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Theoretical investigation of chemical and morphological ordering in PdCu,_. clusters
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We present a theoretical study of By . clusters from a few hundred to a few thousand of atoms, using
Monte Carlo simulations and quenched molecular dynamics. This is performed within tight-binding many-
body potentials, the tight-binding Ising model and the second moment approximation, which properly account
for chemical and structural changes at transition-metal surfaces. The respective stabilities of the fcc, bee, and
icosahedral cluster shape are discussed in terms of competition or synergy between surface segregation and
bulk ordering. Besides a finite-size effect on surface segregation, due to the limited quantity of matter, we show
that chemical ordering can induce some geometrical frustrations and enhance the stability of “stoichiometric”
clusters, the composition of which is strongly size dependent. Finally, it is found that chemical ordering leads
to morphological transitions at equiconcentration.

DOI: 10.1103/PhysRevB.66.045413 PACS nunider61.46+w, 61.66.Dk, 64.60.Cn, 82.60.Qr

I. INTRODUCTION first step is to model free ones, with the aim to predict at
least the local chemical arrangement for a given morphology.
Bimetallic clusters are widely used in the field of hetero-In what concerns the morphology of free clusters made of
geneous catalysis. Indeed they present both a size effedure fcc elements, both theoretital and experimentai
consisting in an enhancement of the reactivity when the parstudies agree on the existence of a morphological transition
ticles size decreasésind an alloying effect illustrated by the from icosahedrallh) to truncated octahedrarO) fcc struc-
concentration dependence of the selecti¥ifys an example, ture when the size increases. One can then wonder about the
a strong size effect has been evidenced in the case of pgorphology adopted by bimetallic clusters, and also to what
supported clusters for CO chemisorpficand catalytic hy- ~ extent their size and morphology will influence surface seg-
drogenation of 1,3-butadierfeOn the other hand, it has been regation and chemical ordering phenomena.
shown that alloying Pd particles with Cu extends the tem- Therefore, we study here the coupling between the chemi-
perature range in which one can maintain a high turnovefal arrangement and the geometrical structure for free
rate for CO oxidatiorf, and also greatly enhances its selec-PdCu;_. clusters of different sizes. We used Monte Carlo
tivity in the partial hydrogenation of dienés. simulations and quenched molecular-dynamics simulations
The understanding of the reaction mechanisms proceed¥ithin energetic models derived from a tight-binding de-
through the accurate determination of both the atomic strucScription of the electronic structure, by combining the tight-
ture and morphology of the clusters, and of the chemicabinding Ising model(TBIM) and the second moment ap-
ordering and surface segregation phenomena that they uRroximation(SMA) that have given rise to a large amount of
dergo. Even though they can be modified by the reaction,theoretical studies on alloys surfacege Ref. 21 for a re-

their knowledge before the reaction is a useful guide for a/iew). _ . .
more general understanding. The paper is organized as follows. In Sec. Il the energetic

From an experimenta| point of VieW, a major prob|em models (TB'M and SMA pOtential$ are brleﬂy described
when studying such systems comes from the difficulty totogether with the relaxation algorithnisiolecular dynamics,
obtain collections of particles with an homogeneous distribuMonte Carlg. Section Iil is devoted to the influence of the
tion in size, morphology, and, for bimetallic compounds, Size effect on the segregation isotherms in@¢_ unre-
chemical Composition’ in order to perform unambiguouslaxed fcc clusters. Then we show in Sec. IV the influence of
analysis® Such a goal has been reached in the case of PdCifie relaxation of the atomic structure on the chemical ar-
clusters supported on relatively inert substrates, prepared €iangement, with some particular emphasis on the icosahe-
ther by condensation of the two metals under ultrahighdron (fivefold symmetry and dodecahedro(Dh) that is a
vacuuni® or from organometallic precursots:*® Indeed, bcc-type polyhedron.
the analysis of these clusters by x-ray diffractfori® elec-
tron  microscopy®!? or  high-resolution  electron Il. THEORETICAL MODEL
microscopy'*? shows that, except in one stutfthey are
perfectly ordered with the B2 CsCI structure when the ther-
modynamical equilibrium is achieved. In addition, surface Many aspects of ordering phenomena in alloys have been
segregation of Cu has been observed, and confirmed by ndescribed using an effective tight-binding Ising model ob-
merical simulations performed on fcc-type polyheth& tained by developing the energy in a perturbative form with

Anyway, before modeling supported bimetallic clusters, arespect to the energy of the disordered state on a rigid

A. Energetic models
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lattice?? Such a model has been extended to the surfaces @ generally negligible for fcc alloys beyond nearest neigh-
alloys, referred to as the TBIKF It describes in a realistic bors. Its sign for a pair of first neighbors characterizes the
way surface segregation and ordering phenomena at bimetakendency to bulk orderingM>0) or to phase separation
lic surfaces’*~2° (V<0).

