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We describe an iterative procedure which yields an accurate cluster expansion for Au-Pd using only a limited
number of 4 -~ formation enthalpies. Our procedure addresses two problems: a) given the local-density-
approximation LDA) formation energies for a fixed set of structures, it finds the pair and many-body cluster
interactions best able to predict the formation energies of new structures, and b) given such pair and many-
body interactions, it augments the LDA set of “input structures” by identifying additional structures that carry
most information not yet included in the “input.” Neither step can be done by intuitive selection. Using
methods including genetic algorithm and statistical analysis to iteratively solve these problems, we build a
cluster expansion able to predict the formation enthalpy of an arbitrary fcc lattice configuration with precision
comparable to that of 4 -4 calculations themselves. We also study possible competing non-fcc structures of
Au-Pd, using the results of a “data mining” study. We then address the unresolved problem of bulk ordering in
Au-Pd. Experimentally, the phase diagram of Au-Pd shows only a disordered solid solution. Even though the
mixing enthalpy is negative, implying ordering, no ordered & IQ phases have been detected. Thin film growth
shows L1,-ordered structures with composition AuszPd and AuPd; and L1, structure with composition AuPd.
We find that j) all the ground states of Au-Pd are fcc structures; g’i) the low-T ordered states of & QAu-Pd are
different from those observed experimentally in 74, films; specifically, the ordered bulk AuzPd is stable in
D0,5 structure and and AuPd in chalcopyritelike Au,Pd, 201) superlattice structure, whereas thin films are
seen in the L1, and L1, structures; f’ii) AuPd;3 L1, is stable and does not phase separate, contrary to the
suggestions of an earlier investigation; jv) at compositions around AusPd, we find several long-period super-
structures LPS’s) to be stable, specifically, the one-dimensional LPS DO0,; at composition AuzPd and two
two-dimensional LPS’s at compositions Auq3Pd, and Auy;Pd,4; V) Au-Pd has a number of unsuspected ground
states, including the structure Au,Pds with the lowest formation %nthalpy and the 301) “adaptive structures” in
the Au-rich composition range, all of which could not be predicted by other the(gretical methods.
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Finding the most stable crystal structures of compounds is
one of the classical problems in inorganic solid-state,'2
metallurgy,®* and solid-state physics,>7 both because it rep-
resents the deepest and most stable aspect of our understand-
ing of bonding and cohesion and because knowing the gr #-
14 of perfect crystalline solids often holds the key to
materials prép «rt~,. Within the realm of intermetallic sys-
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long-period superstructures  including two-dimensional
LPS’s in which the antiphase ‘modulation occurs simulta-
neously in two directions) have been observed in a number
of intermetallic systems such as Cu-Pd, Au-Mn, Al-Ti, Au-
Cd, Au-Zn, etc.,30-



tures is again often limited to (9(10) structures (see, e.g.,
Refs. 50-52)
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FIG. 3. Flowchart of the iterative procedure that we use to establish our cluster expansion.

o . _ gt .
While it is numerically prohibitive to use all Nﬂ) possible

prediction sets, we can choose the prediction ELs;ets and the
value of 4 * in such a way that each structure enters at least
two prediction sets. The choice of the prediction sets is kept
constant throughout the given outer loop iteration. For a dis-
cussion of the advantages of leave-many-out CV over alter-
native schemes the reader is referred to Refs. 66 and 67.

