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ABSTRACT

With the development of ab-initio molecular dynamics method, it has now become
possible to study the static and dynamical properties of clusters containing upto a few
tens of atoms. Here I present a review of the method within the framework of the density
functional theory and pseudopotentiaf approach to represent the electron-ion interaction
and discuss some of its applications to clusters. Particular attention is focussecl on the
structure and bonding properties of clusters as a function of their size. Applications to
clusters of alkali metals and Al, non-metal - metal transition in divalent metal clusters,
molecular clusters of carbon and Sb are discussed in detail. Some results are also presented
on mixed clusters.
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1. Introduction

During the past decade much experimental and theoretical progress has been
made in our understanding of the physical and chemical properties of several ele-
mental, binary and compound clusters1"5. Interest in these studies hae basically
arisen from the technological importance of clusters e.g. in catalysis, photographic
films, magnetic recording, etc. and from the quest to understand the evolution of
materials properties as a function of the size of an aggregate. Very recently it has
also become possible6 to prepare a new form of solid carbon from large carbon clus-
ters which are now referred to as fullerenes. These fullerenes are caged structures
having 12 pentagons and a varying numl>;i- of hexagons of carbon atoms. The most
beautiful and interesting among these full?r5Eies is the C60 molecule which has the
truncated icosahedral structure. These molecules can be crystallized in a Po3 struc-
ture at low temperatures. The exciting discovery of superconductivity at relatively
high temperatures in KT(18 K), Rb8(28K) and Cs and Rbs(33 K) doped solid Co
has provided another dimension to cluster research and efforts are now also being
made10"12 to find other clusters/molecules which could be used as building blocks for
making new materials. It has also been possible to encapsulate atoms and molecules
within fullerenea13 and to prepare other forms of carbon such a buckytubes14 and
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bucky onions15 etc . These developments have therefore broaden the scope of the
studies of finite aggregates and opened up new avenues in materials research. Also
it is hoped that the progress in cluster research will enhance our understanding of
complex structures and pave the way for new molecular architecture.

One of the important factors which governs the properties of clusters is their
structure which is in general very different from a bulk fragment. This is due to the
fact that in a smal! cluster most of the atoms are on the surface and therefore have
reduced coordination. This leads to a reconstruction of the bulk fragment so that
the free energy of the cluster becomes minimum. In addition there are quantum effects
which lead to an oscillatory behaviour of e.g. the binding energy, ionization potential
etc. as the cluster size grows. Such changes in the atomic and electronic structure
can affect significantly the bonding and other physical and chemical properties of
clusters. Some interesting examples are small clusters of divalent and tetravalent
elements. Si clusters have been found to have closed packed structures16 as compared
to strongly directional bonding in the bulk whereas small carbon clusters have
structures ranging from chains, rings, fullerenes, tubes, onions and possibly some
other forms also. Dimers of divalent metals such as mercury and magnesium are
very weakly bonded due to ns2 closed shell atomic electronic structure and a large
promotional energy to the p state but these are good metals in bulk. Therefore for
such elements a transition to bulk chemical bonding should occur as the cluster size
grows. However, in most cases it is still not clear when such a transition would occur.
This may range from a few tens to a few hundred or thousand atoms depending
upon the species involved. For mercury, experiments17 indicate this transition to
occur for a moderate size of the cluster;. (70 > JV > 13).

Clusters also differ in an important way from bulk materials when alloyed.
In the bulk, alloying is not possible if the atomic size difference is larger than
about 15%. However, for clusters there is no such restriction on the relative size
of atoms. Thus binary clusters such as Cu-Os could be formed18. This provides
another interesting way of improving the reactivity and selectivity of clusters by
effectively changing the local electronic structure. Several studies on the reactivity
of clusters illustrate the importance of the variation of the electronic structure with
cluster size. Iron clusters have been found to show'9 several orders of magnitude
change in the reaction rate of deuterium as the cluster size changes from a few to few
tens of atoms. This correlates well with the variation in the electron binding energy
of the clusters as shown in Fig. 1. The reactivity increases as the electron binding
energy decreases. The latter generally defrrsases with an oscillatory behaviour to
the value of the work function as the cluster size grows. Similarly Al clusters show
marked variation in the reactivity with oxygen as a function of their size20. The
magic clusters Alf3 and Alj3 are found to be unreactive with oxygen whereas the
non-magic clusters do react.

The magnetic properties of small clusters are also in general very different
from the bulk due to the discrete nature of the electronic energy spectrum. Clusters
of elements which are non-magnetic in bulk can possess magnetic moments while in
the case of the magnetic elements, the moments can be significantly different from
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Figure 1: Comparison of electron binding energy and reactivity of r>jv clusters for dissociative
themisorption of Dj and Hj. The shaded portion reflects the uncertainty in ionij&tion threshold
measurements while the vertical ban indicate uncertainty in reactivity results. (After Whetten et
al19)

their bulk value. Also the different sites in a cluster will in general have different
magnetic moments. There is little progress in this direction so far. Similarly due
t« changes in the charge density distribution, the optical properties of clusters are
expected to be different from the behaviour on semi-infinite surfaces. In principle
clusters form a much broader class of materials because different clusters of even
the same material may behave quite differently and in the case of more than one
component, the atomic size of the constituents is not the limiting factor. Such
studies can therefore help to prepare better catalysts, photographic films, magnetic
tapes, energy storage devices, etc. by suitable choices of material and particle
size and can open doors for making new classes of materials such as fullerites, the
crystals obtained from fullerenes.

Experimentally while direct information on the structure of clusters is dif-
ficult, it has been possible to study the ionization energy, magnetic and electric
moments, density of states, polarizability, photoabsorption cross.section and effects
oi" multiple charging etc. of mass selected clusters. Experiments on mass selected
clusters containing upto several thousand atoms have become possible21. However,,
most theoretical studies based on ab-initio methods have been possible on clusters
containing a few atoms only since it is difficult to know the lowest energy structures
due to the very many atomic and electronic configurations that, are possible for a
given size of the cluster. Calculations based on a jellium model" are simpler and can
be done for large clusters. These have been very successful in providing a qualitative
understanding of the variations in the stability, ionization potentials, polarizability
etc. of clusters of simple metals as a function of their size**. However, in several.



cases of interest such as clusters of semiconductors, transition metals and alloys,
a jeltium modei may not be suitable. Also for a quantitative understanding it is
necessary to know the atomic structure and the changes in the electronic structure
as a function of the size and geometries and their temperature dependence. This
is also likely to enhance- our understanding of the dynamical properties, structural
transformation and melting etc. of clusters and will be helpful in understanding
chemical reactions on clusters.

Theorc+i-nl studies (see e.g. Refs. 1-5) of the atomic and electronic struc-
ture of clusters of various elements have been numerous. These include studies
based on the use of some interatomic potentials as well as ab-initio calculations.
While studies based on some interatomic potentials can be done for clusters having
upto several thousand atoms and have given some useful information, one has to be
cautious about the validity of such results (in particular for small clusters) as poten-
tials generated from some known structures of a material may not be appropriate
for other structures of the same material. One can hope to get a good descrip-
tion of clusters of rare gases using pair- potentials whereas interactomic potentials
based upon effective medium theories or tight binding methods may particularly
be useful for large clusters of metals and semiconductors. Ab-initio calculations are
much more difficult and have been possible for clusters having at best upto a few
tens of atoms. A majority of these calculations;have been done for a fixed atomic
distribution in the cluster. However, in several cases the atomic structure has been
relaxed and efforts have been made to find structures with lowest energies. These
include calculations based on configuration interaction as well as density functional
methods. However, most of these have been restricted to clusters with a few atonu
only. The most promising development which has given theoretical study of clusters
a new perspective, has been the ab-initio molecular dynamics (MD) approach de-
veloped by Car and Paninello'3 (CP). In this appraoch the many body interatomic
potential is calculated from ab-initio calculations based upon the density functional
theory (see articles by von Barth and M P Das in this volume) which has proved
very successful in the study of the structural and electronic properties of a variety
of materials. The ab-initio molecular dynamics method not only allows a search of
the lowest energy structures within the framework of the simulated annealing (SA)
but also it can be used to 9tudy the static and dynamical properties of clusters
having upto a few tens of atoms. So far its applications have been to clusters of
j - p bonded elements. However, recent developments of dealing with the d-orbitals',,
within this scheme (see article by Laasonen in this volume) will make the study
of technologically more important clusters with transition metal elements feasible.
Some of the systems that have already keen studied successfully include clusters**1'*
of Si17, Se=s, S=T, Na».*9. PM, Be31, M £ " , S tA", Sn3e, AT" . " , Ga37-" , Ca-*>, B«, ..
Ge" and mixed clusters of GaAs, GaP and AlAs«, NaKa, Na-Mg", Al-Si, Al-C^.
and B-C". Good agreement has been obtained with experimental data wherever•":'J-.
available. Here I will discuss the CP method and present results of some of theae.^
applications. There are a few other reviews""4' on this method which have aj>v
peared recently and contain some details of thiB method and applications to other ~

systems such as liquid and amorphous materials, surface structure, diffusion, defects
etc. Some details can also be found in the articles by Pastore and Laasonen in this
volume.

In the following section I present the calculations! procedure. Section 3
contains a review of most of the results on clusters obtained so far using the ab-
initio molecular dynamics procedure. Section 4 contains an outlook for future work.