However, to study the coupling between structural and Because of the rigid lattice assumption made in the
chemical arrangements in the peculiar case of clusters, orfEBIM, such model does not treat the possible atomic relax-
has to be able to go beyond the rigid lattice assumption oétions induced by the size mismatch between the two com-
the TBIM in order to perform atomic relaxations in the sameponents. Moreover, in the particular case of clusters that
time as the optimization of the chemical configuration.present some bulk symmetry deviations together with impor-
Therefore, one needs an interatomic potential depending aiant atomic structure relaxations, we need to go beyond the
the interatomic distances which allows both to displace and’BIM assumption in order to treat reasonably the geometri-
to exchange atoms of different species. This is the case of theal effects.
many-body potentials derived within the SMA of the tight-

binding modef’” which have been widely used for surface 2. The second moment approximation model
and cluster studies, first in pure met#ls3181%nd then in Within SMA (Ref. 27 the band energy of an atom of type

alloys*!:% However, it is necessary to emphasize that SUCR |qcated at siten is proportional to the square root of the
models are, in principle, not sufficient to account properlysecond moment of the local density of states, leading to the

for ordering effects. Actually the hopping integrals, as treate%any-body character of the potential. This band energy term
in SMA, introduce only nondiagonal disorder, whereas most,ites

ordering effects in transition alloys have been explained by
including essentially diagonal disorder effects, assuming the , , o
hopping integrals to be independent of the nature of the at- En p({Ph})=— \/ > 2 phthe 2l 1,
oms in the TBIM schem& A consistent treatment of both rm:lrc J=AB

chemical and structural effects requires to go beyond the 3
second moment model. Nevertheless, we choose here to u
the SMA potentials but that a parametrization that takes int
account the main results of the TBIM, as discussed in th
following.

8Rd is counterbalanced by a repulsive term of the Born-
cel\/layer type,

i ' i . 0y_
Enc{phh)= 2 2 phAje Pl =i, - 4)
m j=A
1. The tight-binding Ising model Fam<Tc .

When only chemical order in aA.B,_ alloy is studied  wherer,, is the distance between the atoms at sitesdm,
on a rigid lattice, the tight-binding formalism allows us to r{ ,i=A,B, is the nearest-neighbor distance in the pure metal
derive some effective pair interactions describing chemicaj, riojz(rﬁ+r?j)/2 if i #j, andr is the cutoff distance for the
ordering and segregation effects near a surface. In thigyeractions{p!} represents the chemical configuration of
model, the(smal) part of the total energy of the system, y,q gystem, in whictp!, is the occupation number defined

which involves _the che_zmic_al configuration dependencey .o The parameter\{ ,p; ,q;; &) are fitted to differ-
obeys the following Hamiltonian: ent experimental values.

The total energy of the system is then written as follows :

Heffzz pn(Ahﬁff_ 2 Vim
n m#n

+ 2 PoPaVom: (D Eal{Pi)=2 3 PHEL(PR +E (PRI )

where This analytical expression can then be used in two differ-
(i) p, is the occupation number equal to 1 or 0 depending"t Ways depending on the problem addressed. For atomic

on that the site is occupied or not by an atom of tyge(for ~ relaxations, it allows us to get interatomic forces, which can
a binary alloyA.B;_.,p,=0 means that the siteis occu-  then be used in quenched molecular-dynamics simulations to

pied by an atom of typ®). determinﬁ the equilibﬁum atqmig position.s of thg system at

(i) The local ﬁeldAhﬁff is the difference in excess ener- | =0 K.>* For chemical gqunlb_rlum studies at finite tem_—
gies at siten between the pure constituersandB. It van- peratures, Monte_CarIo S|mul_at|ons are used by calculating
ishes as soon as a site recovers its full bulk coordination. Fdtnerdy balances involved during exchanges.

a surface site, it is identical to the difference in surface en-
ergies (\hgy rert=y"— 7).

(iii) The (alloy) effective pair interaction between atoms  SMA parametrizationUsually, the homoatomic interac-
at sitesn andm : tions in the SMA potential are fitted to bulk properties: co-
hesive energ¥.,, lattice parameterg),3* and elastic con-
stants B,C,4,C’') (Ref. 35 of the pure metals. In the
present study, we choose to fit the parameters
(A ,pii Qi ,&i) to the surface energies,y) (Ref. 36 and

3. Parametrization of the TBIM versus the SMA

1
Vom=> (Vam* Vam=2Van) )
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TABLE |. Parameters values for Pd and Cu. The experimental values are noted in parentheses: Lattice
parametera and cohesive energy are taken from Ref. 34, elastic constBn&,(,C’) from Ref. 35 and
surface energiesyg,) from Ref. 36.

