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Effect of compression on the global optimization of atomic clusters
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Recently, Locatelli and Schoen proposed a transformation of the potential energy that aids the global
optimization of Lennard-Jones clusters with nonicosahedral global minima. These cases are particularly diffi-
cult to optimize because the potential energy surface has a double funnel topography with the global minimum
at the bottom of the narrower funnel. Here we analyze the effect of this type of transformation on the
topography of the potential energy surface. The transformation, which physically corresponds to a compression
of the cluster, first reduces the number of stationary points on the potential energy surface. Secondly, we show
that for a 38-atom cluster with a face-centered-cubic global minimum the transformation causes the potential
energy surface to become increasingly dominated by the funnel associated with the global minimum. The
transformation has been incorporated in the basin-hopping algorithm using a two-phase approach.

PACS numbd(s): 02.60.Pn, 36.40.Mr, 61.46w

[. INTRODUCTION of Lennard-JoneflJ) clusters for some particularly difficult
sizes.

One of the most important types of global optimization  The global optimization of LJ clusters has probably be-
problem, and one which is particularly of interest to chemi-come the most common benchmark for configurational opti-
cal physicists, is the determination of the lowest-energy conmization problemg$1,3]. Putative global minim$4,62] have
figuration of a molecular system, such as a protein, a crystdieen obtained for all sizes up to 309 atofbs-19, and up-
or a clustef1]. The global potential energy minimum corre- to-date databases of these structures are maintained on the
sponds to the equilibrium structure at zero temperature, andeb [20,21]. There are two types of difficulty for the LJ
provides a good guide to the structure at higher temperatureluster problem. First, there is the general increase in the
However, such a global optimization task can be very diffi-number of minima with cluster siZ2,23. Second, on top
cult because of the large number of minima that a potentiabf this effect there are size-specific effects related to the to-
energy surfacéPES can have—it is generally expected that pography of the PEE24].
the number of minima of a system will increase exponen- For most of the clusters the topography of the PES aids
tially with size [2]. Therefore, if applications to large sys- global optimization. There is a funng25,2¢ from the high-
tems with realistic descriptions of the interatomic interac-energy liquidlike clusters to the low-energy minima with
tions are to be feasible, it is necessary that efficient globa$tructures based up on the Macki@7] icosahedra. When
optimization algorithms, which scale well with system size,there is a dominant low-energy icosahedral minimum at the
are developed. bottom of the funnel, such as when complete Mackay icosa-

A key part of this development is understanding when anchedra can be formed, global optimization is particularly easy.
why an algorithm is likely to succeed or fail, because, as well However, there are some sizes for which the global mini-
as providing useful information about the limitations of an mum is not icosahedral. Afl=38 the global minimum is a
algorithm, this physical insight might be utilized in the de- face-centered-cubi@fcc) truncated octahedrof®—11] (38A
sign of better algorithms. This is the motivation behind thein Fig. 1), atN=75-77 and 102—-104 the global minima are
current paper. Here, we analyze the reasons for the succelsased on Mark§28] decahedr@l1,12 (e.g., 75A in Fig. 1,
of a recent algorithm when applied to the global optimizationand atN =98 the global minimum is a Leary tetrahedf{dr8]

98A

TN FIG. 1. The global minima and
>y some low-lying minima of Lg,
LJsg, L35, and Lg. 34A, 38C,
75C, and 98B are based on
Mackay icosahedra. 34H and 98A
are Leary tetrahedra. 38A is a
98B face-centered-cubic truncated oc-
tahedron, and 75A is a Marks
decahedron. The letter gives the
energetic rank of the minimum,
i.e., global minima are labeled
with an “A,” etc.
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(98A in Fig. 1). For these sizes the PES has a fundamentally o\2 [ o\8

different character. As well as the wide funnel leading down ELJ:4€2 (r_) - (r_)

to the low-energy icosahedral structures, there is a much nar- =L N

rower funnel which leads down to the global minimum . . e - o

[24,29,30. Relaxation down the PES is much more likely to Wheree is the pair well depth and 2o is the equilibrium

take the system into the wider funnel where it is thenPar separatlon. To this, I__ocatelh qnd Schoen _addgd a term

trapped. The time scale for interfunnel equilibration is veryProportional to=;;rj; which penalizes long pair distances

slow [31] because of the large enerfg4] and free energy [45]. Here, we use a slightly different form, which again acts

