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Crossover among structural motifs in transition and noble-metal clusters

F. Baletto® and R. Ferrando®
INFM and CFSBT/CNR, Dipartimento di Fisica dell’'Universita Genova, via Dodecaneso 33,
16146 Genova, Italy

A. Fortunelli®
Istituto per i Processi Chimico-Fisici del CNR, Via V. Alfieri 1, 56124, Pisa, Italy

F. Montalenti®
Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

C. Mottet®
CRMC2/CNRS, Campus de Luminy, Case 913, 13288 Marseille Cedex 9, France

(Received 25 October 2001; accepted 13 December)2001

The energetics of nanoclusters is investigated for five different mgtglsCu, Au, Pd, and Rty

means of quenched molecular dynamics simulations. Results are obtained for two different
semiempirical potentials. Three different structural motifs are considered: icosaliédra
decahedrgDh), and truncated octahedf@O). The crossover sizes among structural motifs are
directly calculated, considering cluster up to sid&s 40 000. For all the systems considered, it is
found that icosahedra are favored at small sizes, decahedra at intermediate sizes, and truncated
octahedra at large sizes. However, the crossover sizes depend strongly on the metal: in Cu, the
icosahedral interval is rather large, and it is followed by a very wide decahedral window; on the
contrary, in Au, the icosahedral interval is practically absent, and the decahedral window is narrow.
The other metals display intermediate behaviors, Ag being close to Cu, and Pd and Pt being close
to Au. A simple criterion, which is based on the ratio between the bulk modulus and the cohesive
energy per atom, is developed to account for the differences among the meta2002CAmerican
Institute of Physics.[DOI: 10.1063/1.1448484

I. INTRODUCTION tained by packing five tetrahedra so that they have a common

edge. In this way, the surface is again close-packed, being

Clusters provide a bridge between isolated atoms an¢brmed by 10(111)-like facets, but the resulting cluster shape

bulk material, and, because of that, they can display unusu@ quite far form a spherical one. Better Dh structures can be
physical and chemical behaviors. The knowledge of thesbtained, however, by truncating the clusters. The Ino
structure is the starting point to understand the peculiar chatruncatiot exposes five rectanguldf00)-like facets. The
acteristics of a clustér? It is well known that nanometer-size |atter facets are not close-packed, but the resulting shape is
clusters can present both crystallifiec for the elements that closer to a sphere. However, this is not usually the best deca-
we shall consider in the followingand noncrystalline struc-  hedral shape, since the energetically co$tli90) facets are
tures. The latter are very common at small sizes, and, in thgather large in the Ino Dh. A better solution to the problem of
case of noble and transition metals, they take the form ofinding the best Dh structure was given by Marksho pro-
icosahedralh) and of Marks truncated decahedraDh)."®  posed further truncations, which are done in such a way to
In Fig. 1, examples of Ih, Dh, and fcc clusters are showncreate (111)-like re-entrant facets. In this way, the cluster
Icosahedra have a quasispherical shape and a close-packgthpe remains still close to a sphere, but smaller ¢pe)-
surface with 20 distortedl11)-like facets! The Ih structure |ike facets are exposed. From the point of view of the surface
is obtained by packing together twenty tetrahedra sharing anergy, icosahedra are still better for small clusters, but deca-
common vertex. This packing is possible only if the tetrahe-hedra have less internal strain, and become more favorable
dra are distorted, and this causes the high internal strain Qhan icosahedra at increasing sizes. Finally, fcc clusters are
the structure. Icosahedra are thus expected to be favorable @pected to be the most favorable in the macroscopic limit,
small sizes, where the efficient minimization of the surfacepecause this is the bulk lattice symmetry for the metals con-
energy prevails over the strain contribution, which is propor-sigered in this paper. Fcc octahedra present @) facets,
tional to the cluster volume. The decahedral structure is obpyt are very far from the spherical shape. Truncated octahe-
dra have a better surface/volume ratio, but expose (9@

AElectronic mail: baletto@fisica.unige.it facets. Therefore, fcc structures present a large surface en-
DAuthor to whom correspondence should be addressed. Electronic maikergy, but they lack internal strain, and are thus expected to
ferrando@fisica. unige.it dominate at large sizes. These general trends are common to
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9YElectronic mail: montalenti@t12.lanl.gov many fcc-bulk systems, ranging from metallic fo Lennard-
®Electronic mail: mottet@crmc2.univ-mrs.fr Jones clusters(as demonstrated by calculati6h$ and
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TABLE I. Lattice constanta and RGL parameters for the different metals.