2. ab-initio Molecular dynamics method

In classical molecular dynamics approach an empirical interatomic potential,
often a pairwise interaction, is used to calculate the energy of a system. Such empir-
ical potentials are constructed from a fit to some known properties of that material.
However, except for rare gas solids and strongly ionic materials, in most other sys-
tems it is difficult to justify a pairwise interaction from first principles. Further,
during MD simulation the ionic positions can change very significantly from their
starting configuration and structural transformation may occur for which the start-
ing potential may not be valid. In cases such as clusters where the structure of the
system is a priori not known, it would be difficult even to find a good interatomic
potential. Car and Parrinello13 combined one of the most successful theories of to-
tal energy calculation of an aggregate, namely the density functional method50'11,
with the molecular dynamics approach to develop an efficient combined electron-
ion minimization procedure. Hereafter we shall refer the methods based on the idea
of the density functional molecular dynamics approach to as the ab-initio molec-
ular dynamics methods. In the following we first discuss briefly the Kohn-Sham
equations" which are central to the solution of the electronic structure problem
within the density functional formalism and then describe the standard and the
MD approaches for solving these equations.

2.1 Kohn-Sham equations

The density functional theory as developed by Hohenberg and Kohn60 and
Kohn and Sham" offers a formal exact treatment of solving the ground state elec-
tronic properties of a system. However, it requires the knowledge of a functional
for exchange and correlation which is not known for most systems. An approximate
treatment of the exchange and in; relation energy based on the local density or lo-
cal spin density approximation (LDA or LSD1 has been successfully used in a wide
variety of systems ranging from &toms and molecules to surfaces and bulk materials
and will also be the basis of the ab-intfio MD to be discussed here.

For systems such as clusters one of the principal tasks of an ab-initio calcu-
lation is to obtain the lowest energy isomers by minimizing the total energy B with
respect to the ionic and electronic degrees of freedom. Within the density functional
theory this can be achieved by solving the Kohn-Sham equations (for details see
the article by M. P. DAs),



r) + VH[r) + 14«( (1)

where VtIi, VH and VIC are the external (electron - ion), Hartree and exchange-
correlation potentials respectively (atomic units e = h = m, = 1 ate used.). The
electron-ion potential can be an all electron or a pseudopotential. The other two
contributions to the potential are

and

where the electronic charge density n,(r) is given by,

(2)

(3)

f(i), being the occupation number for the state i. The ground state total
energy E for a given configuration of the ions {Rf} is

(5)

Here Zj is the charge on the Z"1 ion at the position R/. £<c[n,j is the exchange-
correlation energy. This has been calculated within the LDA/LSD in almost all the
applications of the ab-initio MD,

= £ drn,{T)tmt[n,(r)], (6)

where f»,[n,(r)] is the exchange-correlation energy per particle for a homo-
geneous electron gas with density nc(r). In the case of spin polarized calculation,
this energy should correspond to the density with the same spin polarization as
in th« actual system. There are several approximate forms available for this and
therefore EIt can be easily calculated in real space once the density is known. This'
approximation yields reliable binding energy trends and equilibrium structures for
a variety of molecules51 and solids". However, recently there have been interesting^
developments where non-local exchange-correlation functional ha'«a been success-?
fully used which have provided improved agreement with experiments for several
systems (see von Barth in this volume). Their inclusion in the ab-initio MD schenjjs!7

is also likely to give improved results but since most applications have been done
within LDA/LSD we shall restrict our discussion to LDA/LSD only.

2.1.1 The standard approach

In the standard approach, for a given configuration of the ions, one has to
guess a starting wavefunction, construct the Hamiltonian matrix and then solve (1)
iteratively untill self-consistency is achieved. One can then use the steepest descent
technique to relax the ionic positions by calculating the forces on ions,

F, = -
SE
SR, (7)

following the Hellman-Feynm&n theorem". This would lead to a local mini-
mum in the energy surface. However, for finding global minimum one has to then
take a new configuration and repeat this procedure until a configuration is obtained
which has the lowest energy. This is a challenging task and it would be nearly im-
possible to explore all the electronic and ionic configurations that may be possible
for a given number of atoms in a cluster except in the case where thiB number is
restricted to a few atoms. Though much progress has been made by the steepest
descent root, the energy surface is in general very complicated for most systems
and in such situations other strategies based on simulated annealing become more
efficient.

2.1.2 The molecular dynamics approach

The development of the ab-initio molecular dynamics method*3 has provided
an efiicient way for the optimization of the energy functional with respect to the
electronic and ionic degrees of freedom sm-ultanetntly. This method relies on the
assumptions that the ions can be regarded as classical particles and that the motion
of the electrons and the ions can be treated within the Born-Oppenheimer(BO)
approximation. The ab-initio MD exploits the fact that in the BO approximation
the electrons follow the tons instantaneously as they move and therefore remain very
close to the ground state of the corresponding ionic configuration. This eliminates
the need to find the electronic ground state for each ionic configuration and therefore
reduces the computaional effort very significantly.

In the MD approach the electronic {^} and the ionic {R/} degrees of free-
dom in the energy functional £{{ifr.},{R.j}] ale taken to be time dependent and a
Lagrangian is introduced :

= £/(i)w 7 Jr|,Mr)1»+ (1/2)£
i J I

, {Rr}],

which generates a dynamics for ifc and Rj through the Newton's equations
of motion:



r, t) (9a)

and

M,R, = -
SE

(Bt)

where ,ii's are the fictitious iuaases for the electronic degrees uf frttdum
which are generally taken to be independent of the state i. A,j are the Lagrangian
multipliers for the orthononnalization of the single particle orbitals ^i,

'(T)tl)j(T)dT = 6ij. (10)

The ion dynamics described by Eq.(9) is real whereas the dynamics of the
electronic degrees of freedom is fictitious and should be regarded as a means of solv-
ing the Kohn-Sham equations. For a fixed ionic configuration when the acceleration
of the orbitals becomes zero, then Eq.(9a) reduces to the standard problem and the
eigenvalues of the A matrix are the eigen values of the Kohn-Sham equations. Once
the orbitats are converged, one can then use the set of Eqs.(9) to follow the coupled
etectronic-ionic motion. As we shall discuss later, the calculation of the forces on
ions can be easily done using the Hellmann-Feynman theorem. In principle for an
exact calculation of the Helknann-Feynman forces the electrons should be in the
ground state at any instant of time during the simulation. This can be done but
it is computationally very expensive. In the CP method, however, the dynamical
simulation can be performed accurately (within a certain bound) when the devi-
ation from the BO surface is small. This is due to a cancellation of errors in the
calculation of the Hellmann-Feynman forces as the electron- ion dynamics proceeds.
This cancellation follows from the fact that plasma frequencies are generally much
higher than the ionic frequencies. Therefore during a period of the ionic motion the
orbitals would oscillate several times around the ions. The forces exerted on the ions
by the electrons due to deviation from the BO surface would oscillate around the
correct value and would be nearly cancelled when averaged over several oscillations.
Therefore for a successful CP dynamics the smallest plasma frequency should be
larger than the largest ionic frequency. Further, the energy gap between the high-
est occupied and the first excited state in the electronic energy spectrum should
be larger than the thermal energy associated with the ionic motion {see also the
chapter by Pastore in this volume). This is typically the case for semiconductors
and insulators. In such cases, for a given temperature there is very little transfer of
energy between the ions and the electrons for a significant and in some cases even
for the whole observation time of the simulation and the electrons remain very close
to the BO surface. However, in metals the energy gap between the highest occupied
and the lowest unoccupied states is zero and therefore it becomes a problem to keep
the electrons moving adiabatically. As the simulation proceeds the kinetic energy
associated with the electronic degrees of freedom increases at the expense of the

kinetic energy of the ions. In such situations one should ,in principle, usess the
fractional occupation of various states according to the Fenni-Dirac distribution
function at any finite temperature. An easy way to overcome this problem is to
bring the electrons close to the instantaneous ground state after a certain number
of time steps and then proceed with the simulation again. This would generally lead
to a cooling of the ions. To avoid this problem Nose" thermostat has been used to
keep the ionic temperature at a desired value. This, however, does not eliminate
the problem of energy transfer to electrons. Blochl and Parrinello'7 have used a.
Nose thermostat for the electrons aJ so so that the electrons remain close to their
ground state. However, such constraints increase the computational effort signifi-
cantly. For clusters as the electronic energy spectrum is discrete, the condition of
large gap between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) is satisfied in some cases (in particular for
the magic clusters) whereas for other clusters and more so for larger clusters of
metals, deviation from adiabatic behaviour could be significant to warrant frequent
electron minimization or adopt other strategies. The formulation presented here is
general and can be applied to solids, liquids or finite systems.

2.2 Implimentation of molecular dynamics using pseudopotentials

In the foregoing discussion we did not assume any particular form of ionic
potential. Though there have been interesting developments of doing all electron"
MD simulations, most studies have been done using pseudopotentiils" which allow
the use of a plane wave basis set. A plane wave basis is convinient particularly when
the ions have to be moved as the plane waves are not localized on a particular site.
Then the wavefunction in (1) can be written as

The sum over G is usually truncated to include plane waves upto a certain
kinetic energy which determines the accuracy of the calculation. Further, the use of
plane waves assumes imposition of periodic boundary conditions which are also used
in classical MD simulations in bulk systems. In the case of clusters, the MD cell
is taken to be sufficiently large so that the interaction between the,cluster and its
periodic images is negligible, k is a wave vector in the Brillouin zone." For achieving
self-consistency one generally uses a set of a few special k points'". However, in the
case of clusters, as the cell dimensions ate large, one can use just a single k point
, the r point, in (11) to sample the Bnpouin zone of the MD STipercell and neglect
the band dispersion. This has an additional advantage that the stjngle particle
orbitals become real and therefore tUe computational effort reduces' significantly.
Henceforth, we shall drop the k index.

