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Knowledge of the structure of clusters is essential to predict many of their physical and chemical properties.
Using a many-body semiempirical Gupta potenti@ perform global minimizations and first-principles
density functional calculationgo confirm the energy ordering of the local minimave have recently found
[Phys. Rev. Lett81, 1600(1998] that there are many intermediate-size disordered gold nanoclusters with
energy near or below the lowest-energy ordered structure. This is especially surprising because we studied
“magic” cluster sizes, for which very compact-ordered structures exist. Here, we show how the analysis of the
local stress can be used to understand the physical origin of this amorphization. We find that the compact
ordered structures, which are very stable for pair potentials, are destabilized by the tendency of metallic bonds
to contract at the surface, because of the decreased coordination. The amorphization is also favored by the
relatively low energy associated to bondlength and coordination disorder in metals. Although these are very
general properties of metallic bonding, we find that they are especially important in the case of gold, and we
predict some general trends in the tendency of metallic clusters towards amorphous structures.

[. INTRODUCTION resolution transmission electron microscapiRTEM), and
scanning tunneling microscog$TM) have been performed
The lowest energy configuratiofglobal minimum) and  on passivated Ay nanoclusters with diameters of 1-2 nm,
the structures of low-energy isomeiecal minimg are fun-  corresponding to aggregates with~40-200 atom&®. On
damental properties of clusters because they largely detethe theoretical side, studies on #alusters in this size range
mine their physical and chemical behavior. The case of golthave been done using methods going from molecular-
is especially relevant since new molecular nanocrystallinglynamics simulations based on semiempiricalbody
materials, considered as prototypes for electronic nanodepotential§°~12to first-principles calculations using density-
vices and biosensors, have recently been synthesized usifignctional theory(DFT).134
gold nanoclusters as building blocks. Such advances in Despite the existence of sophisticated experimental and
cluster growth and materials synthesis have motivated &eoretical tools to study gold nanoclusters, several problems
number of theoretical and experimental studies on structuragn their structural propertie@nost stable cluster configura-
dynamical, electronic, optical, and other physical and chemition, lowest-lying isomers, thermal stabiljtyremain un-
cal properties of isolated and passivated gold clusters, as wedblved. The current approach determines the cluster structure
as on the size dependence of th&skStructural character- from the comparison between experimental imagd&-
ization using x-ray powder diffraction(XRPD), high- TEM,STM) or structure factorXRPD) with those calcu-
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lated from geometrical models of clusters. Following thisin energy. It must be realized, however, that the energy dif-
approach, a truncated decahedral motif was assigned to tlierences between the amorphous and ordered structures are
most stable geometry of Au nanoclusters in the size range ofery small. So small that they are in fact well below the
1-2 nm® In another study, several possible geometries havé@bsolute-energy precision of even state-of-the-art first-
been used to calculate the theoretical HRTEM images oprinciples methods. Therefore, one must rely on substantial
gold nanoclusterf Such images constitute a catalog to be€rror cancelations, and it is important to check that the ob-
used in a systematic comparison with the experimenta$€rved trends hold when the precision of the calculations
results’® In principle, the mentioned procedure should beincreases, and when different methods are employed. Fur-
sufficient to determine the cluster structures since thosth€rmore, itis essential to analyze the characteristic features
methods have been successfully used for larger metal paf the stable amorphous structures, in order to understand the
ticles or bulk systems. However, in the case ofAlusters ~Physical origin of the observed trends and, if possible, use
with sizes of 1—2 nm, the experimental resolution is not gooéhls understandmg to. predict its effects on different systems.
enough to decompose the broad features in the XRPD strud1€S€ are the objectives of the present paper.

ture factors and to obtain a conclusive determination of the

structure$:® Several theoretical calculations on the configu- II. FIRST-PRINCIPLES CALCULATIONS

rations of gold nanoclusters have been made using fixed Ejst of all we have performed further convergence

cluster symmetries as constraints during a local optimizatioRpecks of the first-principles DFT calculations presented in
of the structuré:®** Nevertheless, a global, unconstrained et 16 which confirm the observed trends and even in-

optimization of the cluster structure is necessary for an €xXgrease the relative stability of the amorphous structures. We

haustive search of minima on the potential energy surface. have used thelesTA code?>28 which performs a fully self-