B L R Metal a=,(2)rq (A) £(eV) A (eV) p q
Fee R R Cu 3.62 1.280 0.0894 10.55 2.43
Ag 4.09 1.190 0.1031 10.85 3.18
Au 4.07 1.855 0.2197 10.53 4.30
coe, Pd 3.89 1.702 0.1715 11.00 3.79
c.tet e Pt 3.92 2.621 0.2477 10.71 3.85
Lu e, Z o Lhum
Marks Dh e,
“eoa0®
® o 00 "

has a very simple analytical expression depending on five

gv::‘c: S, parameters, and because of that, it is well suited for discuss-

Mackay Ih E‘ftﬁ:f:ﬁ ing general trends and for comparing the different metals in a
»;EEU“ rather easy way. In the following, we give a brief description
) of the RGL potential; for the EAM potential we refer to the

. original literature'® In the RGL potential, the cohesion of the
FIG. 1. Structural motifs of clusters. In the top row, at left a perfect octa-

hedron is shown; in the middle panel and right panels, a truncated octahé:-ryStaI 1S g!Ven by an attr_a_Ct'V? many-body tefthe band
dron, obtaining truncating the six vertices of the octahedron, is shown. In th@€nergy, which for an atoni is given by
o
} ; Y

middle row, the(3,2,2 Marks decahedron is shown in different views. Note
the rectangula(100)-like facets of size ¥2 (m=3,n=2), and thg Marks ' Ei _ _[ 2 52 ex% _ ﬂ (J_ )
re-entrance. In the bottom row, the fourth shell Icosahedron is shown in b . L alr
different views. Irij<re 0
a=1/2 in the second-moment approximation to the tight-
binding modelt* other exponents have been proposed in the
experiment™). We expect that they shall hold also for the |iterature!®1 The stability of the cluster is ensured by add-
metals treated in this paper, which are thus expected to shojg a phenomenological core-repulsion teof the Born—
a crossover among structural motifs, from icosahedra, tqjayer-type,
decahedra and finally to fcc clusters. An interesting point is
therefore to investigate quantitatively the crossover sizes for i z A ex;{ _ p(rj_ 1)
the different metals, looking at the best clusters for each L.
structural motifs, and trying to devise general trends amon

the different elements and to give, if possible, some simpl ) i ) o .
g P P ], r¢ is the cutoff radius of the interactiorig the following

criteria for understanding priori their behaviors. This is the calculations. we use the above form of the botential up to the
purpose of the present paper, in which we shall treat explic- o . . P P
itly Cu, Ag, Au, Pd, and Pt clusters. There are already Severa§econd—ne|ghbor distance, and link smoothly the potential to

papers(sc, or xample Refs. 7, 5, 12. aeaing wih 221 5 e dnenhor danger s e neaest,
crossover sizes in metallic clusters, but they either treat 9 & P 4 P

single elementNi in Ref. 7), or they are limited to rather gn”t()ulk %rolpertlez (:;:the m.it.?lst.’ "e"ft?ﬁ cohesive enzlrgy,t thte
small sizes, well below the crossover ofies, they compare ulk modulus and the anniniiation of the energy gradient a

only Ih structures with cuboctahedfa[which are indeed ;?t'e:?.?.;va:ﬁgsbaﬁ glr\(/)er;rltr_weTaI;Ir?el._lt I((:a?tn pfhngr:?d tthgt,
very unfavorable fcc structures with large00) facetd and inde elnldéqnt aralrJr1et2rsps ! id ;} d d(\a,\t/:arm'neyth\(lav
truncated octahedr&. The present work synoptically treats indep P » SBanag. p d !

