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Site-specific segregation and compositional ordering in Ni-based ternary alloy nanoclusters
computed by the free-energy concentration expansion method
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The free-energy concentration expansion metti€EM), originally derived for the theoretical prediction of
surface segregation in the presence of interatomic correlatshast-range ordeiin binary alloys, is extended
to multicomponent alloy nanoclusters, and is applied to unravel the compositional structure of unsupported 309
atom Ni-Cu-Pd cubo-octahedrons. It is a first attempt, to the best of our knowledge, to compute ternary alloy
nanocluster site-specific compositions, which are typically inaccessible by current experimental techniques.
The calculations predict surface segregation of both solutes Pd and Cu leading to separation of Ni-rich cluster
core (the “finite size/matter effect]. Due to the core separation, even relatively low Ni content clusters are
expected to be magnetic. The Ni enrichment and associated magnetic order can prevail up to temperatures
noticeably higher than in bulk alloys of the same overall composition. Depending on temperature and overall
composition, Cu and Pd form orderedlike pattetfsompositional oscillations} or mix at the wrapping
surface. As the overall Cu content in the cluster incredsasthe expense of Mithe two solutes exhibit
surface multisite competition, namely, Cu displaces Pd sequentially from vertexes to edges and facets, and
finally Pd desegregates from the surface sites into the core. FCEM can be conveniently applied also to
calculation of “surfaces” of thermodynamic functions for all ranges of composition above the Gibbs triangle,
including the currently defined “cluster mixing functions.” It is shown that sharp compositional-structural
changes in Ni-Cu-Pd are reflected distinctly in the cluster mixing entropy surface, and the general shape of
calculated free-energy surfaces indicates mixing properties of ternary alloy clusters that differ considerably
from the corresponding bulk alloys.
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I. INTRODUCTION sion method(FCEM) analytical approach has been chosen.
Originally it was derived by us for the computation of equi-
Studies of site-specific compositional variations in smalllibrium surface segregation in the presence of interatomic
alloy clusters are relevant to both basic research and potegorrelations in binary solid solutiort$;** and was later ex-
tial catalytic, magnetic, or other applications. For examplefended to multicomponent alloy surfacésThis approach
the high chemical reactivity and selectivity anticipated forfurnishes explicit analytical expressions for numerical mini-
low coordinated sites, such as vertexes and edges, should Bdzation of the system free energy. In spite of the approxi-
affected by their elemental composition. In view of limita- Mations involved and the obvious dependence on appropriate
tions of currently available experimental tools, theoretical®Nergetic parameters, FCEM is capable of conveniently
modeling of clusters has gained a central position in acquirg'h"".dlng light on temperature-dependent segregation and or-
ing atomic-scale compositional and structural information. dering trends in complex systems, and thus meets key re-

Two statistical-mechanical approaches, each with its ad_guirements for handling muItico_mponent alloy nanoclusters:
vantages and drawbacks, were applied in calculations of Sité’[_dema_nds m_uch less computational eff_ort compared to com-

> . ) . ) puter simulations, and can cope effectively with cluster ge-
specific  compositions in binary alloy C.|USter€mU|t'f ometries having a diversity of nonequivalent surface sites.
component alloy clusters have not been hitherto studied t

) ) O Before proceeding to FCEM adaptation to nanoclusters,
our best knowledge The first approach applies computer o, intriguing aspect of cluster statistical mechanics will be

simulations;™* while innately taking into account many- aqqressed. Since usually clusters are in contact with a sub-
particle correlations and facilitating use of rather realistiCgirate and/or with the parent gas, the number of constituent
energetic models based on pair or many-body potentials, degtoms can fluctuate. The equilibrium between clusters and
rived empirically* or from electronic structure of alloys>'  the parent gas proceeds through processes of evaporation of
However, computer simulations are time consuming anchitoms from the cluster surface and attachment of atoms
typically provide results only for quite limited sets of tem- to the clustef® While only in macroscopic systems physi-
peratures and compositions of alloy clusters. This may im<al properties would not be appreciably affected by neglect-
pede systematic studies of site-specific compositions in clusng fluctuations in the overall concentratiofis hitherto
ters and even overlook details of segregation and orderinglmost no attention has been paid to such effects in solitary
trends. The second approach, used in a few early w8, small alloy clusters. Thus, most computer simulations,
is based on the analytical Bragg-WillianlBW) approxima-  using Monte Carldntracluster exchanges of positions of a
tion that entirely neglects interatomic correlatiofshort-  pair of randomly selected atoms of different typas well as
range order the BW-type approach choséh'® were applied tosingle

