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Structure and energetics of Ni, Ag, and Au nanoclusters
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The geometries and binding energies of the most stable isomers of nickel, silver, and gold nanoclusters of
size 6, 7, 12, 13, 14, 19, 38, 55, and 75 atoms, predicted with+tasdy Gupta potential, are presented. An
exhaustive search for low-energy minima on the potential energy surface was carried out using an evolutive
(genetic-symbiotigalgorithm. Our results confirm the existencedigorderedglobal minima for gold clusters
of 19, 38, and 55 atoms in size, and disordered low-energy isomers for the 75-atom gold cluster. Disordered
structures are also isomers of nickel and silver clusters but they are not among the global minima of these
metals. Comparison of the structure factors of the disordered and ordered isomers of gold with published
experimental x-ray powder diffraction data suggests that the disordered structures are real. The relation be-
tween the form of then-body potential and the structure of the global minimum is studied, leading to an
explanation of why these disordered states were located with the Gupta potential but not with certain other
models of the metal bondin§S0163-18209)05524-1

[. INTRODUCTION potential report ordered(crystalline and quasicrystalline
global minima.
Metal nanoclusters containing fewer thand00 atoms One of the factors contributing to this controversy is the

show quantum size effeétsvhich give them unique proper- complexity of the potential energy surfaces of Au clusters.
ties and make them interesting candidates for the buildindhe short range of the Au potential leads to a very large
blocks of nanostructured materials and nanoelectronic digitaitumber of local minima, making localization of the true glo-

circuits>~* Before such practical applications can be devel-bal minimum extremely difficult. Since the number of local

oped, however, the cluster’s chemical, thermodynamic, elegninima in the potential energy surface increases rapidly,
tronic, and optical properties must be delineated. This in turiProbably exponentially, with size, this uncertainty becomes
requires a complete and unambiguous characterization of tHven worse for larger clusters. Also, different potential mod-
cluster's geometrical structure. Recent experiments havgls of the metal bond yield different energy orderings for the

been able to grow, and separate in mass, gold clusters doW@west-energy isomers. The experimental conclusions re-

to sizes as small as-1 nm in diameter {38 atomy !5 ported above, for example, were based on a comparison of
This recent improvement in experimental isolation capabilitythe experimental structure factors with simulated equivalents

to smaller sizes has allowed direct comparison of experimen(-)f a rather limited set of mainly low-energy ordered struc-

tal geometries with theoretical predictions based on unbiase}(%ijerreeS which did notinclude the disordered structures reported

and exhaustive searches for the low-energy minima of clus-~ — . . )
ters using model potentidtéand refined with first principles .T_he objectives of this artlcle were first to locate the.global
iond minimum and an extensive set of stable low-energy isomers
calculations. o , of each cluster, and second, to study the effect of the form of
X-ray powder diffraction studies of Au nanoclusters of yhe hotential on the geometrical structure and energy order-
~38, 75, 101, 146, 200, 225, and 459 atoms in size, anghq of the isomers. The first objective was addressed by mak-
grown with passivating agents, have been interpreted as rgg exhaustive global searches on the potential energy sur-
vealing cores which are ordered; of the fcc truncated octahegce. This paper presents the predictions for the structure and
dral motif for the 38-, 225-, and 459-atom clusters and of theanergy of the lowest-energy isomers of Au, Ag, and Ni of
truncated decahedral motif for the réSt However, calcu-  sjze 6, 7, 12, 13, 14, 19, 38, 55, and 75 atoms, as given by
lations using then-body Gupta potential and corroborated the n-body Gupta potential. Fifty thousand random initial
through density functional thedty® (DFT) in the local  configurations were globally optimized for the sizes 6-38,
density approximation(LDA) indicate that isolated gold and 80000 for the 55- and 75-atom clusters. The search was
clusters between-38 and 75 atoms in size have disorderedperformed with a symbiotic algorithi?,a variant of the ge-
global minima, with pair distribution functions which show netic algorithm, and then followed with a conjugate gradient
little regularity in the geometry, even at the so-calledlocal optimization.
“magic” cluster numbers of 38, 55, and 75 atoms. These Concerning the second objective relating potential form,
geometries, in fact, remain as the lowest free energy states ahergy ordering, and geometrical structure, it is known, for
the finite temperatures of the experimental wotrk&Disor-  example, that the lowest-energy structures and thermody-
dered ground state structures have also been reported,for Phamics of clusters modeled with potentials depend sensi-
using DFT (Ref. 1) and for Pis using an embedded-atom tively on both the attractive range and the repulsive
model (EAM) potential*?> On the other hand, other searchescorel*~1’ Furthermore, it is known that-body effects are
using embedded-atom potentfaland the Sutton-Chen important for metal clustet® and since different potentials
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TABLE I. Parameters of the Gupta potential used in this work.

