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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 potential~to perform global minimizations!, and first-principles
density functional calculations~to confirm the energy ordering of the local minima!, we have recently found
@Phys. Rev. Lett.81, 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.
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I. INTRODUCTION

The lowest energy configuration~global minimum! and
the structures of low-energy isomers~local minima! are fun-
damental properties of clusters because they largely de
mine their physical and chemical behavior. The case of g
is especially relevant since new molecular nanocrystal
materials, considered as prototypes for electronic nano
vices and biosensors, have recently been synthesized u
gold nanoclusters as building blocks.1–5 Such advances in
cluster growth and materials synthesis have motivate
number of theoretical and experimental studies on structu
dynamical, electronic, optical, and other physical and che
cal properties of isolated and passivated gold clusters, as
as on the size dependence of these.6–9 Structural character
ization using x-ray powder diffraction~XRPD!, high-
PRB 610163-1829/2000/61~8!/5771~10!/$15.00
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resolution transmission electron microscopy~HRTEM!, and
scanning tunneling microscopy~STM! have been performed
on passivated AuN nanoclusters with diameters of 1–2 nm
corresponding to aggregates withN;40–200 atoms.8,9. On
the theoretical side, studies on AuN clusters in this size range
have been done using methods going from molecu
dynamics simulations based on semiempiricaln-body
potentials6,10–12to first-principles calculations using density
functional theory~DFT!.13,14

Despite the existence of sophisticated experimental
theoretical tools to study gold nanoclusters, several proble
on their structural properties~most stable cluster configura
tion, lowest-lying isomers, thermal stability! remain un-
solved. The current approach determines the cluster struc
from the comparison between experimental images~HR-
TEM,STM! or structure factors~XRPD! with those calcu-
5771 ©2000 The American Physical Society
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5772 PRB 61J. M. SOLERet al.
lated from geometrical models of clusters. Following th
approach, a truncated decahedral motif was assigned to
most stable geometry of Au nanoclusters in the size rang
1–2 nm.8 In another study, several possible geometries h
been used to calculate the theoretical HRTEM images
gold nanoclusters.15 Such images constitute a catalog to
used in a systematic comparison with the experime
results.15 In principle, the mentioned procedure should
sufficient to determine the cluster structures since th
methods have been successfully used for larger metal
ticles or bulk systems. However, in the case of AuN clusters
with sizes of 1–2 nm, the experimental resolution is not go
enough to decompose the broad features in the XRPD s
ture factors and to obtain a conclusive determination of
structures.8,9 Several theoretical calculations on the config
rations of gold nanoclusters have been made using fi
cluster symmetries as constraints during a local optimiza
of the structure.7,8,13 Nevertheless, a global, unconstrain
optimization of the cluster structure is necessary for an
haustive search of minima on the potential energy surfac11

Additional efforts are thus necessary to elucidate the st
tural properties of gold nanoclusters and their interplay w
other physical properties~electronic, optical, etc.!, funda-
mental to the design of gold-based nanostructured mater

In recent works,16–18 we have presented results on t
most stable~lowest energy! configurations of intermediate
size ~1–1.5 nm! AuN (N538,55,75) nanoclusters obtaine
through dynamical and evolutive19 ~genetic/symbiotic! opti-
mization methods using a Guptan-body potential.20 For the
three sizes investigated, corresponding to the so-called m
number clusters,21 we did not find a single-ordered structur
with a definite symmetry as the global minimum.16,17 In-
stead, we obtained a set of many isomers nearly degen
in energy. Moreover, most of these cluster configuratio
including the lowest one, have little or no spatial symmet
and a pair distribution function typical of glasses. Therefo
they can be classified as amorphouslike. First-principles
culations, using DFT in the local-density approximati
~LDA !, confirmed the energy ordering of the disordered a
ordered isomers.16

The existence of amorphous metallic clusters has b
predicted before. Sodium clusters, which present electro
magic numbers up toN;1000, and structural magic num
bers for larger sizes, are suspected to be liquid or amorph
up to that size.22 Doye and Wales have obtained amorpho
structures for many cluster sizes using pair potentials,23 find-
ing that the amorphous state is favored by long poten
ranges. They warn, however, that many-body effects m
modify these trends,12 and we will see that this is indeed th
case. A disordered structure has also been predicted fo
lowest energy configuration of Pt13 using DFT-LDA.24 Re-
garding gold clusters, Ercolessiet al.10 found that their melt-
ing temperature became zero for sizes under;90 atoms,
which suggests that they would be amorphous below
size.