The total potential from the ions can be written as



where v'p,(r) is the pseudopotential for the Z"1 ion. There are several ionic
pseudopotentials available in the literature61'63. However, in most applications
norm-conserving pseudopotentials of Bachelet et ai61 have been used as these have
been tabulated. In general, we can write the ionic pseudopotential as,

•oo

«£.(r)=J>f(r)/». (13)
' = 0

Pi is the angular momentum projection operator which projects out the /**
angular momentum component of a function. vf{r) is the pseudopotential which
operates on the I"1 angular momentum component of the wave function. If one

for I > („„ then the infinite sum in (13) can be rewritten asassumes v! = v\

(14)

would require storing the coefficients for a larger number of time steps and since
these are large arrays, the storage can become a problem.

2.2.1 Electron minimization

The simulation proceeds with an initial choice of the ionic distribution and
of the coefficients in the expansion of the wave functions which are orthonormal-
ized. The latter can be used to construct the charge density n,(r) and therefore the
exchange correlation potential and energy. The Hartree contribution to potential
is easily calculated by performing a fast Fourier transform (FFT) of u,(r) and it is
given by

(18)

(19)

where

The local contribution to the total ionic potential Vloe(G) is

VUG) = £ s a ( G K , ( G ) ,

where Sa is the structure factor for the specie a and is given by

= »/(>•)-t»L». (15)
v[ is local and therefore Avj becomes the non-local part of the ionic pseu-

dcpotential. Thus we can write the total ionic potential as a sum of a local contri-
bution, KioJr) and a non-local contribution, AKH(T).

In the MD approach for solving the Kohn-Sham equations the expansion
coefficients become time dependent and therefore the equation of motion for ^i
can be recast into equation of motion for CG . Substituting Eq.(ll) in (9a) and
multiplying with ezp(-tG'.r) and integrating over r gives

- G')

, + VI(1C(G - G '

- G')1CG

, G')

(18)

These equations are then numerically integrated using the standard MD pro-
cedures such as Verlet algorithm or the conjugate gradient technique. In the Verlet
algorithm, the second derivative is written as a second order difference equation:

C'G(t + At) = 2CQ(*i- CG(t - At) + A«JC"G(t). (17)

It introduces an error of order <(i')4 into the integration of the equations of
motion. A more sofisticated finite difference equation could also be used but this

Here r° is the position of the p" atom of type a in the basis. The sum over
p is on all the atoms of type a and

"i«(G) = K / Jrti," (r)eip(iG.r), (21)

where f!r is the cell volume. The Hartree and the local ionic potential terms
can now be transformed into real space with a fast Fourier transform to construct,
together with VIC(r), the product V(r)i>(r) whose transform leads to the convolutions
in Eq.(16). The non-Socal contribution needs separate attention as it is not in the
form of a convolution. The non-local contribution to potential is

(21 + (22)

Here Pi is the Legendre polynomial of order ( and ji is the spherical Bessel
function of the first kind of order /. #Qtj' is the angle between G and G'. Evaluation
of En\ would require computation of •N,NNr(Np + l)/2 integrals where ff, and Nr

are respectively the number of states and the plane waves. This is a Very time
consuming operation due to large values of Nf. It can, however, be simplified
following a suggestion from Kleinmann and Bylander63 who transformed the semi
non-local part of the potential (local in radial part but non-local in angular part)
into a fully non-local operator:

10
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?,J >< (23)

Here *?m is the atomic pseudo wavefunction for specie a. It can easily be
vanned that in the case of atom, the fully non-local and the semi non-local forma
lead to the sanw solution. However, the same is not true when this separable form
is used in other situations. In particular ghost states have been found64 in some
cases. This can ,however, be taken care of by a suitable choice of the local potential.
With this choice, the Fourier components of the non-local pseudopotential can be
written into a separable form such that

U..-1

(24)

where Fj and Fv are functions of only one wave vector. This reduces the
number of integrals to N,NNP.

2.2.2 Total energy and forces on ions

The total energy68 can be written as ;

E = EKE + EH + £p. + Sxc + Eim.

The kinetic energy of electrons and the Hartree term are given by

and

EH - \ £ Vjf(G)n.(-G).

(25)

(26)

(27)

The prime indicates that the G = 0 term is excluded in the summation.
This represents the long range slowly varying part of the Coulomb potential. For a
neutral system, the total contribution to energy from G = 0 term is zero in the case
of a purely 1/r potential. However, since we are using pseudopotenti&lsv :there is a
non-zero contribution coming from these terms and it needs to be treated carefully.
It is convinient to smear the ion core charge into a Gaussian'5 given by

n c l r " - 0 — ,'—:=»'y exP\—\T — «•/] l\Ki) J, *,,-, V*PJ
\ti{) '~

where R) is the width of the Gaussian. The potential felt by an^ectron due -
to this distribution is

12

The total charge distribution and potential from the Gaussian smeared ion-
cores are,

and

(30)

Considering the electronic and ionic charge distributions together as a neutral
system, the Hartree, the local pseudopotential and the Madelung (£ ; m ) terms can
be written together as

(31)

where n = n, + nc and

toj«(r) = [v{ (r) + — er/(r/ftf)]. (32)
m" r

The second term in the above equation arises from Gaussian smeared ion
cores (Eq. 29) and should be subtracted as it has been included in the first term
on the right hand side of Eq.(31). The latter can now be evaluated in the Fourier
space and is given by,

G\ (33)

where,

(34)

and nf (G) is the Fourier transform of the smeared ion-core charge of the a
specie. Therefore, the explicit evaluation of the Madelung sums is avoided. wi« is
a short range potential as the long range parts of the two terms in Eq. (32) cancel
each other. E,tlt is the self-interaction of the Gaussian smeared ion core charges
which is included in the first term in Eq. (31) and should be subtracted. A{ is a
correction to the first term in Eq. (31). It.is equal to the difference in the interaction
between the original point charges Zi *nd the Gaussian broadened charges. These
are given by, '•

E..,,= 1/2 £ f
i J

dvdT1"

which from Eq.(28) simplifies to

13



(35)

and

1*1

which reduces to

(36)

where Ru = |R, - Rj| and R)j = •J
The remaining contribution to the total energy comes from the non-local

part of the pseudopotential and it is given by

f / G,G'

whereas the exchange correlation energy can be calculated from Eq. (6).
The forces on ions can be calculated from Eq. (7) following the Hellmaun-

Feynman theorem according to which it is sufficient to know the changes in the
Hamiltonian when the ions move, the contribution from the changes in the wave-
function being zero. The Rj dependent term in the Hamiltonian is the electron-ion
interaction. The other contribution to force would come from the Madelung energy.
From the above reformulation of the various contributions to the total energy, it can
be noted that the contributions would come from Eq.(33), u>,«, A, and Eni. These
can be written as,

(38)

where,

and

with

i^-WWh

(39)

.(4W.

f i in

The prime in Eq. (39) indicates that J = / term is excluded.

2.2.3 Orthogonalization of wave functions

After the forces are calculated, the set of Eqs. (9) have to be solved with the
constraints (10). Starting with a set of orthonormah'zed ifa, the parameters Ajj can
be calculated'16 by differentiating (10) twice and using (9a), to obtain:

! ) * ( ' . ' ) • ( « )

Thus the Lagrangian multipliers depend upon the trajectories of the &'s
and therefore on the algorithm used to integrate the equations of motion. The
solution of the equations of motion is achieved in two steps. First an unconstrained
wavefunction V>< is obtained. In the Verlet algorithm this can be written as.

(13)

The constraint forces are then added to the wavefunctions

where I'J = (At2/p)A,j- Now imposing the orthonormality condition on i*i(t +

f ,t + At) =

we get,

(45)

which can be written in matrix fonn as

(46)

A + XB + BfXf + XX' = I, (47)

where, Aij =< ^(< + Ai)|^(< + At) > and Bij ~< &(')I^C + Ai) >-iv2S$- (47)
can be solved iterative]}*. Using Eq. (43) and making a Taylor series expansion of
wavefunctions at time (l - At), it can be shown that Aij = fy + O (At2) and fly = i<j+
O (At). Therefore, from Eq. (46) withirtsecond order in (At) we can write

Then the solution to (47) can be found iteratively from

X<*> = i[l - A + X(*-"(l - B) + (1 + B'JX**-'1 - X<1 (49)
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where
solve (47).

is the number of iterations. Typically it requires a few iterations to

2.3 Simulated annealing

As the energy surface in the multidimensional configuration space is in gen-
eral complicated, simulated annealing technique67 is used to obtain the lowest energy
structures. In this technique the cluster is heated upto a certain temperature T so
that the ions start diffusing. This temperature is in general different for different
materials and will in general also differ for different clusters of a material as the
binding energy per atom may change significantly with cluster size. The cluster is
then allowed to evolve at this temperature for a few pico-seconds which is a rather
short time as compared to standard classical molecular dynamics simulations where
the observation time is of the order of nano-seconds. Experience with different sys-
tems has, however, shown that this period is sufficient to make the cluster loose
completely the memory of its starting configuration. Subsequently it is then cooled
such that the system remains close to the BO surface. The time step for integration
of the equations of motion is taken to be such that there is negligible transfer of
energy from the ionic to the electronic degrees of freedom. As discussed above, in
the case of clusters having a large HOMO-LUMO gap it has been found that the
system can remain close to the BO surface even for the whole period of the simula-
tion. The simulated annealing procedure has proved very successful in finding new
structures which have lower energy than the lowest energy structures obtained by
other methods in some cases. Also it provides a natural way to study the dynami-
cal properties of clusters and the changes in the atomic and electronic structure at
finite temperatures which are going to be important in understanding reactions on
clusters. In the next section we discusss some of the systems to which this technique
has been successfully applied.