In the inner loop, one needs to select which pairs and
which MBIT’s best represent { H,,,, )}. It is convenient to

treat separately pairs and MBIT’s. The pam e® ey J.

are determined using the “# ” constrained fit, ® which al-
lows us to keep, in principle, an infinite number of pair
terms.5! For that, we rewrite the sum over pairs, Eq. (5), as

mairs - _ ) ;
ESD*J” pa.r(> %Jg«)lsg«, )2, ()

where the sum is over a. 44 number of reciprocal-space k
vectors in the Brillouifzone for which § , ) is nonzero.
The pair coefficients are then the values determined by mini-
mizing

SMBCE = E |H-L/)A ) -

Hep P+mtM,  8)
& pred.set ( Cb( (

where
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and the sum in Eqg. 8) runs over the structures not belonging
to the prediction set! Here ¢ is a Lagrangian multiplier and
a normalization factor. The role of the additional term M is
to enforce the spatial decay of J_with the pair distance R
allowing only those pair interactions that improve the fit. We
asses different values of 7, , and 4,5 by means of CV score
and find the optimal {#, , 45airs} Values for each given com-
bination of MBIT’s.

We determine the %1, -b@4 interactions in the inner
loop by using a genetic algorithm GA).5? To do so we con-
struct a large pool of all MBIT type@ up to a given order.58-70
This pool includes over 100 MBIT’s—i.e., many more than
we will need we will end up using only 7 MBIT’s in our
final CE). Theh we impose a restriction that no more than
Ny MBIT’s may be nonzero in the final CE fit. The opti-
mum combination of the nonzero MBIT interactions is then
found by the GA, using the procedure established in Ref. 62.
In that procedure, a “population” consisting of N,,, CE “in-
dividuals™ is evolved over a number of “generations,” with
“mating,” “mutation,” and “adjustment” steps as described
in Ref. 62) performed at each generation to' replace the
él—rs)Np,p “least-fit” CE individuals those having the high-

st Scy) by new, possibly better individuals. The GA perfor-
mance has been found not to depend strongly on the popu-
lation size N,,, and on the “survival rate” r, but to be
sensitive to the “mutation rate” and to the use of “lock-out”
strategy which brings the GA out of deep local minima in the
search space.®? We use the GA parameters established in Ref.
62, including the average “mutation rate” of two mutations
per new individual and “lock-out” after ~100 locked-in gen-
erations.

There is a certain risk of CV overoptimization®-67.71—that
is, of finding combinations of MBIT’s which happen to have
a low CV score only because the amount of LDA data used
for CV was limited. Overoptimized CE candidates are elimi-
nated in the outer loop, where we analyze the predictions of
s “Vr i~+CE candidates to minimize the influence of possible
CV overoptimization. At each iteration 5 we determine the
number Ny of MBIT’s sufficient to achieve a low CV score
and select several best CE candidates with Nj’t—2)---Ny%
MBIT’s. We then analyze the predicted ener(;vetics and, par-
ticularly, the predicted ground states of those candidates.
This allows us to first consider zpuz]qfrequent) ground-
state predictions.” Furthermore, we minimize the probability
of CV overoptimization by restricting the +,#% * N, of
MBIT’s by the value N, that provides low, but not neces-
sarily minimal, CV scores. This ensures the “redundancy” of
the input data used for fitting, resulting in more reliable
predictions. Nonetheless, a slight bias from a finite CV score
can never be excluded. This is precisely why we need the
outer loop: if we ever by accident find an artifact result
from a badly chosen inner-loop iteration, the outer loop will
catch it.

D. %ot »tp Adth ghiund-std s 3 h

We are now in a position to test how well the predictive
accuracy of our cluster expansion extends to the structures

outside the set of Nv('l input structures. In particular, we want
to ensure that the ground states predicted by the cluster ex-
pansion are all in agreement with the LDA. This is done in
the outer loop, which adds the structures to the input set and
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TABLE II. LDA formation enthalpies H;p4 Hn meV) of Au;_.Pd, compounds added to the set of the

input structures over the iterations of the outer CE*loop. Also shown are the range of predicted H at the
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step that caused the structure to be included into the input set and the fitted H of the final CE.

