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Cluster expansions at alloy surfaces: Formalism and application to segregation in Ni-Cu
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A formalism is described to calculate concentration-independent effective cluster interactions at an alloy
surface in the “unrestricted” scheme. Although this approach is generally valid, a specific implementation is
discussed in the context of the tight-binding approximation in conjunction with the direct configurational
averaging method. This technique is applied to a study of segregation @0®esurface of NiCu, _.. alloys.

Monte Carlo simulations show a strong tendency for Cu to enrich the surface at all temperatures and a
monotonic approach of the equilibrium segregation profile to the bulk composition. The latter point has been
a source of some controversy because a number of recent calculations, using widely different techniques,
produce conflicting results. A critical discussion is given of the relative merits of the various methodologies.
[S0163-182697)03521-2

[. INTRODUCTION ation, reconstruction, or other local rearrangements. In addi-
tion the statistical mechanics framework underlying the ther-

It is only a slight exaggeration to say that the first- modynamic calculations is more complex for surface
principles calculation ofbinary) alloy phase diagrams has problems due to the inequivalence of the sites in the various
become a routine matter. This spectacular progress may bayers constituting the surface. In a remarkable parallel to the
seen by consulting a recent overview of the state of the atomplications that beset the theorist, the experimental deter-
such as can be found in Refs. 1 or 2. Only about ten yeargination of segregation profiles is also fraught with difficul-
ago the first electronic-structure based diagrams werties. Effects such as preferential sputtering and sputter-
computed®* These efforts produced many valuable insights,induced segregation in addition to the great sensitivity of
but employed relatively unsophisticated approaches to theegregation behavior to the presence of even minute quanti-
band structure and relied on mean-field theory. For bulk systies of contaminants make it very difficult to determine the
tems the tight-binding approach has been all but supersedesmposition in the subsurface layers. Contaminants may
by the more powerful first-principles methods, while mean-even reverse the nature of the segregating species to the sur-
field theory has been complemented by large-scale Montéace plane. Thus it is not surprising that conflicting reports
Carlo simulations. Some of this progress is due to improveexist, even for such a relatively simple system as Ni-Cu.
ments in the theoretical formalism, but most of it is caused The purpose of the present paper is twofold. First, we
by the tremendous advances in computing power. Admitdevelop the “unrestricted” scheme to calculate effective
tedly, problems remain for a number of systems, such asluster interactions near an alloy surface. Compared to the
those showing large lattice mismatch, a sizable amount ofrestricted” scheme used hitherto in surface calculations,
charge transfer, or other complications, for example due tdhis new cluster expansion of the internal energy leads to a
magnetic or relativistic effects. Nevertheless, for a greatonsiderable simplification of the calculations. Second, this
many systems, first-principles calculations have not only exformalism is applied in a determination of the segregation
plained the thermodynamic properties in amazing detail, theyrofile at the(100 surface of NiCu, _. for c=0.25, 0.50,
have even made predictions that are already having a direed 0.75. Two of the present authors have recently studied
technological impact. While much work remains, alloy de-this very problem using the tight-bindin@B) method, with
sign by computational means has become a reality. direct configurational averagin@CA) to determine interac-

In stark contrast, the related problem of predicting fromtion energies, and the Bragg-Williams method to find the
first principles the segregation behavior at alloy surfaces isegregation profilé. The motivation for revisiting this sys-
still in its infancy. In spite of much work, theorists cannot tem is the subsequent appearance of a number of relevant
even agree on the segregation profile in one of the simplegtapers on the same subjéct! at least one of whichreports
of systems, the binary alloy Ni-Cu. In part, the cause of theresults that are directly at odds with those obtained in our
difficulties is that electronic structure calculations for an al-earlier study. Since the methodologies used in these recent
loy surface are considerably more complex than in the bulkworks differ drastically from each other it is of great interest
Bloch’s theorem can only be applied in two dimensions, neto try to identify the source of the discrepancies in order to
cessitating in the third the use of a slab, supercells, or somietter understand each method’s abilities and limitations. To
form of embedding. Charge transfer between the surface laythis end calculations have been performed with the same
ers and into the “vacuum” region makes attaining electronicHamiltonian as in Ref. 5, but with a number of improve-
self-consistency much more difficult than in the bulk. More-ments in both the electronic and statistical treatment. Specifi-
over, elastic effects related to size mismatch are more severally, averages have been carried out over a larger number of
in low-dimensional geometries, giving rise to surface relax-configurations, concentration-independent interactions have
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been computedusing the unrestricted expansjprand the theoriest® The lattice models have the advantage that only a
segregation profile has been determined by Monte Carloelatively small set of interaction parameters, called effective
simulations. The results, by and large, confirm those of Refcluster interaction$ECI's), needs to be determined. For bulk

5. In particular, the equilibrium segregation profile is againsystems, some major progress has recently been made to-
found to be monotonic, and shows no evidence of the Cyvards unifying the embedded atom method and the represen-

depletion in subsurface layers obtained in Ref. 8. tation through an Ising-type Hamiltoniaf.It would be of
great interest to generalize this approach to the surface prob-
Il. MOTIVATION lem.

For bulk systems, four main techniques have been pro-

Many processes of great technological importance occuposed to calculate the ECI's from first principles. These are
at the surface of metals and metallic alloys or are initiateche generalized perturbation meth@PM),'® the embedded
near the surface region. Examples include heterogeneous oauster methodECM),1"*8the Connolly-Williams method®
talysis, adhesion of coatings, adsorption of atoms or moland the method of direct configurational averaging
ecules, epitaxial growth, corrosion, oxidation, friction, lubri- (DCA).2%?* The underlying paradigm of these approaches is
cation, magnetic domain formation, etc. A theoreticalthe Ising model, whose connection with the electronic struc-
understanding of the structure and composition of the surfackire was put on a rigorous footing in the formalism devel-
region, ultimately leading to the ability to control these pa-oped by Sanchez, Ducastelle, and GratfaShese authors
rameters, would have great impact on a variety of industriesshowed that the total energy of a disordered or partially or-

In the simplest approach the phenomenon of surface seglered alloy may be expanded in a complete set of orthonor-
regation in a binary alloy can be understood quite easily: thenal cluster functions, whose expansion coefficients are the
element with the lower surface tension will preferentially ECI's. This expansion may be performed in the space of all
occupy the surface plane and the approach to the bulk compossible configurations of the alldgs in the original paper
centration will be monotonic or oscillatory, depending onof Sanchezt al.) or it may be restricted to a subspace that
whether the bulk alloy is an ordering or a clustering one.only includes those configurations with fixed concentration.
There are several reasons why this elementary analysis Ehe distinction is an important one as the first approach leads
unsatisfactory. The notion of surface tension is a macroto concentration-independent ECI's while in the second case
scopic one, which should be related to microscopic paramthese interactions depend explicitly on concentration. The
eters derived from the electronic structure of the alloy. More-essential equivalence of these two approaches for bulk sys-
over, such a picture incorrectly assumes that the interactiotems was established by Asét al. in a formal analysi$?
parameters which govern the surface tension and the ordeand numerically confirmed by Wolvertaet al?* As pointed
ing or clustering tendencies remain unchanged from theiout by SancheZ the main difference between the two
bulk values. Finally, the structural rearrangements that magchemes is that they are based on distinct choices of basis.
occur at the surface are ignored in this interpretation. FoOriginally the terms “grand canonical” and ‘“canonical”
example, complications occur in the case of size mismatcecheme were used to distinguish these two approaches, al-
since this will tend to induce surface enrichment of the mi-though now the terms “unrestricted” and “restricted” sum
nority component. Thus, while this phenomenological argu-are preferred, since the choice of ECI's does not enforce a
ment has great value in providing a physically transparenstatistical mechanics treatment in either the canonical or
interpretation of the phenomenon, it lacks in predictivegrand canonical ensemble.
power. In keeping with the situation for bulk alloys a com-  In the past most microscopic determinations of ECI's near
prehensive treatment of surface segregation will have to ban alloy surface have employed the restricted scheme since it
based on electronic structure information complemented by was assumed that the segregation profile needs to be deter-
statistical physics calculation of the thermodynamics. Bothmined simultaneously with the interaction parameters in a
of these aspects are substantially more complicated at a swelf-consistent manner. Only recently has it been realized
face than in the bulk. that the problem may be solved in the unrestricted approach