[29] barriers between the two funnels. to compress the cluster. The energy for such a compressed
As a result these eight clusters are hard to optimize, th&€nnard-JonesCLJ) cluster is given by

larger examples being virtually impossible to optimize by

traditional approaches, such as simulated annealing. How- [ri—reml?

ever, these cases are solvable by a set of methods in which Ec=Eut+ > Mecomp 5 2

the “basin-hopping” transformation is applied to the PES ' 7

[14]. This transformation is used by the Monte Carlo mini- ) ) )

mization[32] or basin-hopping algorithril4], and implic- where,ucompls_a parameter that determlnes_the magn_lt_ude of

itly by all the most successful genetic algorithfis,33—39. the compression acting on the cluster, apgl is the position _

The transformation of the PES works by changing the therof the. center of mass of the cluste_r. It can be shown_that this

modynamics of the clusters such that the system is now abfé'™m IS exactly equivalent to adding a term proportional to

the nonicosahedral global minima still take much longer toditional term to be approximately proportional to Locatelli

find than the icosahedral global minifia,42), and there is and Schoen’s expression, and so the effect of the two trans-

no way of knowing if one has waited long enough to rule outformations on the PES topography are virtually identical.

the possibility of a nonicosahedral global minimum. This is  To map the PES topography of these CLJ clusters we use

ilustrated by the Leary tetrahedron hit=98. Despite the the same methods as those we have applied {@4,29 and

fact that powerful optimization techniques had been appliedorse [48] clusters to obtain large samples of connected

to Ldg [13,14,38,39 the global minimum was discovered Minima and transition states that provide good representa-

only very recently{18]. Subsequently, it was confirmed that tions of the low-energy regions of the PES. The approach

this minimum could be found by some of the previously involves repeated applications of eigenvector followfg]

applied method§43,44). to find new transition states apd the minima they connect.
Given this background, it would be useful to develop In the basin-hopping algorithrfi4,50, the transformed

techniques that are more efficient for these double-funngpotential energy is given by

examples. Two potential approaches have very recently been

put forward. First, Hartke has achieved improvements in the E(x)=min{E(x)}, 3)

genetic algorithm approach by forcing the system to main-

tain a diversity of structural types in the population, thus herex represents the vector of nuclear coordinates and min
preventing the population becoming concentrated in the iCOgjgnifies that an energy minimization is performed starting

sahedral funne[39]. Second, Locatelli and Schoen noted #qm x Hence, the energy at any point in configuration space
that the exceptions to the icosahedral structural motifs argy assigned to that of the local minimum obtained by the
usually more spherical than the competing icosahedral strugginimization, and the transformed PES consists of a set of
tures[45]. This is because the exceptions generally occur abjateaus or steps each corresponding to the basin of attrac-
sizes where both a particularly stable form for the alternativg;,, surrounding a minimum on the original PES. This PES
morphology is possible and the icosahedral structures ing then searched by constant temperature Monte Carlo. Ad-
volve an incomplete overlayer. Therefore, Locatelli andgisionally, the algorithm has been found to be more efficient
Schoen added a term to the potential energy favoring oMy, clysters if the configuration is reset to that of the new
pact clusters. Using this PES transformation, the nonicosah§s.a1 minimum at each accepted sf&i].
dral global minima alN =238, 98, and 102-104 were much  There are two ways that one might incorporate a further
more likely to be found by their multistart minimization al- pgg ransformation into this algorithm. One could use basin
gorithm[45]. An additional transformation had to be applied honning to first find the global minimum of the transformed
in order to find the global minima & ="75-77. PES, then reoptimize the,,,, lowest-energy minima under

It is the reasons for the success of this second approagie griginal potential. However, if the global minimum of the

that We_examine in this paper. In_particular we show hOWoriginaI PES is not among thg,,, lowest-energy minima of
Locatelli and Schoen’s transformation affects the topographyye transformed PES this approach is bound to fail.

of the PES. We also show how the transformation can be ajeratively, at each step one could first optimize a new
incorporated as an element of an existing algorithm, namely,onfiguration using the transformed potential, then reopti-
basin hopping. mize the resulting minimum using the original potential. By
incorporating this second minimization the shortcomings of
the first approach are avoided. Furthermore, if the energy of
this final minimum is used in the Metropolis acceptance cri-
The atoms in the clusters interact via the Lennard-Joneterion, the Boltzmann weight of each minimum is un-
potential[46]: changed. However, the occupation probability of a particular