3. Applications to clusters

3.1 Clusters of metals

In their pioneering experiments on simple metal clusters, Knight et tP* ob-
served marked stability of sodium clusters with 8, 20, 40, 58, and 92 ... atoms (Fig.
2a). Sodium has one valence electron and therefore clusters with 8, 20, 40, 58 and
92 ... valence electrons are particularly abundant. Such clusters are referred to as
maijtc clusters as the abundance of clusters having one more atom is significantly
less. Similar results have been obtainewfor clusters of other alkali metals'* and then-
mixed clusters70 as well as clusters of noble71 metals. Clusters of divalent73 elements
also show marked stability for the same number of valence electrons. However,
small clusters of divalent elements are weakly bonded due to the n*3 closed shell
configuration. Therefore, as the cluster size increases, there occurs a non-metal.-
metal transition which we shall discuss in detail later. Studies of the ionization
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Figure 2: (a) Abundance spectrum of sodium clusters and (b) the second order derivative of energy
calculated within an ellipsoidal modified harmonic oscillator model. (After Clemenger81)

potentials73, fragmentation7* and polarizabilities7* of metal clusters and reactions
of some gases with them"'20 have provided further information about their stability
and electronic structure.

While experimental studies have been carried out on clusters of several met-
als, ab-initio MD method has been applied mainly to clusters of »-p bonded metals
such as Na, K, Be, Mg, Al, Sn, and binary clusters of Na-K , Na-Mg as well as
doped clusters of Al. Calculations have also been performed on dimere of group IB .
and IEB elements™ and clusters of semi-metals SbM>M and Ga3TM. These studies
have provided information about the lfew lying structures, bonding nature and dy-
namics of clusters. Before these calculations became possible, the spherical jelliuro
model"1" (SJM) played the central role in the study of metal clusters and it is
still a nice model to understand many of the results obtained by these elaborate
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calculations. We therefore first describe the essential results of this model.

3.1.1 The jel l ium model

Alkali and other simple metals are quite well described by a nearly free elec-̂
tron mode! as the effective ionic (pseudo-) potential seen by the valence electrons
is nearly constant throughout the metal. The weak pseudopotential can be approx-
imately treated as a perturbation on the free electron like behaviour of the « - y
conduction electrons in these metals. The same features can be expected to hold,,
for clusters of these elements. However, as the structure of clusters is not known in.;
most cases, one can consider a cluster to be spherical in the lowest approximation
and solve the problem of electrons in a spherical potential well. Thus Knight .and
coworkers68 used a simple spherical potential to study the stability of clusters
as a function of the number of valence electrons. Very similar to the shell structure
in atomic spectrum™ as well as in nuclear physics79 they correlated the stability of
clusters with the filling of the electronic shells Is, lp , Id, 2s, If, 2p., lg, ... in the
spherical potential. Later, Cohen and collaborators"'80 used SJM in which the ionic
charges were smeared out in a uniform positive spherical background such that

no if r < R
0 otherwise

(50)

Here R is the radius of the cluster which ia related to the number of atoms
N in the cluster, ;_

U& = Nn, (51)'

where SI is the volume per atom in the macroscopic metal. The constant
positive density n0 is related to fi and the number of valence electrons Z (the sub-';
script / is dropped as only one type of atoms are considered) by Z — nofl. The
Kohn-Sham equations (1) are then solved to obtain the eigenvalues and the total
energies. Similar to the spherical potential model the energy levels of the elec-
trons are again characterized by the radial and angular quantum numbers. The.
Is, lp, Id, 2s, If, 2p, lg, 2d, 3s, In, .... shells are respectively filled for the to-V
tal valence electron numbers, 2, 8, 18, 20, 34, 40, 58, 68, 70, 92, and so on ia.-;
the cluster. Th# closed shell configurations are stable due to energy gaps {jfljgjeen ̂
electronic shells and again this simple model provides a good explanation for the ,̂-
marked stability observed in alkah, metal clusters for 8, 20, 40, 58 and 92 atoms.V;'
The fine structure in the abundance sn^etrum can be understood in terms of th*£f
completion of the subshells that arisa^ue to deformation of the spherical positive'
background. Clemenger81 has studied the effects of the ellipsoidal dcformatpis on
a three dimensional modified harmonic oscillator model. As shown in Fig, ?t> tbi*i;
deformation leads to fine structure in the second order energy difference, As which|
shows peaks at N = 10,14,18,26,30,34,36,38,44,46,54 etc. corresponding to sulwliell|
filling in addition to the main peaks at 8,20,40,58,... For shell closing numbers npt
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observed in the experiment the reason may be that only a large gap to the next
shell enhances the stability of a closed shell or the SJM is not a good representation
of the actual potential seen by the electrons in a cluster. The nucleation condi-
tions can also affect the abundance spectrum. The absence of fine structure in the
abundance spectrum for large clusters is due to smaller gaps for higher shells while
the variation in the intensities of clusters of different elements in the same group is
possibly due to the difference in the kinetic behaviour and different ionic potentials.
While the general trends in several properties such as relative stability, ionization
potential, polarizability etc. of metal clusters are well described*3'" by the jellium
model and it has the advantage of being applicable easily to large clusters con-
taining several hundred atoms, it is of interest to study these aspects from a more
realistic model and to understand their atomic structure and dynamical properties.
In the following we review results on clusters of several systems obtained by using
the ab-initio molecular dynamics method.

3.1.2 Alkali meta l clusters

Several theoretical studies have been made on clusters of alkali metals but
sodium is one of the most extensively studied. Ballone tt aPi studied Nag, and
NaioKm'clusters. More recently a very detailed LDA study on sodium clusters hav-
ing upto 20 atoms has been carried out by Rothlisberger and Andreoni". Several
interesting observations have been made. First of all when the results of these
calculations are analysed in terms of the angular character of the electronic states
around the center of mass of the cluster, then the low temperature electronic struc-
ture agrees with the predictions of the shell model. However, one finds that with
increasing temperature the clusters become less and less spherical and the hybridiza-
tion between states of different angular momentum increases due to the decrease of
energy gaps. This is in contrast to the widely held belief that the clusters tend to be
spherical as the temperature increases and that the validity of the jellium model is
enhanced in warm clusters. The hybridization is less pronounced for magic clusters
but increases with increasing size due to the decrease in the spacing between the
one-electron energy levels.

The potential energy surface is found to be rather flat and the electronic
charge density, delocalized. However, there is a preference for pentagonal rings
analogous to the complexes of Lennard-Jones systems. The energy difference be-
tween several low-energy structures is tiny. But even in this case the SA has proved
very useful as a powerful optimization technique. The small energy differences for
various cluster structures are also in agreement with the results in bulk where ac-
curate LDA calculations83 predict a difference of 2 meV between hep and bec and
3.5 meV between hep and fee structures.

The non-magic clusters such as Na]0 and Nan tend to have many more
isomers which are nearly degenerate with the lowest energy structure, as compared
to the magic clusters such as Na» and Na50. The lowest energy structure of Na» is
found to be dodecahedron which has the Du symmetry. This is nearly degenerate
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with the one having the Tj symmetry which was predicted to be the lowest energy
structure from configuration interaction calculations83.

Fig. 3 shows four structures for Na20 cluster, (a) and (b) have been obtained
from simulated annealing and are nearly degenerate. These are based on pentag-
onal motif. Inteiestingly (b) is also the ground state and (a) a local minimum for
Lennard-Jones clusters, {c) and (d) have tetrahedral symmetry. In this case the
electronic states can be classified with good accuracy by their angular momentum
in agreement with the shell model. However, in contrast to the Na» duster, Na»
looses this shell model character even at as low temperatures as 200 K. Accordingly
8-atom clusters are predicted to be more stable with respect to increasing tempera-
ture. In fact the diffusion coefficient was estimated to be 0.5 x 10"4 cmJ/sec for N&a,
at 640 K from the root mean square displacement and it is only a factor of 3 lower
than the value for liquid sodium at the same temperature. Further, the electronic
structure is found not to be very sensitive to the atomic structure and therefore •
the electronic properties may not be useful as a probe to study the structure. In
Fig. 4 we have shown the spherical average of the electronic charge density around
the center of the cluster corresponding to four isomers shown in Fig. 3. One caa
see that there is very little variation from one structure to another beyond the core
region. However, the vibrational spectra has been found to show a stronger depen-
dence on structure and can be used as a probe to get some information about the
structure.

For non-magic clusters such as Nam, one can consider the cluster to be made
up of a core which is more rigid and some cap ions which are constantly farther away
from the center of the cluster. Thus individual atoms can undergo displacements
larger than the typical interatomic distance. As shown in Fig. 5, the displacement of
cap ions is far more than for those in the core region. However, the radial movement
is much smaller than the root mean square displacement which indicates that the
cap ions travel more on the surface of the cluster. While such a detailed study is not
available for clusters of other alkali metals, we expect to have similar behaviour for
them as also indicated from results of a few other studies and those in the bulk. In „
fact calculations*1 on Cs clusters do show that the general trends remain the same
though the energy differences between different isomers become even smaller thaa ;.
in the case of Na.

Very recently Fois it if1 have done a LSD study of Na clusters and have
also studied the effect of the self-interaction correction (SIC). While for Na« the..
LSD calculation predicts the same structure as obtained from the LDA calculation^
namely a. pentagonal pyramid to be lower in energy than a 2-dimenmonal triangular^
structure, in the LSD-SIC calculation .the triangular structure has a lower enwgj&
than the pentagonal pyramid. These jresults no doubt raise the question of^ther
correctness of the LDA/LSD geometrjes. However, we expect that the trends and'
the information about the dynamics and the charge densities obtained, from thej;
LDA/LSD calculations are useful in understanding the general behaviour l
of differet sizes.

