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First-principles atomic-cluster calculations have been carried out in the local-density approximation

(LDA) for small clusters (six-atom octahedra) for each metallic element of the Periodic Table through

Cu. Trends in ground-state properties of these clusters have been found to bear a significant relationship

to corresponding trends in the crystalline solids. Binding energies and bond lengths for these clusters,

which form fragments of the crysta1 lattice, display trends with atomic number which are very similar to
the trends in experimental cohesive energies and lattice constants for the solid. An even closer

correspondence is found when comparing with results from LDA band-structure calculations. The accu-

racy of small clusters in representing these trends in solids indicates that local interactions are dominant

in determining the variations in cohesive and structural properties that distinguish one metal from

another. Energy shifts that result from coupling the cluster to the rest of the solid are rather unform

within diferent families of metals.

I. INTRODUCTION

The study of atomic clusters has experienced rapid
growth over the last decade, stimulated by laser vaporiza-
tion and other experimental procedures and the develop-
ment of accurate theoretical techniques. ' Clusters are
often described as forming a new state of matter for many
materials in that they exist in a phase different from that
usually found in nature. Generally, the term "cluster" is
applied to a molecular form of a material which is nor-
mally a solid. Clusters thus display properties that are
intermediate between the atomic and bulk limits. It is of
interest from both a fundamental as well as an applied
point of view to know how the properties of small clus-
ters evolve with size (number of atoms) and how this evo-
lution depends on atomic number. Metallic clusters are
of particular interest in part due to the discovery of shell
filling (magic numbers) in alkali clusters. They also ex-
hibit electronic properties which are strongly dependent
on cluster size distribution, and consequently they have
useful applications. A number of experimental and
theoretical ' studies have been conducted in order to
determine the size dependence of cluster properties. Re-
sults show that the number of atoms required to reach
the "bulk limit" depends on the specific property in ques-
tion and the relative importance of localization. For ex-
ample, interatomic separations show rapid convergence
to the bulk limit, ' ' but response properties ' that de-
pend on the densities of states converge slowly with the
number of atoms. Also, binding energies of atomic clus-
ters depend upon cluster morphology to a moderate ex-
tent, and converge to the bulk limit at a slow rate. ' In
most studies of convergence behavior of cluster proper-
ties with regard to the number of atoms, clusters of a sin-
gle material are normally considered, and absolute con-
vergence in a specific property is examined. A different
perspective is taken in this work where cluster/bulk
property relations are examined across a series of ele-
ments to identify how clusters of fixed symmetry and

number of atoms represent trends with atomic number in
the corresponding set of solids. The motivation here is
simple —the interactions between different components
of a system are often determined by how their properties
compare on a relative basis, rather than one which is ab-
solute, e.g., chemical behavior in terms of electronegativi-
ties. In the case of metal clusters, for example, it is of in-
terest to know how the intrinsic strengths of clusters of
different metals compare relative to one another and how
this trend compares with the trend in bulk cohesive
strengths. A close correlation between property trends is
indicative of a commonality in the bonding interactions
underlying the relevant properties in clusters and solids.
In addition to improving our understanding about the
evolution of bulk properties from those of small clusters,
knowledge of the relation between bulk and cluster prop-
erty trends provides insight into the metal-metal bonding
characteristics that distinguish one metal from another.

Results from a study based on calculations of cluster
property trends in the first transition-metal series have
been reported earlier. ' Binding energies of six-atom
clusters were found to display a trend with atomic num-

ber which accurately represents the trend in cohesive en-
ergies of the corresponding transition-metal crystalline
phases. In the present work, we examine trends in bind-
ing energies and interatomic separations for all metallic
elements from hydrogen through copper. We find that
very small clusters (six atoms in Oz symmetry) display in-
cipient bulk properties showing trends that mirror those
found in the limit of the solid. Characteristics emerge in
the trends that distinguish three families by bond type
(simple, sp-bonded II A, and the transition metals).
Within each family, the cluster trend represents the crys-
talline trend very we11. If the size dependence is carried
to the extreme of the diatomic cluster, the trend in
cohesive energies remains quite recognizable for the
transition-metal series (although with reduced accuracy
relative to the Oz cluster trend). However, the diatomics
do not maintain the trend very weB for the sp-bonded
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II A m.etals, and the case of H is distinctly different and
no longer fits the alkali trend found with octahedral clus-
ters. Detailed results will be presented in Sec. III of this
paper, and the implications of these findings on our un-
derstanding of the metallic bond will be discussed in Sec.
IV.