Previous microscopic studies of surface segregation cawhich allows the quantum mechanical problem to become
be divided in two categories: those based on a static latticelecoupled from the statistical physics probl&min the
usually described by an Ising or lattice gas model, and thospresent paper, therefore, the Ni-Cu system, previously stud-
based on a continuum model in which atoms are not reied in the restricted summation scherris,reanalyzed in the
stricted to reside on fixed sites. The first class of models isinrestricted scheme, all other parameters remaining the
usually treated by mean-field theory or Monte Carlo simula-same. Moreover, the opportunity is taken to compare and
tions, while the latter is normally studied by means of somecontrast this approach to various others that have recently
minimization algorithm, such a¢classical molecular dy- been proposed in the literature.
namics, Monte Carlo simulatioriwith particle exchanges as We will not attempt a full overview of the experimental
well as displacemenisor others based on an approximation and theoretical situation with regards to surface segregation
of the free energy. While the continuum approach allows foiin the Ni-Cu system, but refer the reader instead to the recent
a more accurate description of displacive and substitutiongbapers that form the basis for the present work and the ref-
disorder, it has the drawback that the full interaction potenerences thereiti.* In short, there is general consensus that
tial between the various species must be known. It is a non€u segregates strongly at all temperatures and for all bulk
trivial task to do this from first principles and most treat- concentrations, with the outer layer being almost pure Cu at
ments use a semiempirical approach, such as the embeddiedv temperatures. There is considerably more debate about
atom method (EAM),*271* or other effective medium the approach to the bulk concentration. Some authors obtain
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a monotonic profile, while others find a depletion in Cu informalism by performing the minimization with respect to
the subsurface lay@). There is disagreement on this point the atomic coordinates. For Ni-Cu the effects of relaxation
both amongst experimentalists as amongst theorists. Ele@nd vibrational entropy were only slight, but in other cases
tronic structure calculations indicate that the dominant termgéhey were shown to have pronounced consequences. The
in the ECI's are the so-called point energiakin to a chemi- FEM had previously been used to investigate segregation in
cal potential which are considerably larger than the effective Ni-CU, using the EAM, in an extensive study by Wang
pair interactionsEPI's), other cluster interactions being neg- €t &l These authors had obtained segregation profiles that
ligible. Whether the concentration profile will be monotonic Showed Cu depletion in the subsurface layers. The same con-
or not depends on the sign of the point energies. It is thiglusion had been reached in a prior EAM study of Ni-Cu

variable about which disagreement exists, while there is als§$i"d Monte Carlo simulations with particle interchanges, as
considerable scatter in the numerical values of point and pai ell as_la_ttlce relaxatiofi Schulthesse'; al.” applied t_he
energies. However, the concentration profile is not very sen* PM within the context of a Iaygr version of th.e Korringa-
sitive to the absolute values of these interactions, aIthougﬁOhn'ROStOker(KKR) method V\.”th th? single-site CPA. to
other observablessuch as surface core-level shifare. tr(_aat disorder. Although the main subject of the Paper1s the
In Ref. 5 tight-binding calculations were performed for Ni-Al system, a short discussion of some results for Ni-Cu is

the Ni-Cu system from which point and pair energies Weregiven since the authors wished to study the effects of elec-

extracted by means of the DCA in the restricted scheme, i.eF,ronIC self-conS|s'§ency in a system with neg_llglble charge
ransfer and elastic effects. The non-self-consistent point en-

the ECI's and the concentration profile had to be iterated ggran . . )
self-consistency simultaneously. Only temperatures abovg'9'€s all h_ad the_same sign, Ieadmg to @ monotonic segre-
the bulk critical temperature were considered so that th@,atlon profile, while the self-consistent energies shqvved a
Bragg-Williams method could be used with confidence. InSi9n reéversal. The authors found that there was a partial can-
this temperature range and within the restricted scheme th%ellapon of errors by not going to self-consistency and ne-
segregation is completely dominated by the point energiesg.leCt'”g double-counting terms. They stressed that there is

1 . ” - . N
The segregation profile was found to be monotonic. Pasturd]© argument da Fru_edel to Ju_st|fy this and con(;luded that
et al® determined(concentration-dependérinteraction pa- good agrgement with expelrlmentally.determlned surface
rameters in this alloy using the GPM in the context of aconcentrations must be considered accidental. Very recently,

11
tight-binding formulation of the linear-muffin-tin-orbital Prchaletal= performed a very careful study of the effects

method(TB-LMTO) with the coherent potential approxima- of self-consistency in surface segregation calculations. These

tion (CPA) to treat the disorder. Segregation profiles Wereauthgrs continued_ their earlier workin which non-self-
onsistent calculations were performed, and analyzed the ef-

calculated by means of the Monte Carlo method. For th . . . o

(100 surface of Nj 76Cl o5 and Ni, sClb s all point ener- ects of going electronically self-consistent. In addition to the

gies were found to be pdsitive, aIth'ough'incIusion of the paipand-energy contribution to the_ total energy, contributions
gom core states, double counting, and the Madelung term

interactions produced a segregation profile that showed ) 4 The ch ; . ; d ECI
small Cu depletion in the third layer below the surface. For/Vere incorporated. The changes in point energies an S

Nig »:Cl 75 the point energies oscillated in sign but the Seg_ldue_totrt]hes?feffect's tvve:e fﬁund to t_>etqune Igrge. In pa(rjncu—d
regation profile turned out to be monotonic. Gazidal.” em- ar, in the sel-consistent scheme point energies were reduce

ployed a semiempirical method based on the equivalent cryé”lnd cor_1verged faster compared to the non-self-con5|_stent
tal theory (ECT) using as experimental input the heats of calculations. Also the surface EPI was found to be consider-

solution in the dilute limits. Monte Carlo simulations were ably larger in the self-consistent method. The magnitude of

performed to determine segregation profiles, which wer he second-neighbor interaction in the bulk and in the_ top
found to be monotonic. Rubaet al® performed aylarge num- layer now turned out to be smaller than that of the first-

ber of LMTO-CPA calculations from which they extracted nelghbor_ EPI. The concentration pro_flles were found o be
(concentration-independerECI’s for clusters up to the tet- monotonic, except at low concentrations wh_ere Cu enr_lch-
rahedron by means of the Connolly-Williams method. TheMentin th_e first ar_1d second layers was thgmed, but with a
ensuing concentration profiles were calculated by the clusteq(?ple“On in the third Iaygr' Thus, these findings are at odds
variation methodCVM) and showed an oscillatory behav- With those of Rubaret al.” although the methodology is es-

ior. This pattern was established, independent of any specifi%entially equivalent. Also, they highlight the importance of