In the present work the free-energy concentration expanranoclusters with definite overall composition. Only few
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works™® employed simulation sampling in the semi-grandby quasicontinuous concentration variables. This approach
canonical(“transmutational’) ensemblé® allowing for con-  facilitates the adaptation of the analytical FCEM for studies
centration fluctuations. Recently, this approach was extendegf multicomponent alloy clusters.

to model a bimetallic nanostructured syst&ntFor analyti-

cal approaches, the discontinuity of concentrations in single

clusters encumbers the application of certain mathematical Il. ECEM ADAPTED TO MULTICOMPONENT

operations and formulas, e.g., differentiation of cluster free ALLOY CLUSTERS

energy, Stirling’s formula etg.In the present work, in order

to circumvent these problems, a system is considered to be A system of multicomponent alloy clusters consists of dis-
comprised of a large number of clusters with identical mor-tinct arrays ofN, (p=0,1,2...) geometrically identical
phology, but fluctuating individual concentrations. In particu-atomic sites(e.g., “shells” in perfect clusters, as defined in
lar, the clusters are assumed to be able to exchange atorfiec. lll), and is characterized by concentraticnﬁ,sof con-
directly, since the specific mechanism of exchange is irrelstituentsl. The FCEM expressions were obtained using a
evant to the final equilibrium. The canonical distribution canpair-interaction model Hamiltonian and an expansion of the
be applied with confidence to this macroscopic system with @artition function and free energy in terms of constituent
presumed constant overall composition, and infinitely largeconcentrations’~*°2With slight adaptation of the formal-
(in the thermodynamic limjtarrays of specific site®.g., the ism of Ref. 22, the free energy of a multicomponent alloy
centers or vertexes of clustgrsvhich can be characterized cluster reads,

1
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13(r) 13(r) ,
od 2vpl . 2vpt .
kT kT
(€3]

+ Z NG)

F=kT>, ( Np>, chincy
p | p<q

B )l Ad Ad A I 3]
{IEJ} Vi (cpea+ cacy) +KTa,cachcy

whereNgcg are number of pairs of atoms belonging to arraysconfined to individual clusters, phase separation of constitu-
p,q and separated by a distancew!' (" is the homonuclear €nts can occur glther between clusters constituting the sys-
interaction energy for constituehtandw'>(” andv!3(" are, tem or yv|th|n individual cIustgrs. Elemental cIuge:rs can be
respectively, the heteronuclear interact'ijgn and ef?gctive inter(_energethally adyantageous n .the case of similar hor_no-

. o . 13y nuclear interactions and effective heteronuclear repulsion,
action energies bet\l/veen constituents and J [Vpq while for considerable differences in homonuclear interac-
= 3wy +wpe ) —2wiiM)]. In a case of nearest-neighbor tion strength, wrapping up a core by constituents with a
(NN) interactions, superscripts denoting the distance in Eqlower “surface tension” can be energetically advantageous.
(1) can be omitted. (With temperature increase entropy-driven mixing between

As noted above, since the system comprises a large nuntdividual _clusters is expgcted in the former case, while for
ber of clusters, fluctuations in its overall composition can behe latter, intracluster mixing should ocaur.

neglected and the canonical distribution appli@scontrast In ortdltza(r:tEoMex;t)Ic()jre mixir|1g _propertie? the ?pllarotach ?,f thl_e
to a model of a single cluster with fluctuating composition presen study, employing a system of Clusters, facill-

that would necessitate the use of chemical potentials in thtates the introduction of “cluster mixing thermodynamic
P functions,” including the mixing free energy that character-

semi-grand canonical ep.;emb‘f “© Therefore, the free en- ;o5 the tendency of constituents either to separate into pure
ergy in Eq.(1) was minimized under the constraint of con- gjemental clusters or to amalgamate in alloy clusters. Thus,
servation of the overall composition of the cluster systemor 5 system ofN-atom clusters with overall concentrations
(using themaTLAB computing Ien.vironn‘!emt Thereby a set  of constituents,{c'}, a mixing function per atomy

of equilibrium concentrationgc, } is obtained for given tem-  (=free-energy, entropy, ei¢is defined by