A p 3 q a B Cua C’ Ysurf Econ
(eV) (eV) (nm) (GPg (GPa (GPa (eV/atom) (eV/atom
Pd 0.358 7.352 3.722 2.384 0.389 196 84 23 0.965 —8.936
(0.389 (195 (71 (29 (0.95 (—-3.89
Cu 0.115 9.184 1.802 1.880 0.361 140 86 25 0.730 —-5.17

(0.36) (142 (82 (26) (0.73 (—3.49

not to the cohesive ones in order to follow one of the mainenergy of Pd in CyiE,(Pd)] but also the formation energy
driving forces of surface segregation deduced from the the B2 ordered phaseHg,)*® and its lattice parametéf.
TBIM.? A first major consequence of this choice is to pre- Moreover, we have constrained thd, ordered phase en-
vent a Pd surfa(_:e segreggtion in the whole range of concerrgy (ELlO) to be higher than th82 one, in order to stabi-
”a“"”gé"s obt_alned_ pre_wously by emb_edded-atom methoﬁze the latter with respect to the former, according to the
(EAM), . which s |ncons.|stent with  experimental phase diagraf® The so-fitted values of the parameters
observationst The corresponding values for Pd and Cu are(A,p,g,q) for the Pd-Cu interactions are given in Table II,

given in Table I. As can be seen in this table, fitting thetogether with the calculated and experimental values of

parameters to reproduce the surface energies leads to OVQEr{;u(Pd), Eg,, andag, used for the fit. We notice that our

estimated values of the cohesive energies. This is not SUrprige it js not able to reproduce exactly the different energies.

ing since it is well known that such potentials are not satis-.l.h ; -
. . i e quantityE for CuzPd) has been calculated indepen-
factorily transferable from isolated atoms to bulk via surface. q L1 ( tPd) P

This is not only the case in the SMA framewdkbut also dently a_nd %ompared with the experim_ental valab. initio .
within similar methods such as the EAKRef. 38 or the c_:alculatlon:_‘é have b_een performgd using the_ full potential
corrected effective medium theory CE¥or with potentials linear muffin-tin orbitals method in order to give some relf
going beyond the second moment within the tight-bindingevant reference_s when the experimental ones do not exist,
formalism“® More precisely, if one fits the value of the co- notably concering the1, phase. , ,
hesive energy, one obtains underestimated values of the sur- | BIM parametrization In the TBIM, the effective pair
face energy. Nevertheless, these deviations do not prevent feractionV is usually fitted to the mixing enthalpy i.e., the
describe correctly the relaxations and/or reconstruction of théPrmation energy of a disordered alloy phase. For an equi-
low-index surface&® Even though some empirical attempts &temic fcc alloy @, phasg, this leads to
have been proposed to reconcile bulk and surface energies,
such as the “bond order metal simulator-mixing modé* AHp,=—c(1-c¢)ZV = -3V,
or the “modified SMA,”*3they are not suited to perform .
atomic relaxations. In fact, only thb initio methods repro- SO thatV'*® would be equal to 0.037 eV/atoffi.Unfortu-
duce reasonably both cohesive and surface energies of trafi@tely, such a value is not sufficient to account for the for-
sition metals'*#°but they are limited to very small sizes. ~ Mation energy of thé32 ordered phase at equiatomic con-
For the heteroatomic interactions, the parameters are déentration. A full consistency with the parametrization of the
termined in order to account for the main thermodynamicaSMA model then requires to favor the ordering energies :
characteristics of the bulk PdCu alloy phase diagram, in parEL1, ~ Ear=—V'®® on fcc lattice andEg,—Egy=—2V°°
ticular the ordered phases present at low temperature. Froon bcc lattice, rather than the mixing one. Indeed, reproduc-
this point of view, a main feature is the existence oB2  ing the corresponding energies calculated within the previ-
ordered phase on a bcc lattice at equiconcentration and nously described SMA potentialand using a mean-field
theL1, one on the fcc lattic® Remember that both Pd and approximation to evaluate the energies of the disordered
Cu are fcc metals. To take into account this specificity, wephases lead to much higher values ofv: V'
have imposed the parameters to fit not only the dissolutior=0.17 eV/atom [1,) andVP¢¢=0.19 eV/atom B2). It is

TABLE Il. Parameters values for Pd-Cu interactions. Experimental energy values are taken from Ref. 46
and lattice parameter from Ref. 4&b initio calculations are taken from Ref. 48.