Ising model to which the interactions were subsequently ﬁt_charge transfer in the surface region.
ted, by calculating the surface energy for various composi-
tions. Moreover, it was consistent with the point energies
which were also oscillating in sign as a function of the layer
index. The authors speculate that the reason for the discrep- The formalism that is at the basis of the present work is
ancy concerning the nature of the segregation profile may bthe tight-binding Ising mode(TBIM) pioneered by Trglia,
related to the use of one-electron energies in some of theegrand, and Ducastelf-3°These authors have shown that
earlier papers rather than total energies as in their work. Rittthe total energy of a binary alloy syste#,B;_., with N
neret al? used EAM potentials to calculate segregation freesites may be written as

energies for a large number of systems, by means of the

free-energy minimization methodFEM). This technique L 1

minimizes the free energy directly and includes approxima- I — Iy/! I yd /13

tions to the configuratio%}(/al and \)//ibrational entropfy? More- E(P)=Eot an,l PaVnt 2N Z,J PoPmYom® -

over, it allows one to include structural relaxations in the (3.1

Ill. METHODOLOGY
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where thep!, are occupation numbers, equal to 1 if sités ~ with correlation functions defined as

occupied by an atom of speciégA or B) and equal to 0 —~ _ _ -
otherwise. In this representation the statistical physics re- 6é,=((g1—01)(02=03) (0 0y ), (3.7
sembles that of a lattice gas model rather than an Isin

model, but it is easy in the case of a binary alloy to make th here Uiz_zci_l is the average Spin_on s_itE The
transformation to an Ising model through the introduction ofconcentration-dependent EClindicated by the tildghave

. : formal definitions similar to Eq€3.4) and(3.5), but with the
the pseudospin variables, equal to+1 for anA atom, and : . :
_ P P edt onA_ added constraint of fixed concentration. In E8.7) we have
1 for aB atom, by substitutingr,=2p;—1. In Eq.(3.1), S ) . .
V' are the point eneraies for each s eclégm are the pair allowed for the possibility that inequivalent sites may be
in?eractionsp etc Thege guantities n?ay be calculateF()JI usin@resent so that the, may take on different values on differ-
the GPM as shown by Tgtia et alZ®~% or they may be nt sites. For a bulk system in which all sites are equivalent,

132 . one has of course;=c, for all i.
gggt]gr%t:dthgyprgi?\?nesn::gfgs cicrfﬁsualllrl]ystt)lédIi(;io?];(;)utknle Tr_]e fact that, de_pending on the approach u;ed, one could
there are inequivalent sites in the system, but at a ’surfac%smalr.] ECI's that _elther depend on concentration or do not,
due to the symmetry breaking, they must be’ included. In faC‘?emamed a puzzling and somewhat controvers@' issue for a
) . ' " : fumber of years. For bulk systems, a major clarification was
it turns out that in most cases these quantities are the domj|- 123in which the equivalence

nant ones to determine the segregating species and the ¢ fovided in a paper by Astet a
. : gregating sp SFthe two approaches was formally established and transfor-
centration profile.

As was mentioned before, Sanchez, Ducastelle, an ation formulas between the restricted and unrestricted

Gratiag® have formalized the Ising model approach. These[ Cl's were given. Specifically, the authors demonstrated that

. . he unrestricted ECI's can be recovered from the restricted
authors showed thain the unr(_estncted schemthe internal ones through a renormalization procedure. Moreover, it was
energy of an alloy may be written as

shown that(in a bulk system with all sites equivalerthe
restricted ECl's at fixed overall concentrati@s=0.50 are
E=Vo+ >, mV,E,. (3.20 identical to the unrestricted ones:

Here theV,, are the ECI’s, for the clustex which contains Va=V,(c=0.50. (3.8

n, sites and has multiplicitym,, and the¢, are cluster This powerful result allows one to obtain unrestricted ECI's

correlation functiongor cumulants defined as by performing all calculations for an equiatomic composi-
tion.

§a=(0105 - 'O'na>1 3.3 For alloy surface problems the distinction between the

) . two schemes becomes patrticularly poignant. In the restricted
where the angular brackets denote a configurational averagg.;,ame one needs to determine the ECI's corresponding to

These correlation functions form a complete orthonormal Sehe equilibrium segregation profile parallel to the surface at a

in the Ispacg offall %poss/ilk\aﬂle configu.ratioEs grn;hp/l)rovide a given temperature. Since this profile in turn depends on the
natural setting for the CVM. Comparing the EXPIES- yalues of the ECI, this requirement leads to a time consum-

sion[Eq. (3(.11), after trf’insform3agon to spin vanﬁbﬂem ']9 the  ing self-consistency procedure in which ECI's and layer con-
%nregtrlf]te bsummatlobfl‘.E(i]. ( g .b)] one mr)]teslt at a formal - conirations need to be iterated to convergence simulta-
identity has been established between the electronic structufg.o iy This process may be accelerated somewhat by

and the sta}tlstlcaldphysms. The explicit expression for the,ying advantage of the nearly linear dependence of the point
point energies reads energies on concentratinbut it nevertheless makes the
computations awkward and involved. In particular, new

1 A B
Vp=2[Ep =Byl 34 ECI's need to be determined for each bulk concentration or
and for the EPI's temperature. In contrast, as we will see, the proper imple-
mentation of the unrestricted scheme is to perform all aver-
Vpq= %[ES(/;JF EEE_E/SE_ EE(’;], (3.5 ages over configurations that have an equiatomic composi-

tion in each layer parallel to the surface. Thus, for a given
Here p andq denote lattice sites anE'p (E'pJq) is the total  alloy system the ECI's can be computed once and for all,
energy of a system consisting of an atom of typen site  independent of bulk concentration or temperature.
p (and one of typel at siteq) embedded in a completely In the present work it will be assumed that we deal with
disordered medium. Similar expressions hold for the othesurfaces of systems that have all sites in the bulk equivalent,
ECI's. It is clear that all of these interactions are concentraalthough the generalization to other cases is straightforward.
tion independent. However, it is possible to find other expanThus, the system may be taken as made up of layers parallel
sions similar to Eq(3.2) based on a different set of basis to the surface and the inequivalent sites may be labeled sim-
functions. In particular, a natural way to proceed is to conply by the indexp of the layer in which they are located,
sider the restricted scheme in which the system is kept at p=1 being the surface layer. The average spinsn Eq.
constant concentratioo. In that case the expansion for the (3.7) in general take on different values depending on the

internal energy reads layer index. If o, is taken to be zero for alp, i.e.,
c,=0.50 for all p, one notes that thé§, reduce toé,.
E(c)=vo(c)+2 ma’\”/aé’ga, (3.6) Comparing _Eqs(3.2) .and(3.6) and taking into account that
a the correlation functions form a complete orthonormal set,
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we find that the restricted and unrestricted ECI's are identical c
under this condition. This generalizes, to the case of struc-
tures with inequivalent sites, Eq3.8). It shows that the
proper procedure to calculate ECl's in the unrestrictedvherekg is Boltzmann's constant arﬁ‘s’egis the segregation
scheme is to demand that the average concentration on eaehergy for thepth plane. In the restricted scheme one has
inequivalent site is kept at 50%. In the case of a surface this - -

leads one to impose this condition layer by layer. Efeg=2(Vp— Vo), (3.11)

Furthermo_re, Itis p_oss!ble to estab_llsh a relationship bei/vhile in the unrestricted scheme the general expression is
tween the point energies in plaperelative to the bulk val-

. . ) much more complicated and also depends on the concentra-
ues p==) and the difference imp-plane tensions of the P P

o . tionsc,_q, C,, andc,, :
pure element&® A generalization of the notion of surface p-1r=p p+l

[of
P _ * =)
=, 1=c, OF ~EbedkeT), (3.10

tension, thep-plane tensionr:) of the pure element is de- EP.=2(V,—V.)+2[Z;V,yp(2¢,— 1)