several elements up to large siz&é6<£40 000), and searches :Zrllgfegf g:;ta. rslp L_"Z':e anhﬁfr;:t-t;agge R;ﬂ:hogstgisgteg:
for the best clusters for each structural motif. al, pectively, W ! o p

The paper is structured as follows: in Sec. Il we briefly ram_?.:]eerscgﬁggﬁléh:nt;ndzfag] ;Egtg;eo? ;fftirne;gti;n eit\ilasn. b
describe the interaction potentials and the calculation gy 9 y

method; in Sec. Il we report the results of the energy mini- i i
mization of the clusters for the three structural motifs com- c:Zt (Ep+Ep). ©)
paring the five metals; Sec. IV develops a simple criterion to

devise general trends among the different metals; Sec. V Detailed comparisons of RGL results for diffusion barri-
contains the conclusions. ers on flat and stepped surfaces with experimental ddita,

initio, and semiempirical calculations are reported in Ref. 20.
It turns out that RGL results correctly predict the dominant
diffusion mechanisms on noble and transition metal
As anticipated in the Introduction, we calculate clustersurfaces’>??from the quantitative point of view, the agree-

energies by two different semiempirical many-body poten-sment with experimental data and first-principle calculations
tials. The first one was proposed by Rosato, Guilloged is usually good, especially for silver. Moreover, the use of
Legrand(RGL).1**® Then we check general trends by com- these potentials in the modeling of silver clusters gréwth
paring with the results of an embedded atom metfifodlM) has lead to the explanation of the experimental
potentiat® as parametrized by Votéf:'¥ The RGL potential  phenomenolog¥’

@

n these expressions;; is the distance between atormand

o

Il. THE MODEL
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Comparison with density functional calculations for hexagons. In fact, three edges of the hexagons are in com-
noble-metal clusters are reported in Ref. 26, where oncenon with square facets, having thog,+ 1 atoms, while the
again a good agreement is found. remaining three edges hawe—2n.,; atoms. Regular hexa-

In the following, the total energy of the clusters is cal- gons are thus possible iifi=3n.,+1; in the following the
culated by quenched molecular dynamics, which allows th& O with regular hexagonal facets will be referred to as regu-
complete relaxation of the structures around a local minidar TO. On the other hand, cuboctahedra are characterized by
mum. At the sizes which will be considered in the following, n,=2n.,+ 1, which gives energetically unfavorable clusters

global optimizatioR’ is not feasible. with large (100 facets and triangulail1l) facets; by substi-
tuting this relation into Eq(6), and comparing with Eq4),
1. RESULTS one finds that a cuboctahedron with a giveg has the same

. . number of atoms as an Ih with=n¢,+ 1.
Here_we report the results concerning the different struc- The quantity, which we introduce to compare the ener-
tural motifs for the metals Ag, Au, Cu, Pd, and Pt. We reloortﬁgetics of clusters of different size$, is A,>"® defined as
a thorough study of the energetics of the different structura
motifs by RGL potentials, considering large clusters and de- Etot— NEcon
termining crossover sizes. Then we check the general trends =~ NZB @
about the transition from icosahedra and decahedra by means

of the EAM potentials. Ag is treated in greater details as aVN€reEu iS the total energy of the cluster after the relax-
reference case. ation of the structure ané&_., is the cohesive energy per

Before showing the results we introduce few notationsatom in the bulkA is thus the excess energy roughly divided

and indices related to the different structures, in order g the number of surface atoms, In general, we expect the
facilitate their geometrical description, and we introduce thd©!loWing expression to hold foa:

quantityA (see belowy, which is useful to discuss the relative a+bNY3+cN?2+dN

stability of structures of different sizes. A= NEE : (8)