perature and overall composition. In addition, form@ia

and the standard thermodynamic relatioBs J(BF)/d8 YM({C'}FYN({C'})—E Cllev 2)

with 8=1KkT andS=(E—F)/T provide expressions for the [

energy and entropy, in which the derivge]} can be substi- whereyy({c'}) andyy, are the values of the function for the

tuted. alloy and for the puré elemental clusters, respectively.
While the free energy per atom in clusters should typi- |, "\l | USTERS AND INPUT PARAMETERS
cally be higher than in the bulk materigdo alloy clusters of OF INTERACTION

a given size and morphology correspond to a metastable
statg, their stability towards separation to pure elemental fcc metal clusters tend to form cubo-octahedr@0O)
ones is worth inspecting. Thus, unlike ordering, which isor icosahedron(ICO) shapes, depending on size.g.,
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TABLE Il. Estimation of core-core NN homonuclear interac-
tions and heteronuclear effective interactions in units of meV.

WCuCu WPde WNiNi VNiPd VNiCu VCuPd

— 582 —648 - 740 1.8 -125 332

aBased on formuld3).

bBased on FCEM formula of Ref. 22 with experimental heats of
mixing from Refs. 4 and 39.

‘Data of Ref. 40.

radii, 1.28 A and 1.25 A, respectively, while that of Pd, 1.37
A, is ~7-10% largef! Such an atomic size mismatch can,
in principle, modify surface segregation in bulk alloys, as
was shown for the Pt-Ni systeffi.However, it was argued
FIG. 1. Schematic cubo-octahedron with 309 atdulester of  that in alloy nanoclusters a rather small effect is generally
the fourth order. The numbers mark sites of surface shells of theexpected, except in case of much larger size mismatah,
fourth crust shown in grayscalshells 1-8 constitute the cluster ¢, Ni-Ag or Ni-Au). Otherwise, relaxation of the cluster
core, 9,10,11-00 facet, 12—~+111) facet, 13,14—edge, 15— g ,ctyre(as compared to that of the alloy bulas well as
vertey. finite matter effects are expected to considerably diminish
size mismatch contributions to segregation.
Refs. 25—2Y. The cubo-octahedron structure can be obtained The homonuclear interactiorwl,'m, were estimated using

by truncating the fcc lattice. Thed-atom (;O cluster of site energiese'm(Zm) for Z,-coordinated|-type atom (
vth order can be considered as an onionlike structure with. ;¢ Pg with all I-type neighborg(Table ), derived

v crusts formed bya concentric shells around a central o experimental dimer bond energies, surface energies,
site (N=13,55,147,309. . - and «=1,48,15... for v  ang cohesive energiéé? In accordance with the approach
=1,2,3,4. .., respectively.” Thevth crustis formed by all  of Refs. 3 and 28—30 uniform distribution of the site energy

the surface sites of theth order cluster, which can belong to e'm(Zm) among itsZ,, NN bonds is assumed. Therefore, the
different shells(Fig. 1). Although in this first application of pairwise energw!! as a function of coordinations is given
FCEM to alloy clusters, the possible distortion trans:formingSimply by mn

CO to ICO is not considered, the input energetic parameters
introduced below take into account experimentally based, | |

. - . . _ €n  ©n
coordination-related site energies, and therefore to some ex w! (Zin,Z) = o+ 3

tent reflect on CO cluster relaxation. m Zn

The choice of the Ni-Cu-Pd ternary and the corresponding
binary systems for model calculations was motivated by their In the context of Table | one can note ttigtsite energies
potentially important catalytic and magnetic properties, agand the corresponding homonuclear interacliai<Cu, Pd,
well as by the availability of input energetic parameters andand Ni follow an ascending order for each coordination num-
their comparative values. The corresponding binary systemiser, except for a weak reversal of the Cu and Pd values for
represent clusters witti) very weak heteronuclear effective Z=5, and(ii) the site energies obey a linear depend&hce
interactions(Ni-Pd), (ii) a noticeable mixing tendendfCu-  on Z [they were used as parameters of the bond order simu-
Pd), and(iii) a tendency for phase separatidti-Cu). Since  lator model for NiCu(Ref. 4 and PdCuRef. 5 clusters.
the homonuclear Ni-Ni interactions are significantly stronger Estimations of core-core homonuclear interactions based
than both Pd-Pd and Cu-Cu interactions, the two solutes aren formula (3) and of heteronuclear effective interactions
expected to segregate, leaving behind a Ni-rich core thadbtained from the literature or estimated by the FCEM
might enhance the cluster magnetic properties. formul? are given in Table Il. As will be shown by the

It can be noted that Cu and Ni have rather similar atomiadetailed calculations in Sec. IV using energietic parameters

TABLE I. Site energieee:n(zm) (meV) according to Refs. 2, 4, and 5. Surface energiesV) are shown
in parentheses.

