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Cu-Au, Ag-Au, Cu-Ag, and Ni-Au intermetallics: First-principles study
of temperature-composition phase diagrams and structures

V. Ozolips, C. Wolverton, and Alex Zunger
National Renewable Energy Laboratory, Golden, Colorado 80401
(Received 19 September 1997

The classic metallurgical systems—noble-metal alloys—that have formed the benchmark for various alloy
theories are revisited. First-principles fully relaxed general-potential linearized augmented plane-wave
(LAPW) total energies of a few ordered structures are used as input to a mixed-space cluster expansion
calculation to study the phase stability, thermodynamic properties, and bond lengths in Cu-Au, Ag-Au, Cu-Ag,
and Ni-Au alloys.(i) Our theoretical calculations correctly reproduce the tendencies of Ag-Au and Cu-Au to
form compounds and Ni-Au and Cu-Ag to phase separafe=ad K. (i) Of all possible structures, GAu
(L1,) and CuAu L1,) are found to be the most stable low-temperature phases pf,@u, with transition
temperatures of 530 K and 660 K, respectively, compared to the experimental values 663466 #NK. The
significant improvement over previous first-principles studies is attributed to the more accurate treatment of
atomic relaxations in the present wofki) LAPW formation enthalpies demonstrate thdt,, the commonly
assumed stable phase of Cufus not the ground state for Au-rich alloys, but rather that orde{®£00
superlattices are stabilize@v) We extract the nonconfiguration@.g., vibrational entropies of formation and
obtain large values for the size-mismatched systems:Ky48om in Nig sAug 5 (T=1100 K), 0.37kg/atom in
Cug 14AJ 850 (T=1052 K), and 0.16kg/atom in CuyAugs (T=800 K). (v) Using 8 atom/cell special
guasirandom structures we study the bond lengths in disordered Cu-Au and Ni-Au alloys and obtain good
qualitative agreement with recent extended x-ray-absorption fine-structure measurements.
[S0163-182698)08009-9

. INTRODUCTION: CHEMICAL TRENDS features=*141518.67-6%¢ the four binary systems Cu-Au,
IN NOBLE-METAL ALLOYS Ag-Au, Cu-Ag, and Ni-Au. We included the relative lattice

constant mismatcha/a=2|a,—ag|/|as+ag| between the
Noble-metal alloys are, experimentally, among the mostonstituent$ the electronegativity differenc& y=xa— xs
studied intermetallic systents?*In addition, the Cu-Au sys-  on the Pauling scaf®,the mixing enthalpy of the equiatomic
tem has been considered the classic paradigm system faHoy.”*°the sign of the calculated nearest-neighbor pair in-

applying different theoretical techniques of phase diagrarﬁeraCtiong (present study the structural identity of the low-

and phase stability calculatioA%:5® Most notably, this sys- e€mperature phasés;, ®and the order-disorder transitidor

tem has been considered as the basic test case for the clas'g]l‘?.c'b'“ty gap temperatures™T. Some interesting obser
. . - . vations and trends, which we will attempt to reproduce theo-
Ising-Hamiltonian  statistical-mechanics  treatment  of

_ . retically, are apparent from this general survey.
alloys?®~32 More recently, noble-metal binary alloys have ~ ; . , . ,
S . . - i) Despite a largé12%) size mismatch in Cu-Au and a
been treated theoretically via empirical fitting of the O b ge12%)

in Ising Hamiltoniafa-3* : irical i small (=0%) size mismatch in Ag-Auboth systems form
constants In Ising Hamiltoniaris, ™ semiempirical Inter- o qered compounds at low temperatures and have negative
atomic potentials; and via first-principles cluster

T L Vie : ; mixing enthalpies, suggesting attractiv€antiferromag-
expansions: The essential difference in philosophy be- petic”) A-B interactions. Thus, when the difference in the
tween the classical application of Ising models to CuAug|ectronegativityA y, of the constituent atoms is sufficiently
(Refs. 25-30 and 33nd more modern approaches based ofarge, as it is in CuAu and AgAu, size mismatch apparently
the density functional formalisiiis that in the former ap- goes not determine ordering vs phase separation tendencies.
proach the range and magnitudes of the interactions are pos- (ji) Despite a similar size mismat¢h2%) in Cu-Au and
tulated at the outsée.g., first or second neighbor pair inter- Cu-Ag, the former orders while the latter phase separates.
actiong, while the latter approaches make an effort toThus, the existence of a large electronegativity difference in
determine the interactions from an electronic structureCu-Au (as opposed to the small difference in Cuy/Asgems
theory. However, despite recent attemffft* it is still not  to induce ordering tendencies.
clear whether the noble-metal alloys can be essentially char- (i) Cu-Ag and Ni-Au both phase separatend have
acterized as systems with short-range pair interactions or ngpositive AH,,) as they have large size mismatches. Yet,

Now that first-principles cluster expansion approath®s  Ni-Au, having a large electronegativity difference, shows an
have advanced to the stage where bdth0 ground state ordering-type nearest-neighbor pair interactida>0), just
structures and finite-temperature thermodynamic quantitiebke the compound forming Cu-Au and Ag-Au, while Cu-Ag
can be predicted without any empirical information, it is in- has a clustering-type nearest-neighbor interactid<Q).
teresting to take global lookat the noble-metal alloy fam- Thus, the sign of], does not reflect the low-temperature
ily. Table | summarizes some of the salient ordering vs phase separation.
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TABLE I. Major physical properties of Ag-Au, Cu-Ag, Cu-Au, and Ni-Au alloys. We give constituent

size mismatcheAa/§=2(aA—aB)/(aA+ ag), electronegativity differences on the Pauling so&tef. 68
Ay, mixing enthalpies of the disordered alloys at the equiatomic compos'mbn,,ix(x=%), signs of the
nearest-neighbor Ising interactialy, order-disorder transition temperatufes miscibility gap temperatures
for Cu-Ag and Ni-Ay T¢(x=13), and excess entropies of solid solutioN§/o™— A S, All phases are fcc
based.

System Aa/a?® Ax® AH(x=1/2) J, Low-Tphased T, (x=3) ASO™—ASge.®

(meV/atom (K) (kg/atom
Cu-Au  12% 0.64 -91°¢ >0 L1, L1y L1,(? 6839 +0.04
Ag-Au 0%  0.61 — 484 >0 L1, L1, L1, 115-168" -0.17
Cu-Ag 12%  0.03 +104°¢ <0 Phase sep. >Th +0.36
Ni-Au 15%  0.63 +76f >0 Phase sep. 1083 +0.35
%Ref. 67.
bRef. 68.
‘Refs. 15, 14, and 2.
‘Ref. 2.

®Theoretically calculated value from this work.
Refs. 2 and 18.

9Refs. 2 and 4.

"Ref. 69.

(iv) The amountASyg=ASP'—ASye, by which the Il. BASIC IDEOLOGY AND METHODOLOGY
expt : ; : . . .
measured entropyA ot deviates from the ideal configura-  There are many problems in solid state physics that re-

tional entropy ASigea= Kp[XInx+(1=X)In(1-X)] is unex-  quire knowledge of the total enerdy(o) of a lattice withN
pectedly large in Cu-Ag and Ni-Au, indicating a large non-sjtes as a function of the occupation patterof these sites

configurational entropy of formation. by atoms of types\ andB. This information is needed, for
Other Interesting facts about the noble-metal blnary |nter'examp|e, in the ground state search prob_['émll,here one
metallics include the following. seeks the configuration with the lowest energyTat0 K.