Additional efforts are thus necessary to elucidate the StruCzonsistent density-functiondDFT) calculation to solve the

tural properties of gold nanoclusters and their interplay Withg;andard Kohn-Sham equatihsn the local or gradient-

other physical propertiegelectronic, optical, ets. funda-  cqrrected(spin density approximations. We use standard
mental to the design of gold-based nanostructured material§,ym conserving pseudopotent®lsn their fully nonlocal

In recent works,’~*® we have presented results on the tom 29 Flexible linear combinations of numericgbseudo
most stable(lowest energy configurations of intermedia_lte- atomic orbitals are used as the basis set, allowing for
size (1-1.5 nm Auy (N=38,55,75) nanoclusters obtained mjtipie-+ and polarization orbitals. In order to limit the
through dynamical and evolutit®(genetic/symbiotig opti- range of the basis pseudoatomic orbitdAO), they are
mization methods using a Guptebody potentiaf® For the slightly excited by a common “energy shiftSEpac, and
three sizes investigated, corresponding to the so-called magjfi;ncated at the resulting radial no#e®The basis functions
number cluster§] we did not find a single-ordered SIUCIUTe, and the electron density are projected onto a uniform real-
with a definite symmetry as the global minimdfir.” In- space grid in order to calculate the Hartree and exchange-
stead, we obtained a set of many isomers nearly degenergigy e|ation potentials and matrix elements. The grid fineness
in energy. Moreover, most of these cluster configurationsis conrolied by the “energy cutoff E., of the plane waves
including the lowest one, have little or no spatial symmetry it can be represented in it without alliastigiables | and
and a pair distribution function typical of glasses. Therefore,| show various convergence tests for.Aand bulk gold, and

they can be classified as amorphouslike. First-principles cal, 6 rejative energies of amorphous and ordered cluster
culations, using DFT in the local-density approximation qi,ctres. In all the cases displayed in Table II, an uncon-

(LDA), confirmed the energy ordering of the disordered andy aineq conjugate-gradient structural relaxation using the

order:ed |spmer§6. f h llic ol has b DFT forces was performed for the ordered and disordered
The existence of amorphous metallic clusters has beeggier structures. It may be seen that the trends observed
predicted before. Sodium clusters, which present electronig the LDA and a minimal basis set remain unchanged

magic numbers up t&l~1000, and structural magic num- \hen ysing a more accurate functional and basis set, and that

bers for larger sizes, are suspected to be liquid or amorphoye amorphous structures are indeed more stable than the
up to that sizé2 Doye and Wales have obtained amorphous, qered ones for all the three sizes studied.

structures for many cluster sizes using pair potenfiafsd- One possibility is that the amorphization is driven by

ing that the amorphous state is favored by long potentiah,pn Telier deformations due to partially filled electronic
ranges. They warn, however, that many-body effects migh

Lhells of the cluster. For exam le, the simplest electron shell
modify these trend¥ and we will see that this is indeed the P P

: ; modef? would predict a partially filledp shell for Augg, if
case. A disordered structure has also been predicted for tl?ﬁﬂy the s valence electrons are taken into accounté In fact,
lowest energy configuration of Rtusing DFT-LDA?* Re-

; 508 i we do observe such Jahn-Teller effects, and they are in-
garding gold clusters, Ercolessi al.™” found that their melt-

, ) cluded in the energies of the ordered structures in Table II.
ing temperature became zero for sizes und&0 atoms, However, they only amount to displacements-66.02 A

which suggests that they would be amorphous below thig,q energies of-0.1 eV for Aug, and therefore they cannot

size. . ... explain the much larger differences of geometry and energy
Compared to previous works, our results are surprising iDetween the disordered and ordered structures
two aspects: the amorphous structures appear to be the globzﬁ '

minima even amagiccluster sizes, for which very compact

ordered structures exist; and the amorphous structures are
favored for gold, which has ahorter potential rang&®*’ In order to understand the origin of the relative energies
than other metals, for which the ordered structures are loweasbtained with first-principles electronic structure methods,

IIl. METALLIC POTENTIAL
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TABLE I. Convergence tests, for Auand bulk gold, of our first-principles density-functional method.
The first line is our reference calculation, and each of the remaining lines corresponds to changing one of the
convergence parameters with respect to this reference. The basis functions used ar¢ tmibles (DZS)
ands,d (DZSD) orbitals. The lattice constaatand bulk modulu® were determined through a fitting to the
Murnagham equation. All of the bulk modulus calculations were performed using an energy cutoff of 250 Ry.