II. METHOD

The principal objective in this study was to determine
how trends in binding energies and interatomic separa-
tions calculated for small cluster fragments of crystalline
metals relate to trends with atomic number of the solids.
A number of factors can affect these trends, but in this
work we wish to isolate effects to the principal one of
chemical bonding. To this end, calculations were carried
out for clusters in Oi, symmetry, keeping the number of
atoms 6xed, changing only atomic type as we progress
from hydrogen to copper. Bond lengths were determined
by minimization of the total energy within the constraint
of Oi, symmetry.

The choice of octahedral Oi, symmetry defines a frag-
ment of the fcc lattice, corresponding to most of the crys-
tal symmetries in this set of elements. With some distor-
tion the octahedron is also a fragment of the bcc and hcp
lattices, covering the remaining elements in this study.
Only results for the regular octahedral symmetry are re-
ported here, however, since energy changes with the des-
cent in symmetry are secondary to the principal energy
factors considered in this work. The choice of such small
clusters as treated here emphasizes the dependence of
trends on atomic number in the regime where cluster
properties exhibit rapid evolution with size.

Calculations were carried out in the local-density ap-
proximation' ' (LDA) using the exchange-correlation
functional of Vosko, Wilk, and Nusair. ' The first-
principles augmented Gaussian-orbital-cluster method'
was used to calculate the self-consistent electronic struc-
ture, total energy, equilibrium internuclear separations,
and gradient forces on the atoms. This linear variational
technique is a full-potential approach, and with the use of
an extended basis of Gaussian tail functions, the only
signi6cant source of inaccuracy is the LDA itself. Basis
sets of double-zeta quality were generated using Gaussian
exponent parameters from published data. Parameters
for the transition-metal atom Gaussian basis sets were
taken from Wachters' [14s, 10p, 6d] set for the first-row
transition metals and optimized in atomic LDA calcula-
tions, using supplementary functions and the procedure
of Hay ' for 3d orbitals. Gaussians for H and Li-row
atoms were taken from van Duijneveldt and similarly
solving the atomic wave equations to optimize the atomic
orbitals within the LDA. For each metallic element
(from H through Cu), the cluster was relaxed according
to the calculated gradient force on the atoms, determin-
ing the ground-state total energy and metal-metal bond
length.

III. RESULTS

Metallic elements in the series H through Cu display a
wide range of mechanical properties. These cover ex-

tremes such as the softness of K, with its low cohesive
strength (less than 1 eV/atom binding energy) and large
unit cell (Wigner-Seitz radius, Rws=4. 7 bohr), to the
hardness and high cohesive strength (greater than 5

eV/atom binding energy} in the transition inetals Fe, Co,
and Ni, which bond with small interatomic separations
(Rws(2. 7 a.u. ). The calculated binding-energy curves
for the clusters that make up this study clearly show
characteristics in qualitative agreement with the magni-
tudes of corresponding bulk mechanical properties, such
as elasticity.

Atomic-cluster binding-energy curves for a group of
metals, which display a diversity of bonding characteris-
tics, are shown in Fig. 1. The binding energy is evaluated
by calculating the total energy of each cluster and sub-
tracting the sum of atomic total energies, also calculated
in the LDA. The parameter D measures the displace-
ment of the atoms from the center of the cluster (see in-
set, Fig. 1). For compressed bond lengths, the binding
energy is small and the force on each atom (negative
slope of the energy curve} is directed out from the cluster
center (repulsion among atoms of the cluster). As the
cluster expands and relaxes, the binding increases until
the restoring forces vanish (at the ground state}. For
larger values of D the expanded cluster binding becomes
weaker, and the restoring force on each atom is directed
inward and anharmonic components grow. The size of
this restoring force and the way it depends upon D
characterizes the elastic properties of the cluster in much
the same way lattice stifFness is probed by atom displace-
ments in a crystal.
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FIG. 1. Binding-energy curves for regular octahedral clusters
of various exemplary metallic elements from Li through Cu.
The binding energy (cluster energy minus sum of atom energies)
is plotted as a function of cluster dimension D =b /&2 where b

is the metal-metal bond length (see inset).
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FIG. 2. Octahedral-cluster binding energies compared with
experimental bulk cohesive energies for sp-bonded metals and
3d transition metals. Solid lines connect experimental energies
and dashed-dotted lines connect calculated binding energies.

