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Cluster expansion method for adsorption: Application to hydrogen chemisorption on graphene
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A systematic method is presented for determining the ground state of absorbed species on a substrate based
on a cluster expansion of the configurational energy. It is shown that the method can determine the ground state
of a strongly relaxing system using a few first-principles total energy calculations of small cells only. The
method is applied to a particularly challenging case, the two-sided hydrogen chemisorption on a free standing
graphene sheet, where, as a function of hydrogen coverage, the carbon hybridization goe$ foosp’sfhe
method should require still fewer calculations and yield still more accurate results in the case of physisorption
where longer-ranged strain effects are less important.
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[. INTRODUCTION Chemisorption of hydrogen is also of interest in its own
right and several studies have been devoted tdtishould
Chemisorption and physisorption are important areas obe remarked, however, that the large hydrogen absorption
research in view of the many practical applications such as i6apacity reported for carbon nanotube matetials based
catalysis and separation. When an isolated atom or molecuR physisorption of H molecules, rather than on chemisorp-
is absorbed on to a surface, there are usually only a few highon of single H atoms. However, as physisorption of ¢h
symmetry configurationgstructures that are likely to be to graphengand single-wall carbon nanotuties’ involves
stable, see, e.g., Ref. 1. While relaxations and reconstru@nly minor strains, such a calculation is not nearly as strin-
tions make simulating the absorption of a single species ontgent a test as chemisorption of H. It should be noted that in
a surface nontrivial, the number of distinct topologies re-order to include finite-temperature effects, not only configu-
mains rather limited. However, when many species absordational aspects must be considered. Because adatoms have
this is no longer the case. The interactions between absorbéglatively much freedom of movement, it is to be expected
species in addition to the surface-species interactions maK8at vibrational aspects play a significant role fso.
that very large periodic cells can become ground states even

wh_er! the interactions themselves_ are rather short ranged. Il CLUSTER EXPANSION ALGORITHM
This is a well-known phenomenon in the study of the ground
states of bulk substitutional alloysFortunately, for bulk al- The cluster expansion assumes that the energy can be

