Theoretical Study of the Structures

and Stabilities of Iron Clusters

†

Nicholas A. Besley, Roy L. Johnston

*

, Anthony J. Stace

and Julia Uppenbrink

School of Chemistry and Molecular Sciences, University of Sussex,

Falmer, Brighton, BN1 9QJ, United Kingdom

Abstract

An empirical many-body potential energy function, derived previously by fitting data for two

allotropes of iron (bcc and fcc), has been applied to the study of the structures and relative

stabilities of iron clusters with up to 671 atoms. For small clusters, growth is predicted to

occur via the fusion of tetrahedral units, leading eventually to icosahedral clusters. A subset

of larger clusters, with high symmetries and shell structures (so called Geometric Shell Magic

Number Clusters) was studied and the stability order icosahedral > rhombic dodecahedral

(bcc) > decahedral > cuboctahedral (fcc) established in the nuclearity range studied, though

crossover of stability between icosahedral and (bulk-like) bcc structures is predicted to occur

at around 2000 atoms.

______________________________________________________

†

Dedicated to Professor John N. Murrell.

*

Author for correspondence.

1. Introduction

There is considerable experimental interest in the study of gas phase metal clusters,

for a number of reasons.

1

Firstly, they constitute intermediates between molecules, with

clearly defined energy states (electronic, vibrational etc.) and condensed matter where these

states form continua or bands. It is clearly important to know how bulk properties develop

as a function of cluster size.

2

The high ratio of surface atoms to bulk atoms (where the term

"surface" refers to any atom having fewer neighbours than it would have in the bulk lattice)

also means that there are many points in common between the chemistry and physics of

clusters and of solid surfaces. Clusters are also of interest in their own right, since for small

clusters there is the possibility of finite size effects leading to electronic, magnetic or other

properties which are quite different from those of molecules or condensed matter. There has

also been a considerable research effort into understanding the geometries, stabilities and

reactivities of gas phase bare metal clusters from a theoretical view point.

3

For iron, there have been a number of experimental studies of the generation,

reactivity and magnetism of gas phase clusters with up to several hundreds of atoms.

4, 5, 6, 7, 8, 9

Electronic structure calculations have also been performed on iron clusters,

10, 11, 12, 13

using ab

initio methods for small clusters (up to ten atoms) over a limited range of configuration space

and more approximate Hamiltonians for larger clusters (tens of atoms). However, for larger

clusters, with hundreds or thousands of atoms, even approximate electronic structure

calculations become prohibitive in terms of time and expense. Thus, in order to simulate the

properties of large iron clusters, there is a need for accurately parameterised empirical

potential energy functions (PEFs) which are atomistic in nature (i.e. they depend only on the

atomic positions and do not include the electrons explicitly) and which can be computed

rapidly.

In this study, we apply an empirical atomistic potential, consisting of 2-body and 3-

body terms, which has been fitted to bulk properties of iron, to investigate the relative

stabilities of iron clusters of between 2 and 671 atoms. In this way, we wish to establish the

suitability of such a potential for accurately describing properties of both large and small

clusters. The initial motivation for this work was to find low energy geometries for iron

clusters with up to several hundreds of atoms, to serve as model structures in the simulation

of cluster magnetism.

14, 15

Results for clusters in the range 2-20 atoms can be compared with ab initio results and

used to establish the general suitability of the empirical potential for studying the structures,

stabilities and dynamics of iron clusters, while the study of the larger clusters facilitate the

comparison of different structure types and in particular allow one to address the problem of

the approach of cluster structure and binding energy to those of the solid as the cluster

nuclearity increases.

The PEF that we have adopted is described in Section 2(a), and the computational

methods employed in this study are summarised in Section 2(b). Section 3 presents a review

of "Magic Number" cluster nuclearities arising due to the completion of geometric shells of

atoms. The results of geometry optimisations/energy minimisations using our PEF are

presented in Section 4(a-c): for small iron clusters (Fe

2

-Fe

20

); for large Magic Number

Clusters (MNCs) based on pseudo-spherical icosahedral, cuboctahedral (fcc), decahedral and

rhombic dodecahedral (bcc) geometries; and for fcc-derived MNCs with non-spherical

topologies. The results of our calculations are then compared, in Section 5, with experimental

data and with the results of previous electronic structure and PEF calculations on clusters of

iron and other transition metals.

2. Computational Procedure

(a) The potential energy function for iron

In a number of recent papers,

16

Murrell and co-workers have introduced a potential

energy function (the so-called Murrell-Mottram [MM]

16a

potential), consisting of 2-body and

3-body terms, for modelling atomic solids, surfaces and clusters. This potential, which is

obtained by fitting lattice dynamical data pertaining to one or more allotropes of a given

element, has the following form for the 2-body potential between atoms i and j and the 3-

body potential involving atoms i, j and k:

V

ij

(2)

= -D(1+a

2 r

ij

)exp(-a

2 r

ij

) (1)

V

ijk

(3)

=D�P(Q

1

,Q

2

,Q

3

)exp(-a

3

Q

1

) (2)

where

Q 1 rij Q2 = 0 - rik (3) Q3 -1/6-1/6rjk and rij= (rij- re)/re (4)

with rijbeing the distance between atoms i and j. a

2and a3are the range exponents for the

2- and 3-body potentials respectively and D and r

earescalingfactorswhichensure thatthe lattice energy and lattice spacing of the ground state structure are reproduced exactly. The function P isapolynomial(whichistotallysymmetricwithrespecttointerchangeofatoms) in the symmetry coordinates Q i. At the quartic level this polynomial takes the form:

P(Q1,Q2,Q3) = c0+ c1Q1+ c2Q1^2+ c3(Q2^2+Q3^2) + c4Q1^3 + c5Q1(Q2^2+Q3^2) + c6(Q3^3-3Q3Q2^2) + c7Q1^4 (5) + c8Q1^2(Q2^2+Q3^2) + c9(Q2^2+Q3^2)^2+ c10Q1(Q3^3-3Q3Q2^2) 4

The application of these potentials to a variety of metallic and non-metallic elemental solids 17

and clusters18has been described in the literature. Gao, Johnston and Murrell (GJM) have recently derived a (MM) potential which gives a good description of the lattice dynamics and relative energies of two allotropes of iron; low temperature (bcc) a-Fe and high temperature (fcc) g-Fe.19The parameters defining this potential are listed in Table 1. The suitability of such a potential, derived by fitting bulk properties, for the description of clusters cannot be assumed and can only be established after careful comparison with both experimental and ab

initio results.