Coordination number

Metal 12, bulk 9,(111) facet 8,(100 facet 7, edge 5, vertéx

Cu —3490 —2770(720 —2550(940 —2330(1160 —1890(1600
Pd —3890 —3000(890 —2690(1200 —2380(1510 —1760(2130
Ni — 4440 —3609(831) —3289(1151) —2970(1470 —2329(211)

@0btained by a linear extrapolation of the data for higher coordinated sites.
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FIG. 2. The Ni(dashed ling Pd(gray ling, and Cu(black line
shell concentrations vs temperature in Ni-Cu-Pd cubo-octahedral
cluster with 309 atoms c;=147/309, cc,=66/309, andcpy
=96/309) calculated in the FCEM approximation, using coordina-
tion dependent energetic parameters from Tables | and Il
Ferromagnetic/paramagnetic clusters are indicated by thick/thin
lines. Inset: the surface ordered compositional structure at 200 K L
with sites predominantly populated by Cu/Pd indicated by black/ 00 '0’1"'"

Surface site-specific concentrations

0.2 0.3 0.4 0.5
gray. Cu overall concentration ()

given in Tables | and Il, the interplay of homonuclear and FIG. 3. Sequential multisite segregation of copfiep) and pal-
heteronuclear interactions having different relative strength&dium (bottom computed by FCEM for N, ¢ 2:CUPth 55 309-
can give rise to segregation/separation of constituents bétom alloy clusters(500 K, energetic parameters from Tables |
tween core and surface shells exhibiting orderlike composiand 1)-

tional oscillations. Following Ref. 31;-50% enhancement 309 atom Ni-Cu-Pd cluster surface sites. These tendencies
of V|7 was assumed for the cluster facets and a linear expecome most prominent in the first example chogég. 2).
trapolation(vs coordinationwas used for a rough estimation |n particular, an overall Ni concentratiar;= 147/309 cor-
of the enhancement for edges and vertexes. responds to complete Ni population of core sitahells
Calculation of constituent atom distributions can provideg_g). Since vertexegshell 15 are expected to be occupied
some information concerning cluster magnetic propertiespy the most surface active constituent, the Cu concentration
The corresponding Curie temperatuéeas a function of \as chosen to equal the total concentration of sites belonging
overall composition can differ considerably from bulk alloy to odd surface shell69,11,13,15, c,=66/309. Hencegpy
values, because of specific compositional structure of the- 96/309 corresponds to the total concentration of sites be-
clusters, such as Ni-rich core separation in Ni-Cu or Ni-Pdjonging to the remainingeven surface shell10, 12, and
Since the NN atomic coordination in the cluster core and |nl4) |ndeed, the calculations show such Compositiona| struc-
the bulk alloys are similar, a simple estimation of the clusteryre (at 200 K) with almost perfect Ni-core separation and
(cl) Curie temperature can be based on bulk Hetar a solid  cy-Pd surface concentration oscillatioftise nearly ordered
solution (sg with a composition equal to the calculated av- syrface compositional pattern is schematically depicted in
erage core compositiotshell-specific concentration varia- the inset of Fig. 2 Few Ni atoms displaced from the core to
tions in the core are neglectede.g., 0V“%cc)  the surface share with Pd the most clogeitl) facets(12th
~ N U{cE®). Curie temperatures of the Ni-based ternaryshell. At higher temperatures, Cu remains exclusively at the
clusters were roughly estimated assuming additive effects afurface, whereas Pd, having intermediate homonuclear inter-

the two constituents. actions, gradually mixes in the core concurrently with damp-
ing of the surface oscillations. At the same time, Ni atoms
IV. RESULTS AND DISCUSSION appear at(100 facets (9,10,11 shells and eventually at

edges(shells 13 and 14 As illustrated in Fig. 2 and dis-

cussed below, the cluster compositional structure is expected
The calculations confirm quantitatively the anticipatedto affect magnetic properties.