Compared to previous works, our results are surprising
two aspects: the amorphous structures appear to be the g
minima even atmagiccluster sizes, for which very compac
ordered structures exist; and the amorphous structures
favored for gold, which has ashorter potential range16,17

than other metals, for which the ordered structures are lo
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in energy. It must be realized, however, that the energy
ferences between the amorphous and ordered structure
very small. So small that they are in fact well below th
absolute-energy precision of even state-of-the-art fi
principles methods. Therefore, one must rely on substan
error cancelations, and it is important to check that the
served trends hold when the precision of the calculati
increases, and when different methods are employed.
thermore, it is essential to analyze the characteristic feat
of the stable amorphous structures, in order to understand
physical origin of the observed trends and, if possible,
this understanding to predict its effects on different syste
These are the objectives of the present paper.

II. FIRST-PRINCIPLES CALCULATIONS

First of all, we have performed further convergen
checks of the first-principles DFT calculations presented
Ref. 16, which confirm the observed trends and even
crease the relative stability of the amorphous structures.
have used theSIESTA code,25,26 which performs a fully self-
consistent density-functional~DFT! calculation to solve the
standard Kohn-Sham equations27 in the local or gradient-
corrected~spin! density approximations. We use standa
norm conserving pseudopotentials28 in their fully nonlocal
form.29 Flexible linear combinations of numerical~pseudo!
atomic orbitals are used as the basis set, allowing
multiple-z and polarization orbitals. In order to limit th
range of the basis pseudoatomic orbitals~PAO!, they are
slightly excited by a common ‘‘energy shift’’dEPAO , and
truncated at the resulting radial node.26,30The basis functions
and the electron density are projected onto a uniform re
space grid in order to calculate the Hartree and exchan
correlation potentials and matrix elements. The grid finen
is controlled by the ‘‘energy cutoff’’Ecut of the plane waves
that can be represented in it without alliasing.31 Tables I and
II show various convergence tests for Au2 and bulk gold, and
for the relative energies of amorphous and ordered clu
structures. In all the cases displayed in Table II, an unc
strained conjugate-gradient structural relaxation using
DFT forces was performed for the ordered and disorde
cluster structures. It may be seen that the trends obse
with the LDA and a minimal basis set remain unchang
when using a more accurate functional and basis set, and
the amorphous structures are indeed more stable than
ordered ones for all the three sizes studied.

One possibility is that the amorphization is driven b
Jahn-Teller deformations due to partially filled electron
shells of the cluster. For example, the simplest electron s
model32 would predict a partially filledp shell for Au38, if
only the s valence electrons are taken into account. In fa
we do observe such Jahn-Teller effects, and they are
cluded in the energies of the ordered structures in Table
However, they only amount to displacements of;0.02 Å
and energies of;0.1 eV for Au38, and therefore they canno
explain the much larger differences of geometry and ene
between the disordered and ordered structures.

III. METALLIC POTENTIAL

In order to understand the origin of the relative energ
obtained with first-principles electronic structure metho
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TABLE I. Convergence tests, for Au2 and bulk gold, of our first-principles density-functional metho
The first line is our reference calculation, and each of the remaining lines corresponds to changing on
convergence parameters with respect to this reference. The basis functions used are double-z for thes ~DZS!
ands,d ~DZSD! orbitals. The lattice constanta and bulk modulusB were determined through a fitting to th
Murnagham equation. All of the bulk modulus calculations were performed using an energy cutoff of 25

