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Structural and vibrational analysis of amorphous Ausg clusters
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We present a structural and vibrational analysis of several amorgtimesdered and ordered isomers of a
55-atom gold cluster. A Gupta-body potential, with parameters fitted to gold clusters, was used to model the
metallic bonding in the Agg cluster. The molecular-dynamics method combined with simulated annealing and
guenching technigues were used to perform the cluster structure optimization. Our results show that several
nonequivalent and nearly degenerate in energy amorphous cluster structures are more stable than those with
high symmetry like the 55-atom Mackay icosahedron and the fcc cuboctahedron. The calculated distribution of
normal frequencies clearly discriminates between amorphous and ordered cluster configurations and confirms
their stability. A common-neighbor analysis was implemented to characterize the disordered cluster structures,
identifying the short-range order of the amorphous phase, according to the local environment of each atom pair
in the cluster. Distorted multilayer icosahedral order was found to be the more representative of the amorphous
clusters with the lowest energies. At higher energies, the amorphous structures are characterized by the
presence of distorted local icosahedral order. The origin of the higher stability of amorphous vs ordered
isomers in Aug is in the short range of th@-body interaction existing in the metal cluster bonding.
[S0163-182696)06540-X

[. INTRODUCTION ate disordered structures were found for the 55-atom alumi-
num cluster. The large distortions in the structures of several
The study and characterization of structural and dynamiisomers of Aks; were associated to the short range of the
cal properties of clusters in amorphous phase is becoming astreened interatomic interactions. Similar results were re-
interesting field of research in cluster sciefi¢éowever, few  ported for the P45 cluster in a simulated annealing Monte
of these systems have been investigated at present, bo@arlo study, using an embedded atom meth@hM)
theoretically or experimentally. The computer simulationpotential®
study of glassy(KCl);, (Ref. ) and the high resolution It is interesting to notice that amorphous clusters are not
transmission electron microscoffRTEM) experiments on only found as computer simulated samples. Recently, HR-
amorphous Au and Pd nanopartidesre recent develop- TEM studies on gold and palladium nanoparticles reported
ments in this direction. images of polycrystalline and amorphous structures in the
The concept of glassy or amorphous clusters was introparticle size range of a few nanometéris other HRTEM
duced by Rose and Berr§RB) (Ref. 1) using computer experiments, the transition between crystalline and amor-
simulation studies on structural properties of the alkali halidephous structures in gold nanoclusters was recofdddw-
cluster (KCl)5,. It was shown that this cluster is large ever, the specific conditions for the growth of amorphous
enough to present well defined ordered and disordered stabigetal small particles have not yet been determined.
structures. RB defined the microamorphous state of a cluster Motivated by the interest generated by the above research,
and how to characterize it, according to a classification ofve investigate the existence of a microamorphous State
inherent structuré$ associated to basins of the cluster mul-gold clusters. Several theoretita' and experimentaf->13
tidimensional potential energy surfa¢dBES. Born-Mayer  studies on the structure and stability of Awglusters have
and shielded Coulomb pair potentials were used for testingpeen reported in the literature. Theoretical calculations based
different forms of producing amorphous ionic clusters. Theon then-body Gupta potential suggest that the most stable
range of the potential was found to be important in reducingstructure of the Ay cluster is icosahedrdl:** On the other
the cooling rate during the cluster amorphizatton. hand, the experimental information is still uncertain assign-
Theoretical evidence on the existence of disordered strudng cuboctahedrd and icosahedrdl structures to such a
tures as low-energy configurations of metal clusters has alsduster. Nevertheless, although the theoretical stddiés
been reported® In an ab initio study of the Car-Parrinello agree about the higher stability of the icosahedral configura-
type on Al clusters,it was shown that Al; presents substan- tion with respect to the fcc cuboctahedron, none of them
tial structural distortions in its lowest-energy configurationhave explored the existence of other stable isomers with dif-
with respect to the highly symmetric icosahedral and cubocferent symmetry, through a fully dynamical optimization
tahedral structures. Several inequivalent and nearly degengprocedure.
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In this work, we show that the Ay4 cluster can be found The Gupta potential given in Ed1l) has been used to
in amorphoug(disorderedl stable structures and, even more study structural and thermodynamical properties of fcc
importantly, these disordered structures are more stable thaRefs. 18 and 20and hcp transition metals and allo¥fs.
configurations with high symmetry like the 55-atom Mackay Structural, dynamical, meltingliké?'~2® fragmentatiort?
icosahedron and the fcc cuboctahedron. Our methodology snd vibrationa®2® properties of metal clusters have been
similar to that used by RBRef. 1) to study ionic amorphous extensively studied using the Guptabody potential in
clusters. The multidimensional PES of the Qwluster is  molecular-dynamics simulations. In this work, we extend its
generated with a Gupta-body potential. The molecular- range of applications to describe structural and vibrational
dynamics method and simulated annealing and quenchingroperties of amorphous Ay clusters.
technigues are used to obtain minima of the PES associated Computer simulated amorphous samples were obtained
to stable cluster isomers. A structural and vibrational analy€ombining the constant energy molecular-dynamics method
sis of several amorphous and ordered isomers of the;Au and simulated annealing and quenching technifd&s
cluster is performed to discriminate between both types offhe Newton’s equations of motion were solved using the
structures and check their stability. A common-neighborvelocity Verlet algorithrd’ with a time step of 2.8 10" *°s.
analysis$**®is implemented to have a quantitative character-This time step assures conservation of total energy, even in
ization of the disordered cluster structures. With this methodthe longest run (10time stepy within 0.5%. Simulated
the kind of short-range order existing in the amorphous clusannealing and quenching techniques are the best currently
ters is extracted, according to the local environment of eachvailable procedures to find global and local minima in com-
atom pair in the system. plicated(largen) situations. They allow us to test the results

