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ABSTRACT

The structure, growth and bonding nature of Mgn (n=2-13) clusters is studied using the
density functional molecular dynamics method and the simulated annealing technique within the
local density approximation. We find a tetrahedron and a trigonal prism as two important con-
stituents of the structure of Mg clusters to which atoms can be added by capping the faces. Mgn
is neither an icosahedron nor a cuboctahedron. The lowest energy structure of Mgn that we ob-
tained from our simulated annealing can be considered as fusion of Mgy and Mgn clusters. This
is nearly degenerate with the relaxed hep structure and suggests the possibility of a path for tran-
sition to hep structure for bigger clusters. We find Mgt and Mgio to be the magic clusters which
is in general agreement with the predictions of the jellium model of metal clusters. However, cal-
culations of the charge densities, the p-character, and the gap between the highest occupied and
the lowest unoccupied states suggest presence of mixed bonding character in Mg clusters and an
oscillatory and slow convergence to bulk metallic behaviour.
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1. INTRODUCTION

In recent years intense research has been going on1"5 to study clusters of different

materials in order to understand their physical properties and evolution to bulk

behaviour. This has also led to new possibilities of making novel materials'1. An

interesting aspect of these studies is the different nature of chemical bonding for

small clusters of some elements. For example small Si clusters have closed packed

metallic like structures7"9 whereas neutral diraers of divalent metals such as mercury

and magnesium are very weakly bonded due to ns2 closed shell atomic electronic

structure and large promotional energy to the p-state. Therefore for such elements a

transition to bulk chemical bonding should occur as the cluster size grows. Studies

on Si clusteii indicate that transition to diamond like open structure should occur

for large clusters. The estimate of the cluster size for this transition varies from a

few tens9 to several hundreds8 atoms. Recent calculations1" on clusters with upto 45

atoms show no sign of diamond structure. On the other hand experimental studies

on mercury clusters" suggest transition from van der Waals to metallic behaviour

for a moderate size of the clusters (70 > n > 13) which make their theoretical study

attractive. Also the magic numbers for the van der Waals bonded clusters and

clusters of the free electron like metals such as Na are very different. Therefore the

information available on the stability of the van der Waals bonded clusters as well

as clusters of the free electron like metals12 can be quite helpful for understanding

this transition.

So far very little is known about the nature of transition from van der Waals to

metallic behaviour in clusters of group 2 elements. Dimers of group 2A elements

have been studied by several groups, It has been the general view1 l that bonding

in dimers of group 2A elements is due to van der Waals forces according to whicii

the bond strength should increase in the order Bê  -̂  Mg2 —> Ca2 ..., due to the

corresponding increase in the atomic polarizcibilities1 '. However, studies1' within

the local spin density (LSD) approximation predict a stronger bond for Bej than for



Mgj. The binding energy trends of dimers obtained from the LSD calculations are

similar to those observed in the bulk cohesive energy"' and also agree with avail-

able experimental results17'18. Thus while the binding energy is overestimated in

the local density approximation(LDA), one can hope to get the trends satisfactorily.

For clusters detailed studies have been done for the equilibrium structures of Mg,1,"

and Be2" (n < 7) but these do not provide much information regarding their magic

numbers, growth and transition to metallic bonding. These studies ,however, do

suggest'1 that the transition to bulk like bonding in Mg clusters is slower than in

the case of Be. Very recently Kawai and Weare" (KW) have studied berillium dus-

ters with upto 20 atoms. They find bulk like structural features for clusters having

around 11 atoms and the p-character of the electron!'' charge density is found to

be close to its bulk value even for a six atom cluster. For Mgn clusters theTe is no

published systematic study with n > 7. It would be of interest to understand the

growth and transition to metallic behaviour in clusters of different divalent metals

as their bulk structure varies from hep to fee to bec for group 2A elements and hep

to rhombohedral for group 2B elements. Here we present results of such a detailed

study for magnesium clusters with upto 13 atoms. While no experimental results

on the abundance of magnesium clusters are available, our studies were also moti-

vated from the need to understand the stability of icosaheral order in Al-Mg based

quasicrystals2'5 as in these alloys clusters with icosahedral symmetry are abundant

in crystalline, amorphous and quasicrystalline phases21. This suggests that icosa-

hedral clusters of Al-Mg and related alloys may be particularly stable. Therefore a

knowledge of the structures and energetics of clusters of individual components wit!

be helpful in understanding the role of the electronic structure and atomic size in

icosahedral packing.

We have used the density functional molecular dynamics technique'11', to explore

the equilibrium structures within the framework of the simulated annealing and the

LDA. This method has been successfully applied in recent years to study equilibrium

geometries of Si71"'26, Se ' \ S2f\ Na", P'*', Be", and mixed clusters of GaAs:" and

NELK2S!. Results of such calculations agreed with experiments wherever available.

Our results for the lowest energy structures of Mg clusters suggest a growth by

capping of a tetrahedron (for n < 8) or a trigonal prism (for n > 8). Mgn is found

to be neither an icosahedron nor a cuboctahedron. It can be described as a result

of the fusion of a. tricapped trigonal prism and a tetrahedron. Calculations of the

cohesive energy, the gap between the highest occupied and the lowest unoccupied

Kohn-Sham eigenvalues and the p-character of the electronic charge density suggest

that the transition to the bulk behaviour is slow and oscillatory. We also present

results of the chemisorption energy as a function of the cluster size. We hope these

wiJ] be of general interest in understanding the chemisorption behaviour of clusters.