p andqg were obtained from Ref. 2@ was obtained by minimizing 2 i 'Gupt'a Ni T
the bulk fcc energy. [ Gupta Ag -------
1.5 -1 ¢ Gupta Au -------- .
A p q y i Sutton-Chen Au -
Ni 0.08499 10.00 2.70 r
Ag 0.09944 10.12 3.37
Au 0.11844 10.15 4.13 = 051
2
L 0F
treat this part differently, this could lead to global minima of
different structure. Here, by employing three different metals 05 |
with distinct attractive and repulsive parametrizations of the
Gupta potential, we show that the structures of the lowest- bk
energy isomers, and hence some of the existing controversy,
is a sensitive function of potential form. 15l i
. 1 | 1 1 1 1 1

In the following section the Gupta potential is presented.
In Sec. Il we detail the symbiotic search for the low-energy 06 0.8
isomers. In Sec. IV we present the geometries, structure fac-
tors, and energy distributions of the lowest-energy isomers FIG. 1. The Gupta potential in reduced units for the dimer of the
found. Results are compared with other calculations and witlhree different metals, Au, Ag, and Ni. Note the differences in the
the existing experimental data. In Sec. V we discuss the rekange of the potentials. For comparison, the Sutton-Chen potential
evance of this work in resolving some of the ordered/for Au is plotted with its minimum normalized to that of Gupta.
disordered controversy. Specifically, in light of the findings
presented here, in conjunction widh initio and experimen-  with experiment, reduced units are used in whigh=1.00
tal x-ray powder diffraction data, we conclude that certainand U,=1.00. All energies listed in this work are for the
Au nanoclusters between 19 and 75 atoms in size are dis- entire cluster.
ordered in their lowest-energy configurations. Finally, we The potential was originally derived for modeling transi-
summarize the relation found between the form of the potention metals where thd band is most important but it has also
tial and the geometry of the global minimum and energybeen shown to be valid for noble metals, wheré hybrid-

1 12 14 16 1.8 2
Distance (dimer)

ordering of the most stable isomers. ization would require including higher moments, by simply
extending the range of the potentfalThis potential has
Il. THE n-BODY GUPTA POTENTIAL been used extensively in modeling transition and noble metal

cluster§#?*as well as bulk metals. An n-body Gupta-like
The Gupta potential for the metal bond is based on the potential has also been recently parametrized for alkali metal
second moment approximation of the electron density ot|usters?®
states in the tight-binding mod#&l:?1 1t contains an attractive The dependence of the Gupta potential on atomic separa-
effective band terntdue to the largel-band density of stat¢s  tion for the dimer molecule of the three different metals con-
and a short-range repulsive pair potential. It is expressed igidered here is shown in Fig. 1. For comparison, the depths
the following form: of the three potentials have been scaled to the same value.
The range of the attractive interaction is defined by the pa-
U, rameterq and the repulsive core by the parameperGold
V= o le Vi, @) has the shortest rangéargest value ofg), and nickel the
longest(smallest value off). The repulsive core, in reduced
n units, is similar for all three metals. For later reference, we
A 2 ex —p(rij /Ton—1)] have also_ plotted the depth normfilized Sutton-Chen potential
i(£))=1 for Au, with the parameters obtained from Ref. 7.