(v) Despite numerous studiés;"®1%"*%the structure of (£ ()} is also needed for calculating the temperature- and
the ordered phases in Au-rich Cu-Au is not well establisheomposition-dependent thermodynamic functions and phase
yet. It is often assuméd* that the stable Au-rich low- diagrams of arA; _,B, alloy.
tempgraturzsplrgase is Cugun the L1, structure, but direct A direct, quantum-mechanical calculation of the total en-
experiment below the order-disorder transition tem- ergy Eqrec( @) =(W|F|W)/(W|W¥) (where ¥ is the elec-

peratureT (x=3)~500 K are difficult because the diffusion . q ¢ . Beis th |
rates are very low and even the best ordered samples contdfi@niC ground state wave function ahtlis the many-electron
Hamiltonian) is possible only for a limited set of configura-

significant disorder. Possible further thermodynamic trans:.

formations at lower temperatures may be kinetically inhib-iOns o This is so becausé) the computational effort to
ited. solve the Schrdinger equation for a single configuration

(vi) The trends in bond lengths vs composition are nonScales as the cupe of the number of atorps per unit cell, so
trivial. Traditionally, all coherent-potential-approximation- that only small unit cells can be consider¢id) there are P
based theoriéd"2of intermetallic alloys have assumed that configurations, andiii) for each configuration, one has to
the nearest-neighbor bond lengths are eq@l,=Ra find the atomic relaxationdu,,,(o) which minimize the to-

=Rgg, and proportional to the average lattice constant. Rel@! €nergy. Consequently, one searches for a “cluster expan-

cent theorie®-75 suggested, however, that bond lengths re_sion” (CPE) that accurately reproduces the results of a direct,

lax in the alloy to new values, and this has a significant effecfluantum-mechanicdg.g., LDA) calculation,
on the electronic structurd:’®’” Recent extended x-ray-

absorption fine-structurdEXAFS) experiments on NiAu Ece(0)=Egirec{0), QD
(Ref. 23 and CuAu (Ref. 24 show distinct Rys# Rag
# Rgg bond lengths, which need to be explained. without the unfavorable scaling of the computational cost

In this work we will analyze the above-mentioned trendswith the size of the unit cell.
in terms of a first-principles mixed-space cluster In designing a cluster expansion, there are few choices of
expansior?>®®based on modern local density approximationindependent parameters. For example, one could choose to
(LDA) total energy calculations. We reproduce the observe@btain a cluster expansion for the volume/-§ dependent
trends (i)—(vi) in ordering preferences, mixing enthalpies equation of stat& j...(o,V) [see, e.g., Refs. 52, 78, and]79
AH ., transition temperature$., and interatomic bond or to find a cluster expansion for the energy at the volume
lengths. In addition, we predict new, and to our knowledgeV,in(o) that minimizesEye.{o,V). We choose the latter
hitherto unsuspected, ordered phases in Au-rich Cu-Au alpossibility. Furthermore, for each configuration we wish
loys. to reproduce the total energy corresponding to the fully re-
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laxed cell shape and atomic positiofdumi,(a)}. In other (i) The number of interactions and their tydesir, multi-
words, we choose to represent body) cannot be decided arbitrarily, but must be constrained

by a microscopic electronic-structure theory according to
Ece(0) =Egirec] 7 6Umin(0); Vinin(0) I=Egirec( 0).  (2) Eqs_: (1) and(2). ] )
(ii) In most configurationgr, atoms move away from the
Note that by focusing on the equiliborium energy of eachideal lattice sites, which not only lowers the total energies
configuration, we give up the possibility of studying non- E,...(o), but also slows down the convergefftef the ex-
equilibrium geometriege.g., bond lengthsand equations of pansion, Eq(3). The solution is to have a cluster expansion
state. Instead, for each occupation patierwe can find the  with many interaction termal; that can represent such situ-
total energyE(o) of the atomically relaxed and volume- ations. We accomplish this by using a reciprocal-space for-
optimized geometry. mulation, formally equivalent to an infinite number of real-
The best-known cluster expansion is the generalized Isingpace pair interactions.
model in which the equilibrium total energy of ambitrary (iii ) Some cluster expansiofigequire that the number of
configurationo is expanded in a series of basis functionsinteractions,N;, must equal the number of configurations,
defined as pseudospin products on the crystal sites: N, , whose total energies need to be evaluated via the direct
electronic-structure method. The number of such calculations
1 may be excessive in view @i ). We thus introduce a method
E(U)=J0+2i Jisﬁi% 4SS, in which N,<Nj. Furthermore, interactions that are not
needed to satisfy Eq2) are automatically discarded.
1 (iv) One has to deal with the macroscopic elastic strain
+ ﬁiﬂzﬂ JikS S St 3 leading to a&k— 0 singularity in the Fourier transform of the
pair interactions,
where in binarnyA; _,B, alloysS,=+1 or — 1, depending on
whether the sité is occupied by an atom of typ& or B. ) — (D _Da-ikR
Equation(3) is valid whether the lattice is relaxed or not, as Jpair K) 2 Jpai Ri—Rj)e - ©®

long as a one-to-one correspondence exists between the ac-

65 - - -
tual positions of atoms and the ideal fcc sites. The practicafs Shown by Laket al.™ (see also the discussion belun.
usefulness of the cluster expansion, E3), rests on the as- SiZ&-Mismatched systems the corrégji(k) depends on di-
sumption that the effective cluster interactiofECI's),  rectionk in the long-wavelength limik—0. To solve this,

Jij Jijk» - . . , arerapidly decreasing functions of the number We expressl,;i(k) as a sum of two parts,
of sites and intersite separation, so that only a finite number .
of terms has to be kept in E) for the desired accuracy. In Jpail K) = JIsr(K) +JIcg(K), (7)

this case, we can write the formation enthalpy of structure where Jog(k) is an analytic function ok and can be ob-

tained from short-ranged real-space pair interactions, while
Jcg(k) contains the nonanalytic behavior arouke 0 and

whereE, andEg are total energies of the pure constituentsdepends only on the directidn To explain this singularity,
A andB, as the following CE: we consider the energy of a coherefyfB, superlattice,
formed by a periodic stacking of layers ofA andn layers

of B in directionG. By introducing the structure factor

AHgirec{ 0)=E(0) —XEp—(1—X)Eg, (4)

N¢ .
AHCE<o>=Jo+Z D¢ JIl; (). (5)

S(k,0)=2, Se” R, (8)
]

Here N; is the number of nonzero effective interactiobs,

is the number of clusters of typé per lattice site, and the total pair int i in E b d
I1; (o) are lattice averages of the spin products in configu- € total pair interaction er!ergy in E(B) can be expresse
ration o as a reciprocal-space sum:

Sanchez, Ducastelle, and Gratfisave shown that there
is a set of composition-independent interactions for €. Epair(a):E Jpail K) [S(k,0)]2. 9
which can exactly reproduce the directly calculated total en- K

grgies ofal_l configurations(r._ This statement is strictly true Tpe A,B, superlattice has a nonzero structure factok at
if all possible clusters are included in E€), and should _ (1/2m)6, and therefore its energy is determined by
hold for the truncated series, E®), if the cluster expansion '

is well converged. Several meth84& yield concentration-  Jpair [(1/2n)G]. As n—< its formation energy is given by a
dependent effective interactions, providing in principle SUM of the epltaxlal deformation energies .of pure constitu-
equally valid schemes for representingd grec(o) in terms ~ €NtS needed to bring thgm to a common lattice constant in the
of a cluster expansion. In the present work, we selecplane perpendicular t6. Since the epitaxial deformation
composition-independent interactions, since these can be denergy of pure constituents is direction dependerd., it is
rectly compared to previous Ising model treatmé&ht¥#8-5°  easier to stretch Cu ifL00] planes than if111] planes; see
of the noble-metal alloy phase diagrams. Sec. Il B), the formation energ)AH(A..B..) is also direc-

A number of issues arise in trying to construct a clustertion dependent. Therefore, limgJp.i{k) must depend on
expansion that satisfies E@®). the direction of approach to the origin, proving thiat;(k)
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is singular. Physically, the nonanaliticity 8f(k) is caused ~whereS(k, ) is the structure factor from E¢8). The quan-
by long-range interactions via macroscopic elastic strain andty AES(x,k) depends only on the directidn and will be
cannot be reproduced using finite-ranged real-space pair isiven in Sec. Ill B. Equation(11) is exactfor long-period
teractions, but must be accounted for explicitly in reciprocalsyperiattices, but representslaoicefor short-period super-
space. If the singularity is neglected, then as explained ifyitices and nonsuperlatti¢e.g.,L1,) structures. It has been

Ref. 65, the cluster expansion fails not only for long-periods, nf5 that the choice, Eq11), improves the cluster expan-
(n—2) superlatticesA,B,,, but also for those short-period jqn hregictions also for short-period superlattices.