Au2 Au`

DFT Basis DEPAO Ecut r e we a B
~mRy! ~Ry! ~Å! (cm21) ~Å! ~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 a Plane Waves 4.07 190
GGA a Plane Waves 4.19 132
Exp.b 2.47 191 4.06 172

aReference 47.
b
References 48 and 49.
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we will show that our results are a very general conseque
of metallic bonding. It is, therefore, important to have
simple and intuitive description of such bonding. From
structural point of view, some hallmarks of metals are: la
plasticity; low temperature and enthalpy of melting, relati
to cohesive energy; large ratio between bulk and sh
moduli ~Cauchy discrepancy!; small vacancy formation en
ergies relative to cohesion; contraction of surface interato
distances, frequently leading to surface reconstructions.
these properties can be predicted by a class of ‘‘meta
potentials,’’10,20,33–37developed under different names~ef-
fective medium, embedded atom, glue model! and motiva-
tions ~volume or coordination-dependent energy, second m
ment of the density of states, atomic inmersion in an elect
gas! but which, ultimately, have a common functional form

Etot5(
i 51

N

Ei ~1!
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Ei5
1

2 (
j Þ i

f~r i j !1F~ r̄ i ! ~2!

r̄ i5(
j Þ i

r~r i j !, ~3!

where f(r i j ) is mostly a repulsive pair potential, and th
‘‘glue’’ term F( r̄ i) can be rationalized as the inmersion e
ergy of atomi in an electron gas of densityr̄ i , created by its
neighbors’ electron charger(r i j ) @Eq. ~3!#. The key
‘‘metallic-bond’’ ingredient lies in the nonlinearity ofF( r̄).
According to effective medium theory, it first decreases~ex-
cept for closed-shell atoms! as the empty valence levels a
filled, and then increases again as a consequence of ele
repulsion. In an alternative rationalization, in terms of t
second moment of the density of states, it is a purely attr
tive term. However, one can always add and subtract a lin
tions.

tial. All

e

TABLE II. Convergence tests of the energy difference between the most stable amorphousEam and
orderedEord cluster structures, for increasingly accurate approximations of the first principles calcula
The ordered structures are the Au38 truncated octahedron, the Au55 Mackay icosahedron, and the Au75 Marks
decahedron. The amorphous structures are the lowest energy ones obtained with the Gupta poten
structures were relaxed with the first principles method. The basis functions used are double-z for thes ~DZS!
ands,d ~DZSD! orbitals. We have checked that the inclusion off polarization orbitals changes the relativ
energies by only;0.05 eV. See text for the meaning ofDEPAO andEcut

DFT Basis DEPAO Ecut Eam2Eord ~eV!

~mRy! ~Ry! Au38 Au55 Au75

LDA DZS 10 60 20.505 20.143 20.004
GGA DZS 10 60 20.114 20.001 10.304
GGA DZS 5 100 20.713 20.229 20.069
GGA DZSD 5 100 20.608 20.357 20.214



red
nd were

5774 PRB 61J. M. SOLERet al.
TABLE III. Energy differenceEam2Eord ~in eV! between the most stable amorphous and orde
structures, using different metallic potentials. The structures are the same as in the previous table, a
relaxed with each potential.

Potential Au38 Au55 Au75

Gupta~Ref. 20! 20.014 20.515 10.419
Embedded atom~Ref. 33! 20.745 21.132 20.128
Sutton-Chen~Ref. 36! 10.115 20.409 10.548
Glue model~Ref. 10! 21.800 -6.170 11.328
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term toF( r̄) andf(r ), so thatF( r̄) has a minimum at the
‘‘optimum’’ value of r̄, i.e., that achieved at the most stab
crystal phase.10

For our purposes, the most important consequence of
glue term, compared to purely pairwise potentials, is that
atom can largely compensate a coordination deficit by red
ing its interatomic distances, in order to recover its ‘‘op
mal’’ r̄. And such a compensation also occurs for dista
disorder, i.e., large and small interatomic distances comp
sate each other. This simple concept suffices to explain
the hallmarks of metallic bonding previously mentioned a
as we will see, it is also the key to understand the stability
amorphous metallic clusters.