A preliminary report of these results was presented elsewhere'" whereas a summary

of our main results has been presented in Ref. 33.

This paper is organized as follows. In section II we present some technical details

of our calculational procedi e. In section III results of the structure, growth, relative

stability, bonding nature, chemisorption energies and fragmentation channels are

presented. Section IV contains a discussion and our conclusions.

II. CALCULATIONAL PROCEDURE

The ab-initio molecular dynamics(MD) method25 provides an efficient way for

optimization of energy with respect to electronic and ionic degrees of freedoms si-

multaneouly within the density functional formulation. While the details can be

found elsewhere" 28':!J we present here the basic equations for the sake of complete

ness. In this method the electronic degrees of freedom ip, and the ionic degrees of

freedom R, in the energy functional E[{ip,}, {R/}] are taken to be time dependent

and a Lagrangian is introduced :

L = (1/2)£ A/,R2 -



(1)

which generates a dynamics for the parameters Tp, and R; through the equations

of motion;

SE

(2a)

and

M,R, =
SE

(2b)

where M/ are the ionic masses and ft, are the fictitious masses for the electronic

degrees of freedom which we have taken to be independent of the state t. A,j are

the Lagrangian multipliers for the orthonormalization of the singte particle orbitals

TJJ,. The eneTgy functional E is given by

,}, {R,}] = i) J f

+ 2

(3)

where atomic units e = ft = m, = 1 are used. E" [n\ is the exchange correlation

energy which has been calculated within the LDA. Perdew and Zunger1' parame-

terization of the Ceperley and Alder"' data was used for the exchange correlation.

V'r '(r) is the total external potential felt by the electrons and n(r) is the charge

density defined as

where f(i) is the occupation number foi the state t. We have used the ab-initio

norm-conserving pseudopotentials of Bachelet et allT for the electron-ion interac-

tion and therefore Zi represents the ionic pseudo-charge. In order to speed up the

calculations we adopted the Kleinman and Bylander3" separable representation for

the pseudopotentia] and considered only s non-locality. Test calculations on Mg2

showed that the effect of the inclusion of p non-locality was negligible. The cluster

was placed in a fee cell of side 46 a.u. with periodic boundary conditions. The

size of the cell was large enough so that the interaction between a cluster and its

periodic images was negligible. A plane wave expansion with an energy cut-off of

8 Ry was used3" with the T point to sample the Briilouin zone of the molecular

dynamics supercell. All calculations have been performed for the singlet state. Spin

polarization effects were studied by Reuse et a]ls) for smaller clusters and the lowest

energy state was found to be a singlet.

During the molecular dynamics runs the integration time for the electronic de-

grees of freedom was taken to be 6 x 10~1(i sec and the fictitious mass y. was taken to

be 3750 a.u.. Calculations on smaller clusters [n < 5) were done using the steepest

descent approach for a few selected geometries. For n > 5, however, the simulated

annealing technique was used to explore the complicated energy surface. In this

technique the cluster was heated upto 1000 K (for n = 6) and 1500 K (for n > 6)

for about 1000 time steps which was sufficient to make ions diffuse. The system

was then allowed to evolve for 2500-3000 time steps. During this period the sys-

tem lost completely the memory of its starting configuration. Subsequently it was

cooled with a quenching rate of 1.66 x 10'' deg K./sec. For a!] clusters with n < 10,

the system remained on the Born-Oppenheimer surface and only occasional electron

minimizations were done during the whole MD runs. For n > 10, however, electron

minimizations were required more often to ensure adiabatk evolution. As we shall

discuss, this is related to the changes in the electronic structure of the clusters.

•T"



I I I . RESULTS

A. STRUCTURE AND GROWTH OF Mg, - Mg,:l CLUSTERS

In the following we present structures of clusters obtained from the steepest

descent technique for some selected geometries (n < 5) and the simulated annealing

procedure ( n > 5). For larger clusters in addition a few geometries were also studied

with the steepest descent technique. In almost alt cases'" the simulated annealing

procedure gave the lowest energy structures. These can be described in terms of a

tetrahedron and a trigonal prism. In table 1 we have listed all the structures studied

and their cohesive energies. In the following we present these results in detail.

Mg2 - Mgs

The equilibrium structures of Mg2 - Mgs clusters are shown in Fig.l. As it is

known, Mg2 is very weakly bonded with a bond length of 6.33 a.u. (Fig. la). Ex-

perimentally Mg-j is found" to have a singlet ground state with a bond length of

7.35 a.u. and cohesive energy 0.025 eV/atom. As discussed before, LDA overesti-

mates the binding energy (table 1). However, our results agree with a recent LSD

calculation'9 which gives 0.11 eV/atom and 6.37 a.u. respectively for the energy

and the bond length.

The lowest energy state that we get for Mg;i is an equilateral triangle (Fig. lb).

Mgn chain (Fig. lc) is 0.111 eV/aiom higher in energy than the equilateral triangle.