Pd-Cu A p 3 q Ecu(Pd) Eg2 Eiy, ELi, g2 Ay
(eV) (eV) (eV/atom) (eV/atom (eV/atom) (eV/aton) (nm) (nm)
0.208 7.200 2.600 2.867 —0.637 —0.052 —-0.049 -0.120 0.296 0.362

Experimental —-0.534 -0.150 —0.105 0.296

Ab initio —0.095 —0.079 0.293 0.370
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quite nice to find almost the same value in spite of the dif- For large enough sizes, where clusters must display the
ferences between the two lattice structures, which seems taulk crystalline structuréthousands of atomsthe most suit-
confirm that pair interactions are essentially governed by inable theoretical approach is to compare the energies of stable
teratomic distancé’ sequences for each various competitive struéfatéand to

In the framework of the mean-field approximation, thekeep the one with the minimum energy. This has the advan-
critical temperatures are given at equiatomic concentratiortage to allow us to characterize metastable states that could
by T.=2V/k on fcc lattice andT,=4V/k on bcc lattice, become stable under peculiar conditions, and also to be sure
which are overestimated with respect to “exact” calculationshaving reached the best minimum. For each sequence, sur-
by factors of 2.22 and 1.27, respectivély.Therefore, face segregation can be studied by coupling in a self-
T.(L1y) should be equal to 1766 K for the transition from consistent way molecular dynamics and Monte Carlo simu-
theL1, ordered phase to th&l disordered one on fcc lattice lation by relaxing the atomic positions between two
and T,(B2) should be equal to 6930 K for the transition exchanges of unlike atoms. However, to our knowledge, the
from B2 ordered phase to thB1 disordered one on bcc single study performed in this way for bimetallic clustéry
lattice. We have checked that we recover these values vibas been limited to the fcc structu(@O of 201 and 1289
Monte Carlo simulations. If, in a first approximation, we atomg showing that, when atomic relaxations are small, they
consider entropic effects quite similar for the differentdo not affect significantly chemical ordering. Therefore, a
phases, it seems reasonable to fiRdL1,) smaller than simpler method is to relax the atomic structure only once,
T.(B2). The only available experimental critical temperatureusing quenched molecular dynamicsTat0 K, and then to
value concerns the transition from the ordeR2 phase to determine the equilibrium chemical configuration using
the fcc disordered oné1, which appears at much lower Monte Carlo simulation on this relaxed lattice. Then one has
temperature T,(B2)=850 K. It has to be noticed that fit- just to check that a new relaxation would not change the
ting on mixing energy as mentioned before would have giverprofile. This is the procedure chosen here, being aware that
a critical temperature of ;=390 K, which is much lower our study is not complete, but thinking that it can be consid-
than the present one. These considerations point out the di¢red as a preliminary attempt to illustrate the influence of the
ficulty to model the order-disorder transition involving struc- atomic structure on the chemical ordering ace versa
tural modifications(changing from fcc to bec lattidewithin The Monte Carlo simulations have been performed in the
the TBIM. In order to derive qualitative trends only, we will framework of the Metropolis algorithrif. It consists in pro-
study cases well above and well beldw(L1,)=1766 K, Posing exchanges between any atamwith any atomB on a

namely, we will determine the segregation isotherms at 0.06i9id lattice. This exchange is accepted or not depends on the
T, and 2.5T,. energy difference between the two configurations before and

after the exchange: if it is negative, it is kept, and if not, it
can still be accepted according to a Boltzmann probability
B. Relaxation algorithms e AF/KT As previously mentioned, the associated energetic

Before describing our results, let us recall that our relaxed?@lance is calculated within TBIM or SMA potentials. More
atomic configurations are nothing but the more stable ones &'€cisely, the SMA potential is used whenever one deals with
0 K (derived fromquenchednolecular dynamic®), whereas Ih bimetallic clusters, whereas the T_B!M one is sufficient for
the Monte Carlo simulations are performed at finite temperathe fcc-type clusters. It is worth pointing out that, thanks to
tures, without rearrangement of this atomic structure duringh® consistency in parametrizing the two potentials, we have
the chemical equilibrium. checked that both TBIM—Monte Carlo and SMA—Monte

Our aim here is to describe as best as possible the coarlo simulations give_quantitatively the same re;ults on fcc-
pling between chemical and structural changes in bimetalliéyP€ clusters concerning segregation and ordering phenom-
clusters as a function of size, concentration, and temperatur€na-

This is a wide problem that can be addressed following dif-
ferent procedures. Ill. SURFACE SEGREGATION