(n>2) superlattices which have not been explicitly included ¢ : ; ; ; o
. . . quation(10) is a generalized Ising model description of
in the constraint, Eq(2). We emphasize that although the the formation energy ohnyrelaxed configuratiowr, even if

3?1Ir;;ni%ug?zne-cr):\i]s%i(aﬁlhtgdthsi/sfgm?mi)tni s nr:e c;,?); ellsatggntz : r;)h & direct LDA calculation for thigr is impractical. The cluster
atomic relaxation energy for a pariicular structurén any interaction energie$J,,(k)} and{Ji} are obtained by fit-

simple way(except if o itself is a long-period superlattite ting Eq. (10) to th? LDA fo_rm_ation energies. An a_dditional

The singularity inJ (k) is similar to the singularity in smoothness requirement is imposed By(k), which en-
the dynamical matrixDaB(KK’|k) of polar crystals in the SUres that the pair interactions are optimally short ranged in
long-wavelength limif® caused by long-range electrostatic 'é@l space. Namely, we minimize the sum,
interactions via macroscopic electric field. In lattice dynam- 1
ics, D ,5(kk'|K) is expressed as a sum of regular and singu- 2 _ & _ 2

af - A = w_[AH AH
lar parts,D ,g(xk’|K)=D5xk’|k)+D3(xk’[K), where ms N 2, W,[AHce(a) oa(0)]
D 3(k«'|k) (analytic ask—0) is due to short-range force ¢
H sini ! : .

constants. The singular pa[DaBg(KK_|k) gives rise to + =3 Jpair(k)[—VE]meair(k), (13)
LO/TO splitting of the zone-center optical frequencigsin a’k
polar crystals, and also leads to a directional dependence %here)\ andt are free parameters andis a normalization
wr(k) in uniaxial crystals(e.g., CuPt-type Galnf). These b

phenomena cannot be reproduced by any set of finite—rangeC(?nStanﬁ _Typlcally we qhoose\—4 andt=1, but the fit is
not sensitive to this choice.

microscopic force constants, but have to be calculated ex- . .
licitly using the macroscopic Maxwell equatioffs _ This approach s_olves th_e_four problem_s indicated ab_ove
P ' in the sense thati) the fitting process itself automati-

In summary, we seek to find a functidice(o) which cally selects the pair interactions that are essential to ob-

accurately  reproduces  the ~ LDA ftotal energiestain a good fit(process still does not select multibody fig-
ELoaL o, Umin(o); Vimin( o) 1=Eypa(0) at the atomically re- ureg, (ii) the pair interactions can be of arbitrary long

?ﬁe? ?]e(t)imneEtry andv\?qu'“:”igmr ?/r?llun;e of Cr?]nflglthirartﬁnnnd range, facilitating treatment of systems with large elastic
volirrtlje-(i:nge gﬁg;)nt ;feoratsztijns (;g ae; ig rﬁg;t:in r?]axi[elaxations,(iii) the number of pairs can be much larger
P ' than the number of ordered structures in the fit, &l

mum similarity with the classical Ising model. The number : . .
and type of interactions are not decided arbitrarily, but arethe directly calculated constituent strain energyEcs

: ; contains thek— 0 singularity. Unlike all coherent-potential-
constrained by the electronic-structure theory ugeste, the b 3 71 i
LDA). Relaxation is treated accurately by including Iong_approxmanon (CPAJ based methodS,™ the present ap

o . ) ; ? P'roach includes a full account of atomic relaxation and local
range pair interactions in the reciprocal-space representatioh,

The k—0 singularity, affecting both short- and long-period ehvironment _effects. ' Unlike the classical Ising de-
) singuianty, aft g e g-p scriptions2>2"~3the interaction energies are determined by
superlattices, is dealt with explicitly.

The above requirements are satisfied by the mixed-spaéhe. electronic structure. rather than being_guessed. Finally,
cluster expansiofMSCE) {fnlike the computational alchemy linear response
P approact® multibody terms are included here.
Having written the expression for the total energy of ar-
AHce(0) =2 Jpail k) |S(K,0)|2 bitrary configuration, Eq(10), we can evaluate its constants
X from a limited number of LDA calculations on small unit

o O

VB cell (Naoms<10) ordered structures with fully relaxed

"‘Z Dt i1kt (o) +AEcq(o). (100 atomic positions. Equatioil0) can then be employed in
simulated annealing and Monte Carlo calculatf8fi$yield-
We have separated out the so-called equilibrium constituenfg T=0 ground states an@i>0 statistical and thermody-

strain energy term\Ecg(o), which accounts for th&—0  namic properties. Further details of the method are given in
singularity® In Eq. (10) we do not need to calculate sec. |II.

AEc4 o) for each configuratiorr, but only for thedirec-

tions k of the wave vectors with nonZES(k,O'). In fact, it is IIl. DETAILS OF THE METHOD
constructed to coincide with the elastic strain energy of co- _
herent superlattices in the long-period litfft: A. T=0 energetics
. The calculations off=0 total energies employ the full-
AEcq0)=2, Jedx.K)|S(k,0)|?, (11)  potential linearized augmented plane wayELAPW)
K

method®. The basis set consists of plane waves in the inter-
T stitial region, augmented in a continuous and differentiable
AEcyx,k) 12 W&y with the solutions of the radial Schiinger equation

Jesx k)= 4x(1—x) ' inside the nonoverlapping muffin-tin spheres. Nonspherical
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potential and electronic charge density terms are calculate@grm AE-4 o) in Eq. (10) is specifically designed to repro-

in all space and included in the Hamiltonian matrix. Coreduce these superlattice energies, which are calculated di-
states are treated fully relativistically and recalculated inrectly from the LDA as follows.

each self-consistency iteration. The wave equation for the |n the long-period limitpg— o the interfacial energy be-
valence states includes all relativistic effects except the spircomes negligibly smal[O(1/p)] in comparison with the

orbit interaction; i.e., they are treated scalar relativistically.elastic strain energy needed to deform the constituents to a
The FLAPW method is the most accurate a||-e|eCtr0ncommon in_p|ane lattice constaa;.ss'%Therefore, the for-

method, superior to the methods employing overlappin
atomic spheregatomic-sphere approximatid@SA)] and/or
shape approximations to the potential.

We use the Wigner exchange-correlation functidfias
a check, we have performed several calculations using th
Perdew-ZungéP parametrization of the Ceperley-Aldér
functional and th§ generalized gradient approximation o
Perdew and Wantf. We find (see Sec. IV A 1that the vari- A . i A i A
ous exchange-correlation functionals change the enthalpiesAEg%(X'G):rT;'n[XAEeApl(aS’G)+(1_X)AEEpl(aS’G)]'
of formation of ordered Cu-Au compounds by a negligible s (14)
amount(less than 2 meV/atom _ )

The total energies of the ordered structures and end-poitiere AE®P(ag,G) is the strain energy of the material epi-
constituents are obtained keeping all computational parantaxially stretched to the lattice constaat in the direction
eters exactly equal. Specifically, we always use the samgrthogonal to G, and then allowed to relax alon.
basis setsRKya=9), charge density cutoffRKna=19),  geriq_ ) is related to the bulk equation of state
muffin-tin radii Ra,=2.489, Rag=Rc,= Rni=2.289, maxi- bulkr o N L : . AL
mum difference in the angular momenta in the nonspherica@E (as) via the epitaxial softening functioa(as, G):
Hamiltonian terms|(,,=4), maximum angular momenta in AE®P(a,,B)
the nonspherical charge densities and potentials inside the q(as,é)z—s',

AEb“"‘(aS)

muffin-tin spheresl(,,,=8), and equivalerk point set8®in

the evaluation of Brillouin zone integrals. When the unit cell bulk . . .
where AE; "(as) is the energy required to hydrostatically

deform a bulk solid to the lattice constam{. Figure 1 illus-

vectors of the ordered compound permit, we choosk a
mesh equivalent to the 60 special points 8x8 fcc mesh trates the concept of epitaxial softenitigWhen the bulk
éolid is deformed hydrostatically fromgq to as#aeq, its

Several structuree.g., those ofA\,B or AB, stoichiometry
have reciprocal unit cell vectors which are incommensurat X €
with the 8x8x 8 mesh. In these cases we calculate the totaf"c'9Y MS€s- The energy can th_en be Iowereq if we _keep
energies of the compoundsd fcc constituents with a finer §X=ay=as but reAIax the third lattice vgctor to its equn.lb-
k point grid. This procedure ensures that, due to systematidum value.q(as,G) measures the relative energy lowering.
cancellation of errors, the formation enthalpiksl (o), Eq. Figure 2 shows the calculated LD#s for Cu, obtained
(4), converge much faster than the total energies. Indeed, tH&y minimizing the total energy with respect to the lattice
tests for Cu-Au described in Sec. IV A 1 show that with our constant parallel toG for each value of the substrate lattice
choice of parameterSH (o) are converged to within 2 meV/ parameterag. As explained in Ref. 96, this treatment ne-
atom. glects the so-called shear strain terms, but is exact for the
The atomic positions are relaxed using quantum-high-symmetry direction$100), (111), and (110). The cal-

mechanical force$ obtained at the end of the self- culatedqe,(as,G) is seen to be a nontrivial function of the

consistency iterations. Minimization of the total energy with substrate lattice parametat and direction®. In contrast,

respect to the cell-external degrees of freedom is done bfhe harmonic elasticity theoRf-1%2routinely used for semi-

distorting the shape of the unit cell and tracing the decreas@onductor system¥;100.10%givesq's which do not depend on
in the total energy. We estimate that the formation enthalpie '

are converged to at least 5 meV/atom with respect to all'®’
relaxational degrees of freedom. ~

Table Il and its caption defines our small-unit-cell ordered OharlG)=1— ———————,
structures. Many are actually superlattices alofi@0), Crrt A Yhaml G)
(110, (112), (201), and(311) directions. Table Il gives the
calculated LDA formation energie$Eq. (4)] for these
Au-Ag, Cu-Au, Cu-Ag, and Ni-Au compounds.