The details of the potential energy and simulation method/arying cooling rates and starting configurations. The struc-
are described in Sec. Il. The structural and vibrational proptures obtained using such methods correspond to stable con-
erties of the Aug cluster isomers and a discussion of themfigurations associated to minima of the cluster multidimen-
are presented in Sect. Ill. In Sec. IV, we use the commonsional PES. In a typical calculation, we used a liquidlike
neighbor analysis to classify and give a quantitative descripeluster structur® at aboufl = 1100 K as initial configuration
tion of the cluster disordered structures. Section V containand performed MD simulations in which the total energy was
the summary and conclusions of this work. decreased until the cluster structure no longer changed on
further cooling T=10* K). Several initial conditions taken
from trajectories of the liquidlike cluster and cooling rates in
the range of 18—10®Ks ! were used to obtain stable

The metallic bonding in Ay clusters is modeled through Auss cluster isomers as minima of the PES. The structural
an n-body potential coming from Gupta’s expressidfor ~ and vibrational properties of these clusters are described in
the cohesive energy of transition and noble metals. The athe next section.
tractive term of the interatomic interaction is derived within
a second-moment approximation of a tight-binding model in
which n-body effects are includeld. The repulsive part is a
sum of pairwise Born-Mayer terms. As a function of the A set of nonequivalent nearly degenerate cluster struc-
interatomic distance;; , it is written as tures was obtained following the optimization procedure dis-

cussed above. All of them correspond to disordered configu-

Il. GUPTA POTENTIAL AND SIMULATION METHOD

Ill. STRUCTURAL AND VIBRATIONAL ANALYSIS

U n rations of the Augs cluster. Three of the lowest-lying isomers
V=" |A X exd—p(rij/ron—1)] and their energies are shown in the upper panels on the left
=11 i(=h=1 of Fig. 1. The 55-atom Mackay icosahedron and fcc cuboc-

tahedron are also shown on the lower left panels of the same
, (1)  figure, together with their energies, which were obtained re-