X Structure Description Predicted H¢g H;psy Final Hcg

Step 2

1/9 AgB 301) AgB SL -45.1----38.5 -39.4 -38.6

1/6 AsB 01) AsB SL -59.5----55.9 -57.4 -57.3

1/5 A4B 01) or 301) A4B SL -71.3----67.9 -67.3 -67.3

5/12 A7Bs ( 02) A2é2A3B2AzB SL -91.3----89.1 -93.7 -93.7
Step 3

1/5 ApB3 301) AsBABAgB SL -71.0----67.9 -67.5 -68.5

4/15 AqyBy 401) AsBABA4BAB SL -86.6----84.9 -85.4 -85.7

D LPS, see Fig. 14)

2/5 AgBg 401) A4B4A4BAB SL -92.9----91.6 -93.6 -89.5

2/3 A4Bg 02) BsA,B3A, SL -69.0----63.2 -58.7 -62.4

AyB, ( 01) A,B4 SL -68.6----66.4 -59.1 -58.4
Step 4

2/11 AgB, (301) AsBA4B SL -64.9----62.3 -62.5 -63.9

1/3 A1Bs 401) A,BABA,BA,BAB SL -91.9----87.8 -87.8 -87.9

AgB, glo. 4905) 02) AsB,A3B;, SL -95.7----85.4 -91.1 -88.2

2/5 3B> EllO) A,BAB SL -94.0----86.7 -89.4 -89.8

5/8 A3Bs 401) B4A,BA SL -75.6----68.2 -64.1 -66.6

2/3 AyBg (%01) BgABA,BA SL -68.2----61.6 -60.7 -59.7
Step 5

1/6 Aq0B; ot a SL) -62.2----54.2 -55.3 -55.3

1/5 AgB, /got asSL) -71.5----66.5 -66.5 -67.4

1/3 AgB, li\lo. 4557) A3BA,BA3B, 201) SL -91.2----88.8 -91.1 -90.4

7112 5B7 (302) ByA,B3A,BA SL -94.4----91.9 -74.8 =-77.2
Step 6

1/9 AgB; POt aSL) -37.9----34.8 -34.4 -35.0

2/17 Aq5B; 401) A14BAB SL -43.0----41.4 -41.0 -41.3

4/17 A3By 401) AqBABAsBAB -81.5----78.9 -79.9 -80.4

D LPS, see Fig. 14)

1/2 A3B3 J\lo. 55) 11) A3B3 SL -413----7.4 -11.6 -11.7
Step 7

1/11 AqoB 301) ApB;1 SL -32.7----31.7 -31.4 -32.2

2/13 AyB; §301) AgBAsB SL -54.7----53.2 -53.3 -54.6

L AND RANGE ¥F Iy ERAG 1% weREQ_IRED
=T FOR DESCRIBING Lg%

For the Au-Pd system, an accurate description of the fam-
ily of Ll,-based LPS’s is very desirable, since we
predict that the ground states of both AusPd (D023) and
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This table demonstrates two general relationships
obeyed by the MBIT’s beyond those included in the table):

AuPd; (le) belong to this family. In Table Ill, we present
=L1,, DO,,, DO0,3) for the first 12 pairs and for the
st three-body and the smallest four-body MBIT’s.

Iso



) The pair and generally even-body MBIT’s have iden-

tical ’s for the structures obtained by the interchange of A
and B species e.g., for A3B and AB; L1,). Thus, three- and
generally odd-t@ody MBIT’s are needed to obtain an ener-
getic order that is different for A;B and AB; compounds.

) For all the MBIT’s limited to the first seven nearest-

neighbor shells, ’s for L1,, D0,,, and DO0,; are related by

PO






tion sets are b ~'=10 and b '=8. We see that the prediction
error constitutes no more than a few meV for the various
subdivisions of the input set into fit and prediction subsets.