n

2 Ill. THE SEARCH FOR THE LOW-ENERGY ISOMERS
i(#)=1

n 1/2
—( > el —2q(r, /rOn—m) :
The potential energy surface of the cluster defined by the
The first term in the square brackets of E2).represents the Gupta potential is complex and becomes more so the shorter
Born-Mayer repulsion and the second thdody cohesive the range of the potential. The number of local minima in-
energy of the metallic bonding. The parameterandq de-  creases rapidly with the size of the cluster and the attraction
pend on the atom type and are obtained by fitting to the bullbasins of the minima have different widths. Finding the
equilibrium distance and elastic constafft¥he values oA  lowest-energy isomers is thus a difficult task requiring an
were obtained by minimizing the bulk fcc cohesive energy efficient, global optimization approach.
Table | lists the values of the parameters for the metals in- Genetic algorithms are global optimization routines based
vestigated in this work. Note thag, andU, are functions of on the analogy of evolution through natuféitness based
the number of atoms in the cluster. In all of the results selection in nature. They have been successfully applied to
presented here, except in the comparison of structure factotke cluster optimization probleth?’~?%and have been shown
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to be more efficient than simulated annealing, using eithesymbiotic events. At this point the entire cluster was locally

Monte Carlo or molecular dynamics, in finding the lowest-optimized by applying a conjugate gradient minimization.

energy minim&/30-32 For each cluster size of each element, we carried out 50 000
For large clusters, we have demonstrated that the genetguch symbiotic optimizations for the smaller clusters and

algorithm can be substantially improved by taking advantag&0 000 for the two largest ones, each optimization beginning

of a peculiarity of the fitness functiofthe binding energy  from a distinct random initial configuration.

directing the selection process. Nearest neighbor atom coor-

dinates are tightly coupled through the fitness function.

Evolving in cells and then forming and evolving a symbiosis IV. RESULTS

of the results is substantially more efficient than evolving the  jpjike in most other implementations of the genetic algo-

whole cluster as a single systéﬁ1_‘|'h|s is particularly true if - ithm the symbiotic algorithm does not just fixate on finding

a complete set of low-energy minima is sought and not jusfhe global minimum but provides a complete distribution of

. . 3
the global minimunt: _ the lowest-energy minima. Figure 2 shows, for the three met-
Because of the stochastic nature of the moves on the poys, the distributions in energy of the low-energy stationary

tential energy surface, the symbiotic algorithm, and evolutive,gints found, in 50 000 runs of the symbiotic algorithm for
algorithms in general, avoid entrapment in high-energy locagne cluster size of 38 atoms, and in 80 000 runs for the cluster
minima, providing a more global search. The price paid forgjzes of 55 and 75 atoms. For the larger clusters, the symbi-
not conforming to the forces is the loss of dynamical infor-tic aigorithm found more than 10 000 stationary points but
mation. However, t_he efficiency of the Symb.IOtIC approach0n|y the 100 lowest-energy ones are plotted in Fig. 2. The
permits an exhaustive survey of a large portion of the low-senaration in energy of the low-energy states, in particular,
energy minima and saddle points, thus allowing the promiyat petween the ground state and the other isomers, appears
nent features on the potential energy landscape to be mappgdlhave a direct relation to the range of the poterfiaige

out and thereby providing substantial insight into thego nickel and small for gold Also, in general, the encounter

H 3,33
dynamics. o . ] ) frequency of the global minimum decreases with both a de-
The symbiotic algorithm begins by generating a randomcreasing range of the potential and increase in cluster size,

initial configuration of the coordinates of tingator.ns of the jngicative of both an increase in the number of local minima
cluster within a sphere of radius 182n/75)"". This radius, and a decrease in the attraction basin width of the global
determined heuristically, gave an initial volume most effi- \inimum. The exception is Ay which appears to have a
cient for the optimization process. Hov_vever, the cluster Wasarge attraction basin width for its global minimuta disor-
allowed to expand or contract out of this volume. A templategereq structune The insets of the figures show the density of
genetic string for this configuration, with the genes corre-onfigurations in energy as a function of energy. Note that
sponding to the Carteasian coordinates of the atoms, Wage density of states for Au is significantly larger than that
encoded in 8 bit Gray binary form. A spherical cell was thensq, gjther Ag or Ni. Such trends are evident over the whole
defined of radius 0.68containing on averagm=8 atom$  ange of cluster sizes studied here. These details in the en-
centered on the point in physical space of the first atom apgqy distribution of the low-energy isomers play a crucial
pearing in the genetic string. Variables corresponding to theg e in defining the thermodynamics of the cluster, for ex-
coordinates of the atoms which lay within this cell were MU-ample, on the heat capacity and the phase transition
tually optimized using the standard evolutive technitju _temperature?® The relation between the distribution in en-
mutation and crossover with selection based on the cell fl'[-ergy of the isomers and the thermodynamics of these metal