(b) Methodology

For clusters of up to 20 atoms the program CLUSPRO was used to optimise cluster geometries. Starting geometries were either fragments of cubic (diamond, simple cubic, bcc or fcc) solids or icosahedral fragments, or were generated randomly. CLUSPRO optimises cluster geometries using NAG

20_{routines E04KAF (quasi-Newton steepest descent algorithm}

using analytic first derivatives), E04LAF (modified-Newton steepest descent algorithm using analytic first and second derivatives) and E04DGF (quasi-Newton conjugate gradient algorithm using analytic first derivatives).

21_{Since both steepest descent and conjugate}

gradient methods can converge to saddle points as well as minima, analytic first and second derivatives of the potential were also used to calculate cluster vibrational frequencies; the order of a stationary point being equal to the number of imaginary frequencies.

For the series of "magic number" fcc, icosahedral (ico), decahedral (dec) and bcc clusters, with up to 671 atoms, energy minimisation was performed using a program, developed by Wales and co-workers,

22_{which employs a conjugate gradient algorithm}

23_{and}

analytic first and second derivatives of the potential (the latter for checking the order of

stationary points). The reader is directed to the detailed analysis, by Uppenbrink and Wales

(U&W), of the relative stabilities of high nuclearity shell clusters with cuboctahedral,

icosahedral and decahedral morphologies as a function of cluster size and for several different

types of potential (2-body, 2-plus-3-body and many-body). 24

3. Geometric Shells and Magic Number Clusters

For small clusters of simple metals, such as the alkali metals, mass spectroscopic studies have indicated the presence of preferred nuclearities or "magic numbers" corresponding to particularly intense peaks.

25These experiments led to the development of the (spherical) jellium model, wherein the actual cluster geometry (i.e. nuclear coordinates) areunknownandunimportant(perhapsbecausetheclustersaremoltenorrapidlyfluxional) and the cluster valence electrons are assumed to move in a spherically average central potential.

26Thejelliummodelthereforeexplainsclustermagicnumbersintermsofthefilling of cluster electronic shells, which are analogous to the electronic shells in atoms. For somewhatlargernuclearities(N ~ 100-1500)thereareperiodicoscillationsinmassspectral peakintensitieswhishhavebeenattributedtothebunchingtogetherofelectronicshellsinto supershells. 27 The observation of long period oscillations in the intenstities of peaks in the mass spectraofverylargemetalclusters(withupto10

5atoms)hasleadtotheconclusionthatsuch clusters grow via the formation of 3-dimensional concentric geometric shells of atoms and thatforthesenuclearitiesitisthefillingofgeometricratherthanelectronicshellsthatimparts extraclusterstability.

28Thatelectroniceffectsarerelativelyunimportantforhighnuclearity clusters(i.e. thereisnoelectronicstatespecificity)ispresumablybecausetheelectronicstates aresoclosetogetherthattheyformaquasi-continuum(asinabulkmetal)withnogreatgain 6

or loss in stability being associated with electronic shell filling.

For transition metals there is no clear evidence that the jellium model holds, even for

low nuclearities. It is interesting to postulate why this should be so. It may be because the

valence d electrons of a transition metal element are more tightly bound than the valence s

and p electrons of simple metals. Late transition metals such as iron, have higher effective

nuclear charges and thus tend to have greater localisation of electron density than in the

nearly-free electron simple metals. An alternative explanation is that d-orbitals impart

angularity into bonding which cannot be reproduced in a central field potential such as in the

jellium model. If this is the reason, then we would hope that a model which introduces

explicit angular-dependent many-body forces (as in the MM model that we have adopted) will

fare better at explaining cluster structure preferences. Another point worth considering is that

transition metals have higher densities of electronic states than simple metals, due to the

smaller dispersion of the more tightly bound d-bands and the greater orbital degeneracy. Thus

the nuclearity at which the cluster electronic states form a quasi-continuum would be expected

to be lower for transition metals than for s-p metals.

While there are a variety of structures which may be postulated for geometric shell

clusters, in previous studies attention has mainly been focussed on close-packed and pseudo-

close-packed arrangements based on: the centred cuboctahedron ("fcc", as it is a fragment of

the bulk face centred cubic structure); the centred icosahedron (or "ico"); and the centred

bicapped pentagonal prism (which is commonly referred to as a truncated decahedron: "dec").

These structures can be said to have pseudo-spherical topologies. In this Section we will

consider these structures together with pseudo-spherical geometric shell clusters, based on the

centred rhombic dodecahedron, which are fragments of the body centred cubic lattice (i.e. the

ground state structure of bulk iron) and which we shall label as "bcc". It should be noted that

such clusters have been discussed by Martin et al. 28and that there has been a detailed study

of rhombic dodecahedral clusters, of Ta, Mo and W (which also have bulk bcc structures) by Marville and Andreoni,

29_{using a Finnis-Sinclair many-body empirical potential.}

30_{The basic}

ico, dec, fcc and bcc polyhedra are shown in Figure 1.