The binding-energy curves thus determine the equilib-
rium bond lengths by the energy minimum and reflect
the elastic properties through the restoring force
behavior. The equilibrium size of each of the clusters in
Fig. 1 appears qualitatively consistent with each corre-
sponding observed bulk-crystal unit-cell size. For exam-
ple, there is a great contrast between the large Ca6 cluster
and the small Be6 cluster (a volume ratio of five), just as
there is with the unit cells of the crystalline counterparts.
This qualitative correspondence is also apparent in the
elastic properties, as indicated by the slopes and curva-
tures of the cluster binding-energy curves. For example,
of the clusters shown in Fig. 1, the softness of Li and Ca
contrasts strongly with the hardness of Ni, and the
cohesive strengths of Be, Al, Sc, and Cu are all intermedi-
ate with respect to these extreme cases. At this qualita-
tive level then, small fragments of the crystalline solid
display elastic properties that are physically significant
compared with those of the bulk. As found for the first
transition-metal series, ' incipient bulk cohesive proper-
ties are quite recognizable in small elemental clusters in a
way that correctly distinguishes one metal from another.

A measure of how well the clusters describe trends in
bulk cohesive properties is provided by the variations in
cluster binding energies compared with variations in
cohesive energies of the bulk as the atomic number
changes. If the difference between energy values for cor-
responding elements of the bulk and cluster systems is
slowly varying through the series, relative energies
among elements in the bulk will be accurately represent-
ed in the cluster results. Similar trends will then be ob-
served in cluster and bulk cohesion, even though absolute
differences between the two may be large.

In Fig. 2 calculated binding energies of the clusters for
elements Be through Cu are compared with experimental
cohesive energies for the crystalline solids. The
transition-metal results are the same as reported in Ref.
15. The group-IIIB metal Al is graphed next to the
nearest metallic element treated here, which is Cu (group
IB), and the slight difference in binding energy between
Cu to Al is calculated to be nearly the same for the crys-
tal and the cluster. Indeed, the trend in experimental

bulk cohesive energies is rather well represented by the
small cluster model across the entire series of metals con-
sidered here (alkali metals are discussed separately
below). The most noticeable deviations from the experi-
mental trend are observed in the Ti-Mn sequence and
around Co. However, the origin of this discrepancy in
the trend is explained by the occurrence of identical devi-
ations in results calculated for the crystalline solid by
LDA band-structure methods. These features must,
therefore, originate in the LDA itself (and in particular,
in the atom reference) rather than refiecting a cluster-size
effect.

The absolute difference in cohesive energies between
the cluster and crystalline phase for a specific element is
large, reaching almost 2.0 eV/atom at V. For discus-
sion of trends, however, it is not the absolute but the re!a
tive differences that are important, and these have been
shown to be small in the 3d transition metals. ' In Fig. 2
we see that the cluster binding energies are all smaller
than corresponding experimental cohesive energies for
the solid. Since cohesive energies from band-structure
calculations all show overbinding typical of the LDA, the
cluster binding energies must cross the experimental
curve in converging to bulk LDA results as the number
of atoms increases. So the situation of clusters showing
closer agreement with experiment than found in energy-
band calculations (for Mn, Fe, and Co in Fig. 2) is simply
fortuitous.

The influence of the LDA on features of the cohesive-
energy trend can be distinguished from intrinsic cluster-
bonding effects by comparing binding energies with crys-
tal cohesive energies from the LDA energy-band calcu-
lations of Morruzi, Janak, and Williams (MJW). Their
results, obtained for either fcc or bcc crystal structures,
are graphed in Fig. 3(a), along with octahedral- and
diatomic-cluster binding energies calculated in this work
(spin-polarization effects included). Essentially all quali-
tative features in the variation in cohesive energy through
the series of bulk metals are represented by correspond-
ing structure in the graph of octahedral-cluster binding
energies. Quantitatively the cluster-binding energies are
all smaller than the LDA energy-band cohesive energies,
but in spite of the truncation of convergence in cluster
size, cohesive-energy differences for one metal relative to
another are very accurately described by the octahedral
clusters. Spin-polarization effects on the cluster binding
energies are small on the scale of Fig. 3(a) (less than 0.10
eV/atom), with the exception of Mn, Fe, and Co (where
polarization has increased the binding by 0.15, 0.69, and
0.56 eV/atom, respectively). These effects closely parallel
spin-polarization cohesive stabilization in band-structure
calculations, so that the cluster trend displayed in Fig.
3(a) properly refiects that of the solid.