Thus the clusters favour to maximize coordination number. This trend is continued

for bigger clusters as well. The lowest energy structure for Mg4 is a regular tetra-

hedron (Fig. Id). As we shall discuss later this is a particularly stable cluster with

cohesive energy 0.53 eV/atom and considerably smaller bond length. Another calcu-

lation with planar geometry finally converged to the tetrahedron implying no energy

barrier between the planar and the three dimensional closed packed structures. This

result will be useful later in the discussion of Mgu structure.

For Mgr, three geometries were studied. A slightly elongated trigonal bipyramid

has the lowest energy (.54 eV/atom). Capping a tetrahedron face leads to a contrac-

tion of the bonds between the base atoms whereas the other bonds get elongated
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(Fig. le). The square pyramid (Fig. If) and the pentagon (Fig. lg) are respectively

0.117 and 0.179 eV/atom higher in energy than the trigonal bipyramid. All these

geometries are in good agreement with a recent LSD calculation19. Incidentally, the

trigonal bipyramid is also a fragment of the hep structure, though we must say that

the bonding is far away from the bulk behaviour.

Similar ground state geometries have been obtained for Be clusters^" suggesting

similarites of bonding character between the two systems in this size range.

Simulated annealing calculations of Mg0 cluster yielded a structure shown in

Fig.2a. This can be obtained by capping a face (3-4-5 in Fig.If) of the Mg., trigonal

bipyramid. Alternately it can also be viewed as fusion of two tetra-hedra. on an edge

(3-4) which is substantially shorter than the other bonds. Atoms 3 and 4 have the

highest coordination and as we shatS discuss later, metallicity develops first in such

bonds.

Since the structures for Mg clusters with n < 5 are very nearly the same as

for the van der Waals bonded clusters, it is of interest to study the relative sta-

bility of a regular octahedron which has the lowest energy for the van der Waats

clusters". Here we present results for two octahedron structures (1) a rectangular

base octahedron and (2) a regular octahedron.

{1) Reuse et al19 obtained an octahedron with a rectangular base (Fig.2b) to be of

lowest energy. We have done a steepest descent calculation for this structure and find

it only very slightly (0.004 eV/atom) higher in energy than the simulated annealing

structure. The former can again be considered as two fused tetrahedra since the two

sides in the rectangle are quite long leading to only a. very weak interaction between

the two joining atoms. The number and the lengths of the remaining bonds are

nearly the same in the simulated annealing and the rectangular base octahedron

structures which can be considered as degenerate.

(2) Steepest descent calculations for a regular octahedron lead to a slightly dis-



torted octahedron (Fig.2c) which is 0.145 eV/atom h.gher in energy than the sim-

ulated annealing structure. Thus Mgs is the smallest, cluster for which significant

difference shows up from the van der Waals bonded clusters. These results also

imply that an energy barrier exits between the two octahedral structures. The sim-

ulated1 annealing structure can be obtained from a fragment of the bulk Mg shown

in Fig.2d. It is evident from Fig.2d that by bringing atoms 5 and 6 closer to each

other we obtain the structure of Fig.2a.

Mgr

For Mgr we obtained a pentagonal bipyramid (Fig,3a) to be of lowest energy.

The distance between its two apex atoms with coordination 6 is the shortest (5.3

a.u.) whereas the base atoms with coordination four have a bond length 6.04 a.u..

Thus again the bonds connecting the ions with largest coordination number are

the shortest. This structure can be obtained from Mge by capping the edge 3 - 4 .

Equivalently it can be obtained from Mgs by capping two adjacent faces such as

1 - 3 - 4 and 3 - 4 - 5.

A structure based upon another way of capping a tetrahedron is shown in Fig.3b.

It is 0.019eV/atom higher in energy than the pentagonal bipyramid. In this case

the bond lengths vary from 5.61 to 6.48 a.u. and there is no systematic trend as a

function of the coordination. Thus our results agree with those of Reuse et al19 as

well as with the configuration interaction calculations of Pacchioni et al'2 who also

obtained a pentagonal bipyramid for this cluster.

The structure obtained from the simulated annealing is shown in Fig.4a. This

can be simply obtained by capping a face (1-3-7 in the figure) of the pentagonal

bipyramid. The bond lengths vary from 5.43 to 6.12 a.u. and there seems to be

no systematic correlation with coordination number. This structure differs from

the result of KW who obtained a bicapped trigonal prism structure for Ben- We

have done a steepest descent calculation starting with this structure for Mgs and

the resultant relaxed geometry is shown in Fig.4b. This is 0.018 eV/atom higher in

energy than the simulated annealing structure and has similarity with a fragment

of the bulk Mg. One can see atoms 4-5-6-7-8 to form part of a hexagon whereas 1

and 3 cap it as in the hep oi fee structures. Therefore we find a different behaviour

for Mgs as compared to the one obtained for BeH by KW. This suggests that the

progression of the bonding character is different in Mg as compared to Be clusters.

Mg9 and Mgm

Mg9 is the first cluster where a new structure starts. It is a tricapped trigonal

prism as shown in Fig.5a. No other structure was attempted for this cluster. It is

,however, interesting to note that KW obtained the same structure for Be.,. This

structure again has similarity with a strongly compressed fragment of the hep lattice

such that the bonds 1-4, 2-5 and 3-6 are much shorter than in the bulk Mg where

they correspond to the c-axis.