) . P . seg p Ve 1Vppl<bp

fined as the difference in binding energy of an atom when it

is located in plane relative to its value in the bulk. For +2ZVpp-1(2C,- 1= 1)+ 25V p41(2C5 11— 1) ]

p=1 this reduces to the definition of surface tension. In the

Appendix it is shown that ~ 2214225V x(261). (312
Here Z; denotes the number of nearest neighbors in the

1 B plane, andZ, the number of out-of-plane nearest neighbors.
Vp_VmZE(TQ_ 7'p)+n 0%;423 e (3.9 In order for this expression to be valid for alvalues, one
o must takeV,, to be zero. If the EPI's were negligible the

The correction terms run only over clusters with an oddconcentration dependence would disappear and one would

number of sites larger than twitriplet, quintuplet, etg.and  get

in many cases are negligible. Thus, to a very good approxi- o

mation twice the point energy differencé,—V.. should Egeq=2(Vp— V), 313

equal the difference irp-plane tensions, a result first ob- pyt in general the full expressiofig. (3.12)] must be used.
served by Trglia et al*® for p=1 and here generalized and |n view of Egs.(3.9~(3.12 one notes that the component
rigorously demonstrated. This is a remarkable finding, sinCith the lowest surface tension will enrich the surface. The
it relates alloy parametersvg) to pure-element quantities approach to the bulk concentratigmonotonic or oscilla-
(7). However, it only holds if ECI's for triplets and higher tory) will depend on the behavior of thp-plane tensions
order clusters are indeed negligible compared to the othegnd/or the sign of the EPI's. It may seem that E8j11) is
terms. the simpler expression, but one must keep in mind that the
Once the parameters in the Hamiltonian have been detepoint energies in that case are concentration dependent, so
mined the statistical mechanics problem of minimizing thethat the system of equatiori8.10 must be iterated to self-
associated free energy must be solved. The simplest way @bnsistency simultaneously with the point energies. On the
doing so is by means of the Bragg-Williams method inother hand, Eq(3.12 contains concentration-independent
which the entropy is taken to have the very simple forminteractions, which need not be adjusted during the self-
given by regular solution theory. The resulting system ofconsistency cycle on Eq3.10. One also notes that in the
coupled equations, discussed below, is well known and mUSiasecpzo.SO, for allp, the expressiof3.12) reduces to Eq.
be solved numerically for the concentration in each I&yer.(3.11), i.e., under the constraint of equiatomic composition
Its analytical properties may be understood in terms of then all planes the restricted and unrestricted scheme become
theory of area preserving mafisThis approach is known to equivalent, as was established before. However, the present
work well at elevated temperatures above the bulk orderpbservation is based on the Bragg-Williams approximation,
disorder transition temperature. One may then assume thghile the result holds completely generally.
the segregated layers are disordered. The Bragg-Williams ap-
proximation is but the lowest order one in a sequence of IV. RESULTS
mean-field theories known as the cluster variation method
(CVM). Higher order approximations within the CVM have  The TB parameters used in the present work were ob-
also been used to solve segregation problems, notably intained by a fit to first-principles calculations for the pure
formulation based on the tetrahedron as the basic clfisterelements® and includes, p, andd orbitals. These are iden-
This procedure also leads to a set of coupled equations fdical to the values on which our previous wonkas based
the occupancies in the various layers. It has the advantagend are used here again to permit a direct comparison of the
that correlation functions may be determined and that it igestricted and unrestricted schemes. The applicability of
applicable at all temperatures. Monte Carlo simulations ar¢hese types of parameters to ECI calculations has been
also a natural way to simulate the kinetics and equilibriumquestione and it is likely that better parameter sets could
properties at an alloy surface and, with the advent of fasturrently be calculated, e.g., by the TB-LMTO method. Nev-
workstations, may very well become the technique of choiceertheless, to compare the two averaging schemes in a consis-
for accurate work® tent way, the use of the same parameters is indicated. Off-
In the Bragg-Williams approximation, assuming only diagonal disorder is treated by Shiba’s prescription. The
nearest-neighbor EPI's, one finds a system of coupled equ&Cl's are computed directly by orbital peeling, using the
tions for the concentrations in the various layers, which mayecursion method in combination with the DCA Local
be written in the form charge neutrality was imposed by a rigid shift of the ener-
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TABLE I. Comparison of point energigén eV, relative to bulk  than that obtained by other authors. However, care must be
values obtained by various authors. Note that the values from Refstgken in comparing these values since the present results
5, 6, and 11 were obtained in the restricted scheéarel conse-  \yere obtained in the unrestricted scheme and a renormaliza-
quently are concentration dependenthile those from Ref. 8 and (o of parameters occurs. Nevertheless, it appears that the
the present work are calculated in the unrestricted scheme. point energies obtained with the Papaconstantopoulos pa-
rameters are anomalously high. This may be seen by using

Plane Ref. 5 Ref. 6 Ref. 8 Ref. 11 Present work T
Eq. (3.9 (for p=1) and subsituting the calculated or mea-
1 0.39-0.67 0.15-0.17 0.189 0.147 0.69 sured surface energies. Two groups have recently computed
2 0.04-0.13 -0.007-0.014 -0.036 -0.0004 0.0052 surface energies for CLOO and Ni(100), Abrikosov and
3 - 0.001-0.002 0.0023 -0.007  0.0011  Skriver® using the TB-LMTO-CPA method and Alden

et al® using a spin-polarized Green’s function technique
also based on the TB-LMTO method within the atomic
gies. Further details can be found in Ref. 5. In contrast to thagphere approximatiofASA). Surprisingly enough, the two
work, the present study calculates averages over 50 configiethods yield quite large deviations. For the surface energy
rations generated in the unrestricted scheme, i.e., an averagé Cu(100), Abrikosov and Skriver find 0.71 eV, while Al-
composition of 50% in all the layers was enforced as disdenet al. obtain 0.85 eV. For the paramagnetic(NI0) fcc
cussed in the previous section. surface Abrikosov and Skriver get 0.95 eV and Aldsral.

The resulting parameters, valid at all concentrations, ard.03 eV. The source of the differences is not clear from the
listed in Table I(point energies, relative to the bulk valyes Published results. We also note that Abrikosov and Skifver
and Table II(EPI's). Also listed in Table | are the point obtained a deviation from linear behavior of the alloy surface
energies found in our previous work and by other authorsénergy that has the opposite sign from that found experimen-
These have been adjusted to agree with the sign conventidlly. This disagreement was attributed to the effects of seg-
and spin representation used in the present paper. Interatggation in experiment, since the calculation was performed
tions due to further neighbor and higher order clusters weréor an unsegregated surface. Using the Abrikosov and
found to be negligible. This is in contrast to the work of Skriver surface energies in E@.9) one finds a point energy
Pasturel et al® and Rubanet al® who find quite large difference ¥/;—V.) of 0.12 eV while the Alderet al. re-
second-neighbor interactions. The former authors obtainegults yield a point energy difference of 0.09 eV. These values
concentration-dependent interactions and found that for 5@re noticeably smaller than all computed values in Table I.
and 75 % Cu content the second-neighbor interaction domiThis discrepancy is not due to magnetic effects, since the
nated the first-neighbor interaction in magnitude. These ausurface energy for NLOO) in the ferromagnetic state only
thors found higher cluster interactiorisiplets, etc) to be  increases to 1.07 eXRef. 37 which shifts the point energy
negligible. On the other hand, in the work of Rubetral®a  up to 0.11 eV, still a good deal below the computed values.
very large contribution was obtained for the four-point clus-The cause of this disagreement between the rigorous relation
ter. However, this is an artefact of the Connolly-Williams Ed. (3.9 and the computations is not clear at present, but it
method which is not based on a rigorous expansion such dbustrates the difficulties that face an accurate determination
Eq. (3.2), but will tend to have all sorts of effects lumped Of the ECI's at an alloy surface. We note that in other sys-
together in the last term of the truncated expansion. Also, théems, such as MoWRef. 3§ Eq. (3.9) was found to hold to
results of Pasturest al® were somewhat modified by going Within 10%.
to self-consistency with the second-neighbor interaction no ~ The (nearest-neighborEPI's listed in Table Il are all
longer dominating, although still sizable. negative, which is consistent with the clustering tendency of