%hation energy per atom &..B.. superlattice along> with
compositionx is given by the constituent strain energy

AEcqx,5), defined as the equilibriunteg) value of the
omposition-weighted sum of the energies required to de-
orm bulk A andB to the epitaxial geometry with a planar
fattice constanfs:

(15

(16)

where ynan(G) is a geometric function of the spherical
angles formed b)é:

Yham{ ¢, 0) =Sir?(20) + sin*( 0)si’(2¢)
B. Constituent strain energy 4 5
It is well knowrf® that real-space cluster expansions with =g Va4 Ko(,0) - EK4(¢,0) , (17
finite-ranged interactions incorrectly predict zero formation

enthalpies per atom for coherent long-periggB, superlat-  and K, are the Kubic harmonics of angular momentlim
tices, while the correct answers are nonzero and depend @figure 2 shows that the harmonic approximation manifestly
the superlattice directios. The constituent strain energy breaks down for large epitaxial strains in metals since there
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TABLE II. Definition of the small-unit-cell ordered structures used in the LDA total energy calculations.

Simple superlattices

Composition Orientation
(001 (01 (111 (311 (201

AB L1, (CuAu) L1, (CuAu) L1, (CuP} L1, (CuP} L1, (CuAu)
A,B “B1l” (MoSi;) “vy1” (MoPt,) “al” (Cdly,) “y1” (MoPty) “y1” (MoPty)
AB, “B2" (MoSiy) “y2" (MoPty)) “a2” (Cdly,) “y2” (MoPty) “ 52" (MoPty)
A;B VAR Y1 v1r W1 D0y, (TIAl 5)
AB; VACH Y3 V3" W3 D0y, (TiIAl 5)
A,B, zZ2” Y2 vz W2 “40" (CuFeS)

Other structures

Composition Name Prototype Superlattice Period Reference
direction
AzB1 L1, CuzAu none 52
AB; L1, CuzAu none 52
A;B D7, none 52
A,B, D4 none 52
AB; D7, none 52
AgB NigNb none 95
ABg NigNb none 95
AgB> DO0,; Al 3Zr (401 (5,4,12 95
AgB> LPS-3 (60D 5,112 87
A,B, SQS§ (311 2,3,2,2 76
A,B, SQS§, (311 3,2,1,2 76
AgsB> SQS14 (20D (6,2 73
A,Bg SQS14 (20D (2,6 73

are several importarqualitative differences between the be-  The constituent strain energyE&Y(x é) is calculated
havior in Fig. 2 and that predicted by the harmonic elaStiCity-numericaIIy from Eq.(14) using the direct LDA values of

First, g(as,G) strongly dependsAon the substrate lattice con-y Eep‘(as,é) for six principle directions. The obtainesESS

stant, while the harmonig,,,(G) does not. Second, the for these directions are shown in Fig. 3, illustrating several
properties of the constituent strain which cannot be repro-

harmonic expression gives a definite orderq:(fs) as a X . o
: i - - duced by the harmonic theofy.First, the curves in Fig. 3
function of the direction; i.e., eithgl00 is the softest and are skewed to different sides, while the harmoES must

then(111) mustbe the hardest, or vice versa. This order doe .
not hold for large deformations. For instan¢2Q1) becomes Sbe all SKEW.Ed to the. same side. Second, the calculabeg;
cross for different directions, a property not allowed by the

the softest direction foag<ay and (110 is the hardest for h i f nal f Th ) lead 201

a;>>aq, in Cu. Finally, q(100) exhibits a particularly dra- armonic functional form. These crossings ead20)) as

msatico softening fora.>a,, which has important conse- the softt_ast direction .belowﬂ).z and(110 as the harde_st

guences for the cons?itue%’t strain energy and stability of suf-Or Au-rich superlattices, while the harmonic theory gives
AEZY111) as the highest ankEZY(100) as the lowest con-

perlattices along this directiofi. . : " .
The above-mentioned properties @f, can be described stituent strain for a_lll compeoqsmons of t_he stuQ|ed not_)le—metal
alloys. The behavior oAEZ{ for (100 is particularly inter-

by generalizing Eg(17) for  to higher Kubic harmonics esting, since the curves in Fig. 3 abruptly change slope

and strain-dependent expansion coefficients: aroundx~=~0.15 and have very low values for>3. As we
show in Ref. 96, this is a manifestation of the low energy
cost of deforming fcc Cu into the body-centered tetragonal
structure along the epitaxial Baines path. A small constituent
strain of (100) superlattices has a profound influence on the
which has the property that in the harmonic limét& ag) predicted ground states of Cu-Agsee Sec. VA1 |

all expansion coefficients with angular momenta higher than The constituent strain energy for arbitrary directiGnis

4 tend to zero, reproducing,, from Eq.(17). Due to the then obtained by interpolating between the principle direc-
cubic symmetry, only terms with=0,4,6,8,10,12. . . enter  tions using the following expansion in Kubic harmonics:

in this expansion. A detailed discussion of the nonlinear ep- e

itaxial strain properties of elemental metals will be given in a ~Y ~

separate publicatio??. ABcdx.G) |=Eo Gi(x) Ki(G). 9

| max

y(as,é>=|§o bi(as) K\(G), (18)



57

Cu-Au, Ag-Au, Cu-Ag, AND Ni-Au . ..

6433

TABLE llI. LDA calculated formation[Eq. (4)] enthalpies for fcc superstructurédefined in Table I of Ag-Au, Cu-Ag, Cu-Au, and
Ni-Au. The numbers in parentheses represent errors of the cluster expansion fit. All energies in meV/atom.

Structure Ag-Au Cu-Ag Cu-Au Ni-Au
Superlattice Name AHLDA AHLPA AHIDA AHLDA AHLDA AHLDA AHIDA
A fcc 0.0(-0.4) 0.0 0.0¢0.1) 0.0 0.0¢-0.2) 0.0 0.0¢-0.4)
B fcc 0.0(-0.5) 0.0 0.0¢-0.3) 0.0 0.060.4) 0.0 0.060.2)
(001) Structures
AB L1, —-59.7(-0.8) +107.6 +100.5+0.4) —36.1 —482(+0.1) +98.1 +76.1(+1.4)
A,B “p1” —40.8(-0.1) +130.2 +90.8(-0.7) +51.0 —3.8(—2.6) +207.8 +105.7(-0.1)
AB, “ g2 —40.0(+0.1) +112.0 +75.0(+1.0) +40.1 —40.8(+0.6) +151.7 +38.3(+0.1)
AB “z1n —29.2(-0.1) +126.4 +79.8(+1.8) +76.5 +10.6(+0.3) +221.7 +89.9(—4.2)
AB, “z3" —27.9(+0.7) +96.8 +56.9(—0.2) +50.0 —28.2(+1.8) +142.0 +32.4(+4.0)
A,B, “zon —28.8(-0.3) +164.7 +77.8(+0.4) +136.4 —6.7(—1.0) +286.7 +70.2(+0.1)
A,B; “Z5" +273.3 +57.1(-0.8)
A3B; “ 76" +355.5 +63.2(+0.7)
A.B., 0.0(0.0) +20.4(0.0) +20.3(-0.1) +576.2  +30.8(0.0)
(111) Structures
AB L1, —43.0(-0.4) +1348 +129.8-1.1) +60.3 +325(-0.1) +192.3 +166.8(+1.4)
A,B “al” —30.2(0.0) +152.4 +120.4(-2.9) +123.0 +61.4(-7.7) +2885 +202.2(—6.4)
AB, “a2” —30.8(0.0) +1249 +95.0(+2.9) +86.4 +21(+7.7) +200.9 +100.9(+6.4)
AB VAR —21.3(+0.3) +1459 +108.4(+0.4) +136.1 +78.6(+4.1) +290.8 +193.7(+4.1)
AB, ‘vz —21.4(+0.6) +106.8 +73.6(+1.5) +795 +51(+0.8) +172.8 +83.0(+4.0)
A,B, 2 —22.9(-0.4) +177.1 +109.1(-1.0) +170.6 +52.2(-2.5) +335.8 +162.4(—4.1)
A.B., 0.0(0.0) +86.3(—1.0) +95.8(+0.3) +576.2 +173.8(+1.3)
(011) Structures
AB y1 —49.7(-0.4) +106.4 +100.3-0.6) —14.2 —18.4(+3.3) +123.3 +98.9(-3.8)
AB, y2 —46.9(+0.4) +97.2 +925(+0.8) +1.7 —-6.7(-5.2) +126.3 +102.6(+3.8)
AB oyl —37.0(0.0) +105.1 +85.4(+3.5) +21.8 —1.3(+3.8) +1485 +99.2(+7.8)
AB, “ygr —35.4(+0.6) +855 +752(-1.3) +194 -1.0(+0.1) +1041 +78.7(+1.1)
A,B, “cypr —44.1(-0.3) +136.0 +105.7(-1.1) +595 —42(—2.0) +192.3 +96.6(—4.5)
A.B., 0.0(0.0) +75.3(-1.2) +66.1(+0.3) +576.2 +117.7(+1.6)
(113) Structures
AB w1 —35.9(+0.5) +104.7 +94.2(-0.2) +22.0 +7.0(+15) +1257 +120.8(+5.2)
AB, ‘W3 —34.4(-0.2) +98.6 +91.4(+9.0) +21.1 +7.8(+0.6) +88.4(+5.3)
A,B, W2 —50.6(—0.1) +121.9 +104.7-4.4) +157 —20.9(-1.0) +1442 +93.6(—5.3)
A.B., 0.0(0.0) +65.9(— 1.4) +69.5(+0.4) +576.2 +119.8(+1.9)
(201) Structures
AB DO,, —423(-0.2) +852 +851(+1.3) —327 -—328(+0.3) +750 +75.0+5.6)
AB, DO,, —41.0(-0.3) +76.8 +76.4(-0.5) —10.6 —11.8(-1.8) +68.7 +68.6(+1.5)
A,B, CHor “40” —553(+0.3) +109.6 +107.5(-0.4) —19.0 -23.0(-0.6) +93.5 +84.8(—3.6)
A.B., 0.0(0.0) +67.3(+1.6) +53.4(—0.4) +576.2 +84.8(—2.0)
(401) Structure
AsBAB DO,; —33.3  —33.6(0.0)
(601) Structure
AsBAB LPS-3 -34.1
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TABLE lll. (Continued).