Mixed clusters of Na and K have also been studied within LDA and
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Figure 3: Isomers of Na5o. (a) and (b) are lowest energy structures whereas (c) and (d) are higher
energy structures of Tj symmetry. (After Rothlisberger and Andreoni19)

0 2 4 6 8 \W 12 14 18 It

Figure 4: Spherical average of the electron density (here denoted by ^o) in the four structures of Fig.
3 for Najo. r = 0 corresponds to the center of the cluster. (After Rothlisberger and Andreoni"),
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at 260 K. The ioset shows the radial part. Note the difference between the scale of the main plot
and the inset. For comparison the mean square displacement of the atoms in Na« around the same
temperature is also shown by dashed line. (After Rothliaberger and Andreoni36)

dency for K segregation on the surface has been found18. This is expected also on
the basis of simple models based on broken bonds on a surface and the atomic size
mismatch. According to these models, the element having the lower surface energy
(larger size) tend to segregate at the surface". This segregation might lead to pref-
erential evaporation of the larger specie and favour clusters enriched with smaller
atoms. The lowest energy structure of this mixed cluster is similar to that of Na»
and the one - electron orbitals are delocalized over the entire cluster. In agreement"
with the experimental observations™, the shell model behaviour is applicable to thisr

alloy in spite of the ionic segregation. Also for Mg doped Najv clusters a tendency
for Mg ion segregating to the surface has been obtained44. However, in this case
due to surface segregation there is hybridization between states of different angular
momentum components and the shell model is not quite applicable. On the other
hand when a small size atom is doped as in the case of NarAl cluster, then the im-
purity ion prefers to sit inside the duster' and the electronic structure agrees with
the predictions of the jellium model. . ••" '•>;?

The finite temperature studies of clusters provide useful information about-
their dynamical behaviour. The vibia£onal spectrum (Fig. 6) of N&rMg cluster;
has a soft 'diffusive' mode as well as a Sigh frequency mode, the latter being <
in pure sodium clusters. Even at 10(J K a sodium atom which caps. a. J
pyramid (Fig. 6) diffuses around the fivefold axis and gives rise to .the. sa&'li
Whereas the high frquency mode corresponds to a strong bond between Na
atoms which also causes Mg to have a high coordination with Na atoms.
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Figure 6: Structure and the vibratiooal spectrum of Na^Mg cluster, (a)lowest energy structure
(pentagonal bipyramid +1) and (b) tetracapped tetrahedron which also corresponds to a low energy
isomer of NarAl. The vibrations] density of states is shown for (a) at an average temperature of
I00K. Total (solid line), sodium cap (dashed line) and magnesium atom (duhed-dotted line) (After
Rothlisberger »nd Andreoni44).

3.1.3 Divalent metal clusters: growth and the non-metal - metal transi-
tion

For divalent metals, extensive studies have been made recently for Mg3*"' and
Be31 clusters. The equilibrium structures of Mg clusters having upto 13 atoms have
been studied by Kumar and Car". The lowest energy structures with singlet states
are shown in Fig. 7. Due to a closed shell atomic electronic configuration, Mgj is
found to be very weakly bonded with a bond length 6.33 a.u.. Experimentally Mgs
is found*8 to have a singlet ground state with a bond length 7.35 a.u. and cohesive
energy 0.027 eV/atom. The larger (smaller) value of the calculated cohesive energy
(bond length) is due to the use of the LDA which over- (under-) estimates the
binding energy (bond length). Ballone et af have done a calculation with a non-
local exchange correlation functional and find an improvement over the LDA rgaujts.
However, the results of Kumar and Caj?*gree very well with a LSD calculation*0

which gives 0.11 eV and 6.37 a.u. respectively for the binding energy and the bond
length. ' . . ..

The lowest energy state for Mga is an equilateral triangle with Bond length
5.93 a.u.. Mg3 chain is 0.111 eV/atom higher in energy than the equilateral triangle.'
Thus Mg clusters favour to maximize the coordination number. This trend is con-
tinued for bigger clusters as well. The lowest energy structure for Mg4 u» » regular'
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tetrahedron. This is a particularly stable cluster with considerably smaller bond
length. Mg5 is a slightly elongated trigonal bipyramid. These results are in agree-
ment with a LSD calculation90 which also finds a singlet state for all these clusters
to be of lowest energy. These results were obtained by performing steepest descent
calculations for a few selected geometries of the clusters. However, simulated an-
nealing technique was used for larger clusters. For Mge it leads to a structure shown
in Fig. 7. This can be obtained by capping a face (3-4-5) of M&. Independently
Reuse ct ai"" obtained an octahedron with a rectangular base to be of lowest energy
for this cluster. A steepest descent calculation done by Kumar and Car35 for this
structure gives it only 0.004 eV/atom higher in energy than the simulated annealing
structure, thus making them nearly degenerate. This is due to the fact that the
pair distribution function for the two structures is nearly the same.

For Mg7 the lowest energy structure is a pentagonal bipyramid. Its two apex
atoms with coordination 6 have the shortest distance (5.3 a.u.) whereas the base
atoms with coordination four have a bond length 6.04 a.u. As we shall discuss later,
the short distance is significant from the point of view of non-metal - metal transition
in these clusters. This structure can be obtained from Mgs by capping two faces
and is also in agreement with the results obtained by Reuse et al'° and Pacchioni
et al s l using the LSD and cofiguration interaction calculations respectively.

The lowest energy structure of Mgs can be simply obtained by capping a face
(1-3-7) of the pentagonal bipyramid. For larger clusters a new structure starts. Mgj
is a tricapped trigonal prism as shown in Fig. 7. This structure has some similarity
with a fragment of the hep lattice except that the bond lengths 1-4, 2-5 and 3-6 are
shorter whereas for bulk Mg they correspond to the c-axis. Adding an atom to one
of the triangular faces of the trigonal prism leads to the structure of Mgio as shown
in Fig. 7. The same result has also been obtained independently by Andreoni34 and
de Coulon et afi7. This provides further confidence in SA strategy to obtain lowest
energy structures. Among Mg clusters this is another most stable structure as it
can be seen from the second order finite difference of the energy which is plotted
in Fig. 8 along with the cohesive energy. E(,N) is the energy of a cluster with ff
atoms. While the cohesive energy increases with the size, the peaks in the difference
spectrum in this plot can be correlated with the abundance in the mass spectrum.
The marked stability of 4 and 10 atom clusters agree with the jellium model. Also
a small peak and a shoulder appear for 7- and 9-atom clusters respectively which
again agree with the'fine structure in the calculated spectrum in the jeUium model;1

Mgu is obtained by capping the other triangular face of the trigonal prism.
While the eleventh atom caps the Mgio cluster symmetrically, the simulated anneal-
ing results indicate it to be weakly braided to the cluster and similar to the Na,0

cluster, its mean square displacement it much larger as compared to other atoms in
the cluster. This can cause evaporation of an atom and absence of the abundance
of Mgu clusters in the mass spectrum as it is generally noted. Mgu is »1BO a capped
trigonal prism. However, instead of face capping, in this case an atom caps an edge
of the trigonal prism. _ '•' ' ' •

13 atom clusters are interesting as these have been considered to have either

Figure 7: Lowest energy structures of Mg clusters with 2 to 13 atoms. (After Kumar u d Car11).

25



-1.0

N

Figure 8: Plot of the cohesive energy and its second order difference spectrum as a function .of the
number of atoms in Mg clusters. (After Kumar and Car3*).

an icosahedral structure which is the closest packed for 13 atoms or a cubooctahedral
structure which is the closest packing in the bulk. However, Mg!3 is neither an
icosahedron nor a cuboctahedron. It can be considered to arise from the fusion of a
Mg9 and a Mg4 cluster {atoms 10 to 13 in Fig. 7). The tetrahedron of Mg< opens up
to form a bent distorted rhombus. Calculations33 on Mg« cluster have shown that
this is possible as there is no barrier for this motion. It is interesting to note that a
relaxed fee and an icosahedral structure are respectively 0.032 and 0.043 eV/atom
higher in energy than the simulated annealing result. The structures themselves
relax very significantly. However, relaxing a hep cluster leads to a structure which
is nearly degenerate with the one obtained from the simulated annealing. FYom
table I it can be seen that for a 13-atom cluster the cohesive energy (see Fig. 8)
is about 54% of the bulk value (1.687 eV/atom) calculated by Moruzzi ct af* and
much larger clusters may be needed for getting the bulk like behaviour.

An independent study of Mg clusters by de Coulon tt if7 also finds a tetra-
capped trigonal prism for 10-atom cluster using the Car-Parrinello method. H o t ;
ever, their results for 6-, 8-, 12- and.53- atom clusters are different from those,
obtained by Kumar and Car32 and thejr structures lie slightly higher in energy. It
may be noted that for these calculations simulated annealing was not used.

Since a non-metal - metal transition is expected for clusters of divalent ele-
ments, Kumar and Car studied the nature of bonding in these clusters by 'T'̂ TJgtfoC.
the p character of charge density around various ions. Fig. 9 shows the p character
obtained for different ions in a cluster. When these results are analysed tbgeUas^
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with the structure of the clusters, it is clear that the transition to metallic behaviour
starts preferentially in some bonds such as bond 3-4 in Mg7 and not in the whole
cluster. Different atoms in a cluster have different p character and there are some
short bonds which develop metaUicity first. This is likely to be important for the
study of reactivity of clusters. When the j> character is averaged over the cluster,
it shows art oscillatory behaviour and the convergence to the bulk value is slow.
The charge density in these clusters indicate that bonding in these clusters changes
slowly from weak chemical to covalent to metallic behaviour. Therefore the general
agreement with the jetlium model in such cases should be considered with caution.

The changes in the mean nearest neighbour bond length and the average
coordination of an atom in the cluster are shown in Fig. 10. While the average co-
ordination increases monotonically, the bond length shows an oscillatory behaviour
which is suggested to be a feature of clusters showing a transition from van der
Waals or weak chemical to metallic bonding. A simple reason for this is the fact
that for van der Waals bonding the bond length is large and it should decrease
till metallization occurs in the clustery Beyond this there should be a tendency
for the bond length to increase towards its bulk value. The sharp decrease in the
bond length for 4- and 10-atom clusters is likely to be due to shell closing. This
behaviour is different from clusters oFmetals like Cu for which the bond length has
been reported to increase towards its bulk value monotonically".