IcosahedraThey are structured in shells, see Fig. 1. An
Ih with k shells has In the numeratofwhich is the excess energythe constant

comes from the vertices of the cluster, the ternN#% from
Ny (K)= E)k3—5k2+ 1—1k— 1 (4)  the edges, the term iN?® from the facets, and the volume
3 3 term inN is due to the internal strain. This last term is always
atoms (so that the series of magic numbers is 1, 13, 55present in Ih and Dh clusters, while in TO vanistiasleast
147,..) and presents 20 triangular facets of side in the limit of large sizes Therefore, for TO clustersA
Marks decaheraThey are characterized by three indices decreases with size and tends to a constait-ato, while
(m, n, n (in previous work€>?*the third index was namegl for Ih and DhA initially decreases, then reaches a minimum,
instead ofr, but here that choice would lead to a confusing@nd finally diverges at large sizes B3"°.
notation because of the paramepesf the RGL potential m A Ag clusters
andn are the length of the sides of tfig00) facets, perpen-
dicular and parallel to the fivefold axis, respectivedge Fig.
1); r is the depth of the Marks re-entran@e=1 corresponds
to no re-entrance i.e., to the Ino decahedragd (m, n, 1
marks Dh hashh=m+n+2r —3 atoms along its symmetry
axis and a total number of atong,,(m,n,r) given by

Icosahedra Silver icosahedra decrease thairup to N
=147 (fourth shell Ih according to the RGL potentidkee
Fig. 2.

Decahedra The best Ag decahedra hawe=n, which
gives squar€100) facets, and a more spherical cluster shape.
Concerning the Marks reentrance, the best clusters have

Npn(m,n,r)=3{30r®— 1352+ 207 — 102+ [5m? ~m/2. As we shall see in the following, while the choice
+(30r — 45)m?+ (60(r2—3r) m=nis common to all the metals trgated here, the choice of
r changes with the metal, and relative trends can be under-
+136)m]+ n[15m?+ (60r — 75m stood comparing the surface energies of (h@0 and (111
- 3(10r2—30r) + 6]}~ 1. ®) surfaces y(100) andy(111) respectively. Indeed, increasing

the proportion of(111) facets increases, and thus metals

fcc polyhedra Starting from the octahedrdsee Fig. ],  characterized by larger ratiog;qo)/ v(111) (See Table I pre-
better fcc polyhedra are obtained truncating symmetricallyfer largerr thanm/2. Once the sequence of the best decahe-
the six vertices, thus obtaining square and hexag@riah-  dra is chosenra=n,r=m/2), A decreases up to sizéé
gular in the case of cuboctahegifacets. In the following we =15 000 for RGL potentialfwhere the best clusters are the
characterize a given truncated octahed(®®) by two in- (10, 10, 5 and the(10, 10, 6 Dh, at N=10887 andN
dexes:n, is the length of the edge of the complete octahe-=13 829, respectively and it decreases at least up to 1000
dron; ny, is the number of layers cut at each vertex. A TO atoms for the EAM potential. According to RGL potentials,
has a number of atoms, decahedra are the best structures in the intervak300
<20000.

fce clusters A criterion which can be helpful in finding
and square facets with edgesmf,+1 atoms. Concerning the best TO structures is the Wulff constructitsee, for
the (111) hexagonal facets, they are not in general regulaexample, Ref. 28 which was indeed developed to find the

NTO(nI incut):%(ans+nl)_2ngut_3n§ut_ Neuts (6)
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FIG. 2. The quantityA = (E,,—NE,,)/N?? as a function of the siza\, tr_]e open C|rcles_ are_related to TO structures witkr 3¢, 4 tEe full
! . . circles to TO withn,=3n,+3, the open squares to TO will=3n,
calculated by means of RGL potentials for silver clusters. Circles, squares_,r2 the full squares to reqular TO havine=3n.. 4+ 1. the open trianales to
and triangles refer to icosahedra, decahedra, and truncated octahedra, Jie ; q gut 0= 2Neu™ P 9
spectively. O with nj=3n¢, the full triangles to TO witm,=3n.,— 1, and the stars

to TO with n;=3n.,— 2. The horizontal lines represent the ratio of surface
energiesyog)/ ¥(111) for the five metals.

equilibrium shape of macroscopic crystals by the minimizag gther metals
tion of the surface energy for a crystal of a given volume.