Au, Au,,
DFT Basis AEpao Ecut e We a B
(mRy) (Ry) R) (cm™) A) (GPa
LDA DZS 10 60 2.463 205 4.054 207
DzSD 2.468 208 4.084 201
5 2.495 197 4.081 217
100 2.460 202 4.069 207
GGA DzS 10 60 2.537 172 4,181 152
DZSD 2.541 165 4.202 139
5 2.559 163 4.209 146
100 2.525 186 4.160 152
LDA 2 Plane Waves 4.07 190
GGA? Plane Waves 4.19 132
Exp.P 2.47 191 4.06 172
:Reference 47.
References 48 and 49.
we will show that our results are a very general consequence 1 _
of metallic bonding. It is, therefore, important to have a Ei=5 2 o(rij) +F(pi) 2
simple and intuitive description of such bonding. From a I
structural point of view, some hallmarks of metals are: large
lasticity; low temperature and enthalpy of melting, relative —
pas b ol 2 pi=2 p(ry, 3

to cohesive energy; large ratio between bulk and shear 7

moduli (Cauchy discrepangy small vacancy formation en-

ergies relative to cohesion; contraction of surface interatomigvhere ¢(r;;) is mostly a repulsive pair potential, and the
distances, frequently leading to surface reconstructions. Altglue” term F(E) can be rationalized as the inmersion en-

these properties can be predicted by a class of “metallicergy of atomi in an electron gas of densi&, created by its
potentials,'12033-37 developed under different namésf- neighbors’ electron chargep(r;) [Eq. (3] The key
fective medium, embedded atom, glue modmhd motiva- lie-bond” inaredient I ! h i .

tions (volume or coordination-dependent energy, second mo_meta ic-bond” ingredient lies in the nonlinearity df (p).

ment of the density of states, atomic inmersion in an eIectro@gctolfg'rngcfge%ffgﬁgﬁeagemd;ir?htgionr]y’t't C?Iér?fgrlee?/semls are
gag but which, ultimately, have a common functional form P ; ) Pty
filled, and then increases again as a consequence of electron

N repulsion. In an alternative rationalization, in terms of the
Eioi= E E; (1) s_econd moment of the density of states, it is a purely aftrac-
i=1 tive term. However, one can always add and subtract a linear

TABLE Il. Convergence tests of the energy difference between the most stable amoiphpasd

orderedE, 4 cluster structures, for increasingly accurate approximations of the first principles calculations.

The ordered structures are thegtruncated octahedron, the AlMackay icosahedron, and the AWMarks

decahedron. The amorphous structures are the lowest energy ones obtained with the Gupta potential. All

structures were relaxed with the first principles method. The basis functions used are dtartitee s (DZS)

ands,d (DZSD) orbitals. We have checked that the inclusiorf gblarization orbitals changes the relative

energies by only~0.05 eV. See text for the meaning AEp o andE ¢

DFT Basis AEpao Ecut Eam—Eorg (€V)

(mRy) (Ry) Auzg Alss Auzs
LDA DZS 10 60 —0.505 —-0.143 —0.004
GGA DZS 10 60 -0.114 —0.001 +0.304
GGA DZS 5 100 —-0.713 —-0.229 —0.069
GGA DZSD 5 100 —0.608 —0.357 —-0.214
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TABLE Ill. Energy differenceE,,,—E,.4 (in €V) between the most stable amorphous and ordered
structures, using different metallic potentials. The structures are the same as in the previous table, and were
relaxed with each potential.

Potential Aug Ausg Auyg

Gupta(Ref. 20 —-0.014 —0.515 +0.419

Embedded atoniRef. 33 —0.745 -1.132 -0.128

Sutton-ChenRef. 36 +0.115 —0.409 +0.548

Glue model(Ref. 10 —1.800 -6.170 +1.328
term toF(p) and ¢(r), so thatF(p) has a minimum at the IV. ORIGIN OF AMORPHOUS STRUCTURES
“optimum” value of p, i.e., that achieved at the most stable  The characterization of the local minima found for the
crystal phase’ three cluster sizes studied has been presented elselhere.