Even with a common functional form, different metho
using very different parametrization schemes result in diff
ent quantitative predictions. Attempts to describe bulk pr
erties as accurately as possible may lead to overparame
tion and to a poor transferability at the low coordination
the small clusters. Therefore, for global structure minimi
tions, we have used the Gupta potential,20,38 which has only
two independent parameters~apart from the length and en
ergy scales! to fit two of the three basic function

@f(r ),F( r̄), and r(r )# of Eqs. ~2!–~3!, with F( r̄)5Ar̄
fixed by the second moment of the density of states appr
mation. And, unlike the Sutton-Chen potential36 used by
Doye and Wales12 ~which also has just two parameters!, the
asymptotic behavior off(r ) andr(r ) is described by a natu
ral exponential form39

Ei5A(
j Þ i

e2p(r i j /r b21)2jF(
j Þ i

e22q(r i j /r b21)G1/2

, ~4!

where r b is the bulk-nearest neighbor distance, and the
rametersA,j,p, andq are adjusted to make the crystal stab
at that distance and to fit the cohesive energy and ela
constants.38 Using this semiempirical potential, we have pe
formed ;105 structure minimizations for each cluste
size,16,17 each one beginning from a different random geo
etry, using a genetic-symbiotic algorithm describ
elsewhere,19 and relaxing the final structures.

In order to address the sensitivity of our results to
potential parametrization, we present in Table III the relat
energy of the most stable amorphous and ordered struct
obtained with the Gupta potential, but relaxed again w
different ‘‘metallic’’ potentials.10,33,36It can be seen that th
amorphous structures of the smaller clusters are more s
in all cases, except with the Sutton-Chen potential. Howe
even with this potential the energy differences are very sm
and the general trends also hold.17
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IV. ORIGIN OF AMORPHOUS STRUCTURES

The characterization of the local minima found for th
three cluster sizes studied has been presented elsewh17

Here, we only make a summary of their main features.
Au38, the global minimum~always with the Gupta potential!
is a disordered structure based on distorted decahedra o
of each other and capped with additional atoms. It is f
lowed in energy by the truncated octahedron, by another
ordered geometry only 15 meV above it, and by a near c
tinuum of amorphous structures beginning;0.1 eV above
the global minimum. For Au55, there are about 360 disor
dered geometries with energies below the Mackay icosa
dron, which is the most stable ordered structure. For Au75,
the Marks’ decahedron is the structure with lowest ener
but there are;100 disordered geometries within an ener
of 0.75 eV above it.17

As explained in Refs. 16,18, and confirmed in the mo
refined DFT calculations presented above, the relative
ergy ordering between the most stable ordered and am
phous structures obtained with the majority of the poten
models is confirmed. In fact, our most accurate calculati
bring the amorphous structure below the ordered one e
for Au75, although by a smaller energy than for Au38 and
Au55.

As an important first step in identifying the physical or
gin of cluster amorphization, we need to characterize
most relevant features of the stable disordered structu
First of all, it should be mentioned that our use of the ter
‘‘amorphous’’ and ‘‘disordered,’’ applied to clusters, doe
not mean that these geometries are absent of any order.
in bulk liquids and amorphous solids, there is a lot of sho
range order in ‘‘disordered’’ clusters. Furthermore, we ca
not simply rely in a formal definition of disorder as absen
of point group symmetries, because even crystalline clus
have no such symmetry except for some special sizes. Th
fore, we simply mean here that most of the clusters that
characterize as amorphous have many typical amorphou
features, for example in their pair correlation functions.
systematic analysis of the disordered cluster structures ca
performed using, for example, the common-neighb
method40 to identify the short-range order. Preliminary r
sults of this analysis for Au55 have been published already11.
We leave a more complete characterization of all the loc
minima structures for future works,41 and we concentrate
here on the structural properties most relevant to the phys
mechanism behind the amorphization tendency.

Figure 1 shows the electron density, obtained through
DFT-LDA calculation, as a function of the distance from th
center of mass~CM! of the clusters. Since the electron de
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sity is dominated by thed electrons, which are tightly boun
to the atoms, the figure emphasizes the strong layering
atoms in spherical shells. The similarity of such a layering
the ordered and disordered structures is striking. In the c
of Au38, none of those structures has a central atom,
there are only two well-defined shells. In Au55 and Au75,
there is an atom in the center but there are still only t
well-defined shells. This is not surprising for Au55, whose
icosahedral structure closes the second atomic shell, but
striking for Au75, which has 20 additional atoms.