In this work a polyhedralshell (with shell index S) is defined as a v-vertex polyhedron of degree S, which has (S+1) atoms (including vertex atoms) along each polyhedral edge. 31 The central atom therefore constitutes the zeroth shell and all shells S>0 have the same topology as the parent polyhedron of degree one (i.e. S=1). It has been shown by several groups32that for S>0 the number of atom, n(S), in a given shell S is given by: n(S) = (v-2)S2+ 2 (6) Following Martin etal. the geometric "magic number" (i.e. total number of atoms N(T)) for a cluster consisting of T complete polyhedral atomic shells plus a central atom is obtained by summing over shells S = 0fiT:

N(T) =Sn(S) + 1 = {2(v-2)T3+ 3(v-2)T2+ (v+10)T + 6}/6 (7)

Let us consider the magic numbers corresponding to complete polyhedral shells and sums over complete shells for the four types of polyhedra shown in Figure 1. Considering first of all the ico, dec and fcc clusters: ico clusters are based on the 12 vertex icosahedron, which has 20 triangular faces (Figure 1a); dec clusters are based on the 12 vertex bicapped pentagonal prism, which has 10 triangular and 5 square faces (Figure 1b); and fcc clusters are based on the 12 vertex cuboctahedron, which has 8 triangular and 6 square faces (Figure 1c). For each of these families of clusters v=12 and the number of atoms per shell (Equation 6) is: n(S) = 10S2+ 2 (8) and the total number of atoms, for T shells (Equation 7), is:

N(T) = {20T3+ 30T2+ 22T + 6}/6 (9)

Valuesofn(S)andN(T)forcuboctahedral(fcc),icosahedral(theMackayicosahedra)

33and decahedral (truncated Bagley decahedra)

34clusters with up to 5 shells are listed in Table 2 andtheoutermostshellsofatomsforthelargestclusters(S=5;N=561)areshowninFigure 2a-2c.

Bccclustersarebasedonthe14vertexrhombicdodecahedron,whichhas12rhombic faces(Figure1d). For v =14,Equation6becomes: n(S)=12S

2+2 (10) andEquation7becomes:

N(T)=4T

3+6T^2+4T+1 (11) Valuesofthemagicnumbers n(S)and N(T)forbccclusterswithupto5shellsarelistedin Table 2 (see Refs. 32c,d for more comprehensive tables of magic numbers for a variety of shell cluster morphologies) and the outermost shell of atoms for S=5 (N=671) is shown in Figure2d.

4. Results of Energy Minimisation Calculations on Iron Clusters

(a) Small Clusters Fen(n=2-20)

Withinourmodel,thebindingenergy(peratom)ofaclusterofNatomsisgivenby thefollowingexpression:

Eb=- i j>iVij^{(2)}+ i j>i k>jVijk^{(3)} N (12) BindingenergiesofthemoststablegeometriesobtainedforclustersFe

2-Fe20,usingtheGJM potential,arelistedinTable3andtheclustergeometriesarereproducedinFigure3. Asin our previous studies of metal clusters,

17a-dthe GJM potential gives rise to dense cluster 9

structures based on polytetrahedral fusion and eventually icosahedral growth in which the

pentagonal bipyramid Fe 7(7), centred-icosahedron Fe13(13) and double-icosahedron Fe19(19)

are particularly stable, as can be seen from the plot of binding energy vs. cluster nuclearity

shown in Figure 4. The convergence of cluster binding energy with size, to the bulk (bcc)

cohesive energy of iron (4.28 eV)35is slow, with the binding energy of the most stable isomer

of Fe20being only 59% of the bulk value.

(b) Magic number (geometric shell) clusters

The MNCs were all found to relax radially, thereby maintaining their original point group symmetries: O hfor fcc and bcc clusters; I hfor icosahedral clusters; and D

5hfor decahedralclusters. Thebindingenergies(peratom)oftheradiallyrelaxedMNCsarelisted inTable4andplottedagainstclusternuclearityinFigure5. Table4andFigure5showthat, intherangewehavestudiedthestabilityorderisico>bcc>dec>fccbutthatthedifferencein binding energy decreases with increasing cluster size. It is interesting to note that the bcc clusters are only slightly less stable than the icosahedral structures. The binding energy calculated for the bcc-671 cluster is approximately 87% of the bulk cohesive energy of bcc iron (4.28 eV).

Thestabilityorderoftheshellclustersbasedon12-vertexpolyhedraisico>dec>fcc, as far as N = 561 atoms. This stability order is the same as that obtained by U&W using pairwiseLennard-Jones(LJ)andmany-bodySutton-Chen(SC)potentials

36tomodelclusters of fcc transition metal elements.

24The same ordering was also found for 2-plus-3-body Lennard-Jones+Axilrod-Teller(LJ+AT)potentials,providedthattheATtermwasrelatively small.^{24}This ordering has been attributed to the greater average coordination number of atoms in the ico and dec clusters (see Table 5) compared with fcc. In Table 5 we list the 10

average coordination numbers (N 1) for ico, dec and fcc. The ico and fcc values are taken

from the table of Benfield32cand those for the lower symmetry dec clusters were evaluated numerically. For the ico clusters there are two distinct distances which have been grouped together as nearest neighbour for the purposes of evaluating coordination numbers, these are the inter-shell (radial) and intra-shell (tangential) bonds which differ in length by 5%. Similarly for dec clusters there are a number of distinct lengths which have been grouped together.

Although the bulk bcc lattice is not close packed, the bcc structure has 6 second nearest neighbours at a distance (R2) which is only 2/�3 » 1.15 times the nearest neighbour distance (R1). The second neighbour distance in bcc is much shorter than that in the fcc lattice (R2= �2�R1) and means that in the infinite bcc structure each atom has 14 atoms within a radius of 1.2R1. Table 5 lists the average number of nearest (N1) and second nearest neighbours (N2) for rhombic dodecahedral bcc shell clusters, calculated using Benfield’s analytical formulae for rhombic dodecahedral clusters,

32d_{as well as the sum N}1_{+N}2_(i.e._{the}

average effective coordination number, which is 14 for bulk bcc). The geometry optimisations which we have performed on bcc clusters have shown that cluster shell relaxation leads to a decrease in the difference between R

1and R2so that the average

effective coordination number N1+N2becomes a better measure for finite clusters than in the bulk (where no such relaxation can take place and R

2/R1is fixed by the symmetry of the

lattice).