loys there is an algorithm that has been highly successful fowritten as a rapidly converging sum over cluster contribu-
finding the most likely ground statég he algorithm is based tions where contributions from larger clusters become negli-
on a cluster expansion of the energy of an afl@and it is  gible. A practical example of this idea is common in organic
described in detail below. Studies on bulk alloys have showrchemistry where the formation enthalpy of a molecule can be
that the cluster expansion converges most rapidly wheexpressed to a good approximation as a sum of contributions
strain effects are smallThe question in applying the cluster from nearest neighbor paitsead bondsonly. In the case of
expansion algorithm for the determination of ground-statesthane, one would count one-GC pair and six €&-H pairs
configurations in absorption problems then is whether theand estimate that the formation energy with respect to the
large strains can be handled. As a test a rather severe eisolated atoms is given as the sum of the single C bond
ample was selected: the case of two-sided hydrogen chemenergy and the six-G-H bond energies. Contributions from
sorption onto a single graphene sheet. larger clusters such as triplets usually provide only minor
In the graphene sheet the carbon valence orbitals are icorrections.
the sp hybridized state associated with in-plane bonds, In the case of bulk alloys, an expansion in terms of
whereas after chemisorption®spybridization occurs which nearest-neighbor pairs only can explain some of the most
demands tetrahedral coordination. Clearly, chemisorptiomommonly occurring ground states, but generally more dis-
must cause very large strains in the initially flat graphendant pairs and clusters involving more than just two atoms
sheet. Moreover, assuming a horizontally positionechave to be considered. For a bulk alloy with a fixed under-
graphene sheet, there are three possibilities associated witfing crystal structure, each structure can be specified purely
every carbon atom—no hydrogen, hydrogen above, and hyin terms of the occupancy of each site. In actuality one might
drogen below, making for a very large number of configura-represent the occupancy of a sitas a vector of dimension
tions even when a modest number of carbon sites is onlyn, wherem is the number of components, e.g., in case there
considered. are atom type4\, B, andC, the occupancy is
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(100), A atom at site Having energies for a set of structures, the ECIs can be
obtained by inverting the cluster expansion, provided that the
summation over clusters can be truncated. Moreover, to be
(001, C atom atsite. of use, the cluster expansion must converge with cluster size,
so that retaining in the sum terms corresponding to compact
clusters with a few sites only gives a sufficiently accurate
representation of the energy. Intuition suggests this to be the
case as was illustrated by the chemical example for comput-
1 ing the formation enthalpy, which used pairwise terms only.
CPIN E UFZ(UP% 2 However, in bulk alloys it is known that proper accounting of
' relaxation requires longer-ranged interactions and for super-
where the superscrifit refers to the atomic specied(B, or  lattice structures in the long wave limit a reciprocal space
C) and the column index in the vectot , andN represents treatment might be needédrortunately, we are interested in
the number of sites. The cluster correlatigisare expressed chemisorbed structures with relatively small periodicities so
as products of occupancf‘éé of the sites that make up the that a set of ECls pertaining to compact clusters can be ex-
cluster « [see also Eq(10) in Ref. 3], e.g., a nearest- pected to suffice. The issue then is to select a small but
neighbor pair p1) correlation adequately accurate set of clusters to represent the energies
of structures. It is not really necessary to represent accurately
1 all structures, but only those that are stable, or are almost
gggplzz_ "ol o= (ol o), (3)  stable>'*'*>We can allow large errors for very unstable
zN 77 structures because in reality such structures will not occur.
Restricting ourselves to accurately representing the most
whereP and Q indicate the atomic species,js the number stable structures only allows us to use a cluster expansion
of nearest-neighbor pairs per s{gmordination numbgrand  with yet a smaller set of clusters. This is evident in the
the prime in the sum refers to the restriction that sitasdj chemical model for the formation energy of molecules also.
are nearest neighbors. The factor 2 is a combinatorial factoFhe chemical model does not describe nearly as well atomic
that takes care of the double counting that results from thassemblies in which the atomic valences are not respected as
reversal of indiced andj. In the thermodynamic limit, a it describes stable molecules. Once a choice is made of
description in terms of; would be of little use because the which clusters to use in the cluster expansion and addition-
specification of any arbitrary structure requires an infiniteally a set of structures is selected and the corresponding en-
number of occupancies. Fortunately, we are interested iergies have been computed, the ECIs are obtained by inver-
ground states, which tend to have periodic structures witlsion. Straightforward matrix inversion can be applied when
unit cells with a limited number of sites only, so that such athe matrix¢ is square'® that is, when the numbar of un-
structure can be represented in terms of just three translatidmown ECIs to be solved is equal to the number of structures
vectors and only a limited number of occupancies. In such &® for which energies have been computed. This method is
unit cell it is feasible also to actually count the number ofnot very good because the cluster expansion is truncated and
pairs and other clusters of a given type and determine exactithe neglected ECIs “pollute” the ECIs retained in the cluster
the correlations. The cluster expansion of the erfeigy expansion. Therefore, there should be more structures than

o= (010, B atom at sitd (1)

The concentrations of the atomic species are then given
simply the average aof over all siteg, the expectation value
of o,

given simply by ECls, so that the inversion process can average out over the
neglected ECIs. Hence, the EC} for a clustera are calcu-
lated with
Es=2 &, @

a

whereE? is the energy per site for structusethe sum runs 2

n
over clusterse, andJ, is the effective cluster interaction > W AES(V) — 2 J(V)&,| =minimal,  (6)
(ECI) associated with cluster. It should be noted that while S et
the ECIs are generally unknowns, the energy of structures

can be computed with first-principles methods such as defynere v represents the weights assigned to each structure
sity functional electronic structure methods, see e.g., Ref. 13, 4v/ indicates volume or, more generally, strain. Naturally,
The correlations for a structure can be found simply by ingcg can also be defined with reference to other thermody-
spection. For the special case of a completely random Strugs, mic potentials and the cluster expansion itself is applicable
ture, such as in a solid solution at high temperature, a pak, 5 wide range of physical properties such as bulk and other
ticularly simple expression can be obtained elastic moduli, lattice parameters, and other properties that
are sensitive to local atomic order. It has even been applied