We illustrate the selection of pair interactions via the ¢
- criterion [Eq. (8
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In Fig. 10 we illustrate the ground-state searches carried
out for the best CE candidates of the first and last iterations
of the outer loop <=1 and 7). The dots denote the energies
of all possible stlictures with upto 16 ~1)orupto20 ~
=7) atoms per unit cell, while the lines (indicate the conveg(

hull that bounds those energies from below. The breaking

points of this convex hull are indicated by arrows; as we saw
in Fig. 4, each such a breaking point is a predicted ground
state.

We repeat the ground-state search for the other selected
CE candidates cf. Fig. 9). For iteration <=1, the predictions
of all the selecﬁed CE candidates are summarized in Table
IV. Since different CE candidates may predict different
ground states, we list the fraction of the selected CE’s which
support a particular ground-state prediction. Nine structures

TABLE IV. First iteration: the ground-state predictions of the ten CE’s analyzed in the first iteration of the outer loop, compared to the

LDA data. For each structure
Eq. 10)], and the range of Hp

are highlighted in bold. In the last {WO columns, “n/a” means that no LDA calculations were performed for the indicated s
)=0 in the LDA. Note that while all the CE candidates have a low CV score, their ground-state predictions

indicates that the structure has

we indicate how many CE candidates predict that
) given by different CE candidates. Ground-state predictions satisfying our criteria g)— dv) of Sec. Il D

is a ground state, the lowest predicted depth ) [see

ructure, while “~’

are not very consistent, indicatin(g that further iterations of the outer CE loop (cf. Fig. 3) are needed.

Structure CE predictions LDA data
Lowest depth H g range Hipa
X Name Description How often fneV) [neV) ;neV)

ConvexTf4.10092220D) J-51
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FIG. 10. Results of a direct-enumeration ground-state search for the cluster expansion candidate with the lowest CV score in outer-loop
iterations (a) ~1and J)) ~7 (final CE). Arrows point to the major ground states.

satisfy our “importance” criteria set forth in Sec. Il predic-
tions that are either “deep” or “frequent”); those structures
are highlighted in bold and will be considered the predictions
of iteration ~=1.
2.1} s ‘m ‘ing ‘he o ‘er-loo phis ‘ory

We illustrate pictorially the outer-loop history and the
agreement or disagreement) between the CE predictions and
the LDA er(ergies for all outer-loop iterations in Fig. 11. In
that figure, each structure is represented by a square, with its
upper triangle representing the CE predictions and the lower
triangle the actual LDA data. If the structure is a ground-state
prediction in CE or a breaking point in the LDA), the
corresponding trian(gle is black; if the structure is 407 a
ground-state prediction or a breaking point), the correspond-
ing triangle is white. In %ases when the LDA and CE results
are too close to call but formally disagree, the squares are
shaded as reflected in the figure’s legend. For visual clarity,
we do not distinguish the competing L1,-based structures

1,/D05,/D0,3) in Fig. 11, but illustrate the CE success in

escribing those structures in Table V.

It is interesting to observe how the selection of input
structures in outer-loop iterations produces different CE’s
and how the outer loop converges to a remarkably accurate
CE. The first column under the IT=1 heading in Fig. 11
compares the predictions of the first outer-loop iteration ~
=1 cf. Table IV) to the breaking points on the convex hull of
the LDA input of ~=1. We see the following.

[d}) CE prig 1915 <, #r** %1 W4g LDA ~p #. Two pre-
dicted ground-state structures Au,Pd 1 and Au,Pd, CH were
already LDA breaking points.

d’i) CEpr',;qtf;s %0y vt Wig LDA ~p #. Besides the
L1,*based structures whose” subtle hierarchy was not repro-
duced correctly in IT=1 cf. Table V), all LDA breaking
points were predicted as gr()und states.

vd’ii) N grobigstat? progt€7. The CE predicts four
new ground states that were not in the input. These are
AugPd [ 301)AgBSL], AusPd [ 301)AsBSL],
[ 301)4,BSL], and Au-Pds. (

The second column under the IT=1 heading in Fig. 11
describes the result of the LDA test for the new predictions.