Comparing structures of the same "bulk" connectivity, the average coordination numbers can be understood in terms of the numbers and types of faces which the clusters possess. For example, ico clusters expose only 20 close-packed faces (which are topologically equivalent to the {111} surfaces of bulk fcc metals), dec clusters expose 10

{111} and 5 {100} (non-close-packed, therefore less stable) faces and fcc clusters have 8

{111} and 6 {100} faces. Thus, the stability order reflects the possession of a greater

percentage of faces with lower surface energies. 37As the clusters get larger they get closer

in energy and eventually the stability order will cross over (vide infra). This reflects the smaller relative number of surface atoms (and therefore the closer value of average coordination number) and the increasing elastic strain in the non-close-packed ico and dec structures, due to packing frustration,

38with increasing cluster size. It has been found that therhombicdodecahedralclustersarefoundtobethemoststableofallclustersbasedonthe bcc lattice, because they expose 12 faces which are bcc {110}-type surfaces. The pseudoclose-packed {110} surface has the lowest surface energy for bcc metals. 39 Northby et al. have shown that for multi-shell polyhedral LJ clusters (with pseudospherical topologies) of N atoms, the total potential energy of the cluster (V tot) can be accurately written as a power series in N

1/3as follows: 40 -Vtot= aN + bN^{2/3}+ cN^{1/3}+ d (13) In Equation 13, a, b, c and d are constants: a represents the bulk or volume contribution to the cluster potential energy (cluster volume V c� N � Rc^3, where Rcis the radius of the cluster); b represents the surface or area contribution (cluster surface area A c� Rc^2� N^{2/3}); c is the edge or length contribution (cluster edge length L c� Rc� N^{1/3}); and d is the vertex contribution. If the cluster were truly spherical (as in the liquid or spherical droplet model)

41there would be no edge or vertex atoms and terms c and d would disappear. Thus, it is apparent that constants c and d represent corrections to the liquid droplet model due to finite clusters actually being polyhedral (i.e. facetted). A similar expression (without the constant term d) was introduced by Tolman to determine the surface energies of finite particles.^{42}It should be noted that we have multiplied Northby’s potential energy by -1 in 12

order to give it the same sign as the binding energy (E b; a positive quantity) which we will

ultimately be fitting. Of course this means that our values for the coefficients a-d will have the opposite signs to those of other authors.

If we divide both sides of Equation 13 by the number of atoms N, we obtain the more usual form:

-Vtot/ N = a + bN-1/3+ cN-2/3+ dN-1 (14)

and since, by definition (Equation 6) the cluster binding energy (per atom) E

b= -(Vtot/ N),

plotting the calculated binding energies of the ico, dec, fcc and bcc shell clusters against N

-1/3_,

as in Figure 6, and fitting the resulting curves to Equation 14, enables us to find the polynomial coefficients (a-d) for each series of clusters.

43The fitted coefficients are listed in Table 6, along with the approximate crossover nuclearities calculated using these coefficients.

In the bulk limit (as N-1/3tends to 0) the cluster binding energy Eb(= a for N-1/3=0) should tend to the bulk cohesive energy (E coh). From Table 6 we can see that there is very good agreement between the values of a for bcc and fcc clusters and the bulk cohesive energies: Ecoh(bcc) = 4.28 eV (a-Ecoh= +0.09%); Ecoh(fcc) = 4.26 eV (a-Ecoh= -0.12%). The ico and dec clusters cannot form periodically repeating 3-dimensional bulk (i.e. crystalline) structures but the extrapolated (N

-1/3fi0) binding energies (a) for ico and dec are both less than the crystalline bcc and fcc structures; the stability order being ico»dec<fcc<bcc, as would be expected for iron, for which the bcc structure (a-Fe) is stable at low temperatures and pressures and which converts to the fcc allotrope (g-Fe) at around 1200 K.

44Thus the relative values of the a coefficients reflect the inherent differences in stability of the bulk (or pseudo-bulk) phases and the fact that a(bcc)>a(fcc) confirms the preference of the GJM iron potential for bcc over fcc. 19

The negative sign of b confirms that it is the existence of surfaces that lowers the

average cluster binding energy of finite clusters relative to the bulk, though this reduction becomes less important as the clusters become larger and the proportion of surface atoms decreases (i.e. N-1/3becomes smaller). The magnitude of the b values varies as: bcc»fcc>dec>ico, reflecting the surface stability order discussed above. In particular, the closeness of the b values for fcc and bcc clusters confirms the stability of the pseudo-close packed {110} surface of the bcc structure.

The fitted c values are also negative, indicating that facetted clusters (with approximately planar faces and hence with sharp edges) are inherently less stable than spherical drops for finite nuclearities, though the importance of this term will drop off very quickly as N-2/3becomes very small rapidly as N becomes large. It is impossible to say anything about the order of the c values for the various cluster morphologies because, with the exception of the dec clusters, the uncertainties in c are of the order of 8-12%. In addition, the values of b, c and d are intimately linked, since a vertex atom is also, by definition, an edge atom, and edge atoms are also surface atoms. Thus, the positive values of d in Table 6 should not be interpreted as meaning that the relatively exposed vertex atoms stabilise the cluster. Also, since the term d/N becomes negligable at very large N, the value of d obtained from the fitting procedure cannot be viewed as meaningful.

Table 6 also lists the approximate critical nuclearities (N c(A-B) = the nuclearity at which structure A and structure B have the same energy) calculated using the fitted coefficients.45These values are generally very high, when compared to other potentials, 24 though the nuclearity at which bcc becomes favoured over icosahedral (at around 2000 atoms) is relatively low. In fact bcc is preferred over fcc and dec even at very low cluster sizes. Although the plots of Ebagainst N-1/3(Figure 6) look approximately linear, if we fit them

using straight lines (E b= a + bN-1/3) then: the bulk limit cohesive energies (a) are

overestimated by up to 1%; the extrapolated fcc line never crosses the ico line; and the N c value for the ico-bcc crossover is much higher (> 4000). This emphasises the importance of using the theoretically justified cubic (in N

-1/3) equation 14 to fit the calculated E bvalues.

We have also fitted the binding energies reported by U&W for ico, dec and fcc model transition metal clusters (of metals crystallising with the fcc structure) using pairwise LJ, 2+3- body LJ+AT, and the many-body SC potentials.