ness function clusters will be detailed in a forthcoming articte.
Figure 3 presents the geometries of the three lowest-
m . . .
Vv _& E Vv 3 energy isomers found of each size for the different metals.
cT 2 & ©®)  Forn=6 and n=7, all three metals have the same three

lowest-energy isomers, and in the same order in energy. The

where the sum ohis only over them atoms within the cell global minima are the octahedron and the pentagonal bipyra-
andV, is as defined in Eq(2). mid respectively, in agreement with results using the Sutton-

The n—m atoms outside the cell are fixed but provide anChen potential:*’ Differences in the ordering of the isomers
energy contribution to the cell which depends on both thegor the metals(attributable, in the most part, to the differ-
cell configuration and the configuration of the rest of theences in the attractive potential randeegin to appear at a
cluster. The atom coordinates within the cell were evolvedcluster size of 12 atoms. The Ni and Ag cluster global
until the best energy for the cell did not change in severminima are based on variants of the icosahedral structure for
consecutive generations. At this point a symbiosis wa$1=12,13,14,19, and 55. For Ni at=12,13,14, and 19 the
formed between the cell and the rest of the cluster by updaglobal minima found here with the Gupta potential are iden-
ing the template genetic string with the optimized cell coor-tical to those found with the Sutton-Chen potenti3i At n
dinates if this action gave a lower energy to the entire cluster 13 all three metals have the closed shell icosahedral struc-
as determined by the fitness function for the whole clusterfure, in agreement with results using the Sutton-Chen
Eq. (1). potential and even with a two-body Morse potentialFor

The next cell was similarly defined, centered on the sechoth Ni and Ag an=19 and 38 we found the two interpen-
ond atom appearing in the genetic string and the evolutivetrating icosahedra and the fcc truncated octahedron, respec-
and symbiotic process repeated in this manner until the besively, as the lowest-energy configurations, in agreement
energy for the entire cluster did not change in 15 consecutivevith a study of Ni using a similar Gupta potentfdlAt n
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FIG. 2. Energy distribution of the 100 lowest-energy stationary points found in 5®080 000, see textruns of the symbiotic
algorithm. The energy values are in reduced units and the number of times the point was found is plotted on a logarithmic sgedeisn the
The insets show the density of states in energy over the same range of energy as the corresponding distribution.
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FIG. 3. The geometry of the three lowest-energy isomers found for each cluster size. The number in parentheses is the isomer number,
with the lowest-energy isomers having the lowest number label.
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=55, Ni and Ag take on the closed shell Mackay icosahedral TABLE Il. Energies (in reduced units of the three lowest-
structure. This closed shell structure for the global minimumenergy stationary points found for each cluster size. The *'s mark
has also been predicted by corrected effective mediuriaddle points, all others are stable minima.

theory® and by an embedded-atom method foeNRef. 41)

and with the Sutton-Chen potential forJyiand Agsg.” For Isomer
n=75, Ni and Ag both take on the Marks decahedral geom- L 2 8
etry. This, again, is in agreement with searches using thgj —5.2068 —5.2055 —5.2006
Sutton-Chen potentidl. _ As ~5.2365 ~5.1643 ~5.153%

“The situation is significantly different for Au. The global 4, —5.1869 —51375 —51276
minimum of Au; has the icosahedral structure but for Ni, — 6.3489 —6.2861 —6.2403
=12_ and 14 the glo_bal minimum is be_lsed on a h_e>_(agonaA97 _6.2389 _6.1841 6.1405
motif. A.ulg has a unique structure.for. |ts.globall minimum, Au, 61264 6.0904 _6.0607
not easily classified. In fact, the distribution of interatomic . _11.7938 11,6472 11.6453
distances for this clusténot shown hereexemplifies a dis- 12 ' ' '