general tendency of Ni-rich core formation due to Cu and Pd While this example represents a rather particular case of

segregation, and reveal orderifgr mixing) features at the cluster compositional structure, additional calculations for

A. Site-specific competitive segregation
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multisite competition. Figure 3 shows prominent variations
in surface site-specific compositions with increase in the
overall Cu content of Ni_,_.:CuPd, 55 clusters. Already

at low Cu contents it occupies vertexes, predominantly filled
by Pd in the binary Ni-Pd clusters. Displaced Pd moves to
edges, while larger Cu contents displace Pd from the edges
to facets, and eventually from facets to the cluster core. The
vertexes-edges-facétsore sequence of Cu/Pd multisite
competition is consistent with the known, energetically ad-
vantageous, preferential segregation to lattice sites with
lower coordination(e.g., Refs. 2 and 23Homonuclear in- 0
teractions entering formulédl) range from core-core interac-

tions equal to the cohesive energy per atoejrﬂz( Table ) Sbeuno
divided by 6 to surface-core and surface-surface interactions '
involving “surface energies” of the pure constituents (
—9'12)- According to commonly used qualitative consider-
ations, the latter control, among other factors, solute segre-
gation in clusteré:the surface energies are smallest for Cu
and the difference between the Ni or Pd and the Cu values
follows a descending order vertexes-ed¢E39)-(111).
Moreover, the Ni-Cu effective repulsioffable 1) tends to 0 . . .
decrease the number of Cu bonds with the Ni core, thereby 0.2 04 0.6 0.8 1
strengthening Cu affinity to low coordinated sites. The con- Overall Ni concentration
stituent cohesive energy itself also plays a role in surface
segregation. Since in the simple bond-breaking model both FIG. 4. Ni shell compositions and the corresponding magnetic
cohesive energy and surface energy of a pure constituent aseder in Ni-Cu 309-atom cubo-octahedral clusters. Top: Segregation
proportional to the constant bond energy, the segregatioimduced separation of Ni-rich cores as a function of overall Ni con-
driving force (neglecting mixing and size-mismatch contri- centration atT=500 K (ferromagnetic clusters are indicated by
butiong can be expressed in terms of either of them. How-solid lines. Due to the Ni core enrichment, the cluster remains
ever, in case of the more realistic energefi€able |), this ~ magnetized at considerably lower overall concentratian; (
proportionality is violated, and hence contributions of cohe-~0.43) compared to the bulk alloy;~0.88) at this temperature.
sive and surface energies should be considered indepeﬁottom: Comparison between Curie temperatures of the Ni-Cu
dently. In Ni-Pd, unlike the case of Ni-Cu, they can evenclusters and bulk alloys of t_he same oyerall cor_n_positiqns. The
induce opposite segregation trends. In particular, the precurve for the cluster was obtained by finding the critical !\ll overall
dicted Pd segregation in Nin spite of the slightly higher Pd concentration needed for the onset of core ferromagnetism at each
surface energycan be comprehended by its lower cohesiontémperature.

energy.

It should be noted that up t,~0.2 (Ni-based clustejs simulation$ indicated only weak segregation of Cu in cubo-
the overall Pd surface concentration slightly increases wittpctahedra and a reversal to Pd segregation for the Pd-rich
Cu. This apparent “cosegregation” is associated with a synclusters.
ergetic effect of Cu-Pd attraction, Cu-Ni repulsion, and their
assumed surface enhancement. Calculations for uniform
(core vs. surfaceeffective interactions show nearly constant
overall Pd surface concentration updg,~0.2, correspond- The separation/enrichment of the core by Ni is expected
ing to nearly complete population of all cluster surface sitedo induce cluster magnetic order that is preserved at higher
by the two solutes. Hence, in both cagesiform and en- temperatures or at lower overall concentrations of the mag-
hanced Cu-Pd surface attractive interactjasmmprehensive netic constituent, as compared to the corresponding bulk
site competition starts after almost full coverage is attainedolid solutions. Estimations of compositional structure ef-
with Pd desegregating into the core. fects on magnetic order in the ternary clusters given in Fig. 2