55:<gi><gj> . Aomy=cNe, (5)  for finding structures with large band gasThe method of
assigning weights is more or less arbitrary as long as ground-
where R indicates the random statg,j, ...m are theN,  state structures get a much larger weight than unstable struc-
number of sites that form cluster. tures. The method used here assigns weights according to
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1 representation of the energy. Usually a nearest neighbor pair

wWS=— (7) ECI contributes much, but e.g., a cluster with more than four
d* )2 sites could be expected to contribute very little. Some of the

to @ n® EClIs, which do not much improve the fit, can then simply

be omitted and a new SVD inversion is done using the most
whered?® represents the energy difference of a structit®@  jmportant ECIs only. Again there may be ECIs that contrib-
the convex hull formed by the ground-state ordered strucyte |ittle to improve the fit and one can select an even smaller
tures, andd) is that energy difference averaged for all struc-get of ECIs. Thus, SVD allows one to find the most signifi-
tures. Of coursed® takes the value O i is a ground stateo  cant ECIs from a set that is larger than the set of structures
is a factor, which is assigned the smallest positive value thaing in this way it helps selection of ECIs. Now we have
insures that the total energies of all structures are in the Colpproximate values for the ECIs; they are not exact because

rect order, as in the spirit of Ref. 14. In the actual calcula-of the limited set of energies and the limited set of clusters
tions  was given the value of 10. A slightly less arbitrary employed.

weighting method, which uses the idea of importance sam- |t s important to note here that now that approximate
pling, would give the structures a weight according to thegcis are known, the energy of any structure can be predicted

likelihood of occurrence, with the cluster expansion requiring as only extra informa-
s tion a knowledge of the correlations of this structure. As the

s e AAE for rn/Niym latter is purely geometrical information, it can be tabulated

wX(T) = o o ®) easily for a very large set of structures including all those

E e PAE for m/Niym possible up to some given unit cell size. It is this feature, of

s’ easily computing energies from ECls and ECls from energies

whereg=(kgT) %, Tis temperature anN$,  is the number that is at the heart of the cluster expansion algorithm for
of symmetry elements per site for structsrén this scheme, 9round-state searching. _ o

the weights, and therefore the ECls, are temperature depen- /" the algorithm one starts by computing fraab initio
dent. the energies of some structures, usually structures with small

As was already mentioned, ECIs associated with cIusterH”it cells so that thab initio calculations can be done speed-
consisting of many sites should be much smaller than thosly: One then extracts ECls and uses these ECls to compute
associated with effective pair interactions. This physical in-the energies of all the tabulated structures. Usually, one then
tuition can be imposed on the ECIs in an elegant manner bglscovers thgt the cluster expansion predlct_s that thgre are
adding an extra set of equations to those of Efjs. These structure_s.\./vnh Iower. energies than tho;e included in the
equations have the appearance of a cost or penalty functioR!0r ab initio calculation. The neyvjy predicted stable struc-
with the ECls corresponding to larger clusters having a largefUres are now computed by tlad initio method. Next again
penalty, a (I:fluster expansion is performed and the process repeats it-
self.

Every time this cycle of extracting ECIs and finding new
low-energy structures is repeated, maie initio energies
become available. As a consequence, the cluster expansion
gradually becomes more accurate and it becomes less likely
whereW,, is the penalty for correlation. A possible way to  that new ground-states can be found within the table of struc-

n

> [W,J,]2=minimal, 9)
a=1

assign this penalty is with tures. When any new stable structures are no longer found by
the cluster expansion the latter might be converged. This can
W =KzNa (10) be verified by repeating the above algorithm using a different

starting set of structures, or by checking how well the cluster
wherez is some number greater than unity, which forces theexpansion is able to predict the energy of a structure that was
larger clusters to have smaller ECIs, afds a scale factor not used for the extraction of the ECls. The latter, the pre-
that should be chosen such that the ECls decay with clustefictive error test can be carried out conveniently as follows.
size without sacrificing too much in terms of quality of fit Now that one has a set of structures for which the energy
according to Eq(6). As the contributions from larger clus- was computed ab initio, one removes one structure from this
ters converged reasonably well, Ef) was not actually used set and extracts the ECIs from the setndf-1 structures.
in this study. The EClIs are then used to predict the energy of the removed