Au,Pd

TABLE V. Percent of CE candidates correctly reproducing the lowest L1,-based long-period superstructure and the correct hierarchy of
L1,-based structures, at compositions AuzPd and AuPds, for different iterations of the outer loop.

N=28 N=32 N=37 N=43 N=47 N=51 N=53
Composition Percent of CE candidates reproducing: IT=1 IT=2 IT=3 IT=4 IT=5 IT=6 IT=7
AuzPd LDA-confirmed lowest-energy structure (DOZ(;) 0% 88% 92% 62% 64% 100% 100%
AusPd LDA L1,/ D04,/ D0,3 hierarchy 0% 88% 92% 62% 64% 100%  100%
AuPd; LDA-confirmed lowest energy structure (le) 40% 100% 100% 92% 79% 100% 100%
AuPd; LDA L1,/ D04,/ D0,3 hierarchy 0% 37% 100% 85% 79% 100%  100%
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FIG. 11. Evolution of the ground-state predictions over the outer-loop iterations. Each structure is represented by a square, with the upper

We see the following.

i) CE Prigit®is % Bro Wy Wg g LDA 1%t The
LDA confirms the CE predictions for AugPd, AusPd, and
Au-,Pds.

i) CEpr‘,i'ql-f;s WOl st Wg g LDA 151, The LDA
disagrees with the CE prediction of Au,Pd which is not con-
firmed to be a new ground state.

jii) Strhuthe ren@Veg rO%W 1g LDA @V % g by
When we calculated H;,, for the structure Au,Pds, we
found that it was so low that it removes the structure Au,Pd
( 1) from the LDA convex hull.

3. Generic beha jprs & ring o 'er-loo pi jera ‘ions

Looking at the results of ..of the outer-loop iteration
history summarized in Fig. 11, we see that there are a num-
ber of possible generic evolution scenarios for a particular
structure over the outer-loop iteration history, as follows.

a) A correct ground-state structure can be included into
the linitial input set by chance and thus be successfully pre-
dicted throughout all the iterations), as happened, e.g., with
CH and AuPd; L1,.

) A structure that was a prominent breaking point of the
original LDA convex hull, and even one that was predicted



to be a deep ground state in the, rs# outer-loop iteration, may
finally turn out 4 to be a grcﬂmd state, as happens with 1.
c) Before the outer-loop iterations have converged, the
CEand LDA can reach an apparent agreement at some point
~2 for 1) and then disagree for a few iterations ~3,4)
6efore finally reaching consensus. (
Ie) A correct ground state may be first identified both
ear

(Au7Pd



Scv only indicates how well CE predicts the
energies of the, x <4 set of { H;p,}, and the constructed CE
is opr~¥~ <4 10 yield a low CV score. Thus, to objectively
estimate the predictive power of our final CE, we have cal-
culated 37 1% H;p, , ) that were never used during the
construction of CE an‘j compared them to the predicted

Hcg ). The results of this comparison are shown in Fig.
13. Wé see that our final CE can make true predictions with
average accuracy of 2.8 meV.

S DI%; WP GhY_w0-% & E YRDERED-
s Q‘-.\r@,rf‘-xl«:sm Avy_, gd,

The ground states of AuPd predicted by our final CE and
all confirmed by direct LDA calculation) are shown in Fig.
14. We will discuss the results in four distinct composition
ranges.