The diatomic-cluster results included for comparison
in Fig. 3(a) further emphasize the rapid emergence of
trends in the cohesion of solids, particularly in the transi-
tion metals. Certainly the occurrence of the largest
cohesive strengths of Ti and V in the first part of the
series and Fe and Co at the end of the series is reflected in
the strong bonding found in the diatomics. But while the
general double-peaked shape observed in the transition-
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metal cohesion curve is present at the diatomic level, de-
tails of structure are not as well represented as they are
by the octahedral clusters. These structural features (e.g.,
the Cr to Mn variation resulting from the weak diatomic
Mn-Mn bond ) evidently reflect the role of multi center'
bonding, absent in the diatomic but present in the oc-
tahedron. This is especially the case with the group-IIA
elements, which bind very weakly as diatornics. The dia-
tomic clusters do not represent the bulk trend nearly as
well as the octahedral clusters for this family of metals.

It is clear from Fig. 3(a) that octahedral clusters
represent the trend in bulk cohesive energies very well
across the whole series of elements studied here. Closer
examination shows that there are smaller scale changes in
the magnitude of cluster-bulk energy separation that
correlate with the bonding type, defining three families
(alkali metals, sp-bonded IIA metals, and 3d-bonded tran-
sition metals). The family of sp-bonded group-IIA metals
show octahedral-cluster binding energies lying uniformly
about 1.5 eV/atom below the bulk cohesive energies, ex-
cept for Be which deviates in showing a 2.4-eV/atom
difference. Even though the cluster-bulk energy
difference is greater for Be than for the other IIA clus-
ters, the structure in the binding-energy trend [Be-Mg-Ca
in Fig. 3(a)] is still consistent with that of the solid.

Within the transition-metal series from Sc through Cu,
the cluster results reproduce the bulk LDA cohesive-
energy trend especially well. The regularity in cluster-
bulk trends suggests that bond localization is most im-

FIG. 3. A comparison of (a) crystalline and cluster binding
energies and (b) crystal and cluster Wigner-Seitz radii R+s cal-
culated within the LDA for sp-bonded group-IIA metals and
the first transition-metal series. The bulk results are from
band-structure calculations (Ref. 27) and the cluster results are
computed in this work. Solid lines connect results for the solid
and corresponding octahedral-cluster values are connected by
dashed-dotted lines. Values for diatomic clusters are connected
by dashed lines.

portant in this series. For Sc through Cu, LDA bulk
cohesive energies vary between 4.1 and 6.5 eV/atom;
the difference between bulk and cluster energies in Fig.
3(a) ranges from 1.86 to 2.93 eV/atom (Cu and Mn, re-
spectively). The differences between cluster and bulk en-
ergies deviate from a constant by less than 1.1 eU/atom
in the 3d series. Separating the case of Cu, with its closed
3d shell from the rest of the (open 3d shell) transition
metals reduces the maximum deviation in cluster-bulk
energy differences to less than 0.8 eV/atom. But the
spread in intrinsic LDA errors for this series of bulk met-
als is about 1.1 eV/atom, so deviations from the trend
do not exceed the relative errors of the LDA itself in this
series. The octahedral clusters show a 96% linear corre-
lation ' with the bulk cohesive energies, compared with a
90% correlation for the diatomics.

The role of LDA error and its appearance in both clus-
ter and bulk calculations can be observed by comparing
the cluster binding-energy trend with the experimental
bulk cohesive energies in Fig. 2. There, breaks in the
trend of cluster binding energies, as cotnpared with ex-
perirnent, were found to occur as we progress from Ti to
V, Cr to Mn, and Co to Ni. But these breaks also occur
in the energy-band trends, as can be seen in Fig. 3(a).
Their common occurrence in these different models
identifies the source of these particular features as the
LDA itself. The representation of such structural details
in the bulk trend by the octahedral cluster is rather re-
markable. Nearly all details of structure in the crystal
LDA binding-energy plot of Fig. 3(a) appear well

represented by the cluster results. This is very suggestive
that structure in the cohesive-energy trend for this series
of solids originates primarily from the localized bonding
present within the primitive cluster itself. The effect on
cohesion of coupling the cluster to the rest of the solid is
a cluster-to-bulk cohesive-energy shift that is rather
uniform from element to element.