: @

II. METHODS
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TABLE |. The number of miniman,;;, and transition states,s TABLE II. Properties of the CLgk PES for a sample of 6000
for CLJ;5 as a function ofucomp. For each minimum 30 transition connected minima as a function @fcomp. Ny is the number of
state searches were performed; these searches were parallel @rahsition states connecting these minim& is the energy differ-
antlparallel to the eigenvectors with the fifteen lowest eigenvaluesence between the global minimum and the lowest-energy icosahe-
AE, by, by are the average energy difference, uphill barrier anddral minimum ando. (bicod is the energy barrier that has to be
downhill barrier, respectively, where the average is over all theovercome to escape from the fcosahedralfunnel and enter the
nondegenerate rearrangement pathwésgenerate pathways con- icosahedralfcc) funnel. Of courseAE=Dbyec—bjeos. FOr thensearcn

nect different permutational isomers of the same miniMusE lowest-energy minima 20 transition state searches were performed,
—b.—b. these searches were parallel and antiparallel to the eigenvectors
u with the ten lowest eigenvalues;; and ni.,s are the numbers of
fecom/ 0 0.5 1 25 5 10 25 minima in the fcc and icosahedral funnels at the energy at which the
two funnels become connected.
Nmin 1467 769 470 169 75 33 10
Nis 12435 5820 3010 801 262 100 37 Hcompl€ 0 025 05 1 25 5
ﬁE/.g 1593 3.172 4501 7.191 11.215 20.701 40. 176 8633 9111 9911 11656 17137 23270
byle 0.609 0.767 0.896 1.041 1.131 1.058 2.087 Ag 0.676 1550 2.274 3564 6.120 9.893
Ed/ﬁ 0.382 0.242 0.199 0.145 0.101 0.051 0.052 by./e 4219 4795 5256 6.143 8.892 12.659
Dicos! € 3543 3.245 2981 2580 2772 2.766
bios/AE  9.893 2.094 1.311 0.724 0.453 0.280
minimum will be proportional the area of the basin of attrac-n,,, 92 113 73 106 104 86
tion of the minimum on the transformed rather than the origi-n, 912 439 194 27 5 6
nal PES, i.e., Nee/Mices ~ 0.11 026 038 393 208  14.33
picniA; expl( — BE), (4)

3 plays a role similar to a soft spherical box, and so less com-
wheren; is the number of permutational isomersiandA,; pact minima disappear from the PES Ag,n, increases.
is the total area of the basins of attraction of the minima orSimilar results are found when periodic boundary conditions
E which when reoptimized of lead to minimumi. There- ~ are applied—the number of minima is much less than for a
fore, if the relative area of the global minimum is larger onLJ cluster of equivalent size and the number of minima de-
the transformed PES, optimization should be easier usingreases as the pressure in the cell is increg5e%3.
this approach. We refer to this version of the basin hopping It is also worth noting that the magnitude of the downhill
algorithm as two-phase basin hopping. This variation is noParriers relative to the energy difference between the minima
much more computationally demanding than standard basifleCreases ag comp increasegTable |). In the terminology
hopping because the starting point for the second minimizaused by Berry and co-workef§6], the profiles of the path-
tion is likely to be close to a minimum of the untransformedways to the global minimum become more staircaselike and
PES. less sawtoothlike with increasing.qm,. The combination of

There is one further difference from previous implemen-the changes to the number of stationary points and the barrier
tations of the basin-hopping algorithm. Previously, we hadheights act to make relaxation to the icosahedral global mini-
performed the minimization in E43) by conjugate gradient mum easier as the PES is further transformed.

[52]. However, we have since found a limited memory Next, we examine the Chdcluster. For a cluster of this
BFGS algorithm that is more efficief53]. size it is not feasible to obtain a complete representation of
the PES in terms of stationary points, so instead we obtain a
good representation of the lower-energy regions of the PES.
At each value ofucom, We obtained a sample of 6000

In global optimization the aim of transforming the poten- minima. The effect ofucomp 0N the number of stationary
tial energy surface is to make the global minimum easier tgoints, which we noted for Cld, is again evidentTable
locate. Typically, one therefore wants the transformation tdl). AS ucomp iNCreasesngearc, the number of minima from
reduce the number of minima and the barriers between themvhich we have to perform transition state searches in order
Furthermore, if the transformation is to change the relativedo generate the 6000 minima, increases and it becomes more
energies of the minima, one wants the energetic bias towardikely that a new transition state does not connect to a new
the global minimum to increase. minimum, but rather to one already in our sample.