As can be seen in Table I, in the present work the pointhe Ni-Cu system. In the surface region the EPI is consider-
energies are monotonic and positive, leading to Cu segreg&@bly reduced compared to that in the bulk. Simple moment
tion in all layers. This is in conflict with the result of Ruban argument&® would predict an increase in magnitude at the
et al® where an oscillation was obtained, an issue that willsurface, but in a full(self-consistent calculation this does
be addressed below. One also notes that in the present woRlet necessarily hold, as can also be seen in Fig. 3 of Ref. 5.
the point energy in the surface layer is considerably largeMoreover, the present calculations are performed in the un-
restricted scheme, which means that the interactions are
renormalized with higher order terms compared to results
obtained in the restricted scheme. This must also be kept in
mind when comparing the present results with those from
v,, Refs.5and 6. We note that Drchet al found the reverse

trend for the surface EPI: it was found to be almost three

-8.46  times as large as that in the bulk. The bulk EPI in the present

-6.82  work is very close to concentration-dependent ones obtained

-9.89  in Ref. 5 in which the restricted scheme was used. The con-
-12.79  centration dependence of those EPI's was rather mild, so that
-14.82 the good agreement between the two schemes for this param-
-14.41  eter is not unexpected. From the bulk EPI one can estimate
-13.70 (using the tetrahedron-octahedron approximation of the
1401 CVM) a bulk order-disorder temperature at=0.50 of
T.=850 K, in fair agreement with the experimental value for

TABLE Il. EPI's V4 (in meV/pai, for sites in planep and
g, obtained in the present work. Bulk sites are denotedeby
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the top of the miscibility gap at 628 K for a concentration of
c=0.67%° As mentioned before and as observed by otfiers,
the Papaconstantopoulos TB paraméfedo not form an
optimal starting point for the purpose of determining ECI's.
Therefore a shift of 30% of a phase boundary is not unrea- A
sonable(see also Table | in Ref. 35In this regard for bulk
systems the TB method is certainly not able to compete with
more accurate first-principles calculations, notably those
based on density functional theofFT). This does not ex-
clude that it generally gives quite adequate qualitative trends
Moreover, as discussed in the Introduction, the surface prob
lem is considerably more complicated, even for those first-
principles methods. Part of the discrepancy between the cal
culated and experimental phase boundary must be attribute
to relaxation effects as discussed recently by Asta anc 0 .
Foiles* 0 5 10
For completeness we also mention that Vaksl*° have laver
used neutron scattering data to calculate the EPI's over a y
range of concentrations in the bulk for the Cu-Ni systém. g1 1. concentration profiles for various layersTat 1000 K
These authors find fairly large second-neighbor interactiongng puik concentrations=0.25 (circles, 0.50 (squarel and 0.75
(opposite in sign to the first-neighbor interactipnhis  (griangles.
overall tendency is in agreement with the results from DFT
calculations for the surface problé! The source of the the EPI in the last layer, or by increasing the number of
discrepancy with the present results, which find the secondieighbors in some fashion. We have preferred not to resort to
neighbor interactions to be negligible, is not clear. We dosuch measures, but we will report all segregation profiles
note that Sluiter and Turcht, who also used a TB model, truncated just before the last two layers. In order to speed up
found only weak second-neighbor interactions in bulk Cu-convergence towards the equilibrium profile it is advanta-
Ni. Thus, it is possible that this deviation is due to shortcom-geous to start the calculations with a configuration consistent
ings of the TB approach, a matter that deserves further studyith an estimated profile, obtained for example by the
However, we note that Valat al*® also find sizable fourth- Bragg-Williams method or from a Monte Carlo simulation
neighbor interactions especially in the Ni-rich end of theon a small sample.
composition range, a rather unexpected result. Further ex- Monte Carlo simulations were performed as described for
periments would be welcome. a simulation cell consisting of 12 layers each containing a
In the present work, the Monte Carlo method is used ta32X 32 mesh(with two atoms per unit cellparallel to the
determine the segregation profile. This technique has the agurface, corresponding to t#00) surface of a fcc structure.
vantage over the Bragg-Williams method of being applicabléSimulations for systems containing more layers or more sites
at all temperatures and of permitting the determination of thgper layer produced no noticeable difference. The sample was
state of order in the layers parallel to the surface. Moreoverfirst equilibrated over 1000 Monte Carlo steps per particle
it also allows one to obtain information about the kinetics of(MCSP), starting from an estimated segregation pofile, and
segregation. There are a number of options in the way thaverages were calculated over the next 2000 MCSP. Figure 1
simulation cell is set up in a Monte Carlo study of surfaceshows the concentration profiles thus obtained at a tempera-
segregation. Clearly, to minimize finite-size effects it is ad-ture of 1000 K, well above the bulk critical temperature, for
vantageous to have periodic boundary conditions in the twséhree bulk concentration&c=0.25, 0.50, 0.7 One notes
directions parallel to the surface. The main question is whathat the top layer is pure Cu for all bulk concentrations, a
to do with the modeling of the “bulk.” One possibility is to consequence of the large point energy in the surface layer.
terminate the system by a layer that is periodically supplieddlso the approach to the bulk concentration is monotonic
with atoms so as to maintain the desired bulk concentratiorand fairly rapid, although not as fast as predicted by the
This is the approach favored by Eymery and Juohd also  Bragg-Williams approximation or Eq3.10. We have also
used by Pasturett al®** The slight disadvantage of this compared the results calculated by the Bragg-Williams
scheme is that it violates the condition of detailed balancenethod and those obtained by Monte Carlo simulation at
each time that atoms are supplied to the system. Anothéemperatures above and beldw. If only point interactions
possibility, employed in the present work, is to treat all lay-were present, i.e., if the EPI's were negligible, the Bragg-
ers, except the last one, in the canonical ensemble, and to fi¥illiams approximation would become exact and yield iden-
the chemical potential in the last layer to the bulk value andical results to the Monte Carlo method. Our results showed
consider it in the grand canonical ensemble. The disadvarthat the differences between the two for temperatures above
tage of this approach is that it is more difficult to fix the bulk T, were rather small, while strong deviations occurred below
concentration to a specific value. In both approaches, th&.. This reflects the increasing effect of the clustering ten-
“bulk” layer also has fewer neighbors than the other layersdency between like atoms beldly. However, inspection of
(except for the surfage This will tend to produce minor snapshots showed that even at temperatures above the bulk
artefacts(depletion in one of the specien the last two order-disorder temperaturg, clustering in the layers near
layers. One could work around this by artificially increasingthe surface occurred. Thus the statement that the Bragg-
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FIG. 2. Snapshot of the first layer below the surface in Ni-Cufor |G, 3. Snapshot of the first layer below the surface in Ni-Cu for
bulk concentratiorc=0.50 atT=500 K. Filled circles denote Ni pylk concentratiorc=0.50 atT=1000 K. Filled circles denote Ni
atoms and open circles represent Cu atoms. atoms and open circles represent Cu atoms. Even though the system
is above the bulk order-disorder temperature there is still a strong

Williams method is appropriate for temperatures abdye tendency towards clustering.

must be interpreted with some care.