Figure 2 shows the distance of the atoms from the C
The atomic shells are not so clear, but they can still be id
tified between radial regions of low-atom concentration.
comparing the ordered and disordered structures, one no
‘‘atomic transfers’’ among shells. In Au38, the octahedron of
the inner shell loses one atom and becomes a trigonal bip
mid. In Au55 and Au75, the central 13-atom icosahedro
gains two atoms, forming in both cases the same pecu
structure, with 14 atoms around a central one.

Why should the compact, high-symmetry central stru
tures change to something much less symmetric and c
pact? This is surprising because one might expect that m

FIG. 1. Valence~pseudo! electron density as a function of dis
tance from the center of mass~CM! for several clusters:~a! Au38,
~b! Au55, ~c! Au75. Continuous lines: amorphous clusters; dott
lines: ordered clusters. The first peak in Au55 and Au75 originates
from the d electron wavefunctions of the central atom, which b
have asr 2 for r→0.
of
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of the changes occur at the surface, where the atoms wil
to increase their coordination~explaining the extensive re
constructions that occur in the bulk surfaces!. In fact, total
coordination count cannot explain the stability of the am
phous clusters: although it increases in Au38 and Au75, it
considerably decreases for Au55 despite which the energy
gain ~the energy difference between the amorphous and
dered structures! is the largest of the three cluster sizes.

To answer this question, we have plotted in Fig. 3 t
atomic energiesEi , defined in Eq.~2!. It can be seen tha
most of the energy gain occurs indeed in the central regio
the cluster. Since the coordination there is nearly perfect,
fact clearly points to an elastic energy contribution. In fa
elastic energy is a determinant contribution to cluster str
ture also with pair potentials: as the cluster size increases
compact icosahedral structures accumulate too much el
energy and change first to decahedral and later to
structures.23 This tendency increases with decreasing ran
of the potential, because this correlates with a narrower
tential well, and with larger elastic constants. Thus, with p
potentials, amorphous structures have a larger elastic en
and appear preferentially for longer interaction ranges.
mentioned previously, we observe the opposite tendency:
amophous structures are stable for gold clusters, but no
other metals with a longer potential range.17 So, something
else must be playing a role.

-

FIG. 2. Distances of the atoms from the center of the clus
defined as the CM for Au38 and as the position of the central ato
~closest to the CM! for Au55 and Au75. Closed circles: amorphou
clusters; open circles: ordered clusters.
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5776 PRB 61J. M. SOLERet al.
In order to study elastic effects, Doye and Wales23 split
the cluster’s total energy into three components: nea
neighbors, elastic, and non-nearest neighbors. The firs
these components is the sum of atomic energies includ
only the nearest-neighbors but at the optimum distance~for
each atom!. The second component is the energy increase
placing the nearest neighbors at their actual distance.
though very natural, in the case of amorphous structures
definition has the disadvantage of depending strongly on
cutoff radius for nearest neighbors. In order to avoid t
ambiguity, we study the ‘‘local,’’ or ‘‘atomic’’ stress tensor
defined simply as

s i
mn5

1

V

]Ei

]emn
, ~5!

where,emn is the strain tensor, andV is a constant volume
~equal to the bulk atomic volume! used to recover the correc
stress units. This local stress definition is parallel to the
recently proposed in real space.42 Since the cluster is free to
deform, in a local minimum the total stress satisfies( is i

mn

50. In Fig. 4, we plot the ‘‘local’’ pressure, obtained from
the trace of the stress tensor:pi52(1/3)(ms i

mm . We see
that ~i! the pressure is positive in the interior of the clust
which is compressed by the surface, and~ii ! the pressure is
considerably reduced in the amorphous structures, relativ
the ordered ones. This confirms the hypothesis that the

FIG. 3. EnergiesEi of the atoms, ordered by their distance fro
the CM. See text for the definition ofEi . Symbols as in Fig. 2.
st
of
g

or
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e

s

e
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to
r-

dered structures are de-stabilized by their high-elastic
ergy, which the less-constrained amorphous structures
able to reduce.

