges in unrelaxed geometries at fixed
fluctuations. Furthermore, the slope of these linear relationgolume, all computations were done in ideal geometries at a
are in excellent agreement with the LDA supercell datasingle volume &§=5.56 a.u), even though several composi-
(Table |), provided that cutoffs for fcc and bcc are at second-tions are considered. The excess charges were extracted from
and third-neighbor shells, respectively. Thus, the generalizethe LAPW calculations by integrating the charge density in-
charge model of Eq(34) rectifies all of the discrepancies side the muffin-tin spheres and dividing the interstitial
noted aboveSec. V A between model and LDA calcula- charge evenly between the atoms in the unit tell.

FIG. 4. Charge versus number of generalized neightfﬁbrs
Eq. (35). Shown are the predictions of the generalized charge mod
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The LAPW charges for the six small-unit-cell compoundstuations, and has a slope efR;=0.112, compared with
calculated were fit to a form of the generalized charge mode}/R,;=0.119 for the parameters of the generalized model fit
of Eq. (34) with first—third neighbor shells. The parametersto large-unit-cell LDA data. The charges extracted from
of the generalized model fit to these small-unit-cell calcula-small-unit-cell LDA calculations are shown in Fig. 7 as a

tions,

\2=0.006 80, A3*IA2*=0.609, A3*YA(*=0.131,

agree well with those fit to large-unit-cell d4taq. (36)

(39
]:32

The parameters of Eq¢39) fit to small-unit-cell LDA calcu-

lations lead to aj—V relation which is linear, with no fluc-
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FIG. 6. Charge transfer parameters of generalized model of

R¢/R,

function of generalized number of neighbd¥s[using the
values of\4 in Eq.(39)]. These calculations demonstrate that
the parameters of the generalized model may be determined
from calculations of several small-unit-cell ordered com-
pounds in unrelaxed geometries at fixed volume. If one
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Eq. (39). Also shown are the charges of the LAPW small-unit-cell
calculations of the present work.
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wishes to assess the explicit volume dependence of the p&{(0). (There is no loss of generality by choosing this atom
rameters, one only needs to repeat these types of calculatiots be A.) The charge onA(0) has the distribution
at a few different volumes. We have performed such volumeg,, = —2M\ (M=0,Z,) with the probability

dependent calculations a&=5.36 anda=5.75(in addition to

the a=5.56 calculations described abgyvand find that the 1 (2,

values of A only have a slight volume dependence in this PM=5zi\ m - (A1)

range: The value oh, at a=5.36 is about 6% larger in

magnitude tham ; ata=5.75. Also, in this volume range the Therefore, the energy of the random alloy is

ratiosh,/N, and\3/\; vary by less than their uncertainty L 4 .

due to the it Ew =53 puinD m-tn(M), (A2
M=0 m m

VI. CONCLUSIONS .
where g,,(M) is the sum of charge on theth shell sur-

Recent”8 large scale(256—432-atorn LDA supercell  rounding A(0) under the constraint that there ave B(1)
calculations of Cy_,Zn, random alloys allow us to exam- atoms on the nearest-neighbor shij}, is the distance of the
ine the adequacy of simple models describing the depermth shell atom fromA(0). (Ey) can also be written as
dence of point charges in disordered alloys on the atomic
environment. We find that a model in which the excess —
chargeq; on an atom in an ordered or random alloy depends <EM>:§M20 pPmAmVim (A3)
linearly on the numbeN® of unlike neighbors in its first -

coordination shell correctly describes the trends in chargevhereV,, is the Coulomb shift on the central site, averaged
versus number of unlike nearest neighb@uarticularly for  over all configurations where there dveB(1) atoms on the

fcc alloys, the magnitudes of Coulomb energies in ra”domnearest-neighbor shell. Thus, we need to deterrvigeas a
Cu;_«Zny alloys, and the relationships betweeanstant-  f,nction ofqy=—2MN\, where

occupation-averagegharges(q;) and Coulomb shiftgV;)
in the random alloy. However, for bcc alloys thectuations _ 1
predicted by the model in thg vs V; relation exceed those V=2, R dm(M). (A4)
found in the LDA supercell calculations. Although we found moTm

that the fluctuations present in the model have a vanishin% order to computeTM we first need to compute,(M).
contribution to the electrostatic energy, generalizing the bcc First shell: Eor the n,earest-neighbor sheth=1 m