Fig. 11 shows the chemisorption energy of Mg on Mg clusters and its corre-
lation with the variation in the HOMO-LUMO gap. While both of these show an
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Figure 10; Mean nearest neighbour bond length (left scale) and the number of nearest neighbour
bonds (right scale) as a function of the cluster size. (After Kumar and Car33).

oscillatory behaviour as a function of size, the magic clusters have smaller chemisorp-
tion energy and larger H0M0-LUM0 gap- This is consistent with the experimental
results of chemisorption of oxygen on Al cluateraM.

Kawai and Weare31 have done a similar study for Be clusters having 2 to
20 atoms. Small clusters of Be have the same structure as for Mg. However, their
emulations suggest that Be clusters tend to attain some of the features (j> character)
of the bulk bonding even for a 6-atom cluster whereas this is quite slow for Mg. AJso
Be8 is a bicapped trigonal prism as compared to the capped pentagonal bipyraaud
for Mg. While Be9 has the same structure as for Mg9, larger clusters of Be are
different and have some similarity with the bulk hep structure. In particular, though
the trigonal prism structure is retained, the capping patterns are different for the two
systems. Calculations" for Be1(), a magic cluster, with the Mg10 structure show it to
be 0.028 eV/atom higher in energy than the structure obtained by Kawai and Weare.
Therefore in this size range, Be and Mg clusters have different behavioufv However,
similar to Mgt3, for Be13 also, a relaxed icosahedron structure ;lje£.G.f7^y" higher
in energy than the one obtained from the simulated annsaling'prbeechtre. '
Mg clusters, there is a remarkable teqtfency for a two diraensiaa^'gftirj^ p

flil brelated to hep packing which suggests flirectional bonding to be vay ii
Be clusters and crystals. However, the orbital energies and thg'Mipil^ -y^-^-- .- ,
of the wave functions for Be clusters correlate well with the predictions of j i h£"^0 ,
model described above. Also the second-order finite differea««;of/

:tta:«ladl|J«d;,^
total energy shows large maxima at N = 4, 10, and 17 which r—--'• l1"""""'
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Figure 12: The structures and spin multiplicities of the moat stable planar and J-dimeosional isomers
of Al,v. N=4-8. Bonds are shown if the interatomic distance is lesa than 5.48 a.u.. The planar
structure in Ala corresponds to a saddle point in the energy surface and buckles readily. (Aftei
Jones36).

shell model .
Bailone and Galli76 studied bonding in neutral and ionized dimers of group

IB and IIB metals by solving the CP equations in cylindrical coordinates and using
a large cutoff of upto about 300 Ry. This large cutoff was needed because the d
electrons were treated as valence electrons. As in the case of Mgi, the binding en-
ergy and the vibrational frequency was overestimated whereas the bond length was
underestimated when compared with the experimental results. It was shown that
the bonding in IIB clusters could be described reasonably well by taking only the *!

valence electrons but by incorporating the non-linear core corrections84 and a repul-
sive short-range interaction with exponential,shape characteristic of the closed-shell
overlap due to the d-electrons. Application of"the short range repulsive interaction
was shown to produce the same resultsas obtained with very large energy cutoff
for murcury dimer. /*'*•

3.1.4 Trivalent metals r

In this group clusters of Al and Ga have been studied in detail. Jones**?37-1

has studied Al clusters having upto 10 atoms. These calculations have been done
within the LSD approximation. The lowest energy structures are shown in Fig.
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12 . Small Al clusters favour planar geometries. The lowest energy structure for
Al3 is an equilateral triangle while AL« is a rhombus with D-n, symmetry and is a
triplet. For larger clusters three dimensional structures are favoured. The binding
energy increases monotonically towards its bulk value as the cluster size increases.
For Als a planar Cjv structure is almost degenerate with a C, structure with similar
bond lengths (both doublets). For N > 6, states with minimum spin degeneracies
are favored. For Als, the lowest lying state is (Did) and is a singlet. This is nearly
degenerate with triplet D14 state. Air is a nearly symmetric capping of Als {D,j). Alf
is one of the most prominent in the mass spectrum. As it has 20 valence electrons,
its stability has been correlated with the completion of the 2s shell in the spherical
jellium model. For such clusters there is a large gap between the highest occupied
and the lowest unoccupied orbitals. Similar behaviour was obtained by Kumar and
Car for Mg< and Mgio clusters which have 8 and 20 valence electrons respectively
and are magic. Also the ionization potential of Air and the dissociation energy of
AU are low. This is in agreement with the results for Mglt cluster. In addition to
these lowest energy structures, a variety of planar and buckled structures (similar
to one in a - Ga) are also found to be locally stable. This is consistent with the
metallic nature of Al and the fact that there are usually unoccupied orbitals near
the highest occupied level and it is easy to transfer electrons between T orbitals (
which dominate in the bonding in planar structures) and a orbitals. The finding of
several planar and buckled structures with arrays of triangles and having nearly the
same energies can be helpful in understanding layer arrangements with triangular
nets in many Al - transition metal alloys".

Al13 cluster is a classic example for studying the relative stability of icosahe-
dral and coboctahedral structures. Negatively charged Alia clusters are particularly
abundant in mass spectrum88 shown in Fig. 13. Bernholc and coworkers36 have stud-
ied 13- atom and a few other large clusters of Al. The energy differences between
the icosahedral and cuboctahedral structures for 13-, 19-, and 55- atom clusters are
found to be small. For 13- atom cluster a nearly regular icosahedron is found to have
the lowest energy, whereas for 55- atom cluster the structure has large distortions
though its origin from an icosahedron can be discerned. While no efforts were made
to make a systematic study as a function of the aize, several structures were found
to be close in energy for a 55- atom cluster. In the shell model of metal clusters, Al13

is nearly magic with 39 valence electrons and therefore a nearly perfect icosahedron
has the lowest energy and a single well defined energy minimum Adding an electron
to it makes it a closed shell system which is most likely the reason for its strong
abundance. On the other hand a 55- atom cluster is not magic in, the shell model.
The fact that several nearly degenerate-structures exist for this cluster agrees also
with the results of Kumar and Car33 'for MgJ3 cluster (non-magic) in which case
the structure obtained from the simulated annealing is nearly degenerate with the
one obtained from relaxation of the hep structure. However, for Al clusters the
deviation from the bulk cohesive energy is not large and it was suggested that a
transition from icosahedral to bulk structure may occur early-

Mixed clusters of Al have also been studied. These are interesting from
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Figure 14: Binding energies of icoa&hedral &\2X clusters as a function of the center.10 vertex
distance. (After Gong and Kumar13). *
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behaviour would be useful in the study of reactions on clusters. Simulated annealing
calculations for these clusters are difficult as very large cut-offs are required to
represent the wavefunction but we hope that in the future such calculations can be
done in order to understand the structure of these clusters better.

Ga clusters have been studied by Jones37 and Gong and Tosatti38. The
overall structural features are similar to those obtained for Al clusters. However,
the bonding properties are slightly different due to larger a — p promotion energy
in Ga as compared to A!. This leads to weaker ip hybridization and consequently
the bond angles in Ga clusters are closer to 90deg arising due to predominantly p
bonding. Though Ga is heavier than Al, its valence orbitals are more compact than
in Al. This leads to a small contraction in bond length as compared to that in Al
clusters. Also though the melting temperature of Ga (29.78deg C) is much smaller
than for Al, the binding energies of their clusters are very similar. This reflects the
molecular nature of bonding in bulk. For both Ga and A], there are several 2 and
3 dimensional structures with different spin multiplicities which lie close in energy.
This is consistent with their metallic behaviour in bulk,

3.1.5 Sn and Sb clusters

Elements of Group IV and V are very interesting as they exihibit a variety
of crystal structures and have differing bonding character in the bulk. Tin has both
a metallic (white tin) and a semiconducting (grey tin) phase. Grey tin has the
diamond structure, while white tin is body-centered tetragonal with a two atom
basis. Kumar36 has done a calculation for SnB cluster as it has 20 valence electrons
and could be expected to be a magic cluster from the point of view of the jellium
model. The calculations were done for a few selected geometries and the lowest
energy structure is a trigonal bipyramid. The bond length between the base atoms
is large and equals 6.50 a.u. whereas the bond length between the apex and base
atoms is 4.94 a.u. . This structure is similar to a 5- atom cluster of Ge or Si"'100

(see below) and therefore its behaviour is more like the clusters of Si. It would be of
interest to calculate the structure of Snio and see if it is the same as for Si!0 cluster.
Also studies on other Sn clusters would be interesting to explore the development
of bonding in these clusters.