From the Wulff construction, the best TO structure should [N this section, we treat Cu, Au, Pd, and Pt clusters. Our
fulfill the following condition: results are reported in Fig. 4 using the RGL potential and in

Fig. 5 for the EAM. In the latter case we consider a smaller
size range Kl=1000) just to analyze the crossover between
icosahedra and decahedra. In the following we report in de-
tail the results obtained with RGL potentials.

where y(100) @nd y(111) are the(100 and(111) surface ener- We find that the size interval in which a kind of structure
gies, respectively, whereal, o) andd,1y) are the distances s fayored depends strongly on the metal. So we can find
from the center of the cluster. In Fig. 3, we report the ratiogonner clusters which present icosahedral structures up to
= d(100)/ d(111) for the most significant unrelaxed TO struc- 1900 atoms and a very great size interval for decahétiea
tures in the nanometnc size r'c_mge, compared to the ratio Q‘frossover with fcc is all>30000, while gold clusters pre-
the surface energies for the different metals. The €NeTgY e fcc structures already at sizes larger than 600 atoms. An
Iaxatlcgzn Sh%WS that either regular Ti@haracterized by\c,.  jntermediate behavior characterizes Pt and Pd clusters. In
and nj'=3ng,+1, see Fig. 3 or TO with slightly larger 501 for these metals, we find that icosahedra are favored

: _ AR
(100 facets than the regular T@ay withny=n/"~1 and o)y at very small sizes and the crossover between Dh and
Neu=Neye, Which givesn,=3ng,) are the most favorable at {-:'is atN~6000— 7000 atoms.

sufficiently large size, in good agreement with the Wulff con-  \joreover, we find that the best choices fom, n, 1 for
struction criterion(compare the ratio of the surface energiesgecanedra and, andn,, for TO structures depend on met-
in Table Il with the data in Fig. B which turns out to be 55 | the case of decahedral structures the choieen is
useful also for nanometer-size objects in the case of silver..ommon to all metals, because in this way the cluster is
much more spherical, while is much larger in the case of
Au clusters for which we have=m [the best Dh is the
TABLE Il. Ratio between the relaxed surface energie<18f0) and (111) (3,3,3 at 433 atombthan for Culdecahedra decrease thair

Y (100 _ d(100) )

Y111 d(111) ’

faces in the case of RGL potentials with- 3. up to (10,10,9 at 10887 atomsand Ag clusters where
=m/2. This means that Au clusters prefer to have deep re-
Metal Yaoo/ Y1y entrances or in other words, larg#ll) facets[remember
Cu 1.032 that for gold a(111) facet presents a much better surface
Ag 1.076 energy than 100 facet (see Table Ii]. Again Pt and Pd
':)‘t’ ﬂgj clusters present an intermediate choice: at small sizem
Au 1150 and at larger sizes=m—2 orr =m- 3 [for both metals the

minimum is the(7,7,5 Dh at 5341 atomfs
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FIG. 4. A calculated by RGL potentials for Cu, Au, Pd, and Pt clusters. L 34 - Pt
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The best choice oh, and n., satisfies generally the . omg, - 83%8
Wulff construction, especially when the cluster is not too 32 % 28 L
small, as can be understood by the comparison of Table I P T R T il i

107 10° 10 10°

N
o
o

and Fig. 3. Again we find that gold clusters are characterized
by large hexagonallll) facets(the best TO structures are
characterized .by]' - 3_n°U‘+ 3 at small sizes and;=3ne, FIG. 5. A calculated by EAM potentials for Ag, Cu, Au, Pd, and Pt clusters.
+4 at larger sizeswhile Pt and Pd prefem;=3n¢,+2 (for  symbols as in Fig. 2.
large Pt clusters also the choing=3n¢,+ 3 is very good,
and Cu fcc clusters are characterized gy 3ng,;,. We re-
member that for Ag clusters we have regular TO, with because the cutoff distance for the interactions is larger. In
=3ng,+ 1. These results are in very good agreement witithat case, the curves af(N) are shifted to higher values, but
the ratioy,00/ y111 reported in Table II: in fact, we find that crossover sizes remain unaltered.
Cu and Ag, which present the lowest ratio, prefer smaller If we compare crossover sizes for the transition Ih
(111) facets than Au, which has the largest ratio. —Dh, we see that RGL results are in agreement with the