One may be tempted to assign point~i! to the liquidlike
pressure induced by the surface tension of a curved surf
However, some care must be taken in making such an
signment. In a liquid, the tension occurs because the sys
tries to reduce the number of atoms on the surface. The lo
atomic concentration means that the surface atoms are to
away, i.e., in the attractive region of the interatomic pote
tial, and this produces the average tendency of the surfac
contract. In a solid with a fixed structure, the surfacestress
may be positive or negative, large or small, without a
given relationship with the surfacetension~energy!.43 There-
fore, there is still a point in asking why, in the case of go
clusters, the ordered structures have a specially high-sur
stress, which induces a high pressure and a high-elastic
ergy.

The key to answer this question lies in the special ch
acter of the metallic bond, as explained before. In order
compensate for the lower coordination, the bonds tend to
shorter than in the bulk. Thus, the original bonds of the
dered structures, which were very stable with purely pairw
potentials, are now too long and have a high tendency
contract. We may expect this tendency to depend on how
optimum interatomic distancer @at which Eq.~2! is mini-
mum#, changes with the number of nearest neighborsn:
dr/dn50 for a pair potential, whiledr/dn.0 for a metallic
potential.

FIG. 4. Local atomic pressurespi , with atoms ordered by their
distance from the CM. See text for the definition of atomic pressu
Symbols as in Fig. 2.
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TABLE IV. Magnitudes that determine the tendency towards amorphization of metallic clusters, c
lated from the potential parametersp andq of Ref. 37 and Eqs.~6!–~8!. E is the energy per atom as a functio
of coordinationn. dE is the mean energy increment produced by a dispersiondr 2 in the interatomic distance
r. We usen512 for the bulk coordination. Aupp denotes a Morse pair potential fitted to gold.

Element Ni Cu Rh Pd Ag Ir Pt Au Aupp

p 10.00 10.08 14.92 10.84 10.12 14.53 10.80 10.15
q 2.70 2.56 2.51 3.67 3.37 2.90 3.50 4.13
(dr/dn)/r 3103 5.71 5.54 3.36 5.81 6.17 3.58 5.71 6.92 0.00
(dE/dn)/E3102 2.63 2.75 3.32 2.03 2.09 3.13 2.17 1.31 8.33

(dE/dr 2)/(E/r 2) 8.92 8.88 15.3 10.6 9.25 16.3 10.6 7.78 20.2
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The elastic energy of the ordered structure is the driv
force for the cluster amorphization but, in order for it
occur, the energy increase due to the disorder must be s
enough. This energy is associated to coordination defects
to bond-length dispersion. Thus, we may identify two va
ables opposing the amorphization, namely~a! the energy
change for varying coordinationdE/dn, and~b! the average
energy changedE for a dispersiondr 2 of the interatomic
distances.

For a first qualitative analysis we will use an extreme
simplified model: we ignore non-nearest-neighbor inter
tions and we assume that all the nearest neighbors are a
same distancer ~except for the effect of distance disorde
see below!. Although these would be very crude approxim
tions to calculate absolute energies, they are adequat
identify the main factors leading to amorphous structur
and to extract simple trends across the periodic table. T
Eq. ~2! becomesE(n,r )5(n/2)f(r )1F@nr(r )# and, for the
model of Eq.~4! we obtain

dr

dn
52

]2E/]n]r

]2E/]r 2
5

r /n

2~p2q!
~6!

dE

dn
5

]E

]n
5

p22q

2~p2q!

E

n
~7!

dE

dr 2
5

n

2 F1

2
f9~r !1F8~ r̄ !r9~r !1F9~ r̄ !r8~r !2G

52
pq~p22q1q/n!

2~p2q!