_ A f|r§t altt_arnatl\_/e would bg to use a coupled Montg Carlo IN ECC TRUNCATED OCTAHEDRA
simulation, in which both displacements and chemical ex-
changes are proposed at each step, in an attempt to reach theln this section, we describe the segregation isotherms of
global minimum by exploring the whole subspace of differ-Pd.Cu; . TO of 201 and 1289 atoms using Monte Carlo
ent structural and chemical conformations for each clustessimulations within the TBIM model. These segregation iso-
Unfortunately such an optimization procedure, although ittherms represent the variation of the mean Pd concentrations
properly accounts for the coupling between chemistry anay for some given types of sites denot&das a function of
morphology on a given lattice, is still unable to reveal com-the global concentration of Pd in the clusteiX can be used
plete morphological transition from one structure to anotheto describe either “mean(surface, volumeor more detailed
(for instance fcc to bdcinduced by chemical rearrange- (edges, facets, core, etgeometrically inequivalent sublat-
ments, at least for large sizes. Indeed such transitions involviices. The corresponding Pd concentration is given by
collective atomic rearrangements that are out of the scope of
the Monte Carlo scheme. To our knowledge, such a global
optimization has only been performed on small and pure _ Pd
cI?Jstersrf2 g P P =y 2 P ©
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TABLE Ill. Numbers of sites of vertex, edgé€l100), and(111)
facets for the 201- and 1289-atom TO fcc clusters.

X & A
Atoms Vertex Edge (100 facet (111 facet -
0.0 —an - 0.0 L
201 24 36 6 56 1% 0 e oM 03 0
1289 24 108 54 296
C 051 / 4 05+ By
//
whereNy is the number of sites of type given in Table IIl. oo 05 10 *%0 05 10

The segregation isotherms have been calculated for the clus
ter mean surfacéon Fig. 1 and also for vertex, edge, and
(100 and (111) facet sites(on Fig. 2 for the two cluster ¢,
sizes(201 and 1289 atomseither in the orderetat 0.06T.)

or in the disordered stai®.5T.), i.e., for two temperatures

0

1.0

b
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well below and well above the order-disorder temperature 10 - Lo ‘
Te. C, 05 = {1 0st
-
// .
A. Disordered state(T>T,): Finite matter effect L S S 0 %o o5 0

(4 c

At high temperature 1=2.5T;), the segregation iso-
therms[see Figs. (b,d)] show a weak segregation of Cu,
which is reversed when the clusters are rich in(Belyond
70% of Pd. This result is consistent with those obtained by

a TBIM study on perfect surfaces of different . : ¢ >
orientation&5~5" at high temperatures. ticles of Nij,,Pd supported by alumina substrate with aver-

The comparison between size of the clusters made of 2089€ Sizes in the range 30—-100 nm. The strong dependence of
atoms or 1289 atoms shows that surface segregation is qui%‘umbnum surface composition with respect to particle size
W

FIG. 2. The same as Fig. 1 f@l00) facets (1), (111) facets
(A), vertices @), and edges+).

Such a phenomenon has been evidenced for small par-

the same in both cases but the core concentration displays ?cﬁ?gnn(iﬂ?r%zggt '&éeggsig;t% n rgftsrfebrﬁz?grec?r?zil\}a-
;lgn|f|cant deviation from the global concen.tratpn espemallytion rule, involving matter redistribution from the core to the
in the small cluster. Cu surface segregation in both caseg,

takes Cu at f th ¢ t th t th ; rface of the cluster. However, although such a model in-
axes LU atoms from the coré 1o put them at the surtaceyeeq accounted qualitatively for the effect of the particle size

When the size decreases, the available quantity of Cu atomg, g\;rface composition, some discrepancies remained com-
in the cluster becomes more and more limited so that theareq 1o the experimental results. This was tentivatively at-
core concentration is drastically modified by surface segregipyted to ordering phenomena that, as will be seen in the

gation, whereas in infinite systems such as flat surfaces, thg|iowing for Pd.Cu;_. TO, can indeed play a major role.
bulk concentration is unaffected. The finite size effect drives

to afinite matter effectoncerning the segregation phenom- B. Ordered state(T<T_): Finite-size geometrical frustration

enon. At low temperature T=0.06T.), the surface segregation

1.0

(a)

0.0 +o :
0.

1.0
()

0.0 ¢

0.0 0.5
c

1.0

0.5

0.0

1.0

0.5 [

0.0

(b)

C)]

0.0

0.5
c

1.0

isothermg see Fig. 1a,0] are not so different from those at
high temperature. However, if we decompose the surface of
the clusters into coordination-type sitegrtices, edges, and
facets, as done in Fig)2the corresponding segregation iso-
therms are very inhomogeneous showing some local order
effects that disappear at high temperature. The general rule
of increasing segregation when the site coordination is de-
creasing is obeye(ht least at high temperatyreven if it is
not very pronounced. At low temperatures, sharp transitions
are observed between Cu-poor and Cu-rich site composi-
tions, for types of sites involving only a small number of
atoms. This is the case for verticé% atoms, but also(for
small sizes for the (100) facets sites of the 201-atom size
(only six atoms.