Adding an atom to one of the triangular faces of the trigonal prism of Mg.*

leads to the structure of Mg10 as shown in Fig.5b. This cluster has been studied

independently by two other groups"•"" who also obtained the same structure by the

simulated annealing although their initial configurations were different. As we shall

discuss later, this is the other most stable structure among the clusters we have

studied and is interestingly similar to the structure of Sim obtained by Ballone et

al?. This coincidence may have an important implication from the point of view of

the jellium model45 and we shall discuss it in section IV. However, for Ben, KW and

our own calculations'16 predict a different structure than for Mgn>.

As a further check we carried out a steepest descent calculation for Mgm starting

with the Ben, structure of KW. The resultant relaxed structure is shown in Fig.Sc.

It is only 0.005 eV/atom higher in energy than the simulated annealing structure

and there are some structural similarities too. One can see a distorted trigonal prism

of 1-3-5-7-9-6 atoms with 4, 8 and 10 capping its faces. The important difference is
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that in this structure the remaining atom caps an edge (3-4) whereas in Fig.5b it

caps a face (1-2-3). This structure can also be obtained from Mgs by further capping

the two adjacent faces (compare Fig.Sc with Fig.4a).

Mgn

As Mgn, is particularly stable, addition of an atom was found not to be favorable

at the temperatures where MD runs were taken. This cluster showed a tendency

for evaporation of an atom during the simulated annealing runs. A few independent

runs led to the same behaviour. Cooling and reheating of the cluster led to local

minima where an atom was loosely attached to the cluster. The lowest energy

structure that we obtained is shown in Fig.6. This structure can be obtained from

Mgn, by capping the remaining triangular face of the iigonal prism.

Mg,2

The structure obtained from the simulated annealing is shown in Fig.7a and the

bond lengths are presented in table 2a. This structure can be obtained from Mg.,

cluster by capping an edge (2-5) (atom 10 in Fig. 7a) and two faces (1-2-7 and

2-7-10). Capping the edge leads to an increase in the bond length of the edge. KW

obtained a somewhat different structure for Be. Starting with their structure the

steepest descent calculations for Mgi2 lead to a structure which is shown in Fig.7b.

This also differs from the structure of KW for Be,^. It is obtained from Mg<, by

capping the faces 1-4-7 and 2-5-7 and the edge 3-6 which gets elongated. The bond

lengths are given in table 2b. This structure is 0.036 eV/atom higher in energy than

the one obtained from the simulated annealing . It again shows that Mg and Be

have different growth behaviour in this range of cluster size.

Mg,:,

Several calculations were done for this cluster. It is generally considered that a

13 atom cluster is either an icosahedron or a cuboctahedron. However, simulated
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annealing calculations lead to a structure (Fig.8a) which is neither of these. It can be

considered to arise from the fusion of a Mg9 (atoms 1 to 9) and a Mg, cluster (atoms

10 to 13). The tetrahedron of Mg_i opens up to form a bent distorted rhombus.

As discussed before, this is possible as there is no barrier for this distortion. The

rhombus caps two adjacent faces (1-2-3 and 2-3-8 in the figure) of the capped trigonal

prism. The bond lengths for this cluster are given in table 3a. This structure can

also be viewed as the fusion of a Mgn, (atoms 1 to 10) and a Mg:l (atoms 11 to

13) clusters. However, from the way Mg:, fuses on Mgm we prefer to view it as the

fusion of Mgg and Mgj clusters.

Steepest descent calculations were also done with fee, hep and icosahedron start-

ing configurations. An interesting finding is that the hep structure converges to a

geometry (Fig.8b) which has some similarity with the structure obtained from the

simulated annealing and is only 0.005 eV/atom higher m energy. In this structure

also one can see a trigonal prism of atoms 1 to 6 with some distortions but the

capping is different (compare with Figs. 5a and 8a). The faces 1-2-4-5 and 1-2-3 are

capped by an atom each whereas the face 2-3-5-6 is covered by another with four

atoms (8-10-12-13) rotated by about 90°. This is then capped by atom 11. The bond

lengths for this structure are given in table 3b. Considering this structure again as a

fusion of a 9 atom cluster (atoms 1 to 9) and a four atom cluster (atoms 10 to 13 in

Fig. 8b) we notice that the difference in the two structures in Fig. 8 is that in Fig.Sa

atoms 8 and 9 cap a rectangular face of the trigonal prism whereas in the structure

of Fig. 8b atom 9 caps a triangular face whereas 8 caps an edge. These results lend

us to believe that out of the several ways in which a trigonal prism can be capped, in

many cases the energies of the resulting structures may he very close to each other

as we find here. But the important point that emerges from these two calculations is

that there may be a way of going from the simulated annealing structure to the hep

structure for larger clusters. For this to be confirmed calculations will be needed on

larger clusters.