An overdetermined system, such as E@). or Egs. (6) structure and this value is compared with the kn@krinitio

and(9), is most reliably inverted with singular value decom- value. Naturally, the two results should be close; if they are
position (SVD). Aside from inverting an overdetermined not; the cluster expansion is not likely to be converged.
system'®1° SVD also allows us to simultaneously examine Then, one must consider using a larger set of clusters in the
how significant the contribution is from a particular ECI. cluster expansion and as this larger set of clusters has more
This means that we could start out with trying to obtain moredegrees of freedom, usually moa® initio calculations are
ECIs than there are structures. Naturally, SVD can determingoing to be needed as well. When one has computed the
out of a set ofh*® structures at utmost® ECIs, but generally predictive error by removing each structure in turn, and one
not all of these ECIs will much contribute to an accurateis satisfied with the predictive error for every structure, and
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moreover one finds the same ground-states even when omer for directab initio calculations, especially because each
starts with a completely different set of structures, then thestructure needs to be carefully structurally optimized. It is
search for the ground-state structures is assumed to be coimportant to note that although the system consists of both
verged. Experience shows that convergence can be reachbydrogen and carbon atoms, each structure can be repre-
when the number of actuallgb initio calculated structures is sented by the occupancies of the carbon atoms only since
orders of magnitude smaller than the number of tabulatedll hydrogen atoms form only a single bond with one par-
structures considered in the cluster expansion. Aathai-  ticular carbon atom. The correlations for the 528 structures
tio calculations tend to be computationally demanding and asould be easily tabulated using a computer program. The
this algorithm is rather easily implemented in a computermaximal clusters considered for the cluster expansion are the
program, this method of searching for the ground-state cahexagon and the centered triangle. These maximal clusters
be orders of magnitude faster than a direct search. Corwere generated on the principle of the complete set of most
versely, the current method can consider many more stru@ompact clusters that are found within a sphere of a given
tures than a straightforward trial and error searclabynitio  radius. Vul and de Fontaif®gave a theoretical justification
calculation. Actual calculations for bulk binary alloys show for this principle. We used a radius of 2.5 times the nearest-
that a few tens of structuré® suffice for the highly sensi- neighbor carbon-carbon distantehich is about 1.4 A In

tive test of a composition-temperature phase diagram. Fig. 1 the hexagon can be recognized in the sites labeled 2
through 7 and the sites 1, 2, 3, and 5 represent the centered
IIl. COMPUTATIONAL DETAILS AND METHOD triangle. Considering all possible subclusters, also including

the so-called empty cluster, gives a total of 15 clusters. As
Ab initio calculations of the hydrogen chemisorbed there are three species the number of ECls is 104.
graphene structures were performed within the local density
approximation using the Vienrab initio simulation program
(VASP).1321 An orthorhombic unit cell was used in which IV. RESULTS AND DISCUSSION

the volume was held constant at 208. AThis resulted in a SVD was used to determine which of the 104 ECls are

separation distance between the graphene layers of about {1, significant for representing the energy. After the cluster
A, which was verified to be sufficient not to pollute the en- expansion had converged, meaning no new ground-states
ergies with spurious intergraphene layer contributions. The 14 he found and the predictive error reached a value of
exchange—%orrelatlon functional W!th generalized-gradient 504 of the range of formation enthalpies, about 46 ECls
correctioné” was used. The calculations were performed sy ere found to contribute significantly. At that point total en-
ing fully nonlocal optimized ultrasoft pseudopotentfdls ergies for about 56 structures were used, see Table I. Only 31
with energy cutoffs of 287(200 eV and augmentation 51"initio calculations were required for these 56 structures
charge cutoff energies of 5.5@00) eVfor C(H). The cutoff  pocqise of symmetry between hydrogen atoms above and
energy for the wave functions has been set at 360 eV. Intg;¢ oy carbon. This is more than one order of magnitude less
grations in reciprocal space used @ X6X3  an g full calculation of all the possible ground-states with
Monkhorst-Pack grid in the first Brillouin zone, giving rise the periodicity considered here would have required. The

to 27 k points in the irreducible section.ﬁ'l%he Hermite-Gausgy e strains are clearly reflected in the large number of ECls
smearing method of Methfessel and Paxtarf order 1 has a1 are required to describe the energetics, the relatively

been used to accelerakepoint convergence. The andb  |5rge predictive error and also in the rather large values of
lattice parameters of the orthorhombic cell and the internakc|s associated with multisite clusters.
coordinates were optimized for all structures using the con-  The most stable structures are shown in Fig. 2. It is im-