laxing such structures using a simulated quenching

proceduré:?>?3Notice that the disordered isomers are more
where the parameters, g, and A depend on the material. stable than the high symmetry icosahedron and cuboctahe-
The remaining two parametets$, andrg, are not only ma- dron clusters. The higher stability of disordered metal cluster
terial dependent but also size dependent, which is indicatedomers with respect to symmetric ordered structures was
by attaching the subscript to them fi=55, in the present also found in Aks using theab initio Car-Parrinello methotl
case. In this work we adopt the valuep=10.15 and and in Pts with an EAM potentiaf This behavior contrasts
q=4.13, which have been fitted for bulk gof¥The value with the one observed in th&Cl) 5, ionic cluster where the
A=0.118 438 is obtained when the cohesive energy of theock-salt crystalline structure is more stable than the amor-
fcc metal at the equilibrium value of its nearest-neighborphous isomer$. Rare-gas atom clusters modeled with a
distance converges. The parametdeg andryss can be fit-  Lennard-Jones potential also have a highly symmetric icosa-
ted to experimental omb initio data of the 55-atom gold hedral structure as the lowest-energy configuration for
cluster binding energy and nearest-neighbor distance. Using=55 and other magic numbets.
extended x-ray-absorption fine-structure spectroscopy Since the optimization procedure does not guarantee that
(EXAFS) results® for the nearest-neighbor distance and asthe lowest-energy Ask amorphous clustetAMOO) corre-
suming Equation 4 of Ref. 8, with EAM results for the bind- sponds to the global minimum of the PES, it could be pos-
ing energy of the 55-atom nickel clustérye estimate and sible that ordered or highly symmetric structures other than
use the valuesyss=2.96 A andUgs=3.454 eV. the icosahedron or cuboctahedron exist with lower energy

n 1/2
—( > exq—2q<ri,-/r0n—1>])

i(#n=1
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FIG. 1. Left: stable isomers and their energdiieseV) of the Auss cluster. The three upper configurations correspond to amorphous gold
clusters. The cluster shown on the top was the lowest-energy configuration obtained in several optimization procedures performed. The
icosahedron and cuboctahedron structures and their energies are also given for comparison. Right: Vibrational spectra of the five isomers.
The vertical axis shows the degree of degeneracy.

values. However, none of these ordered configurations werstructures were only obtained using cooling rates higher than
seen in any of the various annealing procedures performed 03K s™1, otherwise crystallike structurdsegular and de-
even at the slowest cooling rate (48 s~ ) computation- fected were found. To reach amorphization with a cooling
ally available. In the quenching simulations of the KCI rate of the order of 18K s the range of the pair potential
clustet an opposite behavior was found. The amorphouseeded to be reduced using a shielded Coulomb interaktion.
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Therefore, our results suggest that the topology of the PES aéomer. Aside from the clear difference between ordered and
the Ausg cluster is characterized by low-energy minima cor-disordered cluster configurations given through their fre-
responding to disordered cluster configurations whereaguency spectra, some differences are also displayed between
symmetric ordered structures would have higher energieghe vibrational modes distribution of amorphous clusters. In
Then, the picture emerging for the topology of this PES isparticular, _it is noto_rious _that in the Iowest-e_nergy isomer
qualitatively different from that described by RB for the (AMOO) with a configuration not far from the icosahedron,
amorphous(KCI)32.1 In that case, the amorphous minima there exists a high density of modes toward the middle of the
are at higher energies than those corresponding to a crystdlistribution, whereas in the more disordered third lowest-
line structure. lying isomer(AMO2) the frequency distribution is more ho-
The above differences can be explained in terms of thénogeneous along the whole range of frequencies.
short range of the-body interaction potential. Several struc-  Figure 2 shows the distribution of bond lengtheft) and
tures for the 55-atom cluster are possible because most of tfiae cluster pair distribution functiofi’DF) (right) for the five
atoms are on the surface and are almost free from the coluster configurations under consideration. The structural dif-
straints of bulk packing. Small changes in the positions of€rences between amorphous and orderegsAsomers are
distant neighbors can lead to different structures. In thevell illustrated by both quantities. A clear tendency toward
present case, the range of thbody interaction is governed More uniform distributions is characteristic of the amorphous
by the parameterp and q of the Gupta potential. These phasg. The splitting of the seconq peak in the PDF,_ charac-
parameters were fitted to bulk properties of gfidn other ~ teristic of bulk amorphous metals s aIready present in the
studies???2 we have done similar calculations for nickel 99-atom amorphous metal clusters. This feature is an addi-
clusters using a different set of parameters. In that case, tronal signature of the degree of amorphization in this metal
range of the interaction was longgs£9, g=3) and conse- cluster. The peculiarities of the distributions of bond lengths
guently the low-lying isomers of N correspond to ordered and PDF’s shown in the three upper panels of Fig 2 and their
highly symmetric structure® A similar behavior was found 'esemblance to those corresponding to bulk amorphous
between Pgs and Pts clusters studied with EAM metal$® confirm and justify the use of the teramorphous
potentials® Their lowest-energy configurations are the icosa-{0 describe the disorder in the atomic configurations under
hedron and a disordered configuration, respectively. It is exconsideration. To better quantify the amount of disorder in

pected that the range of tiebody interaction in Pd clusters the amorphous cluster samples, a classificatiqr] of the shgrt—
will be longer than in Pt clusters. The values of the param/@nge order can be done through a decomposition of the first
etersp andq of the Gupta potential for Pd and Pt fitted to and second peaks of the PDF’s. The next section is dedicated

bulk properties®2 are consistent with this interpretation. A {© Such analysis.
systematic study of the effect of the range of two-body in-
teractions on the structures of clusters was reported recently,
using a Morse potentidf.