Structure Ag-Au Cu-Ag Cu-Au Ni-Au
Superlattice Name AHLPA AHLPA AHIDA AHLPA AHIDA AHLPA AHLDA
Other Structures
AsB L1, —43.4(+0.4) +848 +848(-14) —-37.3 —37.3(-0.1) +775 +77.5(-2.7)
AB; L1, —44.0(+0.3) +76.0 +76.0(+1.8) —17.3 —17.3(-0.8) +789  +78.9(-0.2)
A,B D7 —20.8(+0.6) +61.9 +61.9(-3.1) +6.8 +6.8(—8.3) +82.9 +82.9(-15.8)
A4B, D4 —42.9(+1.1)

AB, D7, -20.0(-0.1) +47.1 +47.1(-33) +129 +129(+19) +56.8 +56.8(-0.7)
AgB Ni gNb-type +63.7 +47.7(+0.4) +93 -9.1(—-4.5)

ABg Ni gNb-type +42.7  +36.4(-17) +309 +18.2(+13.3)

Random

AB, SQsg —42.5(+0.2) +12.9(+5.7) +122.6(+1.2)
A,B, SQS§, —43.6(—0.2) —15.2(-5.7) +97.5(—9.7)
AsB SQS14 +116.2 +77.3(+7.0) +565  +55(+7.7) +183.2 +96.8(+15.3)
AB, SQS14 +922 +69.7(-7.0) +37.8 —-52(-7.7) +118.2 +59.8(—15.3)

We have takenl =10, which gives five composition- to any number of near-neighbor shells. Thigpace smooth-
dependent fitting coefficients determined from a fit to theness criterion in Eq(13) automatically selects optimally
directly calculated valuefEq. (14)] for six principal direc- short-ranged interactions and chooses physically important
tions. The characteristic errors of this fit at the equiatomigpair interactions which are essential to produce a good fit to
composition are 1-2 meV/atom. Equati@i®) is then used the directly calculated LDA energies. The dependence of the
in Egs.(11) and(12). rms error on the number of pair and multibody interactions is
shown in Fig. 4. Figure @) is obtained by fixing the number

of multibody interactions and varying the number of pair
interactions. It shows that in all systems the cluster expan-

Once we have a closed-form expression for the equilibsion is well converged using 10-20 pair interactions. The
rium constituent strain energyAEc.{o) and a set convergence rate is fastest for Ag-Au and slowest for Ni-Au,
{AH'PA(g)} of T=0 formation enthalpies, we determine which we attribute to increasing size mismatch going from
the unknown cluster interactions of Ed.0) in the following  Ag-Au to Ni-Au, with Cu-Ag and Cu-Au exhibiting interme-
two-step process. diate convergence rates.

First, the total energies of all structures from Table Ill are  The selection of important multibody interactions is more
used in the fit to investigate the behavior of the root-meanedelicate. The number of pair interactions is fixed to a con-
square(rms) error A, of the fit, Eq.(13), as a function of verged valug20 or more, and a large set of three to four-
the number of real-space pair and multibody interactionsbody figures is tested as to whether it improves the rms error
Reciprocal-space CE allows one to add pair interactions sys-
tematically in the order of increasing intersite separation, up

C. Constructing the cluster expansion

| Epitaxial parameters: Cu |

> ' 110
= =
g I (. o) |
= o 2
= &
2 E (110) ? a1
s & o3} ]
g 5 201)
B =
o E 02F  (100) .
£ Z (100)
E a AEepi(as) =01y Geq ]
= €q I
. 0.0L— : : :
Substrate lattice constant a, 3.4 3.6 3.8 4.0

Substrate lattice constant a (A)
FIG. 1. A schematic illustration of the concept of the epitaxial
softening functionq(é), given by the ratio of the bulKupper FIG. 2. q(é) of fcc Cu for principle directions as functions of
curve and epitaxiallower curvg deformation energies. In the har- the substrate lattice parametgy. Directly calculated LDA values
monic approximatiorg(G) is the ratio of the curvatures of these are represented by open symbols, and lines show the fit using the
curves at the equilibrium point. expansion ofy(G) in Kubic harmonics.
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Constituent strain energies
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FIG. 3. Equilibrium constituent strain energies for Cu-Au, Ni-
Au, and Cu-Ag. The constituent strain energy of Ag-Au is negligi-

bly small and therefore not shown.

of the overall fit. It is retained in the CE only &, de-
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Convergence of Cluster Expansion
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FIG. 4. Root-mean-square erraks,,s of the cluster expansions
for Ag-Au, Cu-Ag, Cu-Au, and Ni-Au as functions of the number
of pair and multibody interactions.

to notice is that the multibody interactions produce a de-
crease in the rms error which is of the same magnitude as
that due to the pair interactions. Furthermore, the effect of
multibody interactions is largest in Ni-Au, and decreases in
order of decreasing size mismatch, becoming negligible in
Ag-Au.

In the second stepre test the stability of the fit and its
predictive power. Using the trial set of figures obtained in the
previous step, we exclude several structures which are fit
rather well(e.g.,Z2, 82, andL1, in Ni-Au), and repeat the
fit, obtaining new values of the effective cluster interactions.
These values are used to predict the total energies of the
structures excluded from the fit. If the chang&\ill (o) is
not acceptablémore than few meV/atojnwe return to the
first step to search for a better set of interactions. The most
severe test is to exclude structures with the poorest fit to their
formation enthalpies, e.g., SQSldand SQS14in Ni-Au. If
the predicted formation energy does not change significantly,
the chosen set of figures is considered to be stable and pre-
dictive. The final cluster expansion is produced by using this
set of figures and all structures from Table Ill.

Figure 5 shows the calculated pair interactions as function
of the near-neighbor fcc shell. There are several noteworthy
trends in the four alloy systems.

(i) Only in Ag-Au and Cu-Au are the nearest-neighbor
pair interactions dominant: in Cu-Ag the first and third
neighbor pair interactions are of similar magnitude, while the
third neighbor interaction dominates in Ni-Au.