A more detailed analysis of the way the clusters try to
account for chemical ordering as a function of their size and
morphology shows the existence of geometrical frustrations,

induced by the simultaneous occurrence of facets with vari-
and core Q) Pd concentrations of 201-atofa,b) and 1289-atom Ous orientations, that have to intersect with one another.
(c,d TO clusters as a function of the global concentration Pd at Before analyzing in detail the case of clusters, it is worth
0.06T, (a,0 and 2.9 (b,d). The diagonal line represents the ab- reminding the simple cases of tti#l1) and (100 faces of
sence of segregation. single crystals for which there already exists either a compe-

FIG. 1. TBIM segregation isotherms concerning surfa@) (
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FIG. 3. TBIM segregation isotherms concernifigl) (a,b and
(100 (c,d Pd.Cu,_. perfect surfaces at 0.06 (a,0 and 2.9,
(b,d); the 1st, 2nd, 3rd, and 4th planes starting from the surface are
represented respectively b@®(,(O), dashed line, and dotted line.

FIG. 4. Snapshots of ordered 1289-atom {@ark sphere are Pd
atoms and clear ones are Cu onéke CysPds3, fragment of the

tition or a synergy(depending on the concentratidmetween helgrzlrjllkcphase(a) (‘E?d ClbaPas (€), and ordered B2 bee dodeca-
surface segregation and bulk orderitsge Refs. 55-57 for HagPha (D).

theoretical results and Ref. 59 for experimental confirmay,e/py_purgis the most favorable from an energetical point
tion). We have illustrated the main results on surface segre-

gation isotherms on the Fig. 3 using the present model, but @f View as mentioned above, we could have expected to get
is better referring to Refs. 5557 for a complete and detaile@Nly this one for all the100) facets of the cluster. This is not
study. We see in Fig. 3 for the two surfaces a segregatiothe case because the cluster prefers to keep a perfect core
reversal from Cu-rich system where Cu segregates to Pd-ricbrdering following thelL 1, phase. This illustrates thgeo-
system where Pd segregates. This is mainly due to the alloynetrical frustrationof surface segregation and ordering phe-
ing effect that leads to the segregation of the majority elenomena in bimetallic clusters. This result contradicts the

ment whereas surface energy criterion favors Cu segregatio : :
for any bulk concentration. glaloreover, Fig. 3 shows gc]ha("[:]the nelusions of a previous study performed on _PdCu clusters,
two orientations display an oscillating profile &t T, , cor- in terms of a face-dependent surface segregation and a layer-

responding to alternate Cu and Pd enrichments, as expect gerna'qng atomic concentration profﬂ%_Such geometrical
from the tendency to chemical ordering of the system. Th rustration dogs not exist for example in the b.cc gluster or-
segregation is larger in thel00) surface than in th¢111)  dered according to thB2 phase as illustrated in Fig(B),
one. AtT<T,, the oscillations are stronger at tt00) sur-  Where all the facets are mixed.

face and disappear at thi&ll) surface. For thé111) orien- _ o

tation, the segregation isotherm displays some concentration C. Ordered state (T<T.): Size-dependent stoichiometry
range with constant segregation or no segregat@ound
c=0.4).% In the (100) case, we find an alternate stacking of de
either pure layers at=0.5, or pure and mixed ones for

=0.25 orc=0.75, which are Cu terminated or Pd terminated

depending on concentration since the segregation is reversed
after the equiconcentration.
Note that, at equiconcentration, there exists another vari-

ant for the(100 surface, made of a stack of mixed planes, ' : ¢ d
but which is found less stable than the first gaee a similar

Let us first recall a main result of the theoretical studies
voted to surface segregation in ordered alfoft suffi-

4.2

study on CuPt;_..%% This variant will be referred to as * (bJ “©

“mixed” with respect to the previous “alternate” one. "," 4 -» ’
Clusters are specific systems that present simultaneously ¢ + 9 ¢ + + ¢ ‘3

facets with different crystallographic orientatiof{4¢11) and ¢ +. 9 ¢+t 9 ¢ @ P

(100 facetd and where the twdalternate and mixedvari- ,‘*‘ w >4 g

ants present in th€l00 staking can coexist in the ordered Py h e

state. This is illustrated in Fig.(d) [or also in Fig. %a)],
where we see clearly the geometrical truncations of the fcc g, 5. Snapshots of the 201-atom T@ark sphere are Pd at-
cluster in thelL1, ordered phase driving to two Cu-pure oms and clear ones are Cu opdhe CygsPd fragment of the. 1,
(100 facets and four mixed100) facets. We checked that pulk phase(a), CuygPd;oo at 0.067, (b), and at 2.5, (c); then the
the (100 facet concentration in Fig. 2 is indeed the averageCu,-,Pd,g fragment of the 1, bulk phase(d), CtysPck; at 0.067,
value between the two variants. As the alternate vafi@nt  (e), and at 2.5 (f).
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TABLE IV. Size-dependent perfect stoechiometry for the 201-
and 1289-atom GyPd,, TO fcc clusters near equiatomic concentra-
tion.