24We found that, as long as the 3-body (AT) contribution is not large, the explicit 2+3-body LJ+AT potentials gave qualitatively very similar results to the 2+3-body GJM potential (with the same signs and approximate magnitudes for a-d). The SC potentials give the same signs of the coefficients as the GJM potential, but with b/a<1, which is consistent with the known underestimation of surface energies by SC many-body potentials.

46The LJ pair potentials, on the other hand give much higher b/a ratios (corresponding to higher surface energies) and positive c values.

Comparing our critical (cross-over) nuclearities, N cfor ico-dec, ico-fcc and dec-fcc, with those obtained by U&W, we find that ours are nearly an order of magnitude higher than for the LJ pair potential and higher still when compared with the LJ+AT potentials, since the addition of the 3-body AT term has been shown to lead to a dramatic reduction in N c. The SC potentials tend to give even lower (probably too low) cross-over nuclearities, due to the many-body contributions which are implicitly included in this potential via the term in the square root of the atomic density.

47Similar results were obtained by Marville and Andreoni using a Finnis-Sinclair potential

30(of which the Sutton-Chen potential is a particular variant) 36 for the bcc metals Ta, Mo and W.

29They predicted bcc clusters to be more stable than fcc or ico for N>100 and fcc to be more stable than ico for: N>4000 (Ta); N=923 (Mo); and N=147 (W).29The high values that we obtain for the Ncvalues between the 12-coordinate

structures, reflects the long range nature of our potential, since U&W have shown that longer

range potentials have higher cross-over nuclearities. 24It should be noted that the cross-over

to bcc being the most stable structure is predicted to occur at quite low nuclearity (N c(ico-bcc) ~ 2000) which is comparable with the N cvalues for the ico-fcc crossover using LJ+AT potentials. This reflects the fact that the GJM potential was optimised by fitting the lattice dynamical properties of bulk iron,

19which is most stable, at low temperatures, in the bcc form. Experimental evidence for structural phase transitions as a function of size for clusters is rather ambiguous, but electron diffraction studies on argon clusters have led Farges et al. to postulate a transition from icosahedral to fcc (cuboctahedral) geometries at around 750 atoms.48

(c) Geometric fcc-like shell clusters with non-spherical topologies Since the cuboctahedral fcc clusters we have considered so far expose both {111} and {100}-type faces and since it is the relatively high number of atoms in the non-close-packed {100} faces which destabilise the clusters, we have also looked at modified fcc ("mod") clusters formed by increasing the size of the more stable {111} faces at the expense of the less stable {100} faces. In effect this involves a surface reconstruction of the cluster (though the magic numbers are now different to those for cuboctahedral clusters). An example of a series of four mod clusters is shown in Figure 7. These clusters are less spherical than their cuboctahedral counterparts and (with the exception of octahedral Fe 19) have truncatedoctahedral geometries. The cluster binding energies of the mod clusters are listed in Table 7 and plotted against N in Figure 8, from which it can be seen that growing the {111} faces at the expense of the {100} faces leads to increased cluster stability relative to the

cuboctahedral (fcc) clusters (in this size regime the mod clusters are comparabe in stability

to the bcc structures). This cannot, however be carried on indefinitely for two reasons:

(i) as the modified fcc clusters are less spherical than the cuboctahedral ones, the

percentage of surface atoms is actually higher.

(ii) fcc-type clusters with only {111} faces are octahedra. Although octahedral shell

clusters only have 8 faces, they also have apical atoms with coordination numbers of only 4.

Thus it can be seen that at high nuclearities the difference between the modified fcc and

cuboctahedral fcc curves is smaller than at low nuclearities. Indeed, fitting the polynomial

of Equation 14 to this plot gives the following coefficients (in eV): a = 4.249; b = -4.394;

c = -1.517; d = 1.823. The fit is exact as 4 coefficients are being fitted to only 4 pieces of data. Comparing these values with those obtained by fitting the cuboctahedral cluster (fcc) bindingenergies(Table6)revealsthatthebulklimit(a)isactuallysmallerforthemodified fccclusters,thoughasexpectedthemagnitudesofthe(negative)surfaceandedgecorrections (b and c respectively) are also smaller.

(d) Normal Mode Analysis for Geometric Shell Clusters

Analysis of the normal mode vibrational frequencies of the pseudo-spherical shell clustersrevealsthattheicoclustershaveallrealfrequenciesatallnuclearities,indicatingthat theyare(atleast)localminimaonthePEsurface. Thebccclustersareallmetastable(with respect tothe ico clusters) inthat they are again minimabut lie at higherenergies, with the exception of bcc-Fe

15which has a single imaginary frequency, thereby making it a true 17

transition state on the PE surface. The fcc clusters are all true transition states, with the

magnitude of the single imaginary frequency decreasing with increasing nuclearity. U&W

have previously studied the nature of the rearrangement mechanism for inter-converting ico

shell clusters via fcc (cuboctahedral) transition states. 22The fact that the imaginary frequancy

becomes smaller as N increases mirrors the decrease in energy difference between ico and fcc clusters, since this frequency should become real at high nuclearities, where the fcc clusters become stable relative to ico geometries. The dec clusters also have one or more imaginary frequencies at all nuclearities, indicating that they are transition states (or higher order saddle points) on the PE surface. These findings are in general agreement with those of U&W using LJ and SC potentials and for some of the LJ+AT potentials, with the main difference being that they predict the fcc and dec clusters to become metastable at much lower nuclearities. 24 This is consistent with the much smaller stability cross-over points calculated using these alternative potentials, as mentioned above.

As U&W have demonstrated, capping the faces of transition state structures or growing more stable surfaces at the expense of less stable ones can lead to metastable structures with all real vibrational frequencies.

22_{Our calculations on the non-spherical mod}

clusters are consistent with their findings, as we predict all of these structures to be metastable.

5. Discussion: Comparison with Experimental Data and Electronic Structure Calculations

The results of our PEF calculations on small iron clusters can be tested against the limited amount of experimental data

4-8_{and more abundant results from} abinitio_{calculations}

which are available for these species.

10-13_{Thus, for Fe}3_{we obtain an equilateral triangle (}3_) 18

as the most stable structure, in agreement with M�ssbauer experiments, 6andtheresultsof ab

initio calculations.