Monte Carlo computer simulations, applied so far to bi-were extended in more detail for the binary Ni-Pd and Ni-Cu
nary alloy systems only, predicted for Ni-Cu truncated cubo-clusters. Thus, for a 309-atom Ni-Pd cluster wiify=0.48
octahedron clustet§®the occupation of core sites by Ni, in the calculated Curie temperature is 521 K, exceeding the
qualitative agreement with trends calculated here. Similarlypulk value of 459 K32 Moreover, at 500 K the overall cluster
preferential vertex-edge segregation of Pd followed by facetoncentration of Ni when the core becomes magnetic
segregation was computed for Ni-Pd clustet§.On the (~0.43) is lower than the corresponding bulk concentration
other hand, unlike the quite strong copper segregation prg—~0.55). The compositional effects are even more pro-
dicted for Cu-Pd in the present study, Monte Carlonounced in Ni-Cu clusters, as a result of stronger surface

different compositions demonstrate mainly Cu-Pd sequential Jerromagnetic
cluster—coreg//\

Shell cone.

cluster,

bulk

Curie temperature, K

B. Cluster magnetism
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segregation of Cu and resultant core enrichment by Ni. Thus
as shown in Fig. 4, the Curie temperature vs overall cluster4
concentration is significantly enhanced as compared to theg 500
bulk values®? For example, forcy;~0.43 that nearly equals E
the critical concentration for the onset of ferromagnetism in‘g -1000,
the alloy bulk at 0 K, magnetic order in the clusters is pre- &
served up to 500 Kat this temperature the bulk magnetizes E 1500
at a much higher concentratiooy;~0.88). The Curie tem- g
perature enhancement is maximal negr~0.48, when the &
number of Ni atoms fits the number of core sif@47, a sort

of “magic” number, similar to the example in Fig,)2corre-
sponding to nearly perfect surface-core separattae Fig.

4, top. As expected, below this Ni overall concentration, the
cluster Curie temperatures start to decrease.

C. Mixing properties

= E

Cluster mixing properties can be characterized by the cor-£%-6-1
responding thermodynamic functions introduced in Sec. Il.«
FCEM computation is capable of covering a large number of
alloy compositions in the Gibbs triangle, yielding complete 2 ke
surfaces of the thermodynamic functions.

For the Ni-Cu-Pd ternary system the mixing free energy g _
turns out to be always negative, and its surface is uniformlyg 2
concave(Fig. 5, top revealing an amalgamation tendency of 3
the constituents in this system of clusters. Thus, no separa
tion to Ni rich and Cu rich individual clusters is predicted.
This finding exemplifies the possibility, discussed in Sec. Il,
of considerable difference between mixing properties of the
system of Ni-Cu-Pd ternary clusters and the corresponding FIG. 5. 3D plots(over the Gibbs triang)eof mixing functions
bulk alloys(having among others, a Ni-Cu phase separatiorper atom in Ni-Cu-Pd 309-atom clusters calculated in the FCEM
tendency. approximation’500 K). Top: The mixing free energy. The minimum

Ordering or segregation/separation related variations itcyi=0, c,=~0.53,cp¢~0.47, corresponding to maximal stability
cluster compositional structures can be instructively prelfelative to separation to pure elemental clusters, is associated with
sented by cluster mixing entropy surfaces. As can be seefie Cu-Pd mixing tendency. Bottom: The mixing entropy. The in-
from the three-dimension&8D) plot (Fig. 5, botton, in the termediate minima along thg Cu-Ni and_ Cu-Pd lines reflect intra-
Pd-dilute region the intracluster separation to Ni-rich corecluster separation and ordering, respectively.

and Cu-rich surface reduces the mixing entropy down 10 gn calculations made for pure binary Pd-Cu clusters the mini-
pronounced minimum corresponding to the maximal Cu/Nimym in the mixing entropy curve disappears and the oscil-
surface segregation/core separation mentioned above. In casgons become weaker quite abruptly at a “disordering”
of pure binary Ni-Cu clusters further calculations predicttemperature of-695 K (Fig. 6, botton), but some intraclus-
gradual weakening of the minimum in the mixing entropy ter order persists at higher temperatures. Yet, the “disorder-
curve with temperature, but it still persists even above 100Gng” temperature is lower than that of the binary bulk alloy,
K, which is significantly higher than the temperature rangein general agreement with the known depression of phase
of bulk separation €627 K) (Fig. 6, top. Thus, the FCEM transition temperatures in small particles associated with the
calculations seem to indicate that due to geometrical “finiteteduced coordinatiott > While some composition-
size” effects(in a combination with energetigsntracluster  dependent differences in ordering patterns are possible be-
segregation/separation features can prevail at temperaturg@geen the differently coordinated cluster core and surface
considerably higher than temperatures of phase separation #ioms, typically a common order-disorder transition tem-
the corresponding bulk systems, in agreement with concluperature is expected, due to the cluster finite $tdadeed,
sions based on BW-type calculatioffs. the calculations consistently indicate the same transition tem-