We also note that a Cu depletion of the subsurface laye
was observed in the early stages of the simulation followin
a quench of a completely disordered system. Starting from
configuration with equal composition in all layers, Cu diffu-
sion to the surfacéand corresponding Ni diffusion into the

% the negative nearest-neighbor ER evident. The open
%ox represents the fraction of Cu-Cu nearest-neighbor bonds
fh each layer or between layers. Since the first layer is pure
Cu in both cases, its correlation function is unity and sets the
. . scale in Figs. 4 and 5. The shaded box indicates the fraction
bulk) was so strong that a Cu-depletédi-enriched zone of unlike (i.e., Cu-Nj bonds. For a phase separating alloy at

rgma_lned in layers 2 and 3. However, th|s was merely Fow temperatures this quantity should go to zero in the ther-
kinetic effect and the expected monotonic profile was o ‘modynamic limit as a circumference to area ratio. In the

u .. . . . K
that thermal equilibrium was reached in the simulatiog 6?esent case the minimum number of unlike pairs possible is

calculating staggered averages and monitoring the layer con-

centrations However, at low temperatures a kinetically ar-

rested oscillating profile may well exist as a long-lived state.

Such nonequilibrium effects may also be at the root of ex-

perimental reports of Ni enrichment in the subsurface region.
Representative snapshots of the first layer below the sur-

face(i.e., p=2) for a bulk concentratioo=0.50 are shown

in Figs. 2 and 3. These were obtainedTat 500 K (Fig. 2

and 1000 K(Fig. 3). One notes al =500 K the presence of

a number of Ni domaingfilled circles embedded in a Cu

matrix, consistent with the attractive in-plane EPI and as

expected for a clustering alloy. More interestingly, at

T=1000 K one observes that there is still considerable short-

range order and that, in spite of numerous “point defects,”

Ni atoms tend to be surrounded predominantly by Ni atoms.

This layer can certainly not be considered as completely dis-

ordered, even though the system is well above the bulk

order-disorder transition temperature. One also notes that the 1 2 3 4 5 6 7 8 910

total Ni concentration in the second layer is larger at 1000 K

than at 500 K, consistent with the greater influence of en- |G 4. Fractions of nearest-neighbor pairs of various types

tropy effects which begin to overcome the point energies, agjthin layers and between adjacent layers ¢er0.50 andT =500

can also be seen qualitatively from E§.10. K. The open box denotes Cu-Cu bonds and the shaded box repre-
The intra- and interlayer nearest-neighbor correlationsents Ni-Cu bonds. The abscissa indicates the layer ipdaith

functions expressed as the fraction of Cu-Cu and Cu-Ni firstthe histogram to the left corresponding to the intralayer occupancy

neighbor pairs for these two cases are shown in Figs. 4 anddnd that to the right corresponding to the nearest-neighbor bonds
in which the strong clustering tendency of like atofowing  between planep andp+1.
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poulos TB parameters and partly to relaxation effétfshe
segregating species is found to be Cu, due to the large point
energy in the top layer in agreement with all other theoretical
treatments, as well as experiment. This is consistent with the
fact that Cu has a lower surface tension than Ni. To analyze
such trends a rigorous relation between point energies and
p-plane tensions has been established. The segregation pro-
file is found to be monotonic in agreement with several pre-
vious theories, but in conflict with the most accurate elec-
tronic structure treatment to date by Rubanal® It is
therefore worthwhile to critically analyze the approximations
inherent in the various treatments.

Schulthesset al1® and Drchalet all! have stressed the
importance of charge self-consistency in surface calcula-
tions. The present results use a primitive form of charge
self-consistency through the simple expedient of imposing
local charge neutrality via a rigid shift for all the bands for
_ ) _ ) each inequivalent atom. More sophisticated forms may be
_ EIG. 5. Fractions of nearest—_nelghbor pairs of various typesenvisioned, for example by shifting different levels by dif-
within layers and between adjacent layers for0.50 and  ¢oront amounts according to the symmetry of the orbitals. In
T=1000 K.(See Fig. 4 for symbols. view of the DFT-based calculations which point to the im-

. , ) portance of a proper treatment of this effect in the surface
2L/L? (L=32), i.e., about 6%. The fraction of unlike bonds region, this possibility deserves further study.
in Fig. 4 (T=500 K) levels off at about 7—8 %, reflecting the " humber of studies of surface segregation, including that
presence of a few domains, similar to those shown in Fig. 2of Rubanet al.® employ the Connolly-Williams methd@in
At 1000 K (Fig. 5) the unlike-pair probability fluctuates be- \yhich atruncatedexpression of the forni3.2) or (3.6) is
tween 9 and 10 % consistent with the higher degree of dispqstylated to hold and the expansion coefficients exactly fit-
order, but considerably smaller than 50% as expected for g to a series of total-energy calculations for ordered struc-
completely disordered system. This signals again that thg,res. For bulk systems the method has been widely used and
surface region retains a high degree of short-range ordefas |ed to mixed results. A critique has been presented by
even above the bulk order-disorder temperature. Of particus|yiter and TurcH? and by Mikalopas and collaboratdfs.
lar interest is the pair correlation function between the firstrne main drawback of the method is that it is not based on a
and second layers: it gives 16% unlike pairs at 500 K angy| (infinite) expansion in which the parameters may be
32% unlike pairs at 1000 K, reflecting the. higher Ni contentgi\,en a precise physical meaning. Rather, the fitting param-
at higher temperature. Also, fgr=10 we find 49% Cu-Cu  eters contain all sorts of effects convoluted together in an
pairs and 43% Ni-Ni pairs at 500 K, while both fractions attempt to precisely mimic the ordered structures. Frequently
equal 45% at 1000 K. The stronger clustering tendency fopne finds that changing the number of clusters in the expan-
Cu compared to Ni at low temperatures is a consequence @fon drastically alters the values of the parameters. Also the
the strong Cu enrichment to the surface plane. These sites 8%&creasing magnitude of the ECI's with the number of sites
as “nuclei” for ordered domains that percolate dgep into theyhich is often found to hold in practice can no longer be
system. Thus the surface point energy makes its effect feliscertained. In particular, it may be that the last term retained
ten layers deep, although the actual point energypferlO i the expansion is artificially large. This may be seen in the

has long reached its bulk value. Such correlation effects argarameters of Rubaet al. where one finds a very large qua-
outside the scope of the Bragg-Williams method, but domiyyplet interaction.

nate the thermodynamic behavior at low temperatures. Ruban et al. tried to circumvent the limitations of the

Connolly-Williams method by performing a direct calcula-
tion of the surface energy of various segregated systems.
They fixed the concentration of all layers except the top one
We have presented the unrestricted averaging scheme & 50% and found that the minimum surface energy occurred
calculate ECI's near an alloy surface. As demonstrated herdor 100% Cu in the top layer. Next, they fixed the top layer
both mathematically and numerically, this method is equivaat 100% Cu and that of all other layers, except the second
lent to the restricted scheme, but leads to a considerable sagne, at 50% and minimized the surface energy with respect
ings in computer time since the concentration-independertb the concentration in the second layer. The minimum was
ECI's need to be determined only once. This approach wasow found to occur at 0% Cu concentration for 2. From
used in a study of Ni-Cu alloys, using TB parameters identhis they concluded that Cu depletion of the layer immedi-
tical to those of earlier work The numerical results obtained ately below the surface is energetically favorable. This is a
in the two schemes are very similar, demonstrating the utilitywery powerful argument indeed for an oscillatory profile.
of the unrestricted scheme. Quantitatively, differences folNevertheless, the condition of 50% concentration from the
bulk transition temperatures are on the order of 30%, consighird layer onwards is an artificial constraint that is not ex-
tent with earlier observationS.The difference with experi- pected to hold in actuality. Moreover, the surface energy is a
ment is partly due to the limitations of the Papaconstantomultidimensional function of the various layer concentra-