The cluster atomic configurations can be used to evaluate The degree of disorder in a noncrystalline matefimallk
the second derivatives of the potential energy with respect tor clustej can be quantified using the common-neighbor
the atomic coordinates. These values generate the elemerisalysis(CNA) method** Recently, such an approach has
of the dynamical matrix. A numerical diagonalization of this been used to investigate the microstructure of bulk liquid and
matrix was performed to obtain the normal frequencies an@morphous Nf® This method was also useful to study struc-
eigenvector$® Six of the calculated B eigenvalues are tural properties of Lennard-Jones clustérit is able to de-
equal to zero, corresponding to translational and rotationatompose the first and second peaks of the PDF by character-
motions. The remaining 18— 6 frequencies are the vibra- izing the local environment surrounding each atomic pair
tional normal modes. The panels on the right of Fig. 1 showthat contributes to the peaks of the PDF, in terms of the
the normal frequencies distribution of the amorphous, icosanumber and properties of common nearest neighbors of the
hedron, and cuboctahedron Apisomers. The vertical axis pair under consideration. Additional details and advantages
counts the degeneracy of the modes. As expected, the amarf the CNA method can be found elsewhété® Here, we
phous structures have nondegenerate frequency spectra daplied such a scheme to the five Alisomers shown in Fig.
to the absence of spatial symmetry. In contrast, the highlyi.
symmetric icosahedral structure shows normal modes with Table | shows the normalized abundance of selected pairs
fivefold, fourfold, and threefold degeneracy plus a few non-for the five isomers of the At cluster. These quantities are
degenerate modes associated to radial motions. The cuboct@rmalized such that the total number of pairs contributing to
hedral structure has normal modes with threefold and twothe first peak of the PDF is unity. The classification of atom
fold degeneracy and also single breathing modes. Except fgrairs in the cluster according to their common neighbors
the absence of sixfold and fivefold degenerate modes in thdistinguishes between the two ordered structures: icosahe-
cuboctahedral structure, our results for the vibrational modedron and cuboctahedrdfifth and sixth columns of Table I,
of the ordered isomers agree with those calculated using wespectively. The main difference is that pairs type 1211 and
similar potentiaft° 1421, characteristic of fcc clusters, are absent in the icosahe-

There are other interesting features in the vibrationaldral configuration. In contrast, pairs type 1321, 1422, and
properties of the Ays clusters. The vibrational spectra of the 1551, typical of icosahedral structures, do not exist in the fcc
amorphous isomers are shifted to lower frequencies with recuboctahedron. Other types of paif$311, 2101, 2211,
spect to the icosahedron normal modes distribution. Thi2331, and 244)lare present in both structures but their rela-
makes the amorphous clusters less stiff than the icosahedritve abundance is different.

IV. COMMON-NEIGHBOR ANALYSIS
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FIG. 2. Distribution of interatomic distancékeft) and pair distribution functiorright) of the five Auss isomers shown in Fig.1.

A CNA analysis was done on Lennard-Jones clusters ob5-atom icosahedron, was also defined through the presence
several sizés to define the local icosahedral order, charac-of pairs type 1422, 2441, and probably 1421 and a small but
teristic of a 13-atom icosahedron, as that in which pairs typ@onzero number of 2331 and 1551 pairs. Crystalline order
1551 and 2331 are present in the absent of 1421, 1422, amwdas characterized by the presence of pairs type 1421, 1422,
2441 pairs. Multilayer icosahedral order, characteristic of aand 2441*°
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A larger number of types of pairs appears in the amor- TABLE I. Normalized abundance of selected pairs for the five
phous Aus clusters indicating the existence of more com-isomers of the Ags cluster shown in Fig. 1. The atom pairs are
plex structures. The more abundant in the two lowest-lyingeharacterized by four indices. The first index denotes the peak of
isomers(second and third columns of Tablgdre the pairs the PDF to which the pair belongs. The second index counts the
type 1311, 1321, 1422, 2101, 2211, and 2331, which are algag#mber of common nearest neighbors of that pair. The third index
the more abundant in the 55-atom icosahedron structure. [pPecifies the number of nearest-neighbor bonds found between the

addition, a small number of other types of pairs is alsonumber of particles denoted by the second index. A fourth index is

present. This reveals that the structure of the two lowestnecessary to distinguish configurations with the same first three