Atoms c N M
201 0.48 105 96
1289 0.49 657 632
ciently low temperature, the more stable surface termination (a) (b)

is the ideal one, i.e., the one that corresponds to the perfeci
ordered stacking. This result implies, for a finite system, that
the concentrations that allow a perfect chemical ordering to
be achieved in the whole cluster should correspond to an
enhanced stability. Indeed slight variations from these con-
centrations(off-stoichiometry, will induce antisite defects
that will cost some energy and then decrease stability. This is
illustrated by the snapshots of Figsiaband b) for the
201-atom clusters and in the snapshots of Figa). @nd 4c)

for the 1289-atom clusters. The fragments of the Hulk
ordered phases with the TO morphology driving to clusters
CuyPdy with concentration slightly different from 0.5 where

N andM, noted in Table IV, correspond to an ideal stoichi-
ometry compared to the one obtainectat0.5, i.e.,N~M. T<T,
TO fcc clusters withN~M [(Figs. 5b) and 4c)] present Lo I S
some antisite defects compared to the perfect ordered oneg 5 » ‘ : 5 ‘
[Figs. 5a) and 4a)]. Any size is not compatible with any
concentration for getting the best ordered structure, so that
“stoichiometric clusters” have to be introduced to describe
chemical order effect related to chemical composition, in ad-
dition to the “magic numbers” related to an enhanced stabil-
ity for given cluster sizes.

entrati

Pd conc

Looking at the clusters at composition about 0.25, we 6 1 2 3 4 5 6 7 8 9 10
notice that surface segregation modifies the “perfectly or- layer by layer, then surface sites
deredL1," cluster in Figs. §d) and Fe) for c=0.25, since
the minority atoms prefer to be inside the cluster in order to T>T
maximize the number of heteroatomic bonds. 1.0 , ‘ ,

Now, from a more general point of view, we can regret

that simulations on such systems have been limited generallyé 08 1 : )
to the TO disordered clusters shown in Figgc)5and £ o6 L

5(f), 14414253 gpart for some “pioneering” works on rigid  §

icosahedral and cuboctahedral bimetallicclusters with up to§ 04—

147 atoms’ Indeed, it is well known that small monometal- T 02

lic fcc clusters adopt compact shapes, such as the |h one tha : ‘ 5 ; :
minimizes the surface enerdf}-2° Moreover, in the case of We—1 2 3 4 = &€ 7 B % 1o
the PdCu system, even the bulk fcc phase competes with the layer by layer, then surface sites

bcc one since, at equiconcentration and low temperature, the
alloy orders alond2 phase on a bcc lattice. It is then diffi-  FIG. 6. Snapshots of RgCuy,s clusters at 0.08, (dark spheres
cult to reduce the study of the respective stabilities of Pd-Clare Pd atoms and clear spheres are Cu gtimthe SMA model:
clusters to a chemical rearrangement on an fcc-type morphotelaxed Ih(a) and cuboctahedroiib); (c,d) are respectively the
ogy. same asa,b but with a cross section; the two graplas 0.067 . and

We study in the following section the case of the relaxedat 2.5T;) illustrate the concentration profiles of the two types of
icosahedron structure and the bcc dodecahedral structure. cluster @ for the relaxed Ih andJ for the cuboctahedrgnby

concentric layers going from the center to the surface and for the
IV. INTER-RELATION BETWEEN CHEMICAL ORDER different kind of sites at the surface.
AND THE MORPHOLOGICAL SHAPE

some experiments have related the existence of stable Au-Fe
alloy icosahedral nanoparticléSit is well known that small

As mentioned above, the fcc structure is not always thepure clusters prefer the icosahedral shape with the fivefold
stablest one for clusters made of pure fcc métaf® and  symmetry in order to minimize the surface energy by form-

A. The icosahedral morphology
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0.0 i S = terize the bulk phases values: at OI@&he values correspond to the
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. formation energy of the two ordered phasek, andB2.
layer by layer, then surface sites

FIG. 7. The same as Fig. 6 for ReClsos. thel chemical equilibrium. Th.is meangs p.reviously ex-
plained that we treat only partially the coupling between the

ing only pseudd111) facets at the surfad®.But the Ih core, chemical and the structural arrangements. However, this is
which no longer keeps the fcc symmetry, is constrained. As gustified here since we have checked that we recover sensibly
consequence, the lh undergoes an inhomogeneous contrdbe same concentration profiles for unrelaxed and relaxed fcc
tion both at its surface and in its centdwe will illustrate  clusters.
here the influence of atomic structure, i.e., fivefold symmetry Snapshots of Figs. 6 and 7 for both 309-atom and 923-
compared to fcc one, on chemical ordering by performingatoms clusters, show that Cu atoms are quite homogeneously
Monte Carlo simulations within the SMA potential on re- distributed in the cluster both in the core and at the surface.
laxed Mackay icosahedrBhand fcc structure in the cuboc- In the fcc case, the cluster core adoptslttig bulk ordering,
tahedral shape for a given concentrati@s=(0.25). (as in the previously studied TiObut this ordering is per-