As the number of minima and transition states on the The second desired effect of a PES transformation is to
CLJ;3 PES is small enough that virtually all can be found, wechange the energetics in a manner that makes the global
can examine whether the compressive term has the first ghinimum more favorable. We can get a simple guide as to
the above effects by examining Clkas a function ofucomp. how the energies of the minima depend @g,, if we as-

The number of minima and transition states clearly decreasesime there is no structural relaxation in response to changing
as fcomp increaseg(Table )). It is interesting to note that wcomp. Then Eqy=E 5+ ,ummecomp where the order pa-
minima with low symmetry preferentially disappear. The rameter,Qgomy=i|ri—rc.m) 2/g2, is evaluated altcomp=0-
PES transformation is equivalent to placing the cluster in &rom the values chomp we can predict the changes in the
harmonic potential about its center of mass. This potentiatelative energies of any two minima.

Ill. RESULTS
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2 wider funnel associated with the icosahedral minima. There

are a number of low-energy minima at the bottom of the

icosahedral funnel, which, although they have only small

N differences in the way the outer layer is arrandedy., the

3 second lowest icosahedral minimum, 38C, is depicted in Fig.
38 fﬁﬁ i 147 1), can be separated by moderate-sized barriers. As a result

0 V wg 4 there is a certain amount of fine structure at the bottom of the

icosahedral funnel with not all minima joined directly to the
stem of the lowest-energy icosahedral minimum. From the
1 55 data in Table Il one can see that there are many more minima
associated with the icosahedral funnel.
) 98 As the fcc funnel becomes deeper with increaging, it
i 102 135 increases in size relative to the icosahedral furifred. 4).
BY tcomp=5€ the fcc funnel dominates the PES, and the
13 : e .
3 . . . . . . . disconnectivity graph has the form expected for an ideal
20 40 60 80 100 120 140 single funnel with only a very small subfunnel for the icosa-
N hedral minima. These changes are also reflected in the num-
FIG. 2. Qeomp for the LJ, global minima. To make the size ber of minima associated with both funnefEable II).
dependence more clear the zero is taken to be the fun@jgn a These changes to the PES topography of course affect the
four parameter fit to the Qgmp values. Q=25.91N  thermodynamics. For ld there are two peaks in the heat
—166.950%°+ 382.76 M~ 293.972. Also included in the figure capacity curvgFig. 5). The first is due to a transition from
are isolated data pointgrosse} corresponding to the non-global the fcc global minimum to the icosahedral minima, which is
minima illustrated in Fig. 1 and the second lowest energy minimadriven by the greater entropy of the latter. The second cor-
for N=76, 77, and 102-104. responds to melting. The first transition hinders global opti-
mization because it is thermodynamically favorable for the
Qcomp is a measure of the Compactness of the cluster, an@'USter to enter the icosahedral funnel on cooling from the
from Fig. 2 one can see how the compactness of the globdnolten state, where it can then be trappéd,41]. However,
minima depends on size. For the first two shells the icosaheds #compincreases, the decreasing entropy of the icosahedral
dral global minima are most compact when completefunnel can no longer overcome the increasing energy differ-
Mackay icosahedra can be formed, e[_\g_:, 13 and 55. How- €nce between the global minimum and the icosahedral funnel
ever, for the third shell the most compact icosahedral structTable 1) and so this first transition is suppressed. Conse-
ture is atN=135, where twelve vertex atoms of the Mackay quently, the heat capacity curves for the g4 dlusters in
icosahedron are missing, rather tharNat 147. Fig. 5 show only one peak, indicating that the global mini-
If we examine Lds as an example of a cluster with a Mum is most stable up to melting.
non-icosahedral global minimum, we see that this size cor- Of course, the changes to the PES topography and ther-
responds to a pronounced minimum in Fig. 2—the truncatednodynamics mean that on relaxation down the PES the sys-
octahedron is particularly compact compared to the othefem is more likely to enter the fcc funnel @s,m, increases.
global minima of similar size. Furthermore, from Fighg Furthermore, the energy barrier to escape from the icosahe-
we can see that the kgglobal minimum has the lowest dral funnel relative to the energy difference between the bot-
value of Qgomp Of all the L minima. Therefore, the energy toms of the two funnels becomes smalldiable 1), thus
gap between the global minimum and the lowest-energy icomaking escape from the icosahedral funnel easier. To quan-
sahedral minimum increases With,,r, (Table 11). To visu- tify these effects we performed annealif0] simulations
alize how this deepening of the fcc funnel changes the PE&T CLJg at a number of values gt comp (Table I1l). For Ldg
topography we present disconnectivity graphs of Giidr a ~ 80% of the longer annealing runs ended at the bottom of the
range ofucomp Values in Fig. 4. icosahedral funnel, and only 2% at the global minimum.
Disconnectivity graphs provide a representation of thedOWever, by ucomp=5€ 99.5% of the long annealing runs
barriers between minima on a PE&7—59. In a disconnec- reached the global minimum. _
tivity graph, each line ends at the energy of a minimum. Ata Given the above, it is unsurprising that two-phase basin-
series of equally spaced energy levels we compute whicROPPINg finds the global minimum more rapidly @Somp
(sets of minima are connected by paths that never exceedcreasesFig. 6(b)]. At large ucomp the first-passage time is
that energy. We then join up the lines in the disconnectivity#0 times shorter than for kg. Conversely, the first-passage
graph at the energy level where the correspondsegs of  time to reach the icosahedral minimum 38C increases. These
minima first become connected. In a disconnectivity graplchanges are driven by changestoin Eq. (4). The basin of
an ideal single-funnel PES would be represented by a singlattraction of the global minimum increases in size relative to
dominant stem associated with the global minimum to whichthose of the icosahedral minima as the PES is further trans-
the other minima directly join. For a multiple-funnel PES formed.
there would be a number of major stems which only join at Locatelli and Schoen’s transformation works for;4 Be-
high energy. cause the global minimum is the most compact spherical
From the disconnectivity graph of kgone can deduce minimum. However, this does not necessarily have to be the
that the cluster has a double-funnel PIE®). 4@)]. There is case, even for those clusters with nonicosahedral global
a narrow funnel associated with the global minimum, and aninima. From Fig. 2 one can see that the nonicosahedral