Relaxation of a fee cluster leads to a significantly different structure as compared



to the one obtained from the hep and it lies 0.032 eV/atom higher in energy than

the simulated annealing structure. Also relaxation of an icosahedron leads to a

structure which is 0.043 eV/atom higher in energy than the one obtained from

the simulated annealing. All the structures for 13 atom cluster have distortions

and are not the closest packed such as an icosahedron expected for van der Waals

bonded systems. This together with other results give a definite indication that

the electronic structure plays the dominant role in the bonding of these clusters.

However, the cohesive energy (table 1) is still about 54% of the bulk value (1.687

eV/atom) calculated by Moruzzi et at"1' and larger clusters will be needed for getting

the bulk like behaviour.

B. ABUNDANCE OF Mg CLUSTERS

To obtain the abundance of Mg clusters we calculated the quantity A = E(n +

1) + E{n - 1) ••• 2E{n) where E(n) is the total energy of the lowest energy structure

of a cluster with n atoms. This is also shown in Fig.9. It can be noted that the

cohesive energy increases monotonically till n=10. For n=l l there is a smalt decrease

in energy and it again starts slowly increasing. From the second derivative of the

energy it is clear that 4 and 10 atom clusters are magic and should be abundant

in the mass spectrum. These have 8 and 20 electrons respectively and correspond

to the completion of shells in the spherical jellium modeljs. Clusters with 7 and

9 atoms should also be abundant though less as compared to 4 and 10. These

correspond to 14 and 18 electrons and are also expected to be abundant in the

ellipsoidal shell modeHs. (In fact 18 electrons correspond to the completion of the

Id shell in the spherical jellium model but the relative stability of the 18 and 20

electron systems wil! depend on the distribution of the eigenstates (see Fig. 12).) It

may be worth noting that for Na clusters1'1 in addition to the strong peaks at n=8

and 20, prominent peaks were also observed for n = 14 and 18 clusters. Thus our

results support the general predictions of the shell model . The spherical jellium

modei calculations of Chou and Cohens" for Mg predict Mgi,, to be the smallest
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abundant cluster. However, 4 and 7 atom clusters may be too small to be treated

well in a jellium model. Though our lowest energy structures for the 4 and 7 atom

clusters are the same (except for some bond lengths) as for the van der Waals bonded

systems, our calculations of the electronic charge densities suggest that the bonding

in these clusters is more covalent-metallic like. A further discussion on the nature

of bonding that we find from our calculations wiil be given in section HID.

11 atom cluster has the tendency of disintegration into a 10 atom cluster and

an atom and therefore under the experimental conditions may not be present in

the mass spectrum. Fig.10 shows the energy for fragmentation of the Mg clusters.

Results are presented only for monomer and dimer dissociation. It is clear that the

most favorable channel is the monomer dissociation.

C. CHEMISORPTION ENERGY

An understanding of the variation in the chemisorption properties of clusters is

important for catalysis. Also several calculations of chemisorption behaviour are

done using a cluster as representative of the bulk. We consider Mg chemisorption

on Mg as a model to study its size dependence. Since we take directly the results

of our optimized geometries, any relaxation and/or structural transformation that

may occur on chemisorption is automatically included. In Fig.11 we show the be-

haviour of the chemisorption energy denned as E,f,,;,,(n} = \E(n + l)- £ ( n ) - £ ( l ) |

as a function of the cluster size. While a strong variation is evident, an important

point is that if addition of an atom to a non magic (for example 3, 6 and 8 here)

cluster makes it a magic one then the chemisorption energy is large. Also for l\!g^

the chemisarptton energy is large as Mg\]t is magic. Whereas for magtc clusters

the chemisorphon energy is particularly small. This can be noted in particular for

the case of 4 and 10 atom clusters. It also agrees with a recent study" of oxygen

chemisorption on Al clusters. It has been noted that magic anion clusters of alu-

minium such as Al^, remain inert under oxygen exposures whereas intensity of other

clusters decreases very significantly obviously due to reaction with oxygen. Al|"-, has

13



40 electrons and corresponds to a shell closing in the jellium model. Therefore ac-

cording to our results it should be kss reactive. This behaviour of clusters can play

a very important role in tailoring catalysts for a. particular reaction.

D. BONDING CHARACTERISTICS

An important question for clusters of divalent metals is the understanding of

the transition from van der Waals or weak chemical bonding to metallic behaviour.

We have tried to understand the nature of bonding in these clusters from the gap

between the highest occupied and the lowest unoccupied Kohn-Sham eigenstates,

the build-up of the p-character of ihe electronic charge, the distribution of electron

charge densities and the behaviour of the nearest neighbour bond lengths. All these

results lead to the following coherent picture of the nature of bonding.

For metallic behaviour we expect that (1) there should be a significant overlap

of the electron charge densities of the atoms and consequently an increase in the

p-character and (2) the gap between the highest occupied and the lowest unoccupied

states should become small. In Fig.12 we present the Kohn-sham eigenvalues for

different clusters and in Fig. 13 me gap between the highest occupied and the lowest

unoccupied states. For the magic clusters which also have high symmetry, the states

are bunched together whereas for non-magic clusters they are spread. The gap shows

an oscillatory behaviour and is largest for the dimer as one can expect for a van

der Waals or weakly bonded cluster. It then gradually decreases but for clusters

corresponding to shell closing in the jellium model, the gap shows a local maximum

with an exception of n = 9. For n > 10 the gap is rather small. As we mentioned

in section II, these were the clusters which showed a tendency for metallization in

the MD runs. However, even for larger clusters the gap is expected to show an

oscillatory behaviour and may remain significant for bigger magic clusters since the

convergence to the bulk cohesive energy is rather slow.