(i) The dominant interactions have signs consistent with
the observed phase diagrams: Ag-Au and Cu-Au have posi-
tive (“antiferromagnetic”) nearest-neighbor pair interactions
J,, corresponding to the tendency towards complete misci-
bility and ordering at low temperatures. The behavior of
Ni-Au, in spite of positive first and second neighbor pair
interactions, is dominated by the “ferromagnetic” third
neighbor interactiorL, (which causes phase separation at
low temperatures Both dominant first and third neighbor

creases considerably. During the fitting process, we alspair interactions in Cu-Ag are negative, implying a miscibil-
monitor the overall stability of the CE, as measured by aty gap. The constituent strain enerdyEZy is always posi-
change in other multibody interactions upon the addition of dive and therefore increases the propensity for incoherent
particular figure. Unstable behavior usually signals the presphase separation.

ence of linear dependences in the chosen set of clusters and (iii) Although the nearest-neighbor pair interaction is
an ill-conditioned inverse problem, necessitating a differentlearly dominant in Cu-Au, other pair interactions show a
choice of{J;}. Figure 4b) shows the convergence of the CE long-ranged oscillatory behavior extending over approxi-
with respect to the number of multibody interactions, keep-mately 15 shells. As found in other systefig® this is a

ing Npairs€qual to their converged values. An important thingdirect consequence of the atomic relaxation caused by the
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FIG. 5. Real-space pair interactions for the studied noble-metaWith established statistical methods to predict various struc-
alloy systems. tural propertiesT=0 ground states, order-disorder transition
. . . .. temperatures, configurational entropies, free energies, phase
constituent size mismatch between Cu and Au. The pair ingapijities, and atomic short-range order parameters. Due to
teractions are slowly dgcayln.g In Cu_—Ag and N"Au’ t00. e presence of both reciprocal- and real-space terms in the
: The calculated mult_lbO(_jy mten_’:lctlon energies are shown,,miironian (10), traditional techniques, e.g., the cluster
in Fig. 6.J, Is the point interactionJs, K, N3, ... are  y4ation method, are not readily applicable. Monte Carlo
triplets andJy, Ky, andL, are four-point cIusteSrE In INCreas- gimy|lations must be used instead to calculate statistical prop-
ing order of interatomic separatidsee Luet al>" for a full  gjes at finite temperatures. The basic computational algo-
description of the clusteysFigure 6 illustrates the impor- yithm is as follows. We adopt the Metropolis algorithm in the
tance of the multibody terms in our Hamiltonian. canonical ensembléixed compositioi For each attempted
spin flip, the change in the multiplet interaction energy is
evaluated in the real space. To obtain the reciprocal-space

Having parametrized the configurational energies in termgnergy(constituent strain and pair interaction enerpidise
of the mixed-space cluster expansion, Ef)), we can use it Fourier transform of the spin functid®(R; ,o) is needed. It

D. Finding the T=0 ground states andT>0 properties
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| Ground state structures ally identica) energies. We explore many equally spaced

0 : : : : compositions with an intervalAx=0.05. The number
of possible configurations for eachkx is Ng,,=N!/
(XN)!I[N(1—=x)]'.
20} Llg ] The configurational entropy of the disordered alloys at
73 finite T is computed from the energy vs temperature curves
z (100) SL obtained by cooling the system from very highT=o")
S 40 L1 1 temperatures. The following thermodynamic formula gives
3 2 %2 . . 9 Yy g
‘;“ i the configurational entropy at temperatdre
(%) 0
& O T 0s o5 1 B
g 0 02 04 06 08 i ASuanl T)=ASueart ENIT—ko | "E(8) a8, (20
2 where B=1/kgT and ASgea= Kg[X Inx+(1—X)In(1—X)] is
5 0t ] the configurational entropy of an ideal solid solution.
g
g 40} ] IV. RESULTS
S
S Ll, Ll A. T=0 ground states
-60 ]
L1, 1. Ground states of Cu-Au
0 02 04 06 08 1 Figure 7 shows the calculatdd=0 ground state lines of
Ag Composition x Au Cu-Au and Ag-Au which were obtained from simulated an-

nealing quenches of a ¥616X 16 system. In Cu-Au, we find
the L1, (CuzAu) and L1, (CuAu) structures as the stable
only above the ground state line, but also has a higher formatioLground statgs of Cu-rlc{l‘lalloys, n agreemer)t with the exist-
enthalpy than other structures at the same composition; e.g., LD g phase diagram data: These data also ligt1, as the
calculations place the formation enthalpyZ8 below that ofL1,.  Stable low-temperature phase of CuAuHowever, we

Plots for Cu-Ag and Ni-Au are not shown since these systems phadénd new, previously UUSUSpeCted grolund states of Au-rich
separate aT=0 K. compounds, all belonging to the family ¢001) superlat-

tices. Atx=3 we find a stablg32 (CuAu,) phase(proto-
can be calculated either with the help of the fast Fourietype MoSk), which is a CuAy superlattice along001). At
transform (FFT) or evaluated directly taking advantage of x=3, our cluster expansion predicts that a complex
the special method described in Ref. 87. The latter is muciCuAu,CuAu,CuAu,CuAu, (001) superlattice falls on the
more economical: If the total number of sites in the simula-convex hull, although its energy is less than 2 meV below
tion box is N, a full FFT has to be done only once after the tie line connecting32 (CuAu,) and Au. Furthermore,
approximately every/N accepted spin flips, which makes even the directly calculated LDA enthalpy of formation of
the whole computational effort for this special method scaleZ3 [which is a CuAy (001) superlatticé is considerably
asN® lower than that o1, CuAus.

A simulation box of N=4096 atoms (18 16X 16) is We carefully checked whether the predicted new LDA
used to calculate all thermodynamic properties presented iground states for Au-rich Cu-Au alloys are artifacts of some
this paper. The transition temperatures are computed bgpproximation in our LDA calculations or the fit error of the
cooling the system from high temperatures and monitoringsluster expansion. The latter possibility was quickly dis-
the discontinuities in the average energy and peaks in heatissed, since the directly calculated LDA enthalpies of for-
capacity. To eliminate possible hysteresis effects, the resultation for L1y, 82, L1,, and Z3 agreed with the values
ing low-temperature configurations are gradually heated uplerived from the cluster expansion to better than 2 meV/
past the transition point. The former process provides th@tom(see Table Il), while the new(100 SL ground state is
lower bound on the transition temperatdrg while the latter 14 meV/atom below.1,. To address the former possibility,
gives the upper bound,. The heating and cooling rates are we performed careful convergence tests lid, 82, L1,,
such thatT; andT, differ by no more than 20 K, an insig- andZ3 with respect to the plane wave cutoff and number of
nificant uncertainty compared to the inaccuracies of the LDAK points in the first Brillouin zone. The cutoff was increased
calculations and the fit errors of the cluster expansion. Heréfom RK,,,=9 to RK, =11 and the density of the Bril-
1000 flips/site and a temperature decrease of 2% for eadbuin zone mesh was doubled fromx®8X8 to 16X16
Monte Carlo step are usually sufficient, although in a fewX 16, an eightfold increase in the total numberkopoints.
cases the results are checked using 2000 flips/site and 0.5%hese tests showed that the formation enthalpidsigf 52,
temperature change. andL 1, were converged to within 1 meV/atom with respect

Zero-temperature ground states are found by cooling théo the size of the basis set and the numbek gioints. Fur-
system tol =0 and checking whether the energy of the finalther, we checked how the choice of muffin-tin radii affected
configuration lies on the convex hull. This process is re-AH. Varying Ryt(Au) between 2.8, and 2.5, changed
peated for several random number seeds and starting tertike formation enthalpies by at most 2 meV/atom and did not
peratures, always yielding configurations with simifasu-  shift the relative stabilities of phas&¥ Finally, we repeated

FIG. 7. T=0 K ground state lines for Cu-Au and Ag-Au ob-
tained from simulated annealing calculationsl, CuAus is not
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these calculations using the Perdew-Zuiy@arametriza- B. Mixing enthalpies
tion of the Ceperley-Aldél LDA functional, as well as the

generalized gradient approximatid®GA) of Perdew and e of disordered Cu-Au alloys with the available theoreti-

92 - - .o
Wang,” and found insignificant(about 2 meV/atom .5 ang experimental data. Table IV summarizes the values
changes in the formation enthalpies. Inclusion of the spings A (x,T) for the completely randomT(=s), short-
mix 1 y

orbit interaction in the second variation procedfite range orderedT=800 K), and completely ordered’= 0 K)
changed the formation enthalpy bfi, (CuAu) by only 3.7 Cu-Au alloys at compositions= £, 1, and?. Several impor-
meV/atom(from —48.2 to —51.9), indicating that it is not points are apparent from this table.

important for the energetics of Cu-Au. This conclusion is in (i) StudieS®*&52yhich have completely neglected atomic

line with the findings of Ref. 105 that the spin-orbit interac- o |ayations predict a substantially positive enthalpy of forma-
tion influences the band structure but has little effect on equion for the completely random alloy. In our calculations

librium lattice properties. Therefore, we conclude tht#te- oy ations in the random alloy redudeH ., (T==) by a
of-the-art first-principles density functional calculations do 106 amount, bringing it down to essentirgrly 2610

not predict L1, to be a stable F0 ground state of CuAu (i) Comparison of the present results for fiie ran-