. . Adqo —11.3054 —11.2350 —11.2312

ordered structure. Ay shows a disordered structure with,
however, one plane of reflection symmetperpendicular to Al ~10.8049 ~10.8040 —10.7966
the paper in Fig. B In contrast, both the embedded-atom and %3 —13.0867 —12.7764 —l2.7714
Sutton-Chen potentials predict the fcc ground state foggAu A —12.4724 —12.2621 —12.2507
as they do for Njg and Ags.>’ The global minimum and at Y12 —11.7739 —1L7571 —11.7457
least 360 other low-energy isomers of Aware disordered Niz —14.0604 —14.0226 —l14.0141
and have lower energy than the icosahedral structure. Fdt914 —13.4067 —13.3735 —13.3625
Auss, the lowest-energy structure obtained with the Gupta*Uis —12.7449 —12.7109 —12.7069
potential appears to be the Marks decahedral, as it is for Aflize —19.7168 —19.5278 —19.5255
and Ni, in agreement with Sutton-Chen and the embedded91e —18.6212 —18.5614 —18.5591
atom model, however, there are many disordered isomers @fuio —17.5617 —17.5586 —17.5536
almost identical stability. Figure 3 gives one such disorderedNiss —41.4760 —41.4102 —41.3928
structure as the fourth isomer of Ay with however, one  Adss —38.8207 —38.7438 —38.7329
plane of reflection symmetry, oriented perpendicular to theAusg —36.0187 —36.0151 —36.0110
page. Table Il contains the corresponding energies of thaliss —61.6910 —61.4498 —61.4496
isomers reported here in reduced units. The energy of thagss —57.2557 —57.1084 —57.0822
disordered structure for Ag, not reported in the table, is  Augg —52.6569 —52.6515 —52.6448
—72.3771 and the energies for the icosahedral configurationsi, —85.2305 —85.0454 —85.0224
of gold are Aug: —35.9173, Ags: —52.5177, and Ag, —79.0378 —78.9368 ~78.9112
Auzs:  —72.2021. Aus —72.4872 ~72.4213 —72.4169

Figure 4 demonstrates the disordered nature of the isa
mers of Aug, Auss, and Auys by comparing their distribu-
tion of interatomic distances with those obtained for the or-in a narrow band of energy in both the regions labeled “fcc”
dered geometries. Note that the icosahedral clusters of 3&nd “disordered” of thep-q plane.
and 75 atoms in size do not correspond to closed shells and Figure 5 also shows a region in tipeq plane(which we
therefore present considerable structural deformation, appahave labeled the “transition” regignin which neither the
ent in their distribution of interatomic distances. disordered nor the fcc structures are stable. The stable con-

In order to better understand the apparently anomaloufigurations in this interesting region appear to be spatially
structures of Au nanoclusters modeled with the Gupta poterfixed accumulations of dimers and trimers. These configura-
tial, we have plotted the energy difference between the distions cannot be called a gas in the usual sense because the
ordered and fcc structures for 38 atoms as a function of thdimers and trimers maintain their spatial relationships even
parameterp andq of the Gupta potential in Fig. 5. For these at nonzero temperature. An article describing the character-
calculations, the value of the paramefeof the potential has istics of the stable configurations in this region is under
been optimized to give the lowest energy for the fcc bulk forpreparatiorf?
each set op andq values. There is, apparently, a significant Comparing the encounter frequencies of the disordered
window on p and g for which the disordered structure is and ordered isomers of A(pbtained by identifying the ge-
lower in energy than the fcc. The Gupta potential parameteremetries of the minima in the energy distributions of Fig. 2
for Au fall within this window, however, those of Ag and Ni and assuming that the attraction basins in coordinate space as
do not. Fitting the parameters of the Gupta potential to theseen by the symbiotic algorithm are related to the real attrac-
repulsive core and attractive range of the Sutton-Chen potenion basins in phase space, the disordered structures would
tial for Au plotted in Fig. 1(giving p~12.3, andg~3.6), be the most probable products of cluster condensation from
and taking account of Fig. 5, indicates why the disorderedhe gas or liquid phase. We have verified that these structures
states are higher in energy than the fcc configuration for thare also the most stable at finite temperatures by comparing
Sutton-Chen potential. However, the disordered structure fothe free energy of the disordered and crystalline structures as
Augg is a local minimum of the Sutton-Chen potential and ita function of temperatur®. We have also confirmed the sta-
has an energy of only 0.08% larger than the fcc global minibility and energy ordering of the disordered states with re-
mum. We note that the fcc and disordered structures coexispect to the crystalline states using DFT-LDA for those sizes
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FIG. 4. The distribution of interatomic distandsér*) (wherer* =r;; /r,) for the disordered and ordered isomers of Au clusters of size
38, 55, and 75 atoms. The number in parentheses is the isomer number.