jugate gradient method. Structural optimizations were Conpant to note that all these structures have 1:1 hydrogen
sidered converged when the greatest magnitude of the force, o ratios. The most stable structure 0820 is completely
on any atom was less than 1 meV/A. The orthorhombic cell, 5ccordance with intuition because each carbon atom can
with eight carbon atoms, see Fig. 1, allows fdf=8561 adopt the ideal spbonding angles without any strain. The
structures. The structures were given an identification NUMAayt most stable structures are not so easily guessed. Struc-
ber Q computed with tures 0984 and 0328 are 56 and 103 meV/carbon atom above
. the 0820 structure. Both 0984 and 0328 are buckled. In the
QZE 3 (11) case of the former, thel buckling puts one half of a carbon
=5 " hexagon above the original graphene sheet and the other half
below it, giving rise to a corrugated pattern where the
where the position of the sites is as in Fig. 1 and the occugrooves accommodate some of the strain involved in tRe sp
pancyo takes values 0, 1, 2 when H is above, H is below, orto sp* conversion. Structure 0328 also relieves some of the
when there is no H associated with the sitéor example, strain, but in this case by dimerization along one direction.
structure 0000 corresponds to the case where there is a hy- The most interesting result is that all structures have posi-
drogen atom above each carbon atom, while in structuréive excess energies relative to the fully covered 0820 and
3280 there is a hydrogen atom below each carbon, and struthe completely uncovered 656Pure graphenestructures,
ture 6560 indicates a graphene sheet without hydrogen. Amsee Fig. 3. This means that none of the structures with partial
plication of symmetry reduces the number of structures tdwydrogen coverage can be stable with respect to pure
just 528. However, even 528 structures are a daunting nungraphene structure 0820, and hence that partial coverage is
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FIG. 1. (Color) Top view of the orthorhombic cell with eight
carbon atoms. For pure graphene #é, andc lattice parameters FIG. 3. Chemisorption energy of hydrogen onto graphene.
are 4.26, 4.92, and 9.68 A, respectively. Circles indicate the structures used in the structure expansion, some

of the most stable structures are indicated. Solid line indicates a
completely random distribution of hydrogen as computed with Egs.

not favored. The random state, which the cluster expansiob4) and(5). pure graphen(estrgcture 656pand structure 0820 have
een taken as reference points.

indicates to be most stable when equal amounts of hydrogen
are above and below the graphene sheet, is not stable with

respect to structures 6560 and 0820 as is illustrated by th8s only structures 6560 and 0820 are stable it follows that
solid line in Fig. 3. It should be noted that at complete cov-during hydrogenation islands of structure 0820 must form,
erage the random state is higher in energy than structunehich gradually grow at the expense of structure 6560. In
0820, in spite of both having equal number of hydrogenpure 6560 and 0820 strains associated withesm sp bond-
above and below the graphene sheet because randomnésg are perfectly accommodated, but at the edges of structure
does not allow a perfect cancellation of strain energies ab820 this cannot be the case. Therefore, the perimeter of the
short-length scales. One normally thinks of the random stat@820 islands must be associated with excess strain energy.
as a high-temperature solution phase. It being energeticallyhis perimeter energy plays the same role as the interfacial
unfavorable is generally an indication of a miscibility gap. energy in the theory of nucleation so that chemisorption

FIG. 2. (Color Most stable
hydrogenated graphene layers as
determined with the cluster expan-
sion.
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TABLE I. Total energyE,,; and number of carbon atoms with hydrogen above't} hydrogen below (€), and without hydrogen
(#C) for structuresQ used for computing ECIs. Labelling of structures according to Eq. 11.

Etot Etot
Q #cH #Cy #C (eVicell) Q #cH #Cy #C (eVicell)

0000 8 0 0 —86.564 1102 1 6 1 —93.429
0001 7 1 0 —95.957 1112 2 4 2 —93.215
0002 7 0 1 —89.835 1640 4 0 4 —80.190
0008 6 0 2 —88.987 1646 3 0 5 —78.860
0010 6 2 0 —99.190 1700 2 0 6 —77.39