E

r 2
, ~8!

where we take the derivatives at the bulk parametersn,r , at
which ]E/]r 50. In Table IV, we present these magnitud
for several metals, using the parameters of Ref. 38, as we
a Morse pair potential fitted to reproduce the lattice const
cohesive energy, and bulk modulus of gold. Two import
points can be noticed:~i! compared to a pairwise interactio
~and besides the nonzero bond contractiondr/dn), the me-
tallic bonding pays a very low price for the disorder in c
ordination and bond lengths induced by amorphization~low
values ofdE/dn and ofdE/dr 2); ~ii ! among all the metals in
the table, gold has the highest value ofdr/dn ~i.e., the larg-
est contraction of surfaces bonds!, and the lowest values o
dE/dn anddE/dr 2 ~i.e., the smallest cost of amorphization!.
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V. TRENDS OF CLUSTER AMORPHIZATION

In order to obtain the tendencies of Table IV directly fro
experimental magnitudes, and to extend it to other met
we will express the cluster’s energy, within our simplifie
model, as

Etot~r !5NsE~ns ,r !1NbE~nb ,r !

.Ns~ns2nb!
]E

]n
1~Ns1Nb!E~nb ,r !, ~9!

where (Ns ,Nb) are the numbers of surface and interi
~bulk! atoms, and (ns ,nb) are the corresponding numbers
nearest neighbors of those atoms. We are assuming here
all the bonds of the ordered cluster have the same lengr.
ExpandingE(n,r 1dr ) around (nb ,r ), to second order, the
distortion energy is

dEtot5Ns~ns2nb!
]2E

]n]r
dr 1

N

2

]2E

]r 2
dr 2, ~10!

whereN5Ns1Nb . The first term is the decrease in surfa
energy and the second one is the elastic energydEel . Mini-
mizing with respect todr , we find that the resulting elasti
energy per atom is

dEel5
Ns

2~nb2ns!
2

2N

~]2E/]n]r !2

]2E/]r 2
. ~11!

For cubic and hexagonal close packing, the partial deri
tives in Eqs.~10! and~11! are related44 to the Voigt-averaged
bulk and shear moduliB andG

]2E

]r 2
5

9V

r 2
B ~12!

]2E

]n]r
5

3V

nr2

r~r !

r8~r !
~3B25G!. ~13!

The parenthesis in Eq.~13! is proportional to the ‘‘Cauchy
pressure,’’34 which cancels with purely pairwise potential
V is the bulk atomic volume. r(r )/r8(r )
5$d log@r(r)#/dr%21 is the decay length of the atomic ele
tron density, roughly proportional to the equilibrium inte
atomic distancer. For the Gupta potential@Eq. ~4!#,
r(r )/r8(r )5r /2q and, using an average value ofq, we ap-
proximater(r )/r8(r ).r /6.3. As an estimate of the amo



nts with

8.20
3.3

3.8
0.90

1.44
6.4

7.5
0.48

0
0

5778 PRB 61J. M. SOLERet al.
TABLE V. Ratio between the elastic energy of the ordered clusters, and their amorphization energy, calculated from Eq.~14!. Experi-
mental data for the bulk (B) and shear (G) modulii were taken from Ref. 50~values with asterisks from Ref. 51!. The 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 eleme
a negative Cauchy pressure (3B25G)/2 we set the elastic energy to zero.

Li Be Element B

13.00 4.88 V (cm3/mol) 4.62
12.0 111.7 B ~GPa!
6.2 151.8 G ~GPa!
4.60 9.80 DHmelt ~kJ/mol! 22.2
0.09 0 dEel /N ~kJ/mol!
0.02 0 dEel /dEam

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 4.13 0
0.15 0.05 0.39 0
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge
45.36 25.86 15.04 10.55 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 15.90 20.90 17.60 15.30 14.40 14.90 15.20 17.60 13.00 6.67 5.59 34.70
0.62 0 0.15 2.77 8.83 0 0 0.39 2.41 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 34.50 19.89 14.02 10.84 9.39 8.6 8.14 8.29 8.85 10.27 13.00 15.71 16.24 1
2.6 11.5 41.2 96.7 169.7 265.0 310.9 267.0 190.0 102.0 59.0 42.2 57.0 4
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 3
2.20 9.16 17.20 23.00 27.20 27.60 23.81 37.70 21.55 17.20 11.30 6.11 3.27 7.20 2
0.42 1.46 0 5.11 19.3 3.24 0 0.09 13.5 6.12 1.57 11.02 4.41 0
0.19 0.16 0 0.22 0.71 0.12 0 0.004 0.78 0.54 0.26 3.37 0.61 0
Cs Ba Lu Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi
70.96 38.21 17.78 13.41 10.87 9.53 8.86 8.43 8.57 9.10 10.19 14.81 17.24 18.26 2
1.8 10.3* 47.7 108.8 191.3 307.7 365.0 373.0* 373.3 283.0 170.7 22.4 35.7 43.9 2
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 1
2.09 7.66 19.20 25.50 31.40 35.20 33.10 29.30 26.40 19.70 12.70 2.33 4.31 5.12 1
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
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phization energy, we simply use the enthalpy of melti
dEam5NDHmelt , and we takens.nb/2 to obtain