investigated here in which disordered states are abundant, sin(2msr;)
=38, 55, and 75Ref. 6. In fact, although at the cluster size I(s)= E fif; —
of 75 Au atoms, the Gupta potential predicts the Marks deca-

hedral structure to be of lower energy than the disorderegyith s=2 sing/\, where, in experimentg and A are the
state, density functional theory predicts the disordered stategngle and wavelength of the incident x rays. is the dis-
to be lower?® tance in reduced units between atoimend] in the cluster.

To provide a basis for comparison of the structures foundrhe atomic scattering factofs andf; were given the value
here with future experiments, the structure factors corre4.0 and no background or scaling factors have been applied.
sponding to each of the geometrical configurations listed inThese structure factors provide a characterization of the clus-
Fig. 3 are given in Fig. 6. They were calculated according taers local structure which is relatively independent of size

: 4
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’; 60 - .
40 k J given the value 0.013 which was determined in Ref. 5 by
fitting various simulated structure factors to the experimental
20r T spectrum of the 146-atom cluster. In distinction to the con-
0 clusions presented in Refs. 1 and 5 we suggest that the low-
o 1 2 - 3 4 5 energy disordered structures found here reproduce the ex-
perimental spectra as well or better than any of the ordered
120 T . T T structures. Clearly, a more appropriate comparison with ex-
periment would be a sum over the structure factors of the
100 [ . . . . .
Au75(75) icosahedral lowest-energy isomers, weighted by the structures attraction
80 F . basin widths and free energies. In view of the results pre-
T el ) sented here, the disordered structures would be assigned the
z largest weights for Au nanoclusters betweeri9 and 75
40 + - atoms in size.
20 - .
o V. CONCLUSIONS
0 1 2 3 4 5

r We have searched the Gupta potential energy surface of
small metal nanoclusters using a global and efficient symbi-
otic algorithm. Disordered structures were found as the
lowest-energy minima for a range of cluster sizes extending
and morphology. For example, the two disordered configufrom ~19 to 75 atoms. These results represent the most ex-
rations presented for Ay show very similar structure fac- haustive searches with such a potential to date that we are
tors. These also compare with the disordered structure faaware of.
tors of Auss and the disordered fourth isomer of Au The effect of the form of the potential on the geometry of
The experimental powder x-ray structure factors obtainedhe cluster global minimum and on the energy ordering of
from mass selected samptésare given in Fig. 7 for com- the low-energy isomers was investigated. The ordering of the
parison with our results on Agand Aus. For appropriate  isomers in energy begins to depart for the different metals
comparison with experiment, the real distances were estaroundn=12. As the repulsive parameter for the three
mated using DFT-LDA data obtained for these clu$tarsd  metals was similar in magnitude, this can be attributed, in
an exponential damping factor of form expBs?/2) was in-  most part, to the different attractive ranges of the potentials.
cluded to account for thermal effectsThe value ofB ap-  Ni and Ag clusters prefer the icosahedral structure except at
pears to be relatively independent of cluster 3iard was n=38 and 75 for which the fcc and decahedral structures,