0012 6 2 0 —98.802 1932 2 2 4 —84.435
0024 6 0 2 —89.383 1968 2 0 2 —84.542
0080 4 0 4 —84.949 2024 2 0 6 —78.951
0084 6 2 0 —99.416 2168 2 0 6 —78.867
0087 6 1 1 —93.429 2186 1 0 7 —75.857
0091 5 3 0 —101.189 3280 0 8 0 —86.564
0140 4 2 2 —93.215 3281 0 7 1 —89.835
0168 6 0 2 —88.097 3284 0 6 2 —88.987
0218 5 0 3 —86.278 3292 0 6 2 —89.383
0328 4 4 0 —102.066 3320 0 4 4 —84.949
0656 4 0 4 —84.719 3364 0 6 2 —88.097
0728 2 0 6 —79.636 3389 0 5 3 —86.278
0820 4 4 0 —102.893 3608 0 4 4 —84.719
0821 4 3 1 —97.242 3644 0 2 6 —79.636
0823 3 5 0 —101.189 4100 0 4 4 —80.190
0826 3 4 1 —97.242 4103 0 3 5 —78.860
0840 4 4 0 —101.676 4130 0 2 6 —77.392
0850 2 6 0 —99.190 4264 0 4 4 —84.542
0948 4 2 2 —93.539 4292 0 2 6 —78.951
0984 4 4 0 —102.447 4364 0 2 6 —78.867
1012 2 6 0 —98.802 4373 0 1 7 —75.857
1024 2 4 2 —93.539 6560 0 0 8 —74.141
1093 1 7 0 —95.957 1084 2 6 0 —99.416

must be accompanied by classical nucleation and growttemperature of 3240 K. Naturally, the neglect of vibrational

phenomena. contributions on the surface and of translational, librational,
The energy released by chemisorption at zero temperatui@nd vibrational contributions in the ;Hgas phase affects

can be roughly estimated by calculating the energy of the Hthese numbers. At zero temperature, considering configura-

molecules in a large cell where inter, tthteractions vanish. tional aspects only, the chemisorbed struct{@®20 is 0.2

The zero temperature chemisorption energy which neglectsV per C and H atom more stable than graphene angdas.

all zero point librations and vibrations is about 0.2 eV perAt finite temperature the neglected contributions to the free

hydrogen atom relative tofas in near vacuum. This value energy would stabilize the Hyas phase the most, so that the

agrees well with the value reported in Fig. 2 of Ref. 8. chemisorbed structure will become already unstable at a
The EClIs can be used to compute the most stable absorpather low temperature. Therefore, the miscibility gap com-

tion states, at arbitrary compositions and temperatures, gauted here between graphene and structure 0820 in reality in

well as the phase diagram, provided configurational aspectielihood evolves into a two-phase region between graphene

only suffice. The configurational partition function was and hydrogen gas. This means that, with the possible excep-

solved with the cluster variation metHod employing the  tion at very high H pressures, random chemisorbed struc-

two maximal clusters depicted in Fig. 1. The calculationstures with only part of the carbon sites bonded with hydro-

revealed that at any hydrogen coverage, the situation wheigen do not occur at any temperature.

equal numbers of hydrogen are above and below the

graphene sheet always gives the lowest free energy. In retro- V. CONCLUSIONS

spect, this is reasonable because such a distribution does not

induce a macroscopic curvature in the graphene sheet. As It has been demonstrated that an efficient cluster expan-

discussed above, Fig. 3 indicates a miscibility gap in thission technique can be applied to chemisorption and phys-

system. The maximum of the miscibility gap occurs at aisorption at surfaces and that important physical insights can

coverage of about 0.27 hydrogen atom/carbon atom and Ibe gleaned from such an analysis. Even for chemisorption at
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graphene, where strain effects are extremely large, one cangood representation of lithium adatoms onto molybdenum
obtain a cluster expansion that identifies the most stable sufi112) surfaces, as one would expect on the basis of this
face structures. In the case of hydrogen onto graphene it wasudy?®
shown that a fully covered structure with alternating above

and below graphene-plane hydrogen attachment is the most
stable. This can be readily rationalized on the basis of strains
associated with the égo sp’ conversion for the carbon hy- This work was performed under the interuniversity coop-
bridization. Moreover, such an analysis shows that partiaérative research program of the Laboratory for Advanced
coverage is not favored. Therefore, chemisorbed regionMaterials, Institute for Materials Research, Tohoku Univer-
must form islands where coverage is complete, which, as aity. The authors gratefully acknowledge the Center for
consequence, must exhibit nucleation and growth phenonmzomputational Materials Science at the Institute for Materi-
ena also. A cluster variation analysis indicates that these feals Research for allocations on the Hitachi SR8000 super-
tures will remain at high temperature. After submitting thiscomputer system. The authors wish to thank Alain Pasturel
manuscript the authors learned that a cluster expansion gaver bringing to our attention to Ref. 28.
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