. : : . . indices but being topologically different. The position of the first
lying isomers is formed by a small distortion of the nd second minima of the PDF is used as a cutoff distance to define

multlayer 55-atom ICOS_ahed_ron. Therefore, we (.:an say thzﬁ]e nearest-neighbor and second nearest-neighbor particles, respec-
the lowest-energy configuration of the Aycluster is amor-

phous and its local environment is characterized by the pres-vely'
ence of distorted multilayer icosahedral order. At higher enp;, AMOO AMO1 AMO2 ICO CUBO
ergies, but still below the energies of the ordered structures,
we found stable amorphous structures with distorted local201 0.06 0.07 0.05 0.00 0.00
icosahedral order, characterized by an increase in the abuh211 0.06 0.02 0.04 0.00 0.33
dance of pairs type 1551, 1541, and 2331. The third lowestt301 0.01 0.09 0.02 0.00 0.00
lying disordered isomeffourth column of Table)lis a typi- 1311 0.26 0.26 0.15 0.26 0.11
cal example of this class of amorphous clusters. The aboves21 0.18 0.26 0.31 0.26 0.00
results show that the short-range order in amorphousgs Au 1421 0.07 0.01 0.01 0.00 0.55
clusters is qualitatively different from the one observed in1422 0.25 0.18 0.07 0.38 0.00
bulk amorphous transition meta(®i),*> where crystalline 1431 0.03 0.03 0.14 0.00 0.00
and local icosahedrdtegular and distortgdatomic configu- 1544 0.04 0.02 0.10 0.00 0.00
rations were observed. However, for a better comparison, gsgq 0.05 0.05 0.11 0.10 0.00
study of the local order in bulk amorphous gold is necessary.
2101 0.80 0.86 0.79 0.97 0.53
V. SUMMARY AND CONCLUSIONS 2211 0.77 0.65 0.56 0.64 1.22

. . . . 2321 0.09 0.07 0.12 0.00 0.00

A structural and vibrational analysis of amorphous iso-
. . . 2331 0.27 0.27 0.50 0.38 0.19

mers of the Auyg cluster and a comparison with the icosahe-
2431 0.03 0.01 0.05 0.00 0.00
dron and cuboctahedron structures was presented. Sever; " 019 0.18 0.04 0.26 0.22
nearly degenerate amorphous configurations were found t% ) ) ) ) )

be more stable than the ordered structures. The short range of

the n-body interaction potential explains such behavior. Thegyistence of amorphous clusters does not depend on the use
vibrational analysis shows that the cluster normal modes disyf any specific model potential but on the range and screen-
tribution can be used to discriminate between amorphous anglq of the collective interaction between nuclei and electrons.
ordered structures. A common-neighbor analysis was pefrhe size dependence of the disorder-order transition in the
formed to classify the short-range order of the amorphougyyest-energy structures of amorphous metal small particles,
clusters. Distorted multilayer icosahedral order characterizegs they grow toward the bulk phase, still has to be investi-
the amorphous structures with the lowest energies. At highegated.” Work in such a direction is in progress for gold
energies but still below the energies corresponding t0 thganoparticles® The dynamical behavior of the amorphous
ordered structures, the distorted local icosahedral order is thgy|q particles and its connection with recent HRTEM
more representative of the amorphous configurations.  eyperimentbwill also be the subject of future investigations.

In conclusion, the present study gives additional support
to the prediction of the existence of amorphous stable struc-
tures in metal clusters. The appearing of such structures will
depend on the range of timebody interaction responsible for This work was supported by the Supercomputer Center
the metallic cohesion in these systems. Similar results to ourBGSCA-UNAM, DGAPA-UNAM Project No. IN108296,
have been found in other metal clusters using different semiand CONACYT-Meico under Project No. 4021-E. A.P.A.
empirical potentials an@b initio methods. Therefore, the acknowledges financial support from CONACYT-Mexico.
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