11OurtetrahedralgeometryforFe

4(4)andtrigonalbipyramidalstructure for Fe5(5) are also in agreement with the ab initio calculations of a number of groups.

11-13

Forsmallclusters(2-20atoms),theGJMpotentialfavourspolytetrahedralstructures, withthisgrowthmodeeventuallyleadingtoclusterswithlocalicosahedralstructure. There have been a number of experimental studies of the stability and reactivity of small iron clusters (N<20) which have enabled cluster geometries to be inferred. Armentrout and coworkershaveinvestigatedthecollision-induceddissociationofironclustercationsand,with the aid of known cluster IPs have calculated the dissociation energies (by single atom evaporation) of neutral Fe

Nclusters.^8In the region N=2-19, they found local maxima in dissociationenergyforN=6,7,13,15and19andminimaatN=8,14and18. The7,13, 19sequencewouldbeconsistentwithouricosahedralgrowthpattern,buttheyhavesuggested that the stability of N = 6, 15 and 19 can be explained using a model wherein they are all based on a six atom octahedral core (our predicted geometry for N=6) with N=15 being a fragmentofthebccstructureandN=19afragmentoffcc. Onthebasisofreactivitystudies of gas phase iron clusters with small molecules (e.g. H

2, H2O, NH3), Riley and co-workers have also suggested that Fe

15has the bcc structure and Fe

19the fcc geometry. 7 Christensen and Cohen, employing an Effective Medium Theory+Tight Binding model,13afor clusters up to Fe

18, have predicted the following high-symmetry ground state

structures: Fe

10= bicapped square antiprism (D

4d); Fe12= icosahedron (Ih); Fe15= centred

bicapped hexagonal antiprism (D

6d), with low-symmetry structures for Fe

11, Fe13and Fe14.

These results are at variance with our calculations, for which the most stable geometries in this size regime are predicted to be based on the Fe

13centred icosahedron (13) either by

removing outer atoms or by adding capping atoms.

We found previously that, for small clusters (Fe 2-Fe7) the GJM potential leads to a

consistent underestimation of the cluster binding energies and vibrational frequencies and an overestimation of the equilibrium bond lengths, compared with calculated and experimental values.19This is because small Fe clusters possess a considerable amount of multiple bond character and our potential is optimised to the solid, where the average bond order is much smaller. The discrepancies between our predicted most stable geometries and experimental results and/or electronic structure calculations for clusters with 10-20 atoms may also be attributed to the neglect, in the GJM potential, of any explicit electronic information. Such differences are expected to becomes less significant for larger clusters where the average environment (at least the coordination number if not the exact geometry) becomes closer to that of the bulk, for which the potential was parameterised.

For large geometric shell clusters, the GJM potential favours icosahedral and decahedralstructuresslightlyoverbccandsomewhatmoreoverfccstructures. Thecloseness of the icosahedral and bcc cluster binding energies (in particular) indicate that in the size regime10<N<1000wewouldexpecttofindanumberofclusterisomersverycloselyspaced in energy and this is borne out by the results of experiments on gas phase iron clusters.

Experimental evidence for magic number clusters of iron is sparse. In contrast to cobalt and nickel, where the intensities of peaks in the mass spectra of gas phase clusters correspond to species with icosahedral shell structure, Pellarin et al. have shown that iron clusters in the range N = 50-800 exhibit no clear cut behaviour.

6d_{Thus for 50}£_N£_{200 the}

results,whilebeingsimilartothoseforCoandNiandsupportingicosahedralstructures,were found to depend on source conditions. They also suggested the possibility of competion betweenicosahedralgeometricshellstructuresandjelliumelectronic-shellstructures(implying liquid-like iron clusters) in this size range. For larger clusters the mass spectra are highly 20

structured, but peak intensities are again strongly dependent on source conditions, indicating

competion between structural isomers. 6dTheoccurenceofnumerousisomerswithcomparable

energieshasalsobeensuggestedbyRileyandco-workers(onthebasisofreactivitystudies onironclusters2<N<165),

7YangandKnickelbein (near-thresholdionizationcross section studies)

6candArmentroutandco-workers(collision-inducedclusterdissociation). 8 Thesmalldifferencesinrelativeenergieswhichwehavecalculatedforthe(geometric shell)largeironclustersisinbroadagreementwiththeseexperimentalfindings. However theexperimentalevidencepresentlyavailabledoesnotallowamoreconclusivestatementto bemadeastowhetherourpredictionsarecorrect. Thestudyherereportedhasinvolvedthe calculationofstaticpropertiesat0Kelvin,ignoringtemperatureeffectsandclusterdynamics. UppenbrinkandWales,usingaSCpotentialforAu

55,havefoundthatthereareanumberof low symmetry glass-like or amorphous structures which (for this potential) have lower energies than the high symmetry (metastable) MNCs.

49In order to establish whether such behaviour is predicted for iron clusters, using the GJM potential, we are currently investigatingthedynamicsofGJM-shellclusters.

Acknowledgments

TheauthorswishtothankProf.J.N.Murrellformanyhelpfulcommentsandtoacknowledge his support and encouragement. RLJ is grateful to the Royal Society for a University ResearchFellowship.

References

1. M.M. Kappes, Chem. Rev. 88, 369 (1988); D.H. Russell (Ed.), GasPhaseInorganic

Chemistry (Plenum, New York, 1989); S. Sugano, Microcluster Physics (Springer-

Verlag, Berlin, 1991); V. Kumar, T.P. Martin and E. Tosatti (Eds.), Clusters and

Fullerenes(WorldScientific,Singapore,1993);H.Haberland(Ed.),ClustersofAtoms andMolecules:TheoryandExperiment (Springer-Verlag, Berlin, 1994).

2. J. Jortner, Z. Phys. D 24, 247 (1992) and references therein.

3. See for example: D.M.P. Mingos, T. Slee and Z. Lin, Chem. Rev. 90 (1990) 383;

D.M.P. Mingos and D.J. Wales, Introduction to Cluster Chemistry (Prentice-Hall, Englewood Cliffs, 1990); R.S. Berry, Chem. Rev. 93 (1993) 2379; M. Brack, Rev. Mod. Phys. 65 (1993) 677; and references therein.