The variation of the nearest neighbour bond lengths, the number of bonds/atom

and the p-character of the pseudo-electronic charge density is shown in Fig.14. For
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the dimer the bond length is even larger than the nearest neighbour distance in the

bulk (5.95 a.u. as obtained by Moruzzi et al17) and the bonding is very weak. The

bond length decreases till n=4 (Fig. 14a) and then increases and again a minimum

is obtained for n = 10. Thereafter the bond length varies slightly but is smaller than

expected for the bulk. This behaviour of the bond length obtained here seems to

us to be a property of a system showing a transition from van der Waals or weak

chemical bonding to metallic behaviour. A simple reason for this behaviour is that

for weakly bonded clusters the bond distances are much larger as compared to the

bulk of the same material (having metallic behaviour) whereas for clusters52 and

surfaces'5'* of metallic systems bond distances are shorter than in the bulk. Thus till

metallization occurs in the cluster, there will be a tendency for decreasing the mean

bond length until] a critical cluster size is reached where the cluster starts behaving

like a metal. For clusters larger than this critical size the mean bond length should

tend to increase towards its bulk value. The oscillatory behaviour and the local

minimum in the mean bond length for n=4 and 10 seems to us to be related to the

shell closing. The number of bonds/atom show a rather smooth behaviour and it

increases almost monotonically as the size of the cluster increases.

The p-character of the electronic pseudo-charge for the clusters is shown in

Fig. 14b. This has been obtained by projecting the pseudo-wave functions on spher-

ical harmonics centered at different ions. The s and p electronic pseudo-charges

were then calculated by integrating the projected pseudo-charge densities within a

sphere of radius R around each atom. The fraction of the p-character is shown in

Fig.14b for ii=2.75 and 3.0 a.u.. These two values of R represent half the mean

bond lengths present in all the clusters with n > 2. The over all trends in both

the cases are the same'1 and show a good correlation with the mean bond length

in the cluster. If the mean bond length in a cluster decreases(increases) then there

is an increase(decrease) in the p-character. It can be noted that there is a sudden

build-up of the p-character as the cluster size increases from 2 to 4 atoms which

also corresponds to a decrease in the bond lengths. Then for 5 atom cluster there
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is a sma.ll decrease in the p-character which also corresponds to an increase In the

mean bond length. As the mean bond length decreases in going from 6 to 10 atom

cluster the p character increases and again for 11 atom cluster it decreases since the

mean bond length increases slightly. In order to understand it better two factors

can be considered to contribute to the development of the p-character. 1) the mean

coordination which increases (Fig. 14a) with the cluster size and leads to an in-

crease in the s — p hybridization. 2) The variation of the bond lengths whose effect

is more significant as can be seen for the 5 atom cluster. In this case the number

of nearest neighbour bonds pet atom increases to 1.8 as compared to 1.5 for Mg(,

but there is a small decrease in the p-character of the cluster due to an increase in

the mean bond length. The p-character of the charge density surrounding each ion

,however, shows (Fig.IS) that the three base atoms (with short bond lengths) have

more p-character than the apex atoms. Similarly for the 6 and 7 atom clusters the

atoms connected with the shortest bonds have the highest p-character and therefore

the bonding character has local variations m clusters. We suggest that as the cluster

growth progresses, metallization occurs in such short bonds first.

To further illustrate the bonding nature for smaller clusters we show in Figs.16a-

18a the electronic pseudo-charge density contours for the base in 3, 4, and 7 atom

clusters. It can be seen that for 3 and 4 atom clusters there is a build up of the

pseudo-charge along the bonds as in covalent systems. This moves towards the

center of the cluster and gets more delocalized as the cluster size grows. Figs.16b-

18b show the difference in the calculated and the overlap of the atomic pseudo-charge

densities which again confirm these conclusions. This behaviour suggests a gradual

development of covalent to metallic bond in these clusters and before a transition

to complete metallic bonding occurs, different atoms in the cluster have different

bonding characteristics.

IV. DISCUSSION AND CONCLUSIONS

The structures of Mg clusters can be described in terms of a tetrahedron and
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a trigonal prism. Upto eight atoms cluster growth is by capping the faces of a

tetrahedron whereas for bigger clusters capping of a trigonal prism become more

favorable. It is interesting to note that for Be clusters a recent calculation"^ also

finds a tetrahedron and a trigonal prism to be the two basic structures. But the

growth behaviour is different for n > 1. For Be clusters edge capping is favoured

over face capping for some clusters.

Some Mg clusters are found to have resemblance with a fragment of the hep

structure. However, the transition to bulk behaviour is slow. Another important

result is that a 13 atom cluster with a starting hep structure leads to a geometry

which is nearly degenerate to the one obtained from the simulated annealing and also

has some structural similarities. Structures obtained from relaxing the fee and the

icosahedron clusters have significantly higher en( "gies. This suggests the possibility

of a path for transtion to the hep structure for larger clusters.

