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atom, and (2) a set of interaction energies { J F }  among the various sites belonging to a 
‘figure’ F (pairs, triplets, quadruplets, etc). A configuration U is defined as a particular set 
of occupations of each of the N lattice sites by an A (or a B) atom. The total energy E ( u )  
for 
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expansion techniques [l, 27-30]. 
(ii) Electronic structure and charge transfer effects have been investigated both 

experimentally [31-341 and theoretically 135-391. 
(iii) The short-range order has been measured by a number of groups [15,40,41]. The 

recent careful measurement and analysis of SRO [15] has prompted us to make a direct 
comparison between theory and experiment. 

(iv) The recent explosion of interest in metallic superlattices (including the Ag-Au 
system [42-47] has given us added reason to investigate this system. 

The Ag-Au system is particularly convenient for the cluster expansion method, since 
the elemental face-centered cubic Ag and Au constituents nearly the same measured 
room-temperature lattice constants [48] (4.086 and 4.078 A for Ag and Au, respectively). 
so there is no slowing down of the convergence of the cluster expansion. In this paper, we 
demonstrate how we obtain accurate alloy properties of Ag-Au using as input a reasonably 
small number of first-principles LDA total energy calculations. Specifically, we will show 
how we (i) select structures for LDA total energy calculations; (ii) select the interaction 
figures for the cluster expinsion; (iii) test the convergence of the cluster expansion; (iv) use 
the Monte Carlo [49-511 simulated annealing [52] technique to predict the low-temperature 
ground state structures and the order-disorder phase transition temperatures; (v) compare 
the calculated and experimental mixing energy for the disordered alloy; and (vi) compare 
the calculated and experimental short-range order parameters. 

2. Method of calculation 

The excess energy (or low-pressure enthalpy) AE(u, V )  of any substitutional configuration 
U is given by 

AEdirest(U3 V ) = E ( ~ , V ) - [ ( ~ - ~ ) E A ( V A ) + ~ E B ( V B ) ~  (2) 

with the volume, V ,  dependence and is defined with respect to the energies of equivalent 
amounts of the pure solids A and B at their respective equilibrium volumes, V A  and in equation 

(1) can 
be further grouped together in a concise form: 

A.EcE(u.. V )  = D F J F ( V ) ~ F @ )  (3) 
F 

where J F ( V )  are volumedependent interaction energies of basic lattice figures F ,  e.g.. 
nearest-neighbor pairs, next-neighbor pairs, triangles, etc. Figure 1 shows examples of 
some of these figures on a fcc lattice. The 'lattice-averaged2pin products' E+) are the 
product over of the variables Sf, averaged over all symmetry 
equivalent figures of the lattice. DF is the degeneracy of the figure F .  Since in the Ag-Au 
system the lattice mismatch ( a ~  - a g )  is very small, we will ignore the volume dependence 
in equation (3), using instead v = (VA + V B ) / ~  or a cubic lattice constant Z = 4.032 A. 
All of the terms on the right-hand side of equation (3) 
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many-body terms). We determine the NJ interaction 
k t l y  calculated A E a ( u )  values onto AECa(u) of 
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Table 
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Table 2. This table illusbates the effects of k-poinl sampling on the 
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The Warren-Cowley SRO parameter [63,63] for the Nth atomic shell at distance Rlmn 
from the origin is 

where q = '2x - 1 and  fib,^) is the configurational average of the pair correlation function 
between sites zero and N .  Note that a s ~ o ( R o ~ )  1 by definition. The Fourier transform 
of the real-space SRO is OISRO(~) ,  which is proportional to the diffuse intensity due to SRO. 
Its value depends on the number, N R ?  of real-space shells used in the transform: 

~ s a o & ,  N R )  = WRo(R!mdeik'am". (10) 

In the calculation of as~o(Ri,,) and asRo(k, N R ) ,  500 Monte Carlo steps per site are used to 
equilibrate the system (which is initialized to a completely random state), and subsequently 
averages are taken over 100 Monte Carlo steps per site. The values of N R  in our calculations 
are dictated by the number of experimental SRO parameters reported 11.51. The absolute 
values of the SRO parameter increase as the annealing temperature is lowered. For Ag-Au, 
lowering the temperature at which our Monte Carlo simulation (T = 600 K) is performed 
by 100 K increases the values of the SRO parameter by less than lo%, which is similar to 
the experimental accuracy. The values of experimental SRO parameters are very sensitive 
to the experimental conditions: sample growth conditions, history of heat treatment etc. 
The experimental Ag-Au samples are homogenized at T - 1200 K and subsequently aged 
at T - 500 K the samples probably reflect the state of thermodynamic equilibrium of a 
temperature somewhat above 500 K. 

3. Results 

3.1. LDA energies of ordered structures 

The directly calculated excess enthalpies AEajrect(u) are collected in table 1. One 
immediately notices that are negatiLre, unequivocally indicating ordering in this 
alloy system. Among this set of 32 structures, we find that the D1, Llz, MoPtz, Llo, MoPtz, 
L12, and D7 have the lowest energies at their respective compositions of x = 
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(AB). Using this original Connolly-Williams procedure, we obtained an average prediction 
error of ~ P E  = 1.6 meV/atom and a maximum prediction error of 4.4 meviatom for 27 
other structures that are not used in obtaining the interaction J values. The prediction 
errors for some specific structures are unsatisfactory. For example &PE are 4.4, 2.4, 3.0, 
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Table S. The order-disorder phase transition temperatures T, for Agi-lAu, alloys at x = +, 
4, and $. The calculated results were 
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and CowoTkers 

3.4. T = 0 g m d  state shuchues 
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atomic diffusion). However, diffuse-scattered intensity due to short-range order at higher 
temperatures should reveal these ordering tendencies. This 
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difference at x = me too low 

to enable direct growth into ordered phases, the calculated and 
experimental diffuse-scattering intensities at high tempecatures indeed indicate these ordering 
propensities. The calculated mixing energy and short-range order parameters for Ag-Au 
agree quantitatively with experiment. 

Llo, and LIZ structures at x = ;, 1 x = f, and x = $, respectively. Although the ordering 
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