dEel

dEam
.

V~3B25G!2

320BDHmelt
S Ns

N D 2

. ~14!

This equation correctly predicts a decreasing amorphiza
tendency for increasing cluster size but, forN<100, the ma-
jority of the atoms are on the surface, and we can t
Ns /N;1. The result of this analysis is presented in Table
It can be seen that the amorphization tendency incre
from left to right and downwards in the periodic table, poin
ing to gold with the highest tendency~except column 3A!. It
is also interesting to notice that the two transition met
with highest tendency to amorphization are Pt and Pd, s
the possible existence of amorphous clusters of these m
might have enormous implications for catalysis. Work is
progress to study this possibility. Yanget al.24 already found
n

e
.
es

s
ce
als

that the most stable calculated structures of Pt13, also a
magic size, were amorphouslike.

The results of Table V for the elements of column 3A a
especially remarkable. However, it should be noted tha
In, and Tl have complex structures, while Eq.~13! is exact
only for cubic and hcp structures. Also, it must be emph
sized that the above oversimplified model assumes that
Cauchy discrepancy is entirely due to metallic binding. In
more complete treatment, other effects, like directional co
lent bonding, might also play an important role. In fact,
several cases we find a negative Cauchy pressureB
25G)/2, incompatible with the assumed purely metallic i
teraction, and we have arbitrarily set to zero the elastic
ergy in those cases.

One may wonder why, if metals have such a strong t
dency towards amorphization, it is so difficult to produ
pure amorphous metals. The causes are purely kinetic:
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same reasons that lower the energy of liquid and amorph
metals, also lower the energy barriers between differ
structures. This means that the system can easily find
lowest energy structure~i.e., the crystal in the case of bulk!
and that tremendously high cooling rates are required
quench the liquid into an amorphous solid.45,46

VI. SUMMARY AND CONCLUSIONS

In summary, we have shown that an analysis of the lo
stress in gold nanoclusters provides a physical interpreta
of the relative stability of amorphouslike structures with r
spect to ordered configurations. We found that the key f
tors that favor the amorphization of gold nanoclusters are
tendency of metallic bonds to contract at the cluster surf
due to a reduced coordination and also the low-energy
associated to bond length and coordination disorder in m
als. These are characteristic properties of the metallic bo
ing which are enhanced in the case of gold. A general tr
for the possible amorphization of other metal clusters w
presented. It shows an increment in the amorphization
dency for metals from left to right and downwards in t
periodic table.

The analysis of the cluster structures and energetics
sented in this work corresponds to isolated bare-gold na
clusters. The structural characterization, through XRPD,8,9 of
these systems has been performed using samples pass
with thiol molecules. Although we have found a better agr
r,
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ment between the calculated and experimental structure
tors using the bare amorphouslike structures compared to
ordered configurations,17 it is probable that the thiol-meta
interaction will modify the amorphization trend presented
this paper. In particular, one of the key factors which fav
the amorphization, the reduced coordination at the clu
surface, will decrease due to the presence of thiol molecu
In that case, the thiols will not only play a role as passivat
agents but also stabilizing the cluster structure. This pict
is in contrast with that presented in Refs. 8 and 14, accord
to which the gold nanoclusters are originally in ordered co
figurations, without any major structural change produced
the thiol interactions. We consider, however, that any rea
tic study of the effect that thiol molecules produce on go
nanocluster properties should contemplate the amorph
cluster structures. Work is currently in progress to elucid
this effect.
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