For our purposes, the most important consequence of th@ere, we only make a summary of their main features. For
glue term, compared to purely pairwise p_otentla.ls', is that aM\u,g, the global minimun(always with the Gupta potentjal
atom can largely compensate a coordination deficit by redudg 4 gisordered structure based on distorted decahedra on top
ing its interatomic distances, in order to recover its “Opti- o¢ aach other and capped with additional atoms. It is fol-
mal” p. And such a compensation also occurs for distancgowed in energy by the truncated octahedron, by another dis-
disorder, i.e., large and small interatomic distances compens,gered geometry only 15 meV above it, and by a near con-
sate each other. This §|mple concept suffices to explain alfnuum of amorphous structures beginning).1 eV above
the hallmarks of metallic bonding previously mentioned andy,o global minimum. For A, there are about 360 disor-
as we will see, it is also the key to understand the stability ofjg e geometries with energies below the Mackay icosahe-
amorphou_s metallic clusters. . . dron, which is the most stable ordered structure. FoysAu

Even with a common functional form, different methods o \varks' decahedron is the structure with lowest energy,

using very different parametrization schemes r.esult in differy ¢ there are~ 100 disordered geometries within an energy
ent quantitative predictions. Attempts to describe bulk propw¢ o 75 eV above it?

erties as accurately as possible may lead to overparametriza- o eyplained in Refs. 16,18, and confirmed in the more
tion and to a poor transferability at the low coordination of ofinay DFT calculations presented above, the relative en-
the small clusters. Therefore, for global 8stru_cture MINIMiza-g gy ordering between the most stable ordered and amor-
tlons, we have used the Gupta potenffal; which has only phous structures obtained with the majority of the potential
two independent parametefapart from the length and en- 446 is confirmed. In fact, our most accurate calculations

ergy scalep to fit two of the three basic functions |y the amorphous structure below the ordered one even
[6(r),F(p), and p(r)] of Egs. (2-(3), with F(p)=\p  for Auss, although by a smaller energy than for Auand
fixed by the second moment of the density of states approxiau.
mation. And, unlike the Sutton-Chen poterifalised by As an important first step in identifying the physical ori-
Doye and Wale¥ (which also has just two parametgrthe  gin of cluster amorphization, we need to characterize the
asymptotic behavior op(r) andp(r) is described by a natu- most relevant features of the stable disordered structures.
ral exponential forri? First of all, it should be mentioned that our use of the terms
“amorphous” and “disordered,” applied to clusters, does
not mean that these geometries are absent of any order. Like
in bulk liquids and amorphous solids, there is a lot of short-
range order in “disordered” clusters. Furthermore, we can-
wherery, is the bulk-nearest neighbor distance, and the panot simply rely in a formal definition of disorder as absence
rameterdA, &,p, andq are adjusted to make the crystal stableof point group symmetries, because even crystalline clusters
at that distance and to fit the cohesive energy and elastisave no such symmetry except for some special sizes. There-
constant$® Using this semiempirical potential, we have per- fore, we simply mean here that most of the clusters that we
formed ~10° structure minimizations for each cluster characterize as amorphous have many typical amorphouslike
sizel®” each one beginning from a different random geom-features, for example in their pair correlation functions. A
etry, using a genetic-symbiotic algorithm describedsystematic analysis of the disordered cluster structures can be
elsewheré? and relaxing the final structures. performed using, for example, the common-neighbor
In order to address the sensitivity of our results to themethod® to identify the short-range order. Preliminary re-
potential parametrization, we present in Table Il the relativesults of this analysis for A have been published alreddy
energy of the most stable amorphous and ordered structurég/e leave a more complete characterization of all the local-
obtained with the Gupta potential, but relaxed again withminima structures for future workd, and we concentrate
different “metallic” potentials'®33%¢|t can be seen that the here on the structural properties most relevant to the physical
amorphous structures of the smaller clusters are more stabirechanism behind the amorphization tendency.
in all cases, except with the Sutton-Chen potential. However, Figure 1 shows the electron density, obtained through the
even with this potential the energy differences are very smalDFT-LDA calculation, as a function of the distance from the
and the general trends also hold. center of mas$CM) of the clusters. Since the electron den-

12

2 e~ 2q(rij /rp—1)
j#i

E=A> e Prij/m-1_¢ (4)
J#i
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FIG. 2. Distances of the atoms from the center of the cluster,
defined as the CM for Ay4 and as the position of the central atom
FIG. 1. Valence(pseudo electron density as a function of dis- (closest to the CMfor Augs and Ays. Closed circles: amorphous
tance from the center of mag€M) for several clusters(a) Ausg, clusters; open circles: ordered clusters.