Clusters of pentavalent elements such as 5b and Bi (all of which are semimet-
als) have been experimentally studied in detail both using thermal evaporation and
subsequent condensation101 as well as by laser ablation102. For Sb clusters produced
by thermal evaporation, a very important feature in the mass spectrum is the abun-
dance of Sb4r clusters (Fig. 15$.). Also as compared to monomer dissociation in
alkali or divalent metal clusters, studies of the fragmentation of such antimony clus-
ters produce evidence of evaporation of tetramers103. The abundance spectrum of
the thermally evaporated Bi clusters is very different as compared to Sb. There is
no particular preference to Bi1n clusters (Fig. 15^). However, clusters of Sb and
Bi produced from laser ablation have similar features in the abundance spectrum
(Fig. 16). These studies show abundance of clusters with 3, 5 or 7 atoms. Kumar33
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Figure 13: Time of flight mass spectrum of Al^ (JV = 5 - 38) clusters. One peak at N - 13 and
a step between N = 23 and 24 corresponding to magic numbers in the shell model can be observed
and there are no other peakes or steps up to N = 70. (After Nakajima et al96.)

several points of views. First of all there are several alloys of aluminium which have
very complicated structures and in which an icosahedral unit (cluster) plays an
important role. In addition, several aluminium alloys form quasicrystals in which
again icosahedral order is prevalent. This together with the tendency of All3 to form
a nearly icosahedron merits study of the stability of such local units which may exist
in crystalline, quasicrystalline or amorphous structures. Also the neutral clusters
of Al do not satisfy the electronic shell closing condition. However, by suitable
doping a cluster one can achieve the shell closing and enhance the stability of magic
clusters of aluminium. Of particular interest are the 13 atom icoaahedral clusters
which may also act as entities to form new materials. Several binary clusters of
aluminium have therefore been studied. Mixed clusters of Al-Mg were studied*7

using the Steepest descent approach in the CP method. There are.Beveral phases.
of Al-Mg alloys. Among these, notable are the Frank-Kasper phase8* in which
icosahedral A)»Mg)3_,, AluMga and AlyMgB clusters are abundant. In the latter
two, a Mg atom is surrounded by 12/A3 and 2 or 4 Mg atoms respectively. 14
and 16 coordinated clusters were predicted by Frank and Kasper on the basis of
geometrical arguments. Study of suph clusters is interesting to-understand the
role of the electronic structure and the atomic sizes in complicated crystalline and;
quasicrystalline structures. For Ali3Mg3 cluster which has 42 valence electrons^
there is only a. little distortion from the capped hexagonal antiprism structure found
in the crystalline phases whereas for AluMgs cluster which has 46 valence electrons^
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there are considerable John-Teller distortions from the bulk atomic packing. This
suggests that the bulk structure of the 17- atom cluster is not particularly stable
and there are other considerations such as those suggested by Frank and Kasper
that play a more important role in the crystal packing.

Since in an icosahedron the center to vertex distance is about 5% shorter
then the vertex to vertex distance, Khanna and Jena" suggested substitutions!
doping of AI13 clusters with a smaller atom such as C and Si at the center of an
if osahedron in ord^r to obtain a closed packed structure. This would also make this
cluster a 40 valence electron system. They obtained significant gain in energy as
compared to Al!3 cluster. However, their calculated center to vertex distance was
longer in the doped clusters as compared to the one in AI13. Gong and Kumar"
subsequently studied several A1,,X (X = B, Ga, C, Si, Ge, As, and Ti) clusters and
found AI12C, AlisSi and AluGe to have a substantial gain in energy as shown in
Fig. 14. While all these clusters except Ti have about 2 eV HOMO-LUMO gap,
AlijB" is the most strongly bonded in this family. This agrees with the strong
abundance of AI13B- clusters observed by Nakajima et af*. The main conclusion
of this study has been that the chemical bonding plays the dominant role in the
stability of these clusters while the atomio relaxation leads to a small gain in the
binding energy when a smaller atom such as B, C, Si is sustituted at the center. For
Si, a small contraction in the center to vertex distance was obtained11 as compared
to Aln cluster. A similar result was also obtained by Kumar and Sundararajan4*
from CP calculations. Further, Si substitution at the center of an icosahedron was
found to be more favorable than at a vertex. This is similar to the result for NarAl
where Al was found also at the center. A large gain in energy by Si doping may
also explain the improved stability of Al-Mn-Si quasicrystals as compared to Al-
Mn. On the other hand doping with Ti which also has 4 valence electrons leads
to a partially occupied HOMO and a small gain in binding energy as compared
to Al13. This is likely to be due to an increase in the Al-Ti bond length. This
calculation also suggests that the jellium model may not be applicable in clusters
with a transition metal element. An important point which is not resolved by these
calculations is whether C at the center is most favorable. It can be noted that
though the Al-C bond length is shorter than Al-Al bond, it is still much larger than
in the case of Al-C dimer. The large bond length can not be accounted also from
an increase in the coordination number of C in an icosahedron. In order to find
this, Kumar and Sundararajan?* have recently done an ab-mitio molecular dynamics
calculation for AluC. First of all from steepest descent calculations C at the center
of an icosahedron is more favorable than C at the vertex by about 1.5 eV. Simulated
annealing calculations, however, indicaUWbat carbon tends to have a closed packed
environment with S atoms while the remaining 4 Al atoms join the A1»C unit. It
is to be noted that A1,3C is not a magic cluster in the mass spectrum of AlwC~
clusters. But A1TC", A1 M C" and A1MC~ are magic which respectively have 26, 47
and 77 valence electrons. None of these correspond to closing of an electronic shell
in the SJM. Carbon prefers strongly directional bonding and therefore the SJM
may not be appropriate for these clusters. A proper understanding of the carbon
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Figure 15: Time of flight mass spectrum of Sb Mid Bi clusters obtained flora thermal evaporation.
(After Sattler ci a/1"1.)

36

s
UJ

Si*

10

CLUSTER SIZE

Figure 16: Mass spectrum of (a) Sb and (b) Bi clusters obtained from laser ablation. (After Geusic
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has studied Sb4 and Sb8 clusters whereas Sundararajan and Kumar" have recently
studied some other clusters of Sb. The lowest energy structure of Sb4 is a regular
tetrahedron. A bent rhombus lies about 0.5 eV/atom higher in energy. Sb4 has 20
valence electrons and can be expected to be a magic cluster as also observed. From
this it will appear that the results of the jellium model may be applicable to Sb
clusters as Sb9 has 40 valence electrons which also corresponds to shell closing in
SJM and Sbi2 has 60 valence electrons which can correspond to the magic clusters
with 58 electrons. However, recent studies104 of the photoionization spectra of Sb
clusters indicate striking differences in the behaviour of Sb^ , p > 1 and other clus-
ters which are not understood. Also the persistence of Ap type clusters for larger
values of p (upto about 25) indicates a different bonding character in these clus-
ters. Detailed calculations by Kumar33 on Sbs clusters show that a cube, two fused
bent rhombuses, and a capped octahedron are not even stable against two isolated
tetrahedra (Fig. 17a-c). Simulated annealing calculations for this cluster result in
a structure having two tetrahedra weakly interacting with each other (Fig. 17e) in
confinnity with the well known result that thermal heating of Sb leads to evapo-
ration of Sb4 units. Another SA calculation with a different starting configuration
and heat treatment leads to a different structure (Fig' 17d) which can be described
as a bent rhombus interacting with a distorted tetrahedron. This structure lies
only 0.11? eV higher in energy than the structure with two weakly (van der Waals
type) interacting tetrahedra. It is well known that LDA is not good for describing
van der Waals interactions and therefore binding energy of the two tetrahedra is
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Figure 17: Different isomers of Sbg. (a)-(c) are not stable against two isolated tetr&hcdra. (e) has
the lowest energy and is nearly degenerate with (d). (After Kumar33).

likely to be overestimated. Therefore these two isomers can be treated to be nearly
degenerate. These calculations indicated the importance of bent rhombus structure
for larger clusters and suggested that the molecular architecture could depend upon'
nucleation conditions.

Resulto on 2- 5 atom Sb clusters are shown in Fig. 18. For SW a square
pyramid has. the lowest energy while for Sb, a prism has the lowest <?&Srgy. The*.
Kohn-Sham eigenvalues are shown, in Fig. 19. It can be noted that for.3,:5 d
atom clusters there i i " ' ' : '
This explains the
experiments hx which i
7-atom cluster show that as the.duster is cooled, it undergoes
transformations by making and breaking bonds (Fig. 20). Such dg g g ) t,
may play an important role in understanding reactions on clusters. AIBO 4
temperature studies help to get information about other low lying structures T
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Figure 18: Low energy structures of Sb3 - Shj clusters. Tetrahedron and square pyramid are the
lowest energy structures for Sb4 and Sbj.,(After Sundararaj&n and Kumar34).
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Figure 19: Kohn-Sham eigenvalues of Sb clusters. Note the large gap between the highest and the
next occupied level for Sb3, Sbj and Sb7. (After Sundararajan and Kumar**).

the cluster may visit during the simulation. Unlike in bulk, it is not just thermal
vibrations, but also much below the bulk melting temperature there could be im-
portant (dynamical) structural transformations in clusters which could be decisive
in determining their properties. Prom Fig. 20 one can see that while above 600 K
a structure with two fused bent rhombuses has a large basin of attraction, the low.
temperature structure is a bent rhombus interacting with a triangle.

From the above discussion it is clear that the jelh'um model is not appli-
cable to Sb clusters and the bonding is strongly directional. Also unlike in other
metal clusters where fragmentation is predominantly of monomers, the fragmenta-
tion channels for different clusters are different for Sb clusters34.

3.2 Clusters of semiconductors and other materials

3.2.1 Si, Ge, GmAs, GaP and AlAs
Andreoni and coworkers"'43'100 have studied these clusters from the CP method;

As expected Si and Ge clusters have similar structures. An important aspect of tbV%
structure of these clusters is that these are closer packed as compared to more op^p^

I200K

600K BOOK

Figure 20: Snap-shots of some structures at different temperatures for SbT. Note the isortructural
transformations during simulated annealing. (After Sundararajin and Kumar34).

diamond structure in the bulk. It is of considerable interest to know when direc-
tional bonding starts playing an important role in these clusters. Several efforts
have been devoted to answer this question. Extensive calculations106 for Si clusters
with upto 45 atoms show no sign of bulklike features in the structure. Si was the
first example where the advantage of simulated annealing became evident when an
entirely new structure (tetrac&pped trigonal prism, same as for MgJ0) was found to
be of lowest energy. The growth pattern of Si dusters is rather complex and no
common seed can be identified. Si6 and Ge6 have the same structure as the one
for Sn6 which suggest directional bonding but the larger dusters seems to behave
more like metal clusters. Si7 is a pentagonal bipyramid as MgT. Sis is a bicapped
octahedron (two opposite faces capped) and Si, is a strongly reconstructed struc-
ture and is shownin Fig. 21. Sim and Gelt> are tetracapped trigonal prisms similar
to Mgm whereas Siu is neither a cubooctahedron nor an icosahedron. Its'lowest
energy structure is also shown in Fig. 21. An important message of these calcula-
tions is that the semiempirical potentials available for Si may not be suitable for
the representation of the potential eneife^ surface of microclusters108.