Before describing our results, let us recall that our relaxedurbed close to the surface because of geometrical frustra-
atomic configurations are nothing but the more stable ones dibns. If we look at the curve that gives the Pd concentration
0 K (derived from quenched molecular dynamjoshereas per atomic shel(Figs. 6 and ¥, we notice that they are quite
the Monte Carlo simulations are performed at finite temperasimilar for the relaxed icosahedron and cuboctahedron, at
tures, without rearrangement of this atomic structure durindeast in the core of the clusters. They present a slight Pd
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enrichment just under the surface and a Cu segregation at tlieis lattice prevents the formation of antisite defects, as it
surface. It is more difficult to compare the two surfaces sincavas the case in the fcc structure. We have compéfad 8)
they do not involve similar sites. Nevertheless, we observehe relative stability of the RACu, 5 clusters following the
that Pd atoms occupy preferably thEl1) facet sites(with  three different morphologies in a large range of sizes by
the higher coordination numb@rsAt any temperature, the comparing the mean energies per atorg;;/N—(E;qp
cuboctahedron follows an oscillating profile, whereas for thewhere (E o) is defined as (Econ)=(Ncy/Nior) ESY

coh
Ih it only occurs at low temperature, losing any order re_+(NPd/Ntot)EEgh-

minding in the disordered statd & T;). Therefore, ordering  |n the ordered stateT<T,, Fig. 8a)] the Dh is the most

at low temperature does not depend so much on the atomigaple structure at any size whereas this morphology is
structure(for the relaxed icosahedra and the cuboctahedrastrongly unfavorable in the disordered stafe>T,, Fig.

but ordering tendency is lost at high temperature in the icosag(p)]. The chemicaB2 ordering reverses the structural sta-

hedral structure. As a conclusion, this preliminary studyjlity found for pure metallic clusters. This is an evidence of
shows that, at=0.25, atomic relaxations on the Ih leads to 3 chemical driven morphological transition.

a “pseudo ordering” at low temperature, which is quite com-
parable to the.1, ordering in the cuboctahedron, in spite of
the fivefold symmetry. The next step in the future should be V. CONCLUSIONS
obviously to improve the coupling between chemistry and

atomic relaxations in order to explore the whole concentra- The present theoretl_cal StUd.y_ .Of freecedlfc clusters
tion range shows that the respective stabilities of the different cluster

shapes, such as fcc and bcc polyhedra and fivefold Ih, are
driven by the competition or synergy between surface segre-
gation and core ordering. In particular, we show finite-size
Let us conclude our study by the equiatomic case, whereffects on chemical configuration due to the limited quantity
we must consider an other morphology: the dodecahedralf matter. We show how fcc TO clusters in thé, phase can
(Dh) on bcc lattice. Indeed, knowing that 2€uy5 bulk  lead to geometrical/chemical frustrations at equiatomic con-
alloy forms a bcc ordered phas®Z), one can wonder centration with the coexistence of alternate and mixed vari-
whether the small particles of such an alloy adopt the samant, whereas bcc clusters in tHg2 phase presents only
symmetry as the one in the bulk, or if they prefer to crystal-mixed facets. As a consequence, at equiatomic concentration,
lize within the competing Ih structure. chemical ordering can lead to morphological transitions from
The recent experimental observations by HRTEM offcc or fivefold compact structures to more open but chemi-
Pd)sCly 5 (Refs. 10—-1 clusters deposited on a Mg@O)  cally nonfrustrated bcc ones. Finally we show the existence
substrate have shown that these clusters adopBtheor-  of size-dependent stoichiometries related to chemical con-
dered phase under equilibrium conditions. More preciselycentration preventing antisite defects. Such “stoichiometric”
the orderedB2 particles exhibit botl{110) and (100 faces. clusters present an enhanced stabiliy analogy with
Unfortunately, up to now, no experimental study has beemagic numbers related to optimized morpholpgynd could
performed on free RACu, 5 clusters that could give infor- drive to peculiar properties in catalysis. We show also that
mation on their morphology. the composition at specific surface sifedges or vertexcan
From the theoretical point of view, we will then complete change drasticallyfrom 0% to almost 100% in Bdwith a
our study by adding the Dh shape to the previous fcc-typesmall variation of overall composition. If a catalytic step can
structures. This morphology is illustrated on Fig(by4 occur only at these specific surface sites, the overall activity
and consists in 12110 close-packed faces. One can noticeof a catalyst could presumably change as abruptly as the
that the absence of chemical frustrationB# ordering on  concentration of the active metal at these surface sites.

B. The dodecahedral morphology
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