(fcc) model to include a dependence of the charge on the T

Z1

atoms in the firsthree (two) shellgrather than the first shell M)=MaB+(Z.—M)a? A5
only) removes the fluctuations from the model, in complete dx(M) A+ (2 )dz- (AS)
agreement with the LDA data. For theZ, nearest neighbors of an atom in this first shell, one

Other possible generalizations of the charge model inis A(0), K, are also nearest neighbors @f(0), and
clude:(i) nonlinearities in the charge as a function of number"z'zzl_ K,—1 are remaining. For each(1), the probabil-
of neighbors andii) charges which depend not only on the ity that it hasn B neighbors(i.e., with charge—2n\), | of

numberof nearest neighbors, but also on the particular arhem come from atoms which are not neighborsA0) is
rangement of the neighbors. This type of dependence would

lead to not only pair correlations among charges, but also M\(Z,—1-M
multibody correlations. Currently, there are no indications =
s Z 1 K K,—K
that these types of generalizations are warranted. A1) _ (AB)
Pn, Z-K;—1 — )
| 2927 (Zl 1)
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APPENDIX A: ANALYTIC DERIVATION OF THE
g;—V; RELATION WITHIN THE CHARGE MODEL n—I<M,
OF EQ. (8)
Ki—(n—1)<Z,—1-M. (A7)

Here we derive the —V relation predicted by the charge
model[Eq. (8)], averaging over any fluctuations. Consider aSimilarly, for eachB(1), the probability that it hasn A
randomA; _,B, alloy atx=1/2 with nearest-neighbor coor- neighbors(i.e., with charge 8\), | of them which are not
dination Z; and anA atom at a central site, denoted by neighbors ofA(0) is
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(Zl—M M—l)

B(1)_ Y4 1 K Ki—K

Pn,l | |22 K 1 Z,—1 )
K1

(A8)

whereK=n—1-
satisfied:

O=n—-1-I=<Ky,

n-1-1<z,—M,
K;—(n—1—-1)<M—1. (A9)
Combining Eqs(44)—(48), we have
z,-1
A(M)=(Z—M) X —2an i
n—-1
+|v|2 2n)\2 peY, (A10)

wherepA(t andpg(! are subject to the constraint47) and
(A9).
More distant-neighbor shelldsor m>1,

Zn
Am(M) = —-[an+dn]. (A1)

Atoms on themth shell haveZ, nearest neighbors,, of
them are also nearest neighborsAqD). Therefore,

L e

zzlme Zl ’
Km

(A12)

Z;—Kp
pﬁﬁm):( [ )

whereK=n—1 and the following inequalities must be satis-

fied:
O=n<Z,,
o=l=n; I=Z,—K,
o=s=n-I=sK,,
—I<M,
Kn—(n—H<Z;—M, (A13)
and
5 ]
sm_ 21 Km) 1 K J\Kp—K
Pn,l | 221 Km Zl ’
)
(A14)

1 and the following inequalities must be
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whereK=n—1, subject to the following constraints:

Kp—=(n=1)<M.
Combining Egs(A11)—(A15), we have

(A15)

Z E 207\2 [pE™—pai™],

where ph(™ and pB(™ are subject to the constrainta13)
and(A15). Note thatg,,(M) =0 for any shell which does not
share nearest neighbors wig{0) (i.e., K,=0). Using the
above derived values af;(M) andqg,(M) in Eq. (A4), we
may determinéV/,, as a function ofgqy,= —2MA\, and as a
function of M this relation is precisely linear, with no fluc-
tuations:

dm(M) = (A16)

Vi - (A17)
APPENDIX B: STRUCTURAL INFORMATION
FOR SQS-16

The ideal (unrelaxed fcc-based SQS-16 structure
(AgBg) has orthorhombic symmetry and primitive lattice
vectors

1
,0

aziz

a, b=(1-12a; c=(1,-1-2)a.
(B1)
The 16 atomic positions, in Cartesian coordinates, are

A:(0,0,04,

A'3 3O
1272
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B: ! l0

127202

B[ 1 11

b33 a,

B:(1,—1,Da. (B2)

The SQS-16 structure matches the first seven pair correlation
functions of the random=1/2 alloy exactly.
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