A. @-3Tir Avy_ g, CsmBiunds, x - 0.22: (301) “ A Ptive

stru tup s

In Pd-poor concentration range there are no deep ground
states; instead, we encounter “adaptive structures,”®’—i.e., a
quasicontinuum of ordered structures sharing a common
simple structural motif and all lying on the ground-state line.
This shows that the energetics of the system allows for an
efficient adaptation to any given alloy composition. Previ-
ously, adaptive structures were found for Au-rich Cu-Au and
Pt-rich Ni-Pt.8” Examination of the adaptive structures in
Au-Pd shows that they all are formed by 301) planes of pure
Pd separated by several 301) planes of Ffure Au. The region
of Au-Pd adaptive structures is indicated by a thick line in
Fig. 14. Following Ref. 87, we can analyze this phenomenon
in terms of an interplay between the strain energy repre-
sented by the “constituent strain” E.g [Eq. 2) and Fig.
12 b)] and the “spin-flip energies”—i.e., the chemical ener-
gies obtained by subtracting E-g from H,,,. In the case of
Au,_.Pd,, Fig. 12 p) shows that the 001) ordering has the
least strain, especlally in the Au-rich composition. At the
same time, the spin-flip energies are very attractive for the

opposite-type nearest-neighbor atoms [as evidenced by the
large positive value of the first pair interaction in Fig. 12 (a)],
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FIG. 14. Color online) Ground-state structures of the Au-Pd alloy system. The light-golden spheres denote Au atoms, and the dark
spheres denott(e Pd atoms. The thick line atx  0.22 signifies a region of “adaptive” structures, in which many ground states and near ground

states with negligible depth  [given by Eq.
enumeration routine) have the same LDA total energy.

is analogous to the Cu-Fe sublattice of the chalcopyrite
CuFeS,-type) structure and is referred to as “CH”*6 some-
fimes it is also referred to as structure “40” followind Kan-
amori and Kakehashi®’). The conclusion that CH is the
ground state of Au;_ Pd, at x=1/2 has also been recently
reached by Curtarolo % ..° and is quite remarkable: while
the CH structure has been identified as a generic possible
theoretical ground state decades ago,? it has not been unam-
biguously found previously in any actual binary system. Ex-
perimentally, three binary systems have ever been suggested
to have this structure: NbP,8® ThPb, and UPb.%° Later, NbP
was found to have a different NbAs) structure,®® while the
yet-unconfirmed assignment of ThPb and UPb to the particu-
lar space group allowed by the symmetry was done merely
on the basis of plausibility of the observed «/ 4 ratio and not
by fitting the measured Bragg peak intensities. We predict

0)] appear. The two AugPd, structures gabeled by the number assigned to them by our direct

AuPd to be the first binary compound not involving 5 ele-
ments to order in CH structure.
In a simple Ising model including only nearest- and
second-nearest neighbor interactions (;air J,gr), CH is a
i) J

grour;d state® if g) J;gg)ir 0, ji) J;fair 0, and o

J (il 2. Under these conditions, 1, D0y, and AsB are also
ground states of the same Ising model. We find from our CE
that all those latter structures are +,0¢ ground states of Au-Pd,
although they indeed have low energy and had been pre-

dicted as ground states before the outer loop converged.

E.D ? 3mining vs. lust v xp fistin: Evik n . § #nst th:
vxist n S ffin-f, styu ton s in Av-gd

Recently, Curtarolo # Jydeveloped'®® an 4 ~4- data
mining algorithm to search for ground states which are in

035108-18



principle unrestricted by an underlying lattice. Instead, this
method relies on a fixed library of N, candidate ground-state
structures which is assembled by physical intuition, where
Ny must be small enough to be handled by routine LDA
calculations. Thus, the study of Ref. 15 is complementary to
ours in a way: data mining Ny=176 candidate structures al-
low for a quick but inexhaustive cross-comparison of many
different underlying lattices, while we are able to focus on an
in principle unrestricted space of relaxed candidate structures
!n practice, 3 10° structures) which can be derived from
n fcc lattice.