(b) Auss, (c) Au,s. Continuous lines: amorphous clusters; dotted , h h i
lines: ordered clusters. The first peak ingA@nd Aus originates of the changes occur at the surface, where the atoms will try

from thed electron wavefunctions of the central atom, which be- to Increase their coordmgno(explamlng the extensive re-
have ag2 for r—0. constructions that occur in the bulk surfaces fact, total
coordination count cannot explain the stability of the amor-
sity is dominated by the electrons, which are tightly bound phous clusters: although it increases inspdand Aus, it
to the atoms, the figure emphasizes the strong layering afonsiderably decreases for &udespite which the energy
atoms in spherical shells. The similarity of such a layering ingain (the energy difference between the amorphous and or-
the ordered and disordered structures is striking. In the casgered structuress the largest of the three cluster sizes.
of Augg, none of those structures has a central atom, and To answer this question, we have plotted in Fig. 3 the
there are only two well-defined shells. In &uand Aus, atomic energiek;, defined in Eq.(2). It can be seen that
there is an atom in the center but there are still only twomost of the energy gain occurs indeed in the central region of
well-defined shells. This is not surprising for &y whose  the cluster. Since the coordination there is nearly perfect, this
icosahedral structure closes the second atomic shell, but it fact clearly points to an elastic energy contribution. In fact,
striking for Awyg, which has 20 additional atoms. elastic energy is a determinant contribution to cluster struc-
Figure 2 shows the distance of the atoms from the CMture also with pair potentials: as the cluster size increases, the
The atomic shells are not so clear, but they can still be ideneompact icosahedral structures accumulate too much elastic
tified between radial regions of low-atom concentration. Inenergy and change first to decahedral and later to fcc
comparing the ordered and disordered structures, one noticegructures This tendency increases with decreasing range
“atomic transfers” among shells. In Ay, the octahedron of of the potential, because this correlates with a narrower po-
the inner shell loses one atom and becomes a trigonal bipyraential well, and with larger elastic constants. Thus, with pair
mid. In Auss and Aus, the central 13-atom icosahedron potentials, amorphous structures have a larger elastic energy
gains two atoms, forming in both cases the same peculiseind appear preferentially for longer interaction ranges. As
structure, with 14 atoms around a central one. mentioned previously, we observe the opposite tendency: the
Why should the compact, high-symmetry central struc-amophous structures are stable for gold clusters, but not for
tures change to something much less symmetric and conother metals with a longer potential ranjeSo, something
pact? This is surprising because one might expect that mosise must be playing a role.
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FIG. 3. EnergieE; of the atoms, ordered by their distance from

the CM. See text for the definition &, . Symbols as in Fig. 2. FIG. 4. Local atomic pressurgs, with atoms ordered by their

distance from the CM. See text for the definition of atomic pressure.

) ) Symbols as in Fig. 2.

In order to study elastic effects, Doye and Wéfesplit B o _
the cluster's total energy into three components: nearesiered structures are de-stabilized by their high-elastic en-
neighbors, elastic, and non-nearest neighbors. The first &9y, which the less-constrained amorphous structures are
these components is the sum of atomic energies includingPle to reduce. , _ -
only the nearest-neighbors but at the optimum distafme One may be tempted to assign poifitto the liquidiike
each atom The second component is the energy increase fo ressure induced by the surface tension of a curved surface.
placing the nearest neighbors at their actual distance. AI-ig‘r’]Vri\éirt’ Isr?rg(laiqcuail(rje trr?gitenbseiozalgigdps nﬁ:ﬁ;ﬂ%g?ﬁg :‘;ng
though very natural, in the case of amorphous structures this: ) !