Finally, we remark that, in the case of gold, it is known EAM results from a qualitative viewpoint. In fact, also in
from literaturé® that, at small sizes, amorphous structuresthis case we find that copper clusters present a broad size
may play an important role. We do not consider them bewindow in which Ih are the best structurés decreases up to
cause the principal aim of our work is to make a comparisor809 atoms and the crossover with decahedra i-ai000,
between different metals trying to find a simple method towhich is followed by a large decahedral interval, while gold
devisea priori general trends about the crossover sizes bedisfavors this kind of structures and prefers the fcc shape
tween different structural motifs, whereas amorphous strucalready at small sizes: there is a strong competition between
tures are favorable only for gold and maybe for platinumbDh and fcc already aN==400. Silver has an intermediate
clusters. behavior(closer to Cu than to Aualso according to EAM

potentials, while Pt is closer to Au.
In conclusion, the major difference between RGL and

C. Comparison of RGL and EAM results EAM results is that, within the EAM potential description,

alladium clusters present a behavior much more similar to

~ Here we compare the results of the two potentials ag\g than to Pt(the icosahedral interval is wider: Ih are the
sizesN<1000(see Figs. 2, 4,5 First of all, we notice that  agt up to 150 atoms

for each metal, the values Afobtained by the two potentials

are rather dn‘_ferent. However, the values in themselves AR, DISCUSSION

not of great importance. For example, we have made the

following check. We have calculatexiby means of a second In this section, we try to develop a simple criterion for
parametrization of the RGL potentiglhe one in Ref. 1p  explaining the trends shown by the different metals about the
which differs from the one used in Figs. 2 and 4 essentiallycrossover sizes. Due to their rather simple analytical form,
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TABLE IIl. Parametero=p(e)/e? in the cases of firstd;,=pg/2) and second neighbde,, , see Appendix
for the formula cutoff, sizes where\ is minimum (N for icosahedra anl‘ilgh for decahedrg and crossover
sizes(Nyn_.pn andNpy,_1co), in the case of the different metals and for the RGL potentials.

Metal O1n O2n NY NEP Nih—pn Nph—fec Nin—tec
Cu 13.1 14.4 309 20000 1000 >30000 1500
Ag 17.2 18.3 147 14000 <300 20000 400
Pd 20.9 21.8 147 5300 <100 6500 <100
Pt 20.6 21.5 147 5300 <100 6500 <100
Au 22.6 23.3 147 1300 <100 500 <100

RGL potentials are well suited to discuss general trends as g (g)=12A exp( — pe)— V12£ exp(—qe)
functions of the potential parameters. An example is the (1
X 2) missing-row reconstruction. This reconstruction is ~12A— /12— (12Ap— 12¢q)e
adopted by Ir, Pt, and At10 surfaceqthe 5d series, while 2 0 2
the %d anzil 4 series do not reconstrycand it has been +(BAP"—v3£q)e”, (12)
theoretically ascribed to the increase of the parameigr  The first-order term is zero because of the equilibrium con-
which governs the attractive interaction dependence with disdition on the crystal; this gives
tance, when going from@to 5d metals. Such an increase in
g for the fcc transition metals is consistent with the universal \/1—2Ap= £q,
nature of binding-energy-distance relaticfis® A similar  and therefore
trend has been pointed out along the noble metal column L
concerning the vacancy stabilization in icosahédra. p(e)=3pQs”. (14