For Mg 4,7,9 and 10 atom clusters are magic which is in general agreement with

the jellium model of the metal clusters. The result that Mg,,, and Sim have the

same structure may have important consequences for the magic clusters. Bulk Mg

is metallic whereas Si is covalently bonded. However, there may be some interesting

similarities when they are in the form of small clusters. Mg1(, has 20 valence electrons

while Siiu has 40. From the point of view of the jellium model" both these electron

numbers correspond to a shell closing and the corresponding clusters are expected

to be magic. It is also important to note that Sir, which has 36 valence electrons and

is non-magic, has a different structure' as compared to Mg.,. These results raise an

interesting possibility of occurence of some unique structures for metal or metal-like

clusters when an electronic shell is complete. However, one has to be careful about

the validity of the jellium model since both Mg and Si clusters involve a change in

the bonding character as the cluster size grows. It should be mentioned that Si-

with 20 valence electrons is not a magic cluster. Also Be,,, which has 20 electrons

has a different structure than Mgn,. This may ,however, be due to the fact that Be

clusters tend to achieve bulk like structure in this range.
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Regarding the nature of the bonding in these clusters, we find that different

atoms in a cluster have different bonding character. There are a few short bonds

in the clusters where the metallization occurs first. These are the atoms whose

coordination is highest so that the mixing of the s and the p states is large. The

increase in the p-character of the charge in Mg clusters is slower as compared to Be

and therefore in the case of Mg larger clusters will be needed to obtain bulk like

behaviour.

In the range of the clusters we have studied, the approach to bulk bonding charac-

ter is oscillatory. The mean nearest neighbour bond length also shows an oscillatory

trend as the cluster size grows. We conjecture this to be a typical behaviour for

clusters showing van der Waals or weak chemical to metallic transition. The gap

between the highest occupied and the lowest unoccupied states shows a large vari-

ation which should show up in the optical properties of these clusters. The gap is

large for magic clusters and decreases as the magic cluster size increases. However,

for some intermediate non-magic clusters the gap can become quite small and can

lead to an interesting variation in the physical properties. The chemisorption energy

also shows an oscillatory behaviour and in particular the magic clusters are found

to be less Teactive. Regarding fragmentation, for Mg clusters monomer dissociation

is most favorable. In particular Mgn+] clusters with n corresponding to a magic

cluster are found to be more likely to show fragmentation.

In conclusion we have studied the structure and the growth behaviour of Mg

clusters with upto 13 atoms and find interesting variations in the bonding properties.

The growth behaviour of Mg clusters is different from Be. Striking similarities are

seen in the structures obtained from the simulated annealing and the direct steepest

descent minimization of the hep structure of a 13 atom cluster. This suggests the

possibility of a path for transition to bulk like structure for bigger clusters. However,

further calculations on bigger clusters will lie needed t.i find when such a transition

will occur. The convergence to bulk behaviour is oscillatory and slow. However,

we shall like to emphasize that the question when transition to metallic behaviour

18

occurs will depend on th» physical property one is interested in. Our calculations

also point out the possibility of some unique structures for magic clusters of metal

or near metallic systems and it would be of interest to explore it.
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Figure Captions

Fig.l. Structures of Mgn clusters, a.) n=2; b) n=3, equilateral triangle; c) n = 3,

chain; d) n=4, regular tetrahedron; e) n=5, square pyramid; f) n=5, trigonal

bipyramid and g) n=5, pentagon.

Fig.2. Structures of Mge cluster, a) From the simulated annealing; b) rectangular

octahedron; c) a distorted octahedron and d) a fragment of the hep structure.

Fig.3. Structures of Mg7 cluster, a) Pentagonal bipyramid and b) another structure

obtained from capping the trigonal bipyramid.

Fig.4. Structures of Mgs cluster, a) Capped pentagonal bipyramid and b) the struc-

ture ol 'ained from the steepest descent calculation starting with a bicapped

trigonal prism.

Fig.5. Structures of a) Mg<j and b) Mg,,, clusters, c) Structure of Mg,,, obtained

from the steepest descei calculation starting with a geometry of Bem obtained

in Ref.22.

Fig.6. Structure of Mgn obtained from the simulated annealing.

Fig.7. Structures of Mg,2 obtained from a) the simulated annealing and b) the

steepest descent calculation starting with a geometry of Be^ obtained in

Ref.22. For details see the text and table 2.

Fig.8. Structures of Mgn obtained from a) the simulated annealing and b) the

direct minimization of the hep structure. For the bond lengths refer table 3.

Fig.9. Plot of the cohesive energy (left scale) and its second derivative (right scale)

as a function of the clustei size.

Fig. 10. Dissociation energy En_m + Em - E,, as a function of the cluster size. Full

lines for monomer (m=l) fragmentation and broken lines for dimer (m=2)

fragmentation.
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3: It

Fig.11. Chemisorption energy of Mg on Mg clusters as a function of the cluster

size.

Fig.12. Plots of the Kohn-Sham eigenvalues for Mg,, clusters correspond to the

lowest energy structures of n=2 to n=13 clusters. The broken line shows the

lowest unoccupied state.

Fig.13. Gap between the highest occupied and the lowest unoccupied eigenstates

as a function of the cluster size as obtained from Fig.12.