N N . ies to reduce the number of atoms on the surface. The lower
definition has the disadvantage of depending strongly on thgtomic concentration means that the surface atoms are too far

cutoff radius for nearest neighbors. In order to avoid this, oy ‘i e 'in the attractive region of the interatomic poten-
ambiguity, we study the “local,” or “atomic” stress tensor

: , ' tial, and this produces the average tendency of the surface to
defined simply as contract. In a solid with a fixed structure, the surfateess
may be positive or negative, large or small, without any
given relationship with the surfatension(energy.*® There-
fore, there is still a point in asking why, in the case of gold
clusters, the ordered structures have a specially high-surface
stress, which induces a high pressure and a high-elastic en-
. . . ergy.
where, e, is the strain tensor, anfl is a constant volume  "The key to answer this question lies in the special char-
(equal to the bulk atomic volumeised to recover the correct acter of the metallic bond, as explained before. In order to
stress units. This local stress definition is parallel to the On@ompensate for the lower coordination, the bonds tend to get
recently proposed in real spatieSince the cluster is free to shorter than in the bulk. Thus, the original bonds of the or-
deform, in a local minimum the total stress satist&&{"”  dered structures, which were very stable with purely pairwise
=0. In Fig. 4, we plot the “local” pressure, obtained from potentials, are now too long and have a high tendency to
the trace of the stress tensqr;= —(1/3)2 ,0/"*. We see contract. We may expect this tendency to depend on how the
that (i) the pressure is positive in the interior of the cluster,optimum interatomic distance [at which Eg.(2) is mini-
which is compressed by the surface, diglthe pressure is mum|, changes with the number of nearest neighbars
considerably reduced in the amorphous structures, relative t@r/dn=0 for a pair potential, whil&r/dn>0 for a metallic
the ordered ones. This confirms the hypothesis that the opotential.

g

1 9E
970 I€y,’

©)
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TABLE IV. Magnitudes that determine the tendency towards amorphization of metallic clusters, calcu-
lated from the potential parametgrandq of Ref. 37 and Eq96)—(8). E is the energy per atom as a function
of coordinationn. SE is the mean energy increment produced by a disper&idiin the interatomic distance
r. We usen=12 for the bulk coordination. Ay, denotes a Morse pair potential fitted to gold.

Element Ni Cu Rh Pd Ag Ir Pt Au Alp

p 10.00 10.08 1492 10.84 10.12 1453 10.80 10.15

q 2.70 2.56 251 3.67 3.37 2.90 3.50 4.13
(dr/dn)/r x 10° 5.71 5.54 3.36 5.81 6.17 3.58 571 6.92 0.00

(dE/dn)/EX 107 263 275 332 203 209 313 217 131 833
(SE/5r2)1(E/r?) 892 88 153 106 925 163 106 7.78 2025

The elastic energy of the ordered structure is the driving V. TRENDS OF CLUSTER AMORPHIZATION
force for the cluster amorphization but, in order for it to . . .
occur, the energy increase due to the disorder must be small Ir;r(i)rrr(}j:;tfl %?;a'r?i;:‘g;sengﬁgcégse(ftgﬁglﬁ It\c/) O(I)I'[ﬁglyn::g;s
enough. This energy is associated to coordination defects and;pwm EXDIESS t%le cluster's enerav. within our simplified
to bond-length dispersion. Thus, we may identify two vari- P 9y, P

ables opposing the amorphization, namédy the energy model, as
change for varying coordinatiothE/dn, and(b) the average Eioi(r)=NE(ng,r) +NpE(Ny,r)
energy changeE for a dlsper5|on5r of the interatomic
distances. JE
For a first qualitative analysis we will use an extremely =Ns(ns=np)==+(Ns+Np)E(np.1), 9

simplified model: we ignore non-nearest-neighbor interac-

tions and we assume that all the nearest neighbors are at thdiere (Ng,N,) are the numbers of surface and interior
same distance (except for the effect of distance disorder, (bulk) atoms, and1f,n;,) are the corresponding numbers of
see below Although these would be very crude approxima- nearest neighbors of those atoms. We are assuming here that
tions to calculate absolute energies, they are adequate #il the bonds of the ordered cluster have the same length
identify the main factors leading to amorphous structuresExpandingE(n,r + ér) around 6y,r), to second order, the
and to extract simple trends across the periodic table. Thenlistortion energy is

Eq. (2) becomeE(n,r)=(n/2)¢(r)+F[np(r)] and, for the

model of Eq.(4) we obtain JE N §°E

SEor=Ng(Ng— ”b)a — 5r+5?5r2, (10)

dr 9°Elanar rin ©

= _ NN, ) . :

an /2 2(p—q) whereN=Ns+Ny. The first term is the decrease in surface
energy and the second one is the elastic enéky . Mini-

mizing with respect toSr, we find that the resulting elastic

@ energy per atom is

dE JE p—2q E

dn dn 2(p—q) n
NZ(np—ng)? (92E/dnar)?