1 2 3 4 5 6 7 8 910

V. DISCUSSION AND CONCLUSIONS
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tions and fixing all variables except one may very well leadatomic displacements are allowed. As shown by Tef$off
to spurious minima. One cannot rule out that the actual glonew surface phases may occur due to these effects. A further
bal minimum of this function resides in a region of param-complication, not yet included in any of the first-principles
eter space that was left unexplored. Still, this direct calculacalculations of surface segregation, is the presence of a vi-
tion is very compelling and it would be interesting to brational entropy term. The importance of phonon effects on
ascertain that these results continue to hold for other concefulk phase diagrams has only recently been realizes
tration profiles. Ref. 14 and references thergind it seems very likely that
Rubanet al. argue that methods based on a sum of onesuch effects will also play an important role at and near a
electron energietsuch as that used herall give monotonic  free surface. For bulk Ni-Cu vibrational entropy only leads
profiles, while those based on minimizing the total energyto relatively small correctiort§ but in other systems the ef-
yield oscillatory profiles. This seems to indicate that electrorfects may be more pronounced.
exchange and correlation effects are responsible for the Cu In summary, this paper has presented three main contri-
depletion in the second layer an issue that deserves furthéutions: a new formalism for surface segregation calcula-
study. We note in passing that the EAM calculations quotedions based on the unrestricted ensemble, new results for the
in Ref. 8 as being based on a total energy could hardly beegregation of Ni-Cu alloys, and a critical discussion of the
considered equivalent to full electronic structure calcula-state-of-the-art in first-principles calculations of surface seg-
tions. The EAM is based on a classical many-body potentiategation. The formal development of a methodology based
with empirically determined parameters. Although it contin-on the unrestricted averaging scheme promises to be very
ues to be a very useful technique, it does not have the samseful. It will permit future studies to determine point ener-
level of predictability as the DFT-based electronic structuregies and ECI's in a single calculation, rather than necessitat-
calculations. Thus, the evidence for oscillatory profiles ising a self-consistency loop for each new bulk concentration
less compelling than may appear from Table | in Ref. 8.and temperature. It also permits surface studies to proceed on
Moreover, the recent study of Drchet al!! includes a very an equal footing with bulk studies. As an added bonus, we
careful analysis of the effects of electronic self-consistencyhave established an exact relation betweenpiptane ten-
and leads to monotonic profiles, further undermining the arsions and the point energies and ECI’s. This finding explains
gument that the nature of the segregation prdfilenotonic  earlier observations that the difference in point energies is
vs oscillatory is a consequence of going electronically self- very close to the difference ip-plane tensions, since the
consistent. correction terms are usually very small. Our numerical re-
Elastic effects, due to size mismatch or structural rearsults for Ni-Cu continue the debate about the nature of the
rangements at the surfadeeslaxation, reconstruction, efc. segregation profile, notably whether the subsurface layers
are not normally included in the TBIM, but may have to be show a Cu depletion or not. Our results show unambiguously
for certain systems. The simplest approximation to accounthat, within the approximations made, no Cu depletion can
for differences in atomic size is through the use of con-be found. This finding is at variance with some, but not all,
tinuum elasticity theory® The net effect is to add an elastic calculations that treat the electronic structure problem in a
term to the segregation energigs1l) and(3.12. As a re- more sophisticated mannéyased on DFJ. The discrepancy
sult, the energetics of the problem is modified, but the atomsnay be due to the tight-binding parameters used, the ap-
may still be taken to reside on a rigid lattice. More complexproximate treatment of charge transfer, or the inherent inap-
is the situation in which atomic displacements are to be conplicability of the tight-binding method to this type of prob-
sidered. To describe the internal energy in those cases otem. Of these, the electronic self-consistency is the most
needs to know interatomic potentials. It is well establishedroublesome and its treatment may have to be improved upon
that for transition and noble metafand their alloyy pair  in future studies. We have analyzed the approximations typi-
potentials alone are not sufficient to describe these systemsally made in DFT-based studies of the segregation problem
cohesive properties. The determination of the necessamgnd conclude that there are potentially sources of error that
many-body potentials from first principles is a very complexoutweigh the gains made by going to a more accurate elec-
problem in its own right to which much effort has been tronic structure method. We also note that the DFT-based
devoted** The thermodynamics for such situations is alsomethods show considerable disagreement as to the sign and
more involved and is typically treated by molecular dynam-magnitude of various point energies and ECI’s indicating
ics or Monte Carlo simulations with displacive and inter- that these parameters are very sensitive to the details of the
change excitations>!° Recently, the EAM has been used in calculation. In particular, the rigorous relation between the
conjunction with a second-order expansion of the energyoint energy difference and the pure element surface ten-
with respect to displacements to yield a Hamiltonian that issions, was found to be violated for all calculations consid-
still formally that of a lattice gas and may be treated byered here. We also observed that previous calculafidhef
mean-field or Monte Carlo techniqu¥sThis is a very inter-  the pure element surface energies differed from each other
esting development and a generalization to the surface prolipy a substantial amount. Both of these issues deserve further
lem could produce great progress. We note that it is possiblstudy and point to the complexity of the alloy surface prob-
to perform molecular dynamics simulations based on a TBem even for DFT-based methods. Moreover, all techniques
Hamiltonian(with a repulsive term added to)£>*®but one  to date neglect vibrational entropy effects and either do not
must then keep in mind that the hopping integrals, etc., detreat size mismatch or do so only in a very crude manner.
pend on interatomic distance so that the electronic structur€hese two effects can be very pronounced at surfaces and
treatment becomes quite involved. DFT-based firstmay have to be taken into account in future studies. Experi-
principles calculations also become more complicated whemental investigation of the Ni-Cu system should be able to
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guide theory, although the determination of the equilibriumergy of this alloy €49 and the weighted sum of the cohe-

subsurface composition is a very daunting task. Kinetic efsive energie€3(p) andES(p), for each plang, of the pure
fects and the presence of contaminants may easily lead emi-infinite metalsA andB, i.e.:

faulty conclusions. Further theoretical and experimental

work would be most welcome. Erm=Eqic— >, {cpEg(p)Jr(l—cp)Eg(p)}. (Ad)

p
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and for very useful discussions. P adp,n,=2 i=1 2
APPENDIX: RELATION BETWEEN POINT ENERGIES _ l_a'P(_ 1)"a (A5)
AND p-PLANE TENSIONS 2 '

In a study of bulk alloy systems Wolvertagt al3® de- Next, differentiating this expression with respectdg one
rived a relation between the point energies and the cohesiv@btains
energy of the pure elements. Here this approach is general-

ized to the case of a semi-infinite alloy, which will permit us _ — 1)

. . . . &Eform 1+( 1)
to establish a relation between point energies prlane oo = E m,V, — |
tensions® thereby demonstrating rigorously a pattern first Tp {ogh=0 @2PNe=3

observed by Trglia et al?® For completeness, we note that (A6)

the present derivation is only strictly valid in the tight- Fingjly, differentiating Eq(A4) with respect tar, and com-
binding model. For the DFT-based methods the layer decomyining the result with Eqs(A3) and (A6) leads to
position of the energies used here is no longer valid, al-

though it may hold approximately. 1 —14(—1)"a
We consider a semi-infinite binary alloy in the unre- V,=={E(p)—ES(P)}+ X m\V.|———/.
. . o 2 adp,n,=3 2

stricted scheme. Following E@3.2) its internal energy may a (A7)

be expressed as
This expression for the point energies is the analogue of Eq.
(23) in Ref. 35. It can now be simplified by recalling the
notion of thep-plane tensionr'p (surface tension fop=1),
defined as the difference in energy when one interchanges, in
the pure metal, an atom in the bulkg=<) with an atom in
planep:

E=Vot X oVt > mV,.&,, (Al
p p adp,n,=2

where the sum ovep is carried out over the planes parallel
to the surface and the sum overruns over those clusters
which contain at least one site in plapeln the completely 7-'p= E?(p)— E?(oo). (A8)
d|s_0rdered st_ate the qumula@.S) reduc_es tp_ a product of Substituting this result into Eq4A7), and using Eq(Al) for
point correlation functions and E¢A1) simplifies to . . .

the pure elements, one finds the following relation between
point energies ang@-plane tensions:

nLY
Edis=vo+§ a‘pvp@ > mV oy A2

a = 1 —1+ —1 Na
oPna=2 Vp_VmZE{TQ_ Tg}_'— Z mava (2 ) )
Differentiating this expression with respectdg one derives a2PNg=3
easily 2 _1+(_1)nﬁ)
- mgVy ———|, (A9)
&Edis) (A3) B.ng=3 BVe 2
P dop {0—}10' where theV, are the effective cluster interactions in the
P

bulk. One notices, as was mentioned in the text, that only the
In addition, the formation energyE,,) of the disordered ECI's for clusters with an odd number of sites contribute in
system is defined as the difference between the cohesive eRg. (A9).

*Permanent address: Department of Physics, Florida Atlantic Uni-3C. Sigli, M. Kosugi, and J. M. Sanchez, Phys. Rev. LBT. 253

versity, Boca Raton, Florida 33431. (1986.

IMetallic Alloys: Experimental and Theoretical Perspectives- 4M. Sluiter, P. Turchi, F. Zezhong, and D. de Fontaine, Phys. Rev.
ited by J. S. Faulkner and R. G. Jord&lluwer, Dordrecht, Lett. 60, 716(1988.
1994, and references therein. 5H. DreysselL. T. Wille, and D. de Fontaine, Phys. Rev.4B, 62

2D. de Fontaine, Solid State Phy&Z, 33 (1994). (1993.



14 256

6A. Pasturel, V. Drchal, J. Kudrnovskand P. Weinberger, Phys.
Rev. B48, 2704(1993.

"B. Good, G. Bozzolo, and J. Ferrante, Phys. Revi@318 284
(1993.

8A. V. Ruban, I. A. Abrikosov, D. Ya. Kats, D. Gorelikov, K. W.
Jacobsen, and H. L. Skriver, Phys. Rev4® 11 383(1994.

%J. D. Rittner, S. M. Foiles, and D. N. Seidman, Phys. Re%0B
12 004(1994.

107 schulthess, R. Monnier, and S. Crampin, Phys. Re\60B
18 564(1994.

11y, Drchal, J. Kudrnovksy,
berger, Phys. Rev. B4, 8202(1996.

2\. s. Daw and M. |. Baskes, Phys. Rev2B, 6443(1984); S. M.
Foiles, M. I. Baskes, and M. S. Davgid. 33, 7983(1986.

135, M. Foiles, Phys. Rev. B2, 7685(1985.

M. Asta and S. M. Foiles, Phys. Rev. 58, 2389(1996.

S. OUANNASSER, L. T. WILLE, AND H. DREYSSE

A. Pasturel, |. Turek, and P. Wein-

55

%G, Treglia, B. Legrand, and F. Ducastelle, Europhys. L&tt575
(1988.

2G. Tralia, B. Legrand, and P. Maugain, Surf. Séi25 319
(1990.

30F, Ducastelle, B. Legrand, and G. i, Prog. Theor. Phys.
Suppl. 101, 159 (1990.

31H. DreysseL. T. Wille, and D. de Fontaine, Solid State Com-
mun. 78, 355(1991)).

325, Quannasser, J. Euge H. DreysseC. Wolverton, and D. de
Fontaine, Surf. Sci307, 826 (1994).

333, Eymery and J. C. Joud, Surf. S2B1, 419 (1990.

34D. A. Papaconstantopouloklandbook of the Band Structure of
Elemental Solid¢Plenum, New York, 1986

35C. Wolverton, D. de Fontaine, and H. DreysBéys. Rev. B48,
5766(1993.

15\ Schmid, W. Hofer, P. Varga, P. Stoltze, K. W. Jacobsen, and I. A. Abrikosov and H. L. Skriver, Phys. Rev. B7, 16 532

J. K. Norskov, Phys. Rev. B1, 10 937(1995.

8F Ducastelle and F. Gautier, J. Phys5,R2039(1976; P. Turchi,
G. M. Stocks, W. H. Butler, D. M. Nicholson, and A. Gonis,
Phys. Rev. B37, 5982(1988.

7A. Gonis and J. W. Garland, Phys. Rev.1B, 2424 (1977); A.
Gonis, W. H. Butler, and G. M. Stocks, Phys. Rev. L&,
1482(1982.

18y, Wang, J. S. Faulkner, and G. M. Stocks, Phys. Rev. [7€t.
3287(1993.

193, w. D. Connolly and A. R. Williams, Phys. Rev. B, 5169
(1983.

20A. Berera, H. Dreysse.. T. Wille, and D. de Fontaine, J. Phys. F
18, L49 (1988.

21H. Dreysse A. Berera, L. T. Wille, and D. de Fontaine, Phys.
Rev. B39, 2442(1989.

223. M. Sanchez, F. Ducastelle, and D. Gratias, Physid2® 334
(1984.

23M. Asta, C. Wolverton, D. de Fontaine, and H. DreysBays.
Rev. B44, 4907 (199)).

24C. Wolverton, M. Asta, H. Dreysseand D. de Fontaine, Phys.
Rev. B44, 4914(199]).

25J. M. Sanchez, Phys. Rev. 4B, 14 013(1993.

263. Ouannasser, Ph.D. thesis, UnivérdigeNancy-I, 1994unpub-
lished.

(1993.

37M. Aldén, H. L. Skriver, S. Mirbt, and B. Johansson, Surf. Sci.
315 157(1994.

383, Ouannasser, H. Dreyssed L. T. Wille, Solid State Commun.
96, 177(1995.

39Binary Alloy Phase Diagramsdited by T. B. Massalski, H. Oka-
moto, P. R. Subramanian, and L. Kacprzak, 2nd (&M In-
ternational, Materials Park, OH, 1900

40y, G. Vaks, N. E. Zein, and V. V. Kamyshenko, J. Phys. Con-
dens. Matterl, 2115(1989.

4IM. Sluiter and P. E. A. Turchi, i\lloy Phase Stability and De-
sign edited by G. M. Stocks, D. P. Pope, and A. F. Giamei,
MRS Symposia Proceedings No. 1@@aterials Research Soci-
ety, Pittsburgh, 1991

42M. Sluiter and P. Turchi, Phys. Rev. 8), 11 215(1989.

43J. Mikalopas, P. A. Sterne, M. Sluiter, and P. E. A. Turchi, in
High Temperature Ordered Intermetallic Alloys, I¥dited by L.
Johnson, D. P. Pope, and J. O. Stiegler, MRS Symposia Pro-
ceedings No. 213(Materials Research Society, Pittsburgh,
1991, p. 119; J. Mikalopas, Ph.D. thesis, University of Califor-
nia at Davis, 1994.

4. E. Carlsson, Solid State Phy43, 1 (1990.

45K. Laasonen and R. M. Nieminen, J. Phys. Condens. M&ter
1509(1990.

24, v, Wang, R. Najafabadi, D. J. Srolovitz, and R. LeSar, Phys.“GS. Goedecker and M. Teter, Phys. RevbB 9455(1995.

Rev. B45, 12 028(1992.

413. Tersoff, Phys. Rev. Let?4, 434(1995.