In the Ni-dilute region, the apparent entropy minimum in perature for core and surface sites, reflecting rather strong
Fig. 5, bottom, corresponds to a sharp increase in even/odsbupling (in bulk alloys, on the other hand, the surface can
shell Pd-Cu compositional oscillations e~0.75. These have a different critical temperatdfe Comparative calcula-
oscillations resemble the ordered bult, structure having tions we made within the less accurate BW approximation
the corresponding stoichiometric compositidinecently,  that neglects correlations predict stronger compositional os-
magic concentration numbers corresponding to filling of sub<illations, which prevail even above the disordering tempera-
lattices in ordered clusters were mentioned by Mattedl).  ture of the bulk alloy.

foual entrop

Config
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=
n
=

positions in the Gibbs triangle, this work introduced calcu-
lated surfaces of “cluster thermodynamic mixing functions.”
The mixing free energy characterizes the tendency of con-
stituents to separate into pure elemental clusters or to be
alloyed in the clusters, whereas the intracluster mixing en-
tropy reflects compositional order variations.

Instructive conclusions concerning concrete Ni-Cu-Pd
clusters were derived from detailed site-specific composi-
tions and integrative mixing function calculations. The clus-
ter compositional structure consists of Ni-rich core and seg-
0.00 regated Cu and Pd exhibiting concentration oscillations at

0.0 0.2 0.4 0.6 0.8 1.0 the surface. Sequential multisite competition of Cu and Pd
with increase in Cu content is predicted, by which Cu dis-
places Pd atoms gradually from vertexes, edges, facets, and
finally into the core. Some insight into the predicted trends
was achieved by inspecting the site-specific coordination de-
pendent energetic parameters used as input for the FCEM
calculations. In spite of weakening of order with tempera-
ture, accompanied by possible compositional-disordering
transitions, a certain, finite size/matter related, order/
separation can prevail in clusters up to temperatures signifi-
cantly higher than temperatures of compositional transitions
in the bulk alloys. Likewise, the increased Ni concentration
in the core enhances cluster magnetic order and the Curie
temperatures vs overall composition. It should be noted also
that mixing properties of the alloy nanoclusters differ con-
0.65 0.70 0.75 080 siderably from the corresponding bulk alloys, e.g., in spite of

Overall concentration of Pd the Ni-Cu effective repulsion, the calculated cluster free-
energy surface is concave, so no separation to Ni rich and Cu
rich individual clusters is predicted.

The methodology introduced here together with computa-
tion results is just the first part of a comprehensive plan to
elucidate atomic-scale compositional/structural characteris-

This paper presents results of our first attempt to computécs of multicomponent alloy nanoclusters via model compu-
site-specific cluster equilibrium compositions by means oftations. Preliminary FCEM results for Ni-Cu-Al nanoclusters
the adapted FCEM, which facilitates studies of multicompo-reveal significant differences with respect to Ni-Cu-Pd, such
nent alloys. To our best knowledge this is the first computaas strong intracore Ni-Al concentration oscillations. Addi-
tional study of ternary alloy nanoclusters. By taking into ac-tional aspects to be explored include the role of cluster-
count interatomic correlations FCEM is more accurate tharsupport interactions, effects of the cluster size and shape
the Bragg-Williams approximation, and is much less time(e.g., concrete calculations for icosahedron clugteasd,
consuming compared to computer simulations. Thus, FCEMventually, the prediction of modified segregation/ordering
can be used for systematic studies of complex cluster conpatterns induced by cluster site selective interactions with
positional structures as a function of temperature and overaiatalysis-related chemisorbed molecules, such as oxygen and
concentration. In addition, covering a large number of com-carbon monoxide.
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FIG. 6. Mixing entropy per atom in binary alloy 309-atom clus-
ters as a function of temperatufi€). Top: Ni-Cu. Bottom: Pd-Cu.
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