75 N
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FIG. 3. Scatter plots 0Qomp against minimum energy for large samples of minima(@rLJs4, (b) LJsg, (¢) LIzs and(d) LIgg. The
minima depicted in Fig. 1 are labeled by the letter corresponding to their energetic rddkiliere are two subsets: diamonds correspond
to minima found when the search was started from the tetrahedral global minimum and crosses correspond to the set when started from the
lowest-energy icosahedral minimum. There is no overlap between these two sets because no pathways connecting the two funnels were
located. The patterns of points fQjnea= =i <l /o are virtually identical to those of this figure, showing that the current transformation
is effectively equivalent to Locatelli and Schoen’s.

global minima atN=98 and 102—-104 have particularly low the transformation may aid global optimization by reducing
values 0fQcomp and Fig. 3d) confirms that the Leary tetra- the number of minima and by increasing the energy of many
hedron, 98A, has the loweSDom, value of all the Ldg minima relative to the Marks decahedron, unlike fogd i

minima. Therefore, Locatelli and Schoen were able to locat&0€s not remove the fundamental double-funnel character of
these global minima. However, fot=75-77 the values of the PES. To locate the global minimum Locatelli and Schoen

Qoomp for the Marks decahedra are not set apart from th had to add an additional “diameter penalization” to the po-

\ fa are : Sential[45].
nearby icosahedral global miniméig. 2) and Fig. 3c) Locatelli and Schoen found that for many of the clusters

shows that there are a number of7¢.dninima which have theijr transformation did not aid global optimization. This
lower values ofQcomp than 75A. In particular, the icosahe- was not unexpected, but simply reflects the fact that often the
dral minimum 75C that is third lowest in energy has a lowericosahedral global minima are not the most compact minima.
Qcomp: a@nd the Marks decahedron is no longer the 5LJ We analyze one example. At=34 it is possible to form a
global minimum beyongk comg= 3.1€. compact Leary tetrahedro(84H in Fig. 1, which is the
The geometric root of this behavior is that the Markseighth lowest-energy L, minimum. This structure has a sig-
decahedra &= 75-77 are the least spherical of the nonico-nificantly lower value 0fQc.m, than the global minimum
sahedral global minima. The 75-atom Marks decahedron ifFig. 3(a)]. As a result, the Leary tetrahedron becomes the
somewhat oblate and some of the icosahedral minima witiCLJ;, global minimum atucome=0.3¢. The results of two-
which 75A is competing are prolate by a similar degreephase basin-hopping runs are similar to those fag lnjthat
leading to comparable values Qfomp. Therefore, although  as uqompincreases the compact non-icosahedral structure be-
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FIG. 4. Disconnectivity graphs of Chgfor wueome= (@ 0, (b) 0.25, (c) 1.0¢, and(d) 5e. In (a) the 150 lowest-energy miima are
represented in the graph, andb—(d) the 250 lowest-energy minima are represented. The icosahedral and fcc funnels are labeled. The units
of energy on the vertical axis ake