A few calculations have also been done for Ga.fiA^tf, GawPw and Al,vAsw

clusters" containing upto 10 atoms.' Some of their isomers have similarity with
those of Si and Ge clusters but there are significant differences due to two 'species
and anion-anion bonds. All the atoms in these clusters are undercoordinated as
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Figure 21: Lowest energy structures of 8-, 9-, 10-, and 11- atom Si clusters. (After Andreoni").

.7^

compared to bulk and therefore the chemical bonding and order differs from bulk in'',
these small aggregates. Bonds between unlike atoms are more prevalent in AlAs as"
the Al-As bond is more ionic than the Ga-Aa bond whereas in Ga-P dusters there ._
is a preference for Ga atoms to segregate at the surface. For Ga»As, duster, though
the lowest energy structure is a distorted bicapped dodecahedron, a tetracapped;
trigonal prism is nearly degenerate. This is an interesting result because this as well*
as Sim and Ge!0 clusters have 40 valence electrons eadi. This is a magic, number;'
in the shell model. The occurrence of the same structure for Mgu, duster aiakes^
us believe that then may be some unique structures which are cither lowest or lie very dote..
in energy with the toweti energy structures for magic clutters for which directional bending pltfi i \
less important role. Thus studies of low lying isomers may provide useful information^
about the chemical bonding in small clusters.

3.2.2 B, S, Se, P, C

Boron, a trivalent element, has :jl tendency for very strong directional bond-
ing. The abundance specturm of bdjron clusters produced from a laserjatl^jri;
source107 shows prominent stability of positively charged 5, 10 and ; l£
ters. This behaviour is different from clusters of aluminium and is:m confM
with the observation of several cryBtalline phases of boron and a large;~~~:
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alloys in which atomic distribution is rather complicated10*. One of the most promi-
nent units in these structures is the BJJ empty center icosahedron which has five
fold rotational symmetry. However, small distortions can lead to lower symmetries
compatible with crystalline order. Strong directional bonding in boron forces it
to develop a complicated three dimensional crystalline order, often with large unit
cells. One can then ask the question whether such icosahedral units would also be
favorable for dusters. Laser ablation experiments107 showed 12 atom duster not to
be magic. Other experiments10* suggest that Bfs does not react with Ha or HaO
whereas other clusters are reactive. High stability of Bfs was considered to be due
to an icosahedral cage with an atom at the center. However, here it may be noted
that for aluminium, negatively charged 13 atom duster was most abundant. Kawai
and Weare43, have done ab-initio molecular dynamics study of Bu and B13 dusters.
Their studies showed that an icosahedron is not even a local minimum for B13. The
atom at the center comes out of the cage and the lowest energy structure consists of
a pentagon and a hexagon layer. The singly occupied HOMO and the next occupied
level are well separated and this leads to the stability of Bf3. For Bu, though an
icosahedron is a local minimum, it has dangling bonds and one of the atoms is very
loosely bonded. Simulated annealing calculations lead to an open structure which
is significantly lower in energy due to removal of the dangling bonds. The existance
of icosahedral clusters in bulk phases has therefore been suggested to be due to
the formation of strong intericosahedral links. These calculations also indicated the
inappropriateness of a SJM for these dusters. The same conclusion can be drawn
from the work of kumar and Sundararajan45 who studied carbon substitution at the
center of the icosahedral B13 cluster. Similar to Bu, carbon comes out of the center
and the icosahedral structure is not energetically favorable.

Jones and coworkers have made extensive calculations for S", Se2' and PM

clusters. In some of these cases it is possible to compare the results with the
spectroscopic data available for the structure. These results give confidence in the
simulated annealing procedure as the calculated bond lengths and angles agree
remarkably with the experimental values. The atomization energies are .however,
overestimated which is due to the use of the LDA. As there is a large amount of
information regarding the structure of these molecules, the reader is advised to
consult the original papers for details. It would be worth to mention that similar
to Sb4, P4 is also a regular tetrahedron. However, contrary to widespread belief,
the most stable structure of P8 is not cubic. It is a structure with Cj, symmetry
and its energy lies 0.47 eV below that of two isolated P4 trtrahedra. A roof-shaped
tetramer {bent rhombus) is a prominent structural unit in the low-lying states of
P s , P6, PT and Pa clusters as it was also found for Sb dusters. However, the growth
pattern in the two cases is different. . : . • ;

Some calculations have also been1 done49 for C4 and C10 dusters for which the
structures are respectively a linear chain and a ring. Due "to more loc&lizedToirMta&*
these calculations require use of very large energy cutoff in the plane . i f t J
sion and therefore are very expensive to do. However, due to recent
fullerenes, several efforts are going on to study large clusters f b



Figure 22: Truncated icoflahedrai structure of Cso cluster.

more atoms. Cso cluster (Fig. 22) has a football structure with 12 pentagons and
20 hexagons. There are two bond lengths (1.40 and 1,45 A) as obtained from NMR
data110. The bonds sharing two hexagons form double bonds and are short whereas
the bonds sharing a pentagon and a hexagon are single bonds and are longer. All
atoms have identical environment. Calculations by Feuston ei of produce these
bond lengths to be 1.39 and 1.45 A in very good agreement with the NMR ixperi-
ments. As it is possible to do calculations at finite temperatures, they studied the
structural changes and vibrational and average electronic density of states at 450 K.
The fullerene structure of CSo was found to be very stable and the average structural
parameters change by at most 0.01 A. The calculated vibrational frequencies 530,
555, 1105 and 1345 cm"1 are in close agreement with 527.1, 570.3, 1169.1, 1406.9
cm"1 obtained from infra-red spectroscopy experiment!"1. Due to the observation
of superconductivity in doped solid Ceo, studies of the doped fullerenes are of inter-
est. Kohanoff ti of1 and Laasonen tt a/" have studied hydrogen and La doping of
fullerenes and their effects on the atomic and electronic structure of the fullerenes.
Due to the difficulty in doing CP calculations with plane wave basis, efforts have
been made113113 to iiae schemes based on a tight binding Hamiltonian. ^ ^
allowed the study of the relative stability of different isomers of carbon
upto about 100 atoms. Fig. 23 shows the heat of formation of carbon clusters..-
for 20-94 atoms obtained by Wang et aW3 from tight-binding molecular dynamics'
calculations. It can be seen that thereat of formation slowly approaches. to,the
value of graphite almost monotonically. However, Ceo shows marked i a j ^ d
to its high symmetry and the distribution of strain due to curvature

Efforts are also being made to understand the properties of solids ma$ftom -5"
such large clusters. Zhang ciallu have studied the structural properties of solid.Cn •'."'-
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Figure 23: The heat of formation of carbon fullerenes relative to that of graphite as a function of
the duster size. (After Wang ct f13
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Figure 24; Gaussian broadened electron energy sprctrum of solid Ceo. (After Kumar111.)



with a fee structure and found the bond lengths to be 1.40 and 1.45 A i.e. very little
change from the values in the cluster. Kumar'16 has also done a similar calculation
with 29 Ry. cutoff and find some anisotropy in the bond lengths due to different
environments of the sites in the solid phase as compared to one in the isolated
cluster. In particular there are three different environments of carbon atoms in the
fee structure. The double bonds have one bond length which is equal to 1.404 A,
whereas the single bonds have three slightly different values. These are 1.449,1.454
and 1.462 A. 24 atoms have their nearest neighbour bond lengths to be 1.404, 1.449
and 1.454 A. The other 24 have 1.404, 1.449 and 1.462 A and the remaining 12 have
1.404,1,454 and 1.454 A. The calculated electronic energy spectrum is shown in Fig.
24 which is good agreement with the photoemission data11'. Experimentally115'117

an orientational ordering of the Ceo bails has been found below 249 K. This leads to
a Pa3 structure. Since the number of atoms in this structure become four times than
in the fee structure per unit cell, CP calculations becomes very difficult. However,
further work on these and doped fullerenes is in progress in some laboratories.

4. Outlook

Fairly good amount of work has been carried out in recent years using the
Car-Parrinello method for clusters of metals, semiconductors and other elements
like B, C, S, 3e, P etc. The simulated annealing technique has given a new thrust
in the search for the ground state structures of clusters. The structures and the
vibrational frequencies calculated with this technique are in general good agreement
with experiments wherever results are available. Interesting information has been
obtained on the dynamical changes in the structure at finite temperatures and the
bonding properties for some systems but more work on larger clusters and other
systems would be useful with the availability of better computational facilities and
algorithms which scale linearly with system size.11". Also it would be most inter-
esting to apply this technique to problems related to reactions on clusters and to
other mixed clusters. From the point of view of applications, clusters of transition
metals are very important and recent developments in pseudopotentials130 and their
implementation in the Car-Pamnello method"1 is a step forward in this direction
and we hope to see applications of this to some transition metal clusters in the near
future. Studies of the magnetic properties are few but hopefully these developments
would lead to better understanding of magnetic properties; of transition metal dus-
ters. It would be desirable to develop more efficient algorithms for systems haying
d electrons or more localized orbitals such as in C or 0 . In the next few years we
hope to see important developments in these directions.
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