4. T.K. McNab, H. Micklitz and P.H. Barrett, Phys. Rev. B 4, 3787 (1971); H. Purdum, P.A. Montano, G.K. Shenoy and T. Morrison, Phys. Rev. B 25, 4412 (1982); D.G. Leopold and W.C. Lineberger, J. Chem. Phys. 85, 51 (1986)

5. D.WysonandP.A.Montano,SolidStateCommun.33,191(1980);H.Moskovitzand D.P. DiLella, J. Chem. Phys. 73, 4917 (1980); S. Shamai, M. Pasternak and H. Micklitz, Phys. Rev. B 26, 3031 (1982).

6. (a) R.L. Whetten, D.M. Cox, D.J. Trevor and A. Kaldor, Phys. Rev. Lett. 54, 1494 (1985);(b)D.M.Cox,D.J.Trevor,R.L.Whetten,E.A.RohlfingandA.Kaldor,Phys. Rev. B 32, 7290 (1985); (c) S. Yang and M.B. Knickelbein, J. Chem. Phys. 93, 1533 (1990); (d) M. Pellarin, B. Baguenard, J.L. Vialle, J. Lerm�, M. Broyer, J. Miller and A. Perez, Chem. Phys. Lett. 217, 349 (1994).

7. (a) E.K. Parks, B.H. Weiller, P.S. Bechtold, W.F. Hoffman, G.C. Nieman, L.G. Pobo and S.J. Riley, J. Chem. Phys. 88, 1622 (1988); (b) E.K. Parks, G.C. Nieman, L.G. PoboandS.J.Riley,J.Chem.Phys.88,6260(1988);(c)E.KParks,L.Zhu,J.Hoand S.J. Riley, Z. Phys. D 26, 41 (1993).

8. (a) S.K. Loh, D.A. Hales, L. Lian and P.B. Armentrout, Int. J. Mass Spectrom. Ion Processes102,269(1990);L.Lian,C.-X.SuandP.B.Armentrout,J.Chem.Phys.97, 4072 (1992).

9. (a) W.A. deHeer, P. Milani and A. Chatelain, Phys. Rev. Lett. 65, 488 (1990);

(b) J.A. Becker and W.A. deHeer, Ber. Bunsen-Ges. Phys. Chem. 96, 1237 (1992); (c)J.P.Bucher,D.C.DouglasandL.A.Bloomfield,Phys.Rev.Lett.66,3052(1991).

10.(a)I.ShimandK.A.Gingerich,J.Chem.Phys.77,2490(1982); (b)S.A.Beznosjuk, R.D. Dajanov and A.T. Kuldjanov, Int. J. Quantum Chem. 38, 691 (1990); (c) J. Merikoski, J. Timonen, M. Manninen and P. Jena, Phys. Rev. Lett. 66, 938 (1991); (d)S.N.KhannaandS.Linderoth,Phys.Rev.Lett.67,742(1991);(e)J.P.Bucherand L.A.Bloomfield,Phys.Rev.B45,2537(1992);(f)P.J.JensenandK.H.Bennemann, Ber. Bunsen-Ges. Phys. Chem. 96, 1233 (1992); (g) L.I. Kurkina and O.V. 22

Farberovich, J. Phys.: Condens. Matter 4,6417(1992).

11.G.M.Pastor,J.Dorantes-D�vilaandK.H.Bennemann,in Physics and Chemistry of

SmallClusters(Eds.P.Jena,B.K.RaoandS.N.Khanna)(NATOASISer.B,Plenum,

NewYork,1987)p.467;A.Vega,J.Dorantes-D�vila,L.C.Balb�sandG.M.Pastor, Phys.Rev.B 47,4742(1993).

12.(a)J.L.Chen,C.S.Wang,K.A.JacksonandM.R.Pederson,Phys.Rev.B 44,6558 (1991); (b) H. Tatewaki, M. Tomunari and T. Nakamura, J. Chem. Phys. 88, 6419 (1988);(c)H.TatewakiandM.Tomunari,Can.J.Chem. 70,642(1992).

13.(a)O.B.ChristensenandM.L.Cohen,Phys.Rev.B 47,13643(1993);(b)M.Castro andD.R.Salahub,Phys.Rev.B 47,10955(1993);(c)M.CastroandD.R.Salahub, Phys.Rev.B 49,11842(1994).

14.A.J.Stace,Nature 360,537(1992).

15.N.A.Besley,M.Dobson,R.L.JohnstonandA.J.Stace,unpublishedwork.

16.(a)J.N.MurrellandR.E.Mottram,Mol.Phys. 69,571(1990);(b)J.N.Murrelland J.A. Rodriguez-Ruiz, Mol. Phys. 71,823 (1990); (c) A.R.Al-Derzi, R.L. Johnston, J.N. Murrell and J.A. Rodriguez-Ruiz, Mol. Phys. 73, 265 (1991); (d) B.R. Eggen, R.L.Johnston,S.LiandJ.N.Murrell,Mol.Phys. 76,619(1992).

17.(a)R.L.JohnstonandJ.-Y.Fang,J.Chem.Phys. 97 ,7809(1992);(b)J.-Y.Fang, R.L. Johnston and J.N. Murrell, Mol. Phys. 78, 1405 (1993); (c) J.-Y. Fang, R.L. JohnstonandJ.N.Murrell,J.Chem.Soc.,FaradayTrans. 89,1659(1993);(d)K.M. Andersson, R.L. Johnston and J.N. Murrell, Phys. Rev. B 49, 3089 (1994); (e) J. Uppenbrink,R.L.JohnstonandJ.N.Murrell,Surf.Science 304,223(1994);(f)J.N. Murrell,Phil.Mag.A(inpress).

18.(a) S. Li, R.L. Johnston and J.N. Murrell, J. Chem. Soc., Faraday Trans. 88, 1229 (1992);(b)B.R.Eggen,R.L.JohnstonandJ.N.Murrell,J.Chem.Soc.,FaradayTrans. (inpress).