The question that we shall try to answer in the following From the above arguments, this result would indicatetteat
is: Why are crossover sizes small for gold and large for copiarger is pg, the smaller are the crossover sizehis is in-
per? First of all, we notice that noncrystalline structures arejeed the case, as can be seen in Table IIl, where also results
distorted: even in the unrelaxed structure, nearest-neighb@g second-neighbor interactions are reported. In the latter
atoms are placed at distances which are different from thgase one finds agaip(e)="f(p,q)=2, with f(p,q) of a
nearest-neighbor distance in the bulk solid. Therefore, Weather complicated fornisee the Appendix however, the
expect that a crystal which increases strongly its energy for ghcjusion of second neighbors does not introduce significant
change in interatomic distancése., which has a “sticky”  changes. A simple interpretation to Ed4) follows from the
interatomic potential would have small crossover sizs. fact thatp andq determine the range of the repulsive and of
On the contrary, elements with less sticky interactions woulgne attractive parts of the potential, respectivislge Eqs(1)
have larger crossover sizes. Following this idea, we look folng(2)]; smallerp andq give a longer rangéand less sticky
the effect on the total energy of a bulk crystal of changing allyotential. We can notice from Table | that, whereadoes

(13

the interatomic distances by a factor, say not vary monotonicallyg increases from @ to 5d series as
expected from the universal features of bonding in
rj—(l+e)r;. (100  metal$®*! so thatpq s globally increasing from Cu to Au.

An equivalent way to correlate the metal-dependence of

second order and divide it by the equilibrium valiig(0)|.  tures with respect to the potential parameters is to give an
We expect that the larger is the ratio, analytical expression of the energies involved in the most

simple cases: the 13 atoms clusters with icosahedral or cub-
octahedral(TO with nj=2n.,+1 and same atoms number
Ei(e) —E;(0)
ple)= ————1—, (11)  as the Ih symmetry. In these cases, the relaxed structures
|Ei(0)] display only three different interatomic distances: one radial
(r1) and one tangentialr) for Ihy3, and only one i(3) for
the smaller are the crossover sizes from icosahedra to deca-
hedra and then from decahedra to fcc crystallijgs:) is
e.ssemla“y the ratio between the bulk modulus and the COhQI:ABLE IV. Interatomic radial ¢;) and tangentialr,) distances in the Iy
sive energy per atom of the bulk crystal. . . and the oner(3) in the TO; after relaxation versus the equilibrium distance
Let us now calculateEi(e), and try to find a simple in the bulk ).
expression in terms of the parameters of the potential. We
assume, for the moment, that interatomic interactions extengleta N 2 s
to first neighbors only. The inclusion of second neighbors f - fe

introduces only minor changésee the following For first- cu g'gzzf 8'3775 8'3?50
neighbor interactions, we obta[see Eqs(1) and (2) with 4, 0.920 0.967 0939

a=1/2]
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' ' ' ' sizes, see Eq8)], whereas the surface energy gain is de-
creasing from Cu to Au so that Cu lh are more favorgbie

a larger size rangaghan Ag and Au ones. This second analy-

sis confirms the first one related to the stickiness of the
potentiaf? in order to predict the crossover size transition

from 3d to 5d transition and noble metals series.

V. SUMMARY AND CONCLUSIONS
In conclusion, we present a study of the energetics of

-0.6 ‘ L L five transition and noble metal clusters, and make a compari-
2 3 4 5 son among them trying to find simple ways to understand
q parameter priori general trends about crossover sizes among different
FIG. 6. Normalized energy difference between the Ih and th¢ci®octa- structures. . .
hedron of 13 atoms as a function of the parameter We consider three structural motifs: icosahedra, trun-
cated decahedra, and truncated octahedra for Cu, Ag, Au, Pd,
and Pt.
the TOs;. If we note Pj=e P/~ and Q We calculate the cluster energy by quenched molecular

=e 9(i/M)~1) the distance dependencies of the repulsivedynamics as a function of the cluster sideand considering
and attractive terms of the potential, we can write the energyoth the RGL and EAM potential. Moreover, in the case of
difference between I3 and TQ3; normalized by the bulk Dh and fcc structures we find a criterion to determine the
cohesive energy as follows: best choice of the parameters which identify the cluster
shapeim, n, n for decahedra and, andn, for TO. We find

