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Abstract: An allernate approach Lo paramelrizing the expression for the tolal energy of Au clusters within the second
Pr I g I £)

momenl approximation (SMA) of the tight-binding (TB) theory has been described. A type of many-body inlteratomic

polential for Au from first- principle’ s calculalions has been constructed. The key of the approach is adjusting the Lolal-

energy expression of the TB-SMA method 1o augmentedplane wave (APW) lolakenergy results. The lallice conslant,

melling temperalure, and the bulk modulus are in agreement with available experimental values. The method and resulis

of Au cluster properties are shown o be very useful and suitable in describing the clusters and bulk metals.
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1 INTRODUCTION

With the development of nanometer electronics,
nanometer particles have been used to compound the
nanodevices. Among them, gold nanoclusters are a
fundamental part of recently synthesized nanocrys

talline materials' 2! .

This is one of the reasons why
theoretical and experimental studies on structure,
electronic, and other physical and chemical properties
of isolated and passivated gold clusters, as well as
their size dependence, are at the front of cluster and
nanoelectronic science.

Cluster computer modeling has been developed
over the last twenty years in condensed-matter and
material research'**'. Crucial to the success of any
simulation is the interatomic potential. One of the ap~
proaches 1s the first-principle molecular dynamics
(MD) introduced in Ref.[5]. This scheme provides
an accurate description of atomic interactions, but re-
quires enormous (:Omputational time. Another one ¢
eals with empirical potentials, which reproduces very
fast with enough accuracy of the thermodynamics and
structure properties of materials in many cases.

In this paper, some M D simulation results on the
properties of gold clusters are presented. A many-
body interatomic potential to describe gold clusters
has been put forward ®”'. The class of many-body
potentials is based on local density approximation
(LDA)} calculations and the second moment approxr
mation ( SMA).

The SMA expression of the total energy is based
on a small set of empircal parameters that are usually
determined by matching with experimental elastic

constants. First-principle’ s calculations within the lo-
cal density approximation of the total energy and elec
tronic bands were performed using an augmented
planewave( APW) method ™. The total energy was
computed from Janak’ s expression by using the re-
sulting self-consistent crystal potential, charge densi-

911 " The total energy

ty and the eigen value sum
was calculated for at least five different lattice con-
stants. By a parabolic fitting, the equilibrium lattice
constant and the totalenergy curve were determined.
The total energy for six different lattice parameters

for fce structure of Au was also calculated.
2 METHODS AND RESULTS

The total potential energy within the tight bind-
ing (TB)-SMA mode''"! could be written as
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where the first sum corresponds to the pairpotential

repulsive term of BormMayer type and the second
sum to the band structure term, which has a many-
body character due to its square root form. In expres-
sion (1), rj is the interatomic distance; ro is usually
fixed to the value of the first-neighbor distance, in
this case, rg is an additional free parameter, as sug-
gested in Ref. [ 7]. Sums were taken over neighbors
within 12 coordination shells in a crystal and over all
atoms in clusters. Thus the above potential has five
parameters. The parameters of the above potential
were fitted to a LDA database that consists of the to-
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tal energy as a function of the lattice constant. T here-
fore, these potentials are based on rigorous first-prin-
ciple’s LDA results. The five parameters &, €, q.
p and rgo, which have been determined from expres-
sion ( 1) by fitting to the APW totalenergy, are
functions of lattice constant for Au fee structures and
they are, respectively, &= 10.925eV, &= 13.5959
eV, g= 2.7381, p= 6.3469, ro= 0. 17517 nm.

In order to study the binding energy of gold clus-
ters, an electronic term to the potential energy was
added to describe subshell closing in a semrclassical

description' '
U 02
Ey = - DN N - Ng) (2)
N N £
where U, represents the structural contribution to

the binding energy per atom, K is the subshell in-
dex, and Ng is the number of electrons closed in the
K subshell. The last term is a sum of delta functions
peaked at each subshell index and weighted by a de-
pendence on N}{S, to reflect the contribution of the
surface curvature to the cluster binding energy per
atom. Using the above interatomic potential, MD
simulations were performed in the microcanonical en-
semble in order to validate the model at various tem-
peratures. Fig. 1 shows the binding energy for Au.
The potential gives satisfactory binding energies and

excellent agreement with experiment! !
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Fig. 1 Cluster binding energy per atom vs N~ °

The melting temperature 7, for Au fcc crystals
calculated from Lindemann’s criterion is

N * m(0 15d)%/k
ok (3)
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where d= »/Sa/ 2, m is the atomic mass, a is the
lattice constant for the fcc crystal symmetry, e( i, )
Is matrix showing the contribution of the normal
mode & with frequency @ to the particle displace
ment u;, and k£ is Boltzmann’ s constant. For Au
crystals, the computation result s 7,,= 1322. 7K

and the experimental result is 7' ,= 1337. 6K.