Interatomic separations corresponding to lattice con-
stants and molecular bond lengths are known to be more
accurately calculated than total energies in the LDA.
Bond lengths are also more rapidly convergent with clus-
ter size than binding energies. Using the equilibrium
cluster bond lengths and treating the octahedral cluster
as a fragment of the crystal, it is possible to compare with
Wigner-Seitz radii from LDA band-structure calcula-
tions. For the fcc crystals (the symmetry adopted by
MJW for all elements of Fig. 3 except V, Cr, and Fe), the
Wigner-Seitz radius is related to the cluster dimensional
parameter D, by R ws2D/(16m/3)'~ . For the bcc
crystals (H, the alkalis, V, Cr, and Fe in MJW),
R ws

=&2D /(8m/3) ' (regular octahedral symmetry
was retained for the cluster without the tetragonal distor-
tion characteristic of the octahedral fragment of the bcc
lattice).

Band structure and cluster evaluations of E.ws are
compared in Fig. 3(b). The trend in interatomic separa-
tions in the crystal is quite well represented by the clus-
ter. As typically found for small lattice fragment clus-
ters, bond lengths are about 10% contracted relative to
the bulk parameters, reflecting the dominance of near-
neighbor interactions in determining lattice constants.
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Spin polarization affects the cluster properties in much
the same way as observed in the band-structure calcula-
tions. Compared with non-spin-polarized ground-state
properties, clusters show a magnetic expansion parallel-
ing the phenomenon in the crystal. ' The effects of
spin polarization on cluster interatomic separations range
from negligible, (less than 0.01 bohr change) for most ele-
ments, to slight (0.05 bohr for Co} to significan (0.22
bohr for Fe and 0.55 bohr for Mn). The magnetic-order-
induced volume expansion (magnetic expansion) of Mn
appears in both cluster and solid trends as the break in

Rws at Mn. Its enhancement in the cluster is a conse-
quence of the larger spin moment in the cluster compared
with the solid and the greater relaxation freedom for ex-
pansion in the cluster. Non-spin-polarized calculations
give R ws values for Fe and Mn falling on a smooth curve
extrapolated from Cr to Co [Fig. 3(b)].

Turning to other elements, the case of Mg deserves
comment in that while the R ws value for the Mg6 cluster
is within the stated range of convergence to the bulk
(10%), it differs from all the other clusters in showing an
interatomic bond length which is larger than the bulk
value [Fig. 3(b)]. The origin of this feature is the symme-
try constraint on the cluster. In geometry-optimized
LDA cluster calculations for, Mg clusters, the six-atom
cluster takes a rectangular bipyramidal ground-state
geometry with a binding energy that is larger by 0.30
eV/atom' ' relative to our result. The square bipyrami-
dal geometry, more closely related to our regular oc-
tahedron, is found to lie 0.25 eV above this ground-state
geometry (within 0.05 eV/atom of the result obtained
here} with an average of bond lengths of 6.58 bohr. This
is in close agreement with our calculated equilibrium
bond length of 6.39 bohr, which yields the Rs value in
Fig. 3(b). Thus, it appears that this expansion of the clus-
ter bonds compared with the interatomic separations for
crystalline Mg is a result of weak binding in the con-
strained regular octahedron for Mg6.

The remaining family of metals that make up this
study is the alkali group (plus hydrogen), and calculated
cluster binding energies are compared with band-
structure cohesive energies in Fig. 4(a). The trend in
bulk cohesive energies is rather well represented in the
octahedral-cluster trend, with the two graphs maintain-
ing an energy separation near 0.5 eV/atom, and Li devi-
ating from the trend by about 0.3 eV/atom. The diatom-
ic trend [dashed curve, Fig. 4(a)] represents only the rela-
tive order of binding energies from Li to K and deviates
entirely at H. Hydrogen forms a very stable diatomic
molecule with much greater binding energy (4.75 eV dis-
sociation energy ) than the fcc solid treated by MJW (1.3
eV/atom) and the cluster results accurately reflect this
behavior. While the diatomic represents only the H2
molecule, the multicenter bonding in H6 has begun to
mimic the metallic bond of solid H.

The trend in Wigner-Seitz radii of the alkali metals is
given very well by the octahedral-cluster trend [Fig. 4(b)].
The changes in slope at Li and Na in progressing through
the bulk series, although subtle, are accurately mirrored
in the cluster trend as well. This again reflects the high
accuracy of the small cluster in representing lattice-
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FIG. 4. A comparison of trends in (a) cluster binding ener-
gies and (b) Wigner-Seitz radii Rs for H and the first three al-
kali metals. Solid lines denote calculated bulk results of Ref. 27
and dashed-dotted lines connect octahedral-cluster values. Dia-
tomic results are connected by dashed lines.