— OE¢ 1= 11
SE nl1 L . ¢! 2N P%E/or? (v
57 2 5 ¢"(N+F (p)p"(r)+F"(p)p'(r) _ _ _ ,
For cubic and hexagonal close packing, the partial deriva-
tives in Eqs(10) and(11) are relatetf to the Voigt-averaged
_ pa(p—2q+a/n) E bulk and shear moduB andG
e 2 ()
20p-q) 2 P’E 9Q
. P iniers (12)
where we take the derivatives at the bulk parameters at ar r
which dE/dr=0. In Table IV, we present these magnitudes
for several metals, using the parameters of Ref. 38, as well as 9E  3Q p(r)
a Morse pair potential fitted to reproduce the lattice constant, (3B—50). (13

. : anadr  nr? p'(r)
cohesive energy, and bulk modulus of gold. Two important
points can be noticedi) compared to a pairwise interaction The parenthesis in Eq13) is proportional to the “Cauchy
(and besides the nonzero bond contractishdn), the me-  pressure,3* which cancels with purely pairwise potentials.
tallic bonding pays a very low price for the disorder in co-() is the bulk atomic volume. p(r)/p’(r)
ordination and bond lengths induced by amorphizatiow ={dlog[p(r))/dr} ! is the decay length of the atomic elec-
values ofdE/dn and of SE/ 5r?); (i) among all the metals in  tron density, roughly proportional to the equilibrium inter-
the table, gold has the highest valuedofdn (i.e., the larg- atomic distancer. For the Gupta potentialEq. (4)],
est contraction of surfaces bondand the Iowest values of p(r)/p’(r)=r/2gq and, using an average value gfwe ap-
dE/dn and5E/&r2 (i.e., the smallest cost of amorphization proximatep(r)/p’(r)=r/6.3. As an estimate of the amor-
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TABLE V. Ratio between the elastic energy of the ordered clusters, and their amorphization energy, calculated fiotn Exgperi-
mental data for the bulkR) and shear@) modulii were taken from Ref. 50values with asterisks from Ref. hIThe atomic volume and

enthalpy of melting were obtained from Ref. 51. To our knowledge, elastic constants for bulk B and Tc are not available. For elements with

a negative Cauchy pressureB3 5G)/2 we set the elastic energy to zero.

Li Be Element B

13.00 4.88 Q (cm*/mol) 4.62

12.0 111.7 B (GPa

6.2 151.8 G (GPa

4.60 9.80 AH pert (kd/mo) 22.2

0.09 0 SE¢ /N (kd/mo))

0.02 0 SEe 1/ SE 4

Na Mg Al Si

23.68 13.98 10 12.06

6.8 35.2 77.3 97.7

2.8 17.4 26.2 67.7

2.64 9.04 10.67 39.60

0.41 0.44 413 0

0.15 0.05 0.39 0

K Ca Sc Ti \% Cr Mn Fe Co Ni Cu Zn Ga Ge

45.36 25.86 15.04 1055 8.34 7.23 7.38 7.09 6.62 6.59 7.09 9.17 11.81 13.64
3.3 10.7 55.8 105.0 156.7 159.3 59.6* 166.7 193.3 184.3 137.7 72.7 58.6 75.0
1.2 8.8 30.9 44.2 47.9 116.0 79.5* 89.2 86.0 92.0 54.6 46.6 38.4 56.5
2.40 9.33 1590 2090 17.60 1530 14.40 14.90 1520 17.60 13.00 6.67 559 34.70
0.62 0 0.15 2.77 8.83 0 0 0.39 241 0.97 3.16 0 0 0
0.28 0 0.01 0.13 0.50 0 0 0.03 0.16 0.05 0.24 0 0 0