FIG. 4. (Continued.
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FIG. 6. The structure factors of the three lowest-energy isomers of each cluster size. These spectra were obtained using the geometries
given in Fig. 3. See text for details.

respectively, have the lowest energy. Au clusters show prefthe energy difference between the disordered and fcc struc-
erence for the hexagonal structurenat 12 and 14 and for tures depends on the values of the potential parameters. We
disordered structures at=19, 38, and 55. The lowest- found a region in the-q (repulsive core—attractive range
energy Au structure is Marks decahedral at 75 atoms buspace of the Gupta potential where disordered structures are
there are many disordered isomers of similar energy. favored. The parameters of the Gupta potential for Au lie
For a cluster of 38 atoms, we have studied in detail howwithin this region, but those of Ni and Ag do not. The form



PRB 60 STRUCTURE AND ENERGETICS OF Ni, Ag, andA . . 2009

structures are stable. The stable configurations here appear to
be accumulations of dimers and trimers with definite spatial
relation. This information will be the subject of a following
article.

The encounter frequencies of the stable configurations
found in 50 000(or 80 000 distinct runs were tabulated and
related to the width of their attraction basins. The difference
in energy between the global minimum and the other iso-
mers, and the density in energy of stable states near the glo-
bal minimum, were shown also to be a function principally
of the attractive range of the potential for these metals. The
shorter the range, the higher the density of states and the
smaller the energy gap between the global minimum and the
higher-energy isomers. The details of this relation between
the distribution of minima in energy and the thermodynamics
of metal nanoclusters is left to a forthcoming article.

The disordered states of Au clusters of size 19, 38, 55,
and 75 atoms have the largest attraction basins, and, combin-
ing this with the fact that they are the most stable of all the
configurations at finite temperature, we predict that they
would be the most probable result of cluster condensation
from the gas or liquid. Supporting this prediction, we cited
the results of density functional calculations and the fact that,
at least qualitatively, the experimental structure factors for
Ausg and Ayg appear most like those generated from the
disordered states found here than those from the ordered
states. We emphasize that this is in contrast to the conclu-
sions in the existing literature on gold nanoclustetave
suggest that previous conclusions drawn from comparing the
experimental data with theoretical predictions were biased
because of lack of a complete set of low-energy disordered
configurations. The disordered states were not previously
isolated because prior searches fixated on finding the global
minimum and subtle differences in the form of the potential
led to slightly higher energies for the disordered structures.
We therefore suggest that the ordered/disordered controversy
concerning the structure of metal nanoclusters resulted from
s [1/nm] the different repulsive core—attractive range relations of the
various potentials used. Further attention should thus be paid
to improving the potential model representations of the metal
bond and the delineation of subtle differences in these on the

distances have been estimated using DFT-LDA calculations. Thgredllctlons Or the ge(i:r_netlrlles_of tr?e llgwt;energy _m|n|g1ahof
solid line is for the disordered state, the dashed line for the fccmeta nanoclusters. Finally, it shou e mentioned that

structure, and the dot-dashed line for the icosahedral structure. THRany other Au clusters between 19 and 75 atoms are also

reflection planes of symmetry of the disordered clusters have bee®<Pected to be disordered. Work on verifying this, and de-

rotated out of the viewing direction to emphasize the disordered€mining the effect of the passivation layer on the cluster
nature of these structures. structures of the experimental samples, although assumed to

be small, is now under investigatidf.

1000 |
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200

2000 |+
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FIG. 7. Comparison of the experimental structure fact®sfs.
1 and 5 for Ausg (a) and Ay (b) with those determined here using
Eqg. (4 and including a thermal damping fact(ee text Real

of the Sutton-Chen potential for Au is such that its core-
range combination also does not lie within this region. The
structure of the global minimum and that of the low-energy
isomers of small metal nanoclusters is thus a sensitive func- The financial support of DGAPA-UNAM Grant No.
tion of the form of the potential. IN101297, and CONACYT Grant No. 25083E, as well as the

Another interesting region in the-q plane(smallp and  computational support of DGSCA-UNAM Supercomputing
large q) was found where neither the disordered nor fccCenter are gratefully acknowledged.
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