It is possible that van der Waals interactions, omitted by they,, alloys with those of West al®* shows the influence of
LDA and important for large, polarizable atoms such as Alyne nymber of structures included in the cluster expansion.

can affect the formation energies and hence the ground state$hce Weiet al. used the same FLAPW meth&4put in-

of Cu-Au. | h ibil cluded a set of only five high-symmetry ordered structures
We next analyze the possibily that the corf&t0 = (a1 (cu, L1, (CusAu), L1y (CuAu, L1, (CuAug), and
ground state arountl=; IS notL 1, as has been assumed in 5, (Au)], the atomic relaxation effects were included incom-

the literature before. AIthough most compilatiorsof bi- pletely. Indeed, their treatment gives much larger mixing en-
nary alloy phase d_lagrams g'ngglghe stabk_a structurg of thalpies of the random Cu-Au alloys than the present work
CuAug, the experlm_enta_ll ev_|den __Seems !r]concluswe employing approximately 30 low-symmetry structures with
because of the difficulties in obtgl_nmg equilibrated Icmg'large relaxations. Therefore we conclude that the Connolly-
range ordered s_amples._ X-ray stuc ieave found superlat- Williams set of five ordered structures cannot correctly cap-
tice peaks consistent with the culiid, structure, but only ture the large decrease of the mixing enthalpy of random
very broad low-order reflections have been observed. Thesg 5, alloys caused by the atomic relaxations

superlattilge .Iines could not. be sharpened by any heat (iii) The good agreement between the relaftbi study
treatment. It is not clear to us if the x-ray reflections can be and “unrelaxed” (Wei et al®}) values ofAH,, atT=800 K

remd_%)I(e(J:hactco:dlrlwg tot sc(l)rmeSS;[)her r:th phatse. I;_'ls a]so suggests that the short-range order in Cu-Au tends to de-
possible that at elevatedr ¢ K) temperatured.1; is crease the role of the atomic relaxations. This effect can be

stabilized by the entropyconfigurationaland vibrational, qualitatively explained on the basis of the ordering tendency

while another transformation to the low-energy structure, ; ; ;
Lo S owards high-symmetry structures which have little or no
should occur but is kinetically inhibited below 500 K. The o2y ation gneréyl(lz gndLlo in Cu-rich alloys

biggest experimental _obstacles to verifying our predictions (iv) The mixing enthalpies of the random alloy calculated
seem to be low diffusion rates below the ordering temperaby Weinbergeret al®® using the CPA differ strongly not
ture of CUAU3.’ Te~500 K. . . only from those obtained using the cluster expansion
Next we discuss the experimental signatures of the NeW, athod<S15048hut also from the numbers given in the CPA
LDA grOl_Jnd state .structures. MogStype 52 CuAu, has @ ok of Ruban, Abrikosov, and Skrivé?.Since the CPA of
superlattice reflection a300), but the CuAy (100 super-  Weinbergeret al®® neglects the(a) atomic relaxation,(b)
lattice has reflections &100) and (¢00). These reflections charge transfer, an¢t) short-range order, which all lower

also manifest themselves in the predicted atomic short-rangé€ formation energies, the negative values obtained by

order of the disordered alloy$or details see Ref. 103 Weinbergeret al*® are very puzzling.
(v) There are significant discrepancies between the best

_ calculated and experimentally measudred? values of
2. Ground states of Ag-Au, Cu-Ag, and Ni-Au AH at bothT=0 K andT=800 K. At present these dis-

The ground state line of Ag-Au is shown in Fig(by, crepancies are hard to explain since the available general
exhibiting L1, (AgsAu), L1, (AgAu), andL1, (AgAusz)  potential LDA calculationd >**>’of AH(L1,) andAH(L1,)
stable low-temperature phases. Experimentally, these alloyagree with each other reasonably well. On the other hand, the
are known to be completely miscibfe? and there are sev- formation energies in Cu-Au are numerically very small and
eral indication®’ that they would order below 200 K if not present a severe test for any first-principles model of elec-
for the very low diffusion rates. Theoretical transition tem- tronic exchange correlation. It is noteworthy that several less
peratures and short-range order patterns, as well as a comecurate first-principles calculations, using the ASA, have
plete discussion, are given by Lu, Klein, and Zuntfer. achieved better agreement with the experimental enthalpies

The calculated ground states of Cu-Ag and Ni-Au areof formation than the state-of-the-art general potential tech-
found to be phase separation, in agreement with the experitiqgues. We consider this to be fortuitous. In all cases, LDA
mental enthalpy dataNeither alloy has a single ordered or calculations correctly predict the relative magnitudes\&f
disordered structure with negative enthalpy of formation andor L1, andL1,, as well as reproduce measured asymmetry
therefore there are no stable=0 ground states except the in formation enthalpies towards more negative values of
phase-separated alloy. AH ,x for Cu-rich alloys.

It is interesting to compare the calculated mixing enthal-
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TABLE IV. Calculated mixing enthalpies of disordered CyAu, alloys compared with the values obtained by other studies and
experimental measurementim meV/atom. FLAPW is the full-potential linearized augmented plane wave method; LMTO, linearized
muffin-tin-orbital method; KKR, Korringa-Kohn-Rostoker multiple scattering method; ASA, atomic-sphere approximation; CPA, coherent

potential approximation; CWM, Connolly-Williams cluster expansion; MSCE, mixed-space cluster expansion used in this study; “Rel.,”
incorporating atomic relaxations; and “Unrel.,” neglecting atomic relaxations.

Composition Exptf This Wei Amador Terakura Ruban Weinberger
study et al.? and Bozzold® etal.’ et al.d et al.®
FLAPW FLAPW LMTO-ASA ASW LMTO-ASA KKR-ASA
MSCE CWM CWM CWM CPA CPA
(Rel) (Rel) (Unrel) (Unrel) (Unrel) (Unrel)
AHpix(T=2°)
CuO]%”O.ZS +26 +463 +59 +269 +546 _27
Cug sAU g 50 +1.6 +38.0 +61 +30.4 +44.3 -57
CUolngu 0.75 +54 +186 +39 +204 + 198 _31

AHnix(T=800 K)

Cug 75AU g 25 —469 -17.3 -6

CUg 50AU 50 —53°9 -19.3 -16.9 -5

Cug25AUg 75 -31°9 -1.2 —-2.6 +8

AHp(T=0 K)

L1, CuAu —-74 -37.3 —36.0 —65.0 -60.7 —54
L1, CuAu -91 —48.2 —-62.9 —-69.7 —83.4 —-76
L1, CuAu, —-59 -17.3 —-26.4 —34.0 —-56.1 —47
8Ref. 51 using the Connolly-Williams structuré=laxation ofL1, only).

PRef. 50.

‘Ref. 48.

dRef. 62.

Ref. 58.

Ref. 2.

9%alues obtained af =720 K.

C. Order-disorder transition temperatures +A1 field is predicted to exist at temperatures somewhere

3 .
Order-disorder transitions have been investigated at conf2€tWeen 635 K and 730 K and aroure- 3. These predic-

positions &=1, 1, , and?) using the Monte Carlo simula- tions reflect the LDA. As stated in Sec. IV A 1, corrections

tion technique described in Sec. Il D. The resulting transi-{© the LDA might be significant.

tion temperature$, are given in Table V. All transitions are

found to be first order, involving discontinuities in the en- D. Nonconfigurational entropy
ergy and correlation functions. A= we find a transition
from the disordered state to long-range orderdd Cus;Au

at T.=530 K, which is only 130 K lower than the experi-
mentally observed transition temperature. For the equiatomi
alloy atx=13 the calculated and experimental transition tem-
peratures agree to a few degrees kelvin. However, we do not TABLE V. Calculated order-disorder transition temperatuies

find the CuAu Il phase which exists in a narrow temperature) for Cu-Au. Al denotes the configurationally disordered fec
range between 658 K and 683 K. This phase is stabilized byhase, and n/a means tlhat the transition h:’?IS not. been observed
the free energy differences betweleh, and long-period su- (either experimentally or in the Monte Carlo simulation
perstructures of 1, which are as small as 1 meV/atqRef.

56) and therefore beyond the accuracy of self-consisten

The effect of the nonconfigurational entrofslectronic,
vibrational, etc. on the alloy phase stability has recently
attracted considerable interéSt*° For instance, it has

f;omposition Transition Expt. This study

LDA calculations. x=3 Al—L1, 663 530

For x=3 we obtain a sequence of transformations, theX:% Al—L1, 683/658 660
first one occurring afT=750 K from the disorderedh1 x=2 Al—pB2 n/a 735
phase to a coherent two-phase mixture3@f andAl. Then x=3 Al-L1, ~500 n/a
a subsequent transition &t=635 K takes CuAy into the Al—B2+Al n/a 750
long-range ordered100) superlattice which is predicted to B2+A1—(100)SL n/a 680

be the stabl§ =0 ground state at that compositi¢see Sec.
IV A1). The calculated transition at=3 goes straight into  2CuAu undergoes a transition to CuAu-Il at 683 K, subsequently
the B2 phase atT=735 K. Therefore, a two-phasg2 transforming intoL1, CuAu | at 658 K.
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TABLE VI. The experimentally measure@Ref. 2 entropy of formationA SI%™(T), the calculated con-
figurational entropyA S23<, and the derived nonconfigurational entropy of formatd®fo™  (T). All values

are given in units okg/atom.