En, Ero, 1 that their choice depends on metals according to the ratio

Bl P {— p[Q1+2\/3Q21+ 15Q22 v100! v111- In fact, we show that Au clusters, which present
con P—q the largest ratio, prefer to have lar¢fEl1) facet so they are
—(2\/15+1)Q3]+ (2P, +5P,—6P3)}. characterized by=m andn,=3n,+ 3. On the other hand,

Cu and Ag clusters, which have the smallest ratio, present
(15) bothr=m/2 andn,=3n,, n,=3n.,+1, respectively. The

The values of ¢, r,, andrg are noted in the Table IV. For best choice for Pd and Pt clusters is just in the middle:
noble metals, we can notice from Tables Ill and IV thatphe =m—2 andn;=3n¢,+2.
parameter and the interatomic distances are not so different Once we have found the best sequence for the three
from one metal to another, so that we use averaged values structural motifs, we can establish the crossover size among
plot Eqg. (15) as a function ofg; essentially, sincep is not  different structures and then make a comparison between
changing much, to look at variationsjig or in g is the same metals. We demonstrate that copper and gold clusters have
thing. We check in Fig. 6 that the points representing thecompletely different behaviors. In fact, in the case of Cu
“exact” values fit quite well the curve so that we get an clusters we find that non-crystalline structures are favored in
evolution of the energy difference betweenJlland TQ;  wide intervals of size, while Au disfavors completely the
which decreases appreciably whgincreases, i.e., from Cu icosahedral motif, with fcc clusters already at small sizes.
to Au. That means that the |h is the most favorable for CuThe other metals present intermediate behaviors: silver is
then for Ag and at last for Au clusters. In order to extend thismuch more similar to copper while palladium and platinum
analysis to bigger sizes to evaluate the crossover transitioare close to gold. The trends we find for different metals are
from noncrystalling(lh) to crystalline(TO) clusters in noble in line with simple considerations based on the strain energy
metals, we have compared the surface energy gain and tloé the structures, due to the distortion of the interatomic dis-
core energy loss of the Ih relatively to TO with the sametances in the noncrystalline structures. To estimate the effect
atoms number for three different sizes: 13, 561, and 2057 inf the strain on the excess energy, we introduce a small uni-
order to distinguish the trend in the crossover transition fronform expansiorz in the interatomic distances of the fcc bulk
one metal to another. Looking at Table V we notice thatcrystal, and we develop the crystal energy per aiy(#) to
except for the 13-atoms clusters where core defect is increathe second order, subtract the equilibrium vakjé0) and
ing from Cu to Au along the series, the core energy loss iglivide by |E;(0)|, thus obtaining the quantity(e), which is
quasi constant for the three metals and independent of thessentially the bulk modulus divided by the cohesive energy
size[this is coherent with the divergenceld¥® of A at large  per atom in the bulk crystal. In this way, we can explain why

TABLE V. Energy difference between lh and TO with same size for the surface energy gain and core energy
loss divided by the total number of ator(3, 561, 205Y.

Metal 13(surf) 13 (core 561 (surf.) 561 (core 2057 (surf.) 2057 (core
Cu —0.081 0.019 —0.020 0.007 —-0.012 0.007
Ag -0.067 0.017 -0.014 0.006 —0.009 0.007
Au —0.053 0.030 —0.005 0.006 —0.002 0.007
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Cu has a wide size interval in which noncrystalline structuresult are in between 3-10%. They are larger for Cu and
are favored while Au presents a very small crossover sizemaller for Au; this follows from the fact that the potential
interval. In fact, we find thap(e€) depends only on the prod- for Cu has the longest rangee., it is the least stickyamong

uct pqg: a largepq (as happens for goldsuggests a sticky the five metals, and the potential for gold has the shortest
potential, so displacing atoms in noncrystalline positionsrange. The result with first-neighbor interactiop§ p,q)
costs a lot. On the other hand, smpf| allows to displace =pq/2]is recovered by puttin@=0 andD =0 in the above
interatomic distances and so the icosahedral and decahedfarmula.
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