comes significantly easier to locate and the low-energy ico- IV. CONCLUSIONS

sahedral minima more difficultFig. 6). The difference,

though, is that now this scenario is undesirable, because it is By analyzing the effect of a compressive transformation
the global minimum that is becoming more difficult to reach.on the PES topography we have obtained insights into the
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FIG. 5. Heat capacity curves for Clgdwith the values of
Hcompl € as labeled. The curves were calculated from our samples
of 6000 minima using the harmonic superposition metf&fi64.

reasons for its success in aiding the optimization of LJ clus-
ters that have nonicosahedral global minima. First, we have
shown that the transformation reduces the number of minime
and transition states on the PES. Secondly, for example:
where, as is often the case, the nonicosahedral global mini
mum is the most compact structure, the transformation .5
causes the funnel of the global minimum to become increas:
ingly dominant. For Ldsthe PES has a double funnel, whilst

at largeuompthe PES has an ideal single-funnel topography,
enabling the system to relax easily down the PES to the
global minima. However, when as for 45 the decahedral

1000

rst passage time (steps)

100 1

6
Meomyp (units of €)

global minimum is only one of the more compact minima,

the transformation is less beneficial for global optimization.

FIG. 6. Theucmpdependence of the first-passage timeMC

By contrast, for sizes with icosahedral global minima thesteps to find the specified minima o) Lz, and (b) Llsg from a

transition is often unhelpful, as we saw for,l,) because the

random starting configuration in two-phase basin-hopping runs.

global minimum is much less likely to be the most compacteach point represents an average over 400 runs. The temperature
structure. Therefore, the transformation needs to be used used is 1.6k L.

combination with other methods. As the transformation is

most likely to be successful for clusters where other methods Other PES transformations could also be usefully em-
fail it can act as a good complement to them. For exampleployed alongside standard basin-hopping runs in this two-
when the basin-hopping algorithm is applied, usually a seriephase approach, if they are likely to aid global optimization
of runs are performed at each size. If one of the runs used tHer some sizes. For example, increasing the range of the po-
two-phase approach, this would increase the chance of sutential is another transformation that reduces the number of
cess for those sizes where the PES had a multiple-funneitationary points on the PE88]. Using the transformations

topography.

TABLE Ill. Results of annealing simulations for Ciglas a
function of wcomp- foh(ncydeg is the fraction of the annealing runs
that terminated at the global minimum, afg, is the fraction of

alongside standard runs avoids one of the major difficulties
associated with PES transformations. They are rarely univer-
sally effective, but rather there are likely to be some in-
stances when they destabilize the global minimum, thus
making optimization more difficult. This is certainly the case

runs that ended in the lowest five icosahedral minimum. Each anghen increasing the range of the potential, where the range

nealing run involves a linear decrease in the temperature from th

8ependence of the most stable cluster structure is well docu-

liquid to OK in n¢qes Monte Carlo cycles. The results are averagesmented[ll,m].

over 200 annealing runs.

Although we have seen how a compressive transforma-

tion can be useful in aiding the global optimization of LJ

Kecompl € 0 0.25 0.5 1 25 5 . ) M L

clusters, an important question is how generally useful it will
foh(106) 0% 25% 75% 195% 67% 79.5% Dbe. Although this question can only be definitively answered
foh(107) 2% 14% 31% 66.5% 97% 99.5% through applications to a variety of systems, one would ex-
fiod10°)  37% 295% 125% 7.5% 1% 0%  pect it to be useful for metal and simple molecular clusters
fiod10))  80% 56.5% 38%  6.5% 0% 0% that form compact structures, particularly those that favor 12

coordination. For these systems, as with LJ clusters, the
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