System X T(K)  ASS™T)  ASgew  ASEYT) ASS o T) =
ASPM(T) — ASEYT)

Cu-Au 0.5 800 0.73 0.69 0.57 0.16

Ag-Au 0.5 800 0.52 0.69 0.62 —0.10

Cu-Ag 0.141 1052 0.77 0.41 0.40 0.37

Ni-Au 0.5 1100 1.04 0.69 0.56 0.48

&This value was obtained dt=1136 K, since a coherent phase separation starts at lower temperatures.

been suggesté¥1%that there are large differences in the measured and theoretically calculated miscibility gap tem-
vibrational entropies of ordering ... Sie.» Which  peratures only by taking into account the nonconfigurational
should manifest themselves in shifts of the order-disordegntropy of formation’

transition temperatures. There is another important class of The fact that Cu-Au also has a positisS/om  has little
thermodynamic properties where the vibrational entropy mayjualitative effect on the phase diagram since Cu and Au are
play a role and which has often been overlooked. Namely, itcompletely miscible from total energy and configurational
is theentropy of formatiorwith respect to the pure constitu- entropy considerations alone. Ag-Au is calculated to have a
ents, defined in analogy withH in Eq. (4): negativeAS™ - but its value is close to the experimental

form uncertainty in the measurement 6.
ASit (A1—xBy, T)=S(A;_xBx,T)—(1—-x)S(A,T)

—xS(B,T), (21 E. Bond lengths in random alloys

whereS(A,T) is the total entropy of the pure constitueht Since recent experimental measurements of the composi-

at temperaturd. It is often assumed that the configurational tion dependence of interatomic bond lengths in Cu¢Ref

entropy is the dominant contribution thS™(A; _,B,,T) 24) and Ni-Au(Ref. 23 have found several unusual features,

because all other contributions cancel out in E2{). The it is interesting to address these trends from first-principles
nonconfigurational entropy of formation LDA calculations. In the present work we model the atomic

positions in the random alloys using special quasirandom

ASP™ (A, By T)=ASO™A;_,B,,T) structure$!® (SQS'9. These periodic structures are designed
to reproduced the pair and multibody correlation functions of
—ASconfA1-xBx,T), (22 the perfectly disordered configuration as closely as possible.

8 . , .
contributes to such important quantities as mutual solubilit)}t ?ﬁs been shtov% that evte?_ smalfl ?r:"t cell SQtS S c?n gl\:je
limits and miscibility gap temperatures. rather accurate representation of the properties of random

Noble-metal alloys are excellent cases to test the values Iog:'s. V\{[eD?vespesrffrmed_LlDAscaécuIz;tiogs for 8 dato_mg/ cell
ASP™  since accurate experimental data on the entropie QS's atx=3 (SQS14), x=; (SQSH,SQSE), andx=;

noncont form SQS14). The atomic positions and cell coordinates have

of formation, A Sy, are available, and the copflguratlonal been fully relaxed to minimize the total energy. The results
entropyA_Sco,]f can b.e calculat_ed accuratgly using the ther'for Cu-Au and Ni-Au interatomic bond lengths are shown in
modynamic integration technique described in Sec. llI D'Fig 8. The main features are the following

Table VI gives the measured entropies of formation for dis- (i) In spite of the different phase diagram properties

ordered solid solution; B, ASG"(x,T), the maximum (Ni-Au phase separates and Cu-Au ordersTat0 K), the
attainable configurational entropXSyez, as well as the  cyjcyjated behavior of bond lengths is very similar, which

. . . |
theoretically calculated configurational entropy3r and e attribute to the similar size mismatch in both systems

the derived value for the nonconfigurational entropy of for—(lg% in Cu-Au and 15% in Ni-Au
mation, AS . It shows that the size-mismatched noble- (i) Our calculations give three distinct bond lengths at all
metal systems have large amountsA@fom,  .in the disor-  compositions, which is also observed experimentaif?
dered solid solution. Since it is unlikely that these values ofProbably the most interesting feature in Fig. 8 is the crossing
ASLOJ,ﬂonf are of electronic or magnetic origin, we suggestof Rgg(x) andRag(x) curves atx=3 in both systems. The
that the excess entropy in the disordered solid solutions aheasurements for Cu-A(Ref. 24 and Ni-Au (Ref. 23 in-
Ni-Au, Cu-Ag, and Cu-Au is vibrational. It is possible that dicate that this may indeed be correct, since the deduced
the atomic relaxations lead to a softening of lattice vibra-values around this composition are very close and have large
tions, although the physical mechanism of this softening isrror bars.
unclear at present. (iii) Another important feature, observed experimentally
Sanchezt al*°in their study of the Cu-Ag system noted and reproduced by our SQS results, is t#etA bonds
that even a very crude model of the vibrational entropychange much more asvaries from 0 to 1 tham-B bonds
markedly improved the agreement with the experimentalvhenx varies from 1 to 0, suggesting that the compressed
solubility data. In the case of Ni-Au, which exhibits the larg- bonds become increasingly stiff and the expanded bonds

estA f‘gg“com, it is possible to reconcile the experimentally weaken. This behavior can be explained by the asymmetry in
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(i) The mixed-space cluster expansion has been general-
Average SQS bond lengths ized to include the effects of nonlinear strain on the forma-
. : , . tion energies of long-period superlattices. We find that the
29 Au-Au elastic energy, required to lattice match Cu and N{%60
CuAu surfaces of Au and Ag, is anomalously low, leading to a very

low constituent strain energy 0100 superlattices. This ef-
fect is partly responsible for the stabilization of additional
LDA ground states of Au-rich Cu-Au alloys.

(i) In Au-rich Cu-Au, we predict newT=0 K ground
states. Our LDA results placél, (CuAuj), previously
thought of as the stablé=0 state of CuAy, higher in en-
ergy than a family of superlattices alotg00 direction. In
particular, MoPj-type CuAu, [Cu;Au, superlattice along

g 24k . ) , . ) (100] and a complicated CuALCuAu,CuAu,CuAu, (100

= 0 02 04 06 08 1 superlattice are found to be the LDA ground states.

‘gn Cu Au (iii) There are significant discrepanciagp to 50% be-

2 tween the experimentally measured and calculated LDA
= 9 ' mixing enthalpies for Cu-Au alloys. This is surprising since

5 T the experimental mixing enthalpies of Ni-Au and Ag-Au are

reproduced very wefi*1t?

(iv) The calculated order-disorder transition temperatures
are in an excellent agreement with experiment. For instance,
TSx=2%)=530 K andT%{x=}) =660 K, compared with
T&P(x=3)=663 K andTP{x=3)=683/658 K.

(v) From the experimentally measured entropies of forma-
tion ASO™ and the calculated configurational entropies
ASEC we obtain large nonconfigurationgirobably vibra-

conf»
tional) entropies of formation in the size-mismatched sys-

28

27¢

26}

25}

24L . L . ) .
0 02 04 06 08 1 tems,ASPM | =ASM—ASPC These entropies allow one
Ni Composition x Au to reconcile the experimental miscibility gap temperature and
formation enthalpies of Ni-Au with the theoretical LDA
FIG. 8. SQS bond lengths for Cu-Au and Ni-Au. values!’

(vi) Bond length distributions in Ni-Au and Cu-Au have
the interatomic potential curves, which are rapidly hardeningeen studied via supercell calculations employing the special
upon compression and softening upon expansion. Howeveguasirandom structure technique. The important qualitative
our results forRa at x=3 and Rgg at x=3 are obtained features of recent EXAFS measureméhts are correctly
from an average of only four minority bonds in the SQS14reproduced: existence of distindtA, B-B, and A-B bond
structures, and perhaps are not representative of a wider stieéngths at all compositions, possible crossindRgh(x) and
tistical sample. Rag(x) aroundx=3 (where x is the composition of the

(iv) Itis interesting to note that the predicted bond lengthdarger constituent softening of the shorter bond as-1,
between unlike atomR,g do not follow the linear relation and deviations of the bond lengR,g(x) between unlike
Rag=Raat+X(Rgg— Raa)- atoms from the linear Vergard's law.
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