The most interesting comparison is to be made at compo-
sitionx =1/3, where both approaches predict the existence of
g W ground states of Au,_ Pd,: data mining predicts the
non-fcc structure C37, while our CE predicts the two degen-
erate fcc-based AugPd, structures. To compare the energies
of those structures we must be very sure about LDA conver-
gence. To do so we repeated a number of calculations of Ref.
15 g g y 4 @3V 1 54 numerical parameters’”%2 and for some
structures found that our results are lower by ~10 meV. For
example, for L1;, Ref. 15 reports E,,=-5.463eV/atom,
while we obtain E,,,=—5.475eV/atom using the same cutoff
energy for the basis set). A similar o(iscrepancy exists for
AuPd; L1,. Having established strict convergence criteria we
next compute the energies of the competing structures at
composition x=1/3. We find that HLDA[CUSP(M) is
3 meV/atom lower than H;,, C37). Our numerical con-
vergence allows us to clearly res%lve thig difference.) More-
over, we have analyzed the ratios of interatomic distances in
C37 before and after the relaxation and concluded that upon
the relaxation the interatomic environment in the relaxed
C37 structure tends toward an fcc-like local environment.
This fact and the fact that our predicted ground states are
lower that all the non-fcc structures found in Ref. 15 allow
us to conclude that the suggested non-fcc ground states of
Au-Pd are not real.

Our own study and the data mining study'® agree that
AusPd DO,3; and AuPd CH are ground states of AuPd. Most
other structures predicted by our study were not within the
reach of the method of Ref. 15, with one important excep-
tion: at AuPds, our H;p, L1,) is 12 meV lower than the
result of Curtarolo “ 4. This discrepancy in LDA input
places L1, on our ground-state line, while in Ref. 15 it was
concluded that AuPd; may phase separate into AuPd CH and
fcc Pd instead. Based on our convergence tests, we predict
that AuPd; would not phase separate but order into L1,
structure at low 7. In addition, AuPds;L1, is among those
structures whose  H;p, we have explicitly verified using the
full-potential linear augmented-plane-wave | APW) elec-
tronic structure method cf. Sec. I11). It is thus bur conviction
that AuPd; L1, is a gro&nd state of Au-Pd, at variance with
the earlier conclusion of Ref. 15.

S e, ¥

An objective expansion of the LDA configurational ener-
gies via multipair multi-many-body interactions was deter-
mined for the Au-Pd alloy system. This has been done byda)
selecting important many-body interactions based on LDA

data for a fixed set of input structures and {)) iteratively



method and find rather similar results to our ultrasoft pseudo-
potential USP). For example, =80.8 meV PAW-GGA) vs
-80.5 US(P-LDA) for AusPd DO0,,, and respectively, —84.0
vs -83(3 meV for AusPd DO,s, —97.6 vs —92.6 meV for
AuPd CH, -53.8 vs —49.7 meV for AuPd; D0,,, and —55.6
vs =52.2 meV for AuPd; L1,. e’fi) In constructing the cluster
expansion, SCP use a single, fixed set of input structures
rather than expand iteratively the size of the input set, as
done in the present work “outer loop iterations”). Figure 11
in the present paper demohstrates how the omission of such
“outer loop iterations” might lead to missing important
ground states and to the prediction of spurious ground states.
iii) The pair and many-body interactions used by SCP are

stricted to maximum the third nearest neighbor distance.
As indicated in Sec. IV of the present paper, such a “level 1”
set of interactions is too smallres






8p Blaha, K. Schwarz, G. K. H. Madsen, D. Kvasnicka, and J.
Luitz, wieN2k, an augmented plane wave+local orbitals pro-
gram for calculating crystal properties, Karlheinz Schwarz,
Technical Universitat Wien, Austria, 2001.

9F. D. Murnaghan, Proc. Natl. Acad. Sci. U.S.A. 30, 244 1944).

80For LAPW calculations in compounds, we used the relaxed ionic
positions found by VvAsp.

81For the LPS structures in CuPd; cf. Fig. 1), it is possible to find
a “level 3” cluster expansion that( keeps DO0,; at an energy higher
than L1, and lower than DOy. This will necessarily reverse the
relative position of D0,3 and of the L1,