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb
55.79 3450 19.89 14.02 10.84 9.39 8.6 8.14 8.29 8.85 10.27 13.00 15.71 16.24
2.6 115 41.2 96.7 169.7 265.0 310.9 267.0 190.0 102.0 59.0 42.2 57.0
1.1 4.4 25.5 36.8 39.6 124.8 191.6 154.2 53.2 33.3 25.8 5.9 20.1
2.20 9.16 17.20 23.00 27.20 2760 2381 3770 2155 1720 1130 6.11 3.27 7.20
0.42 1.46 0 5.11 19.3 3.24 0 0.09 135 6.12 1.57 11.02 441
0.19 0.16 0 0.22 0.71 0.12 0 0.004 0.78 0.54 0.26 3.37 0.61
Cs Ba Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi
70.96 38.21 17.78 1341 1087 953 8.86 8.43 8.57 9.10 10.19 1481 17.24 18.26
1.8 10.3* 477 108.8 191.3 307.7 365.0 373.00 373.3 283.0 170.7 22.4 35.7 43.9
1.4 4.9* 27.6 56.0 70.8 157.0 180.7 223.0* 230.0 65.1 31.2 16.5 6.2 10.4
2.09 7.66 19.20 25,50 3140 3520 33.10 29.30 26.40 19.70 1270 2.33 431 5.12
0 0.50 0.03 0.80 8.61 1.84 2.78 0.001 0 27.54 23.66 0 8.76 8.28
0 0.07 0.002 0.03 0.27 0.05 0.08 0.000 0 1.40 1.86 0 2.03 1.62

18.20

43.3
33.8

20.90

21.44

26.4
175

10.48

0

0

phization energy, we simply use the enthalpy of meltingthat the most stable calculated structures of; Ptlso a

SEam=NAHc1t, and we takeng=n,/2 to obtain

This equation correctly predicts a decreasing amorphizatio
tendency for increasing cluster size but, fo&= 100, the ma-

S5Eq Q(3B—5G)?(N\?
SE.m  32BAHper | N

S (14

magic size, were amorphouslike.
The results of Table V for the elements of column 3A are
especially remarkable. However, it should be noted tha Ga,
In, and Tl have complex structures, while EG3) is exact
Rnly for cubic and hcp structures. Also, it must be empha-
sized that the above oversimplified model assumes that the

jority of the atoms are on the surface, and we can tak&auchy discrepancy is entirely due to metallic binding. In a
Ng/N~1. The result of this analysis is presented in Table V. Moré complete treatment, other effects, like directional cova-

It can be seen that the amorphization tendency increasd@nt bonding, might also play an important role. In fact, in
from left to right and downwards in the periodic table, point- Several cases we find a negative Cauchy pressui (3

ing to gold with the highest tendenc¢gxcept column 3A It

—5G)/2, incompatible with the assumed purely metallic in-

is also interesting to notice that the two transition metalgeraction, and we have arbitrarily set to zero the elastic en-
with highest tendency to amorphization are Pt and Pd, sincergy in those cases.
the possible existence of amorphous clusters of these metals One may wonder why, if metals have such a strong ten-
might have enormous implications for catalysis. Work is indency towards amorphization, it is so difficult to produce

progress to study this possibility. Yameg al>* already found  pure amorphous metals. The causes are purely kinetic: the
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same reasons that lower the energy of liquid and amorphousent between the calculated and experimental structure fac-
metals, also lower the energy barriers between differentors using the bare amorphouslike structures compared to the
structures. This means that the system can easily find therdered configuration, it is probable that the thiol-metal
lowest energy structurg@.e., the crystal in the case of bylk interaction will modify the amorphization trend presented in
and that tremendously high cooling rates are required teohis paper. In particular, one of the key factors which favor

quench the liquid into an amorphous sdfff® the amorphization, the reduced coordination at the cluster
surface, will decrease due to the presence of thiol molecules.
VL. SUMMARY AND CONCLUSIONS In that case, the thiols will not only play a role as passivating

) agents but also stabilizing the cluster structure. This picture

In summary, we have shown that an analysis of the locas jn contrast with that presented in Refs. 8 and 14, according
stress in gold nanoclusters provides a physical interpretatiog which the gold nanoclusters are originally in ordered con-
of the relative stability of amorphouslike structures with re-figyrations, without any major structural change produced by
spect to ordered configurations. We found that the key facine thiol interactions. We consider, however, that any realis-
tors that favor the amorphization of gold nanoclusters are th@c study of the effect that thiol molecules produce on gold

tendency of metallic bonds to contract at the cluster surfacganocluster properties should contemplate the amorphous

due to a reduced coordination and also the low-energy cogliyster structures. Work is currently in progress to elucidate
associated to bond length and coordination disorder in mefyis effect.

als. These are characteristic properties of the metallic bond-

ing which are enhanced in the case of gold. A general trend
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