constant trends in crystalline metals. As a class, the al-
kali clusters show the smallest absolute separations in
binding energy relative to the bulk (all less than 0.8
eV/atom) compared with cluster-bulk energy differences
of up to 2.9 eV/atom in the transition-metal series. Yet
the energy differences average over members of the family
to about 45% of the limiting bulk cohesive energy values
in both families. This may appear counterintuitive with
our concept of bond localization in the transition-metal
series, dominated by 3d bonding, compared with the
more delocalized s (p) bonding in the alkalis. But greater
bond localization means greater bond strength and asso-
ciated cohesive energy contribution, relative to the more
delocalized sp bonds. This is clearly displayed in energy-
band calculations of the sp and d contributions to the hy-
drostatic pressure in metals. The 3d contribution to the
cohesion in transition metals dominates the sp contribu-
tion, so that incomplete coordination in the lattice frag-
ment cluster will be accompanied by a larger separation
between cluster binding energies and bulk cohesive ener-
gies for transition metals compared with the alkalis.

It is interesting that the group-IIA clusters, composed
of closed-shell atoms, are characterized by binding ener-
gies that do not deviate signi6cantly from the trend in
bulk cohesive energies in Fig. 3(a). The success of the
LDA in describing the mechanism underlying the van der
Waals interaction, although not complete, is reflected in
these results. It is also interesting that the cluster result
of 0.23 eV/atom binding in Mg6 compares closely with
calculations of the pair-potential binding-energy contri-
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bution of only 0.25 eV/atom, indicating the necessity of
volume-dependent (delocalized) energy contributions to
reach the cohesive energy of 1.7 eV/atom for crystalline
Mg.

IV. DISCUSSION

In this study we have found that small lattice-fragment
atomic clusters accurately represent trends in cohesive
energy and interatomic separations of the corresponding
bulk-crystal phases of metallic elements in the series from
H through Cu. Density-of-states (electron delocalization)
effects are required to achieve convergence to the bulk
limit in an absolute sense, but the relatiue values of ob-
servables such as cohesive energies and lattice constants
are reliably determined by the local bonding factors
present in a six-atom octahedral cluster. This charac-
teristic, previously reported for the first transition-metal
series, ' extends with good accuracy to the group-IIA
and alkali metals as well and can be considered quite gen-
erally valid. This correspondence of trends means that
uariations in these properties with atomic number are a
result of local-bonding interactions. Thus, relative effects
in a series of elements can be deduced with far fewer
atoms than usually required for absolute convergence of
a particular property of a given cluster. This is especially
important with regard to energetics, since these phenom-
ena usually involve energy differences rather than abso-
lute values,

Given that a/i of the atoms of the octahedral cluster
are actually surface atoms, how does such a small frag-
ment of the solid describe trends as well as it does? The
electron density in the volume between atoms is funda-
mental to most descriptions of bonding, and the density is
the central element of density-functional theory. The
electronic density at the unit-cell boundary was found to
be a controlling factor in the success of the ideal-metal
theory. In our cluster calculations, the electron density
in the interstitial volume (thus corresponding to a cell-
boundary region of the solid) is found to be very nearly
the same as calculated by band-structure methods. The
rapid convergence of the density in this region, coupled

with its importance in the metallic bond, is one of the key
factors in the accuracy of the cluster trends.

The picture of metallic bonding suggested by these re-
sults is one in which local interactions determine the vari-
ations in cohesive strength with atomic number. The
effect of coupling the cluster to its environment is to pro-
duce delocalization shifts in binding energies and bond
lengths to bulk limiting values by amounts that are nearly
uniform (within each family). We note that this view is
consistent with findings from theories that inherently in-
clude delocalization effects, such as the ideal metal mod-
el. There cohesive energies are generally in the correct
range (i.e., the aforementioned shift anticipated from cou-
pling the cluster to the rest of the solid is well accounted
for), but structure in the cohesive-energy trend can be
weak (when the local-bonding details are important). The
cluster model and the ideal-metal theory are in a sense
complementary in their treatment of short-range and
long-range aspects of the metallic bond, respectively.

Aside from the understanding of the metallic bonding
and the origin of trends in cohesion which these results
provide, other uses are suggested. In the development of
"embedding" schemes, the importance and role of locali-
ty are identified, and the coupling effects between cluster
and the rest of the solid are better defined. These findings
are also directly related to the development of methods
for determining crystal binding energies from atomic-
cluster calculations. In connection with the synthesis of
new materials, the direct correspondence between cluster
and bulk trends suggests that known bulk cohesive prop-
erties may serve as a basis in strategies for the design of
new cluster-assembled materials. '
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