Using our model potential, the normal modes of
clusters and crystals could be found. The (3N - 6)
normal mode frequencies for every cluster size N are
also obtained. For crystals, a number of symmetrical
k-mesh points in the Brilloun zone, whose average
are taken up with the corresponding weights, are
chosen. From the normal modes, the bulk modulus
which can be compared with experiments are calculat-
ed. For the bulk modulus B of Au, the calculated re-
sult is K= 164GPa, and the experimental result is K
= 169GPa. For the lattice constant @ of Au, the cal
culated result is a= 0. 406 nm, and the experimental
result is a= 0. 407 nm. In addition, the elastic con-
stants were calculated with the experimental lattice
constant at room temperature by evaluating the total
energy using an orthorhombic and a monoclinic strain
on the lattices and then determining the difference be-
tween total energies of the distorted and undistorted
lattices. For the elastic constant of Au, the calculated
results are C ;= 226 GPa, Ci,= 193 GPa, Cu= 47.
5GPa, the experimental results are €= 189 GPa,
Co= 159 GPa, Cu= 42GPa.

Fig. 2 illustrates the trend of the zero point ener
gy as a function of cluster size. The zero point energy
is not negligible and presents a strong dependence on
cluster size up to about N = 50. This zero point ener
gy has been systematically neglected in the studies of
energy balance at zero temperature where clusters are
assumed to be structureless. Additionally, the cluster
Helmholtz free energy in the harmonic approximation

could be written as
3IN-6
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o 1is the normal mode frequencies for a clus

ENN (4)
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where

ter of size N; Ex is the binding energy for the cluster
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Fig.2 Zero point energy per atom vs
N for gold cluster
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size N. Results of the free energy per particle at three
low temperatures for sizes N from 6 to 99 are shown
in Fig. 3. It is apparent that as clusters grow larger
they become more stable and their free energy slowly
tends toward the bulk value.
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Fig. 3 Free energy per atom vs

. 3 .
cluster size N "? at three different temperatures

55 K(triangles), 200 K{( circles), and 500 K( crosses)

The free energy are also calculated at the melting
temperature of each cluster size. This potrait was giv-
en in Fig. 4, where each point indicates the free ener
gy per particle at T, for every given size. Solid lines
are drawn to guide eye. Below the line clusters are
liquidlike and above the line cluster are solidlike. T his
phase portrait clearly shows that the solidlike phase
Increases its stability as the cluster grows larger.
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Fig. 4 Portrait in plane of

free energy vs cluster size V 13
3 CONCLUSIONS

In order to validate the quality of our parame-
ters, a potential for Au cluster from first-principle’ s

A modified

method for determining the parameters of tight-bind-

calculations have been constructed.

ing secondtmoment approximation interatomic poten-
tials were presented by adjusting the corresponding
expressions to first-principle’ s totalFenergy calcula
tions. The potentials are shown to be very good in de-
scribing the properties of clusters and bulk metals.
The lattice constant, melting temperature, the vibra-
tion mode and the bulk modulus are in agreement
with available experimental values. The binding ener-
gy, zero point energy, and free energy at various
temperatures and clusters sizes have been obtained.
The results have shown that the multrbody potential
provides a good and quick description of the bonding
and energetics of the Au cluster system.

REFERENCES

[11 Andrec R P, Bein T, Dorogi M, et al. “ Coulomb stair
case” al room-lemperalure in a selF assembled molecular
nanoslructure [ J] . Science, 1996,272: 1323.
[2] Mirkin C A, Letsinger R L, Mucic R C, et al. A DNA-
based method for ralionally assembling nanoparticle into
macroscopic malerials [ J]. Nature, 1996, 382: 607.
[3] Androitis A N, Menon M. Selfconsistent Light-binding
molecular dynamics method for cluster studies [ J]. Phys
Rev B, 1999, 59(24): 15942.
[4] LiY B, Blaisterr Barojas E, Papaconstantopoulos D A.
Molecular dynamics study of neutral and multiply charged
sodium clusters [J]. Chem Phys Lett, 1997, 268: 331.
[5] Car R, Parrinello M. Unified approach for molecular dy-
namics and densily-functional theory [ J]. Phys Rev
Lett, 1985, 55(22): 2471.
[6] Zhong W, LiY S, Tomanek D. Effect of adsorbates on
surface phonon modes: H on Pd(001) and Pd(110) [J].
Phys Rev B, 1991, 44(20): 13053.
[7] Sigalas M, Papaconstantopoulos D A. Transferable tolak
energy paramelrizalion for melals: applicalions Lo elaslic
conslanl delermination [ J]. Phys Rev B, 1994, 49(3):
1574.
[8] Sigalas M, Bacalis N C, Papaconstantopoulos D A, e
al. Tolakenergy caleulations of solid H, Li, Na, K, Rb
and Cs [ J]. Phys Rev B, 1990, 42(18): 11637.
[9] Janak J F. Simplification of Lolatenergy and pressure cal-
culations in solids [ J]. Phys Rev B, 1974, 9(10):
3985.
[10] Hedin L, Lundqvist B I. Explicit local exchange corre
lation potentials [ J]. J Phys C, 1971, 4: 1064.

[11] Birch F. Finite strain isotherm and velocities for single
crystal and polycrystalline NaCl at high pressures and
300 K [J]. J Geophys Res, 1978, 83: 1257.

[12] LiY B, Blaisterr Barojas E, Papaconstantopoulos D A.
Structure and dynamics of alkalfF metal clusters and [fis-
sion of highly charged clusters [ J]. Phys Rev B, 1998,
57(24): 15519.

[13] Miller H, Fritsche H G, Skala L. Analystic cluster
models and interpolation formulae for cluster properties
in clusters of atoms and molecules [ J]. Berlin:

Springer, 1994. 255.
( Edited by PENG Chao- qun)