19.F.Gao,R.L.JohnstonandJ.N.Murrell,J.Phys.Chem. 97,12073(1993).

20.NAG Fortran Manual, Version 16 (NumericalAlgorithmsGroup,Oxford,1993).

21.B.D. Bunday, Basic Optimisation Methods (Edward Arnold, London, 1984); L.E.

Scales, Introduction to Non-Linear Optimization (Macmillan,London,1985).

22.Fordetailsofthecomputationalmethodsee:J.UppenbrinkandD.J.Wales,J.Chem.

Soc.,FaradayTrans. 87,215(1991).

23.W.H.Press,B.P.Flannery,S.TueklolskyandW.T.Vetterling,NumericalRecipes,2nd Edn.(CambridgeUniversityPress,Cambridge,1992).

24.J.UppenbrinkandD.J.Wales,J.Chem.Phys. 96 ,8520(1992). 23

25. W.D. Knight, W.A. de Heer, K. Clemenger and W.A. Saunders, Solid State Commun.53, 445 (1985); J.C. Phillips, Chem. Rev. 86, 619 (1986).

26.W.D. Knight, K. Clemenger, W.A. de Heer, W.A. Saunders, M.Y. Chou and M.L.

Cohen, Phys. Rev. Lett. 52, 2141 (1984). 27.T.P. Martin, S. Bjørnholm, J. Borggreen, C. Br�chignac, P. Cahuzac, K. Hansen and

J. Pedersen, Chem. Phys. Lett. 186, 53 (1991). 28.(a) T.P. Martin, T. Bergmann, H. G�hlich and T. Lange, Chem. Phys. Lett. 172, 209 (1990); (b) T.P. Martin, T. Bergmann, H. G�hlich and T. Lange, Z. Phys. D 19, 2 5 (1991); (c) T.P. Martin, T. Bergmann, H. G�hlich and T. Lange, J. Phys. Chem. 95, 6421 (1991); (d) U. N�her, U. Zimmermann and T.P. Martin, J. Chem. Phys. 99, 2256 (1993).

29.L. Marville and W. Andreoni, J. Phys. Chem. 91, 2645 (1987). 30.M.W. Finnis and J.E. Sinclair, Phil. Mag. A 50, 45 (1984). 31.N.J.A. Sloane and B.K. Teo, J. Chem. Phys. 83, 6520 (1985); B.K. Teo and N.J.A.

Sloane, Inorg. Chem. 25, 2315 (1986). 32.(a) R. van Hardeveld and F. Hartog, Surf. Sci. 15, 189 (1969); (b) R. Williams, The

GeometricalFoundationofNaturalStructure:ASourceBookofDesign (Dover, New

York, 1979) and references therein; (c) R.E. Benfield, J. Chem. Soc. Faraday Trans.

88, 1107 (1992); H.-G. Fritsche and R.E. Benfield, Z. Phys. D 26, S15 (1993).

33.A.L. Mackay, Acta Crystallogr. 15, 916 (1962). 34.B.G. Bagley, Nature (London) 208, 674 (1965). 35.C. Kittel, IntroductiontoSolidStatePhysics, 6th Edn. (Wiley, New York, 1986) p. 55.

36.A.P. Sutton and J. Chen, Phil. Mag. Lett. 61, 139 (1990); A.P. Sutton, Electronic

StructureofMaterials (Oxford University, Oxford, 1993).

37.A. Howie and L.D. Marks, Philos. Mag. A 49, 95 (1984). 38.D.R. Nelson and F. Spaepen, Solid State Physics 42, 1 (1989). 39.D. Wolf, Philos. Mag. A 63, 337 (1991). 40.J.A. Northby, J. Xie and D.L. Freeman, Z. Phys. D 12, 69 (1989). 41.A. Tamura and T. Ichinokawa, Surf. Sci. 136, 437 (1984). 42.R.C. Tolman, J. Chem. Phys. 16, 758 (1948).

43. Curve fitting and plotting were performed using: SigmaPlot 2.0 for Windows (Jandel

Scientific, Erkrath, 1994). SigmaPlot uses the Marquardt-Levenberg least squares

algorithm for curve fitting.

44. J. Donohue, The Structures of the Elements,2ndEdn.(Wiley,NewYork,1974).

45.MAPLEV.3(WaterlooMapleSoftware,Waterloo(Can.),1994). 46.K.D.Hammonds,Mol..Phys. 81,227(1994). 47.A.E.Carlsson,SolidStatePhys. 43,1(1990). 48.J. Farges, M.F. de Feraudy, B. Raoult and G. Torchet, in Large Finite Systems, J.

Jortner,A.PullmanandB.Pullman(Eds.)(Reidel,Dordrecht,1987),p.113. 49.J.UppenbrinkandD.J.Wales,J.Chem.Phys. 98,5720(1993).

Figure Legends

Figure 1. Polyhedra defining the ico, dec, fcc and bcc classes of shell clusters. Figure 2. The outer shells of 5-shell ico, dec, fcc and bcc clusters. Geometries are idealised

(i.e. before radial cluster relaxation) and the fcc and bcc clusters have all nearest neighbour

bond lengths equal. All clusters in this paper have been drawn using XMOL (Research Equipment Inc., Minnesota Supercomputer Center, USA, 1993). Figure 3. Optimised geometries for Fe

2-Fe20(using the GJM potential). Descriptions and

binding energies are given in Table 2. Bonds to encapsulated atoms have been omitted for clarity. Figure 4. Plot of binding energy (E

b) against number of atoms (N), for the most stable cluster

geometries for Fe

2-Fe20.

Figure5.Plotofbindingenergy(E

b)againstnumberofatoms(N),forradiallyoptimisedshell

clusters FeN. Figure 6. Plot of binding energy (E

b) against N-1/3for radially optimised shell clusters Fe N. Figure 7. Modified fcc shell clusters with larger {111} and smaller {100} faces than the cuboctahedral clusters. Figure 8. Plot of binding energy (E

b) against number of atoms (N), for radially optimised

modified fcc ("mod") shell clusters Fe

Nand comparison with ico and fcc clusters.