Fig.14. Plot of (a) the mean nearest neighbour bond lengths {left scale) and the

number of nearest neighbour bonds/atom (right scale) as a function of the

cluster size for the lowest energy structures, b) the fraction of the p- to the s-

and p-chaiacters of the electronic pseudo-charge densities of the clusters for

two values of the radius of spheres around ions over which the integration was

performed to calculate the total pseudo-charge.

Fig. 15. fi-character of the electronic pseudo-charge densities around ions(N) in Mgn

clusters, n = 5 (Full); n = 6 (dash) and n — 7 (dash-dot). Here N refers to the

number of an ion as shown in the figures 1-3 for the lowest energy structures.

Fig.16. a) pseudo-charge density contours for Mg:1 equilateral triangle in the plane

of the cluster, b) The difference in the self-consistent and the overlapping

atomic pseudo-charge densities. Full(broken) contours represent excess(depletion)

of the charge.

Fig-17. As in Fig. 16 for Mg, in the plane of the base atoms.

Fig.18. As in Fig.16 for Mg7 in the plane of the base atoms.

Table 1: Cohesive energies of the singlet states of Mgn clusters

n

2

3

4

5

6

7

8

9

10

11

12

13

Structure

Dimer

Equilateral triangle

Chain

Regular tetrahedron

Trigonal bipyramid

Square Pyramid

Pentagon

Capped trigonal bipyramid

Rectangular base octahedron

Octahedron

Pentagonal bipyramid

Bicapped trigonal bipyramid

Capped pentagonal bipyramid

Relaxed bicapped trigonal prism

Tricapped trigonal prism

Tetracapped trigonal prism

Relaxed geometry of Kawai and Weare"

Pentacapped tribonal prism

Capped trigonal prism (Fig.7a)

Relaxed geometry of Kawai and Weare"

Fiom simulated annealing

Relaxed hep

Relaxed fee

Relaxed icosahedron

Bulk*

Energy

eV/atom

0.115

0.284

0.173

0.530

0.540

0.423

0.362

0.566

0.562

0.422

0.649

0.630

0.694

0.676

0.809

0.886

0.881

0.870

0.874

0.838

0.902

0.898

0.871

0.859

1.687

-Ref.(22), *Ref.(47)
27



Table 2: Bond lengths for Mgi3 cluster obtained from (a) the simulated annealing

and (b) the steepest descent calculation using the geometry of Kaw&i and Weate

(Ref.22).

(a)

Bonds

1-2 =

1-3 =

1-9

1-11

2-3 =

2-7

2-8 =

2-10

2-11

2-12

3-6 =

3-8 =

3-9 =

5-6

5-8

5-10

6-8

6-9

10-12

-- 1-7

- 1-4

4-7

5-7 = 11-12

= 7-10

= 7-11

= 7-12

4-6

4-5

4-9

= 8-10

Distance

(a.u.)

5.60

5.79

5.71

5.68

5.51

5.88

5.47

5.87

5.58

6.32

5.93

5.55

5.57

5.69

5.45

5.72

5.67

5.44

5.40

ft)
Bonds

1-2 =

1-3 =

1-4 =

1-7 =

1-9 --

1-11

2-7 =

2-8 =

2-10

3-8 =

3-9 =

3-12

7-10

8-12

-• 4-5

= 2-3 = 4-6

2-3 = 5-6

4-7

- 4-9

= 4-11

5-7

5-8

= 5-10

6-8

6-9

= 6-12

= 7-11

= 9-12

Distance

(a.u.)

5.68

5.63

5.63

5.99

5-58

5.85

5.97

5.57

5.84

5.61

5.60

6.07

5.38

5.47
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Table 3: Bond lengths for Mgi:) cluster obtained from (a) the simulated annealing

and (b) the steepest descent starting with a hep structure.

(a)

Bonds

1-2

1-3

1-4

1-7 = 1-9

M 0 = 11-13

2-3

2-5 = 2-10 = 3-10

2-7 = 3-9

2-8 = 8-13

2\\

2-13

3-6

3-8

3-12

3-13

4-5 = 4-6

4-7 = 4-9 = 10-11

5-6

5-7 = 6-9

5-8 = 6-8

10-12

11-12 = 12-13

Bulk (Expt.)

Distance

(a.u.)

5.71

5.73

5.74

5.58

5.48

5.84

5.86

5.51

5.60

7.07

6.09

5.85

5.62

6.77

6.08

5.55

5.59

5.87

5.44

5.49

5.62

5.50

6.07

W
Bonds

1-2

1-3

1-4

1-7 -- 1-9

2-3

2-5

2-7 = 12-13

2-8 = 2-10 = 9-10

3-6

3-9

3-10

3-12

4-5

4-6

4-7

5-6 = 11-12

5-7

5-8

5-13

6-12 ^ 6-13 = 8-13

8-10 = 8-11 ^ 10-11

10-12

11-13

Distance

(a.u.)

6.38

6.33

5.53

5.47

6.60

5.43

5.66

5.56

5.31

5.44

5.51

5.88

5.70

5.78

5.55

5.50

6.03

5.57

5.98

5.73

5.68

5.85

5.29
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5.30

6.04

Fig.3
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6.22
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