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Using ab initio electronic structure calculations, we study a cluster-assembled form of carbon
which is based on Cas units arranged in a diamond crystal (hyperdiamond). We investigate how the
charge density and electronic spectrum of an isolated C2s unit is altered in the infinite lattice. We
analyze the nature of electronic states near the Fermi level of both an isolated C2s cluster and its
solid form. A tight binding model, with parameters fitted to reproduce energy eigenvalues calculated
from first principles, provides insight on how the states of hyperdiamond are derived from those of

Cas.

I. INTRODUCTION

The carbon structures which resemble graphitic cages
(Ceo, Cro, and their derivatives, known as fullerenes),!
have aroused a great deal of interest for their role as
molecules which can encapsulate atoms. Subsequent
to the discovery that the Cgo molecule and the larger
fullerenes can serve as containers for atoms,? a smaller
fullerene, Cyg, was found to function similarly.? In addi-
tion to its ability to entrap an atom, the Cgp molecule
can also serve as a building block for a crystalline solid.*
Likewise, one might consider whether a Cqg cluster can
serve not only as an atomic cage, but also as a unit from
which a solid can be composed.3®

In a Cgp molecule all carbon atoms are threefold coor-
dinated. The atoms are arranged in 12 pentagons and 20
hexagons, and produce a structure very close to graphite
(the latter is composed exclusively of planar hexagons).
Thus, the carbon atoms in Cgo are bonded essentially
through sp? hybrids, as in graphite. The spectrum of
o and 7 bonding states produced by the geometry and
symmetry of Cgo (icosahedral group I) accommodates
all electrons in fully occupied states, producing a gap be-
tween the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO).
This situation makes Cgo quite stable and chemically un-
reactive. Hence, the intermolecular interactions in a solid
composed of Cgp units are rather weak, arising from van
der Waals interactions.%”

The structure for Cys (shown in Fig. 1), first pro-
posed by Kroto,® obeys the T, point group symmetry. All
atoms are again threefold coordinated, and are arranged
in 12 pentagons and 4 hexagons. Due to the larger ratio

0163-1829/94/49(12)/8446(8)/$06.00 49

of the number of pentagons to hexagons in Cyg, many
orbitals of this cluster are of the sp® type rather than
the graphitic sp? type found in Cgo. In particular, the
four atoms of an isolated Czg that form the apexes where
triplets of pentagons meet (shown in black in Fig. 1) fa-
vor sp® bonding due to the nearly tetrahedral bond angles
at these junctions. This sp3 bonding produces “dangling

FIG. 1. The structure of the Czg cluster. The three atom
types are (i) a black atom which forms the apex of three
fivefold rings, (ii) a white atom which is part of a sixfold ring
and is bonded to a black atom, and (iii) a different type of
white atom which is part of a sixfold ring but is not bonded
to a black atom. The resulting three different types of bonds
are identified as rq, 75, and 7.
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bonds” (orbitals that cannot effectively bond with other
nearest neighbor states), and results in a partially occu-
pied HOMO which renders an isolated Cqg cluster unsta-
ble, in contrast to a Cgg molecule. The Csyg cluster can be
stabilized when it is produced in the presence of U, Ti, Zr,
or Hf atoms which become encapsulated in the cage.®91°
Alternatively, it is conceivable that Cyg units could be
stabilized by saturating their dangling bonds externally
through covalent bonding, either with other atoms such
as H,311713 or, as suggested recently,®5 through bonds
between Cyg units themselves. The black apex atoms of
Cazs, on which the dangling bonds are centered, lie on
the vertices of a tetrahedron, which makes this cluster
behave as a tetravalent superatom. Guided by the tetra-
hedral arrangement of individual carbon atoms found in
diamond, one might expect that a diamond lattice con-
structed from Cgyg units, as shown in Fig. 2, would be
a reasonable candidate for a solid based on this small
fullerene3>. The bonding between Czg units in such a
solid would be covalent, due to strong interactions among
the half filled tetrahedral dangling bonds. This strong
bonding is quite different from the comparatively weak
van der Waals forces responsible for bonding Cgo units
together in its solid form. The structural properties of
an arrangement of the Cag units in the diamond lattice
[called hyperdiamond (Czg)2] have been studied by By-
lander and Kleinman®. In this work we concentrate on
the electronic properties of this hypothetical solid.

The rest of this paper is organized as follows. Section
II describes briefly the first principles methodology em-
ployed in this work. Section IIT discusses the structure
and properties of the isolated cluster. Section IV de-

scribes the structural features of the hypothetical solid,
hyperdiamond. Section V gives a detailed analysis of
its electronic properties. Finally, Section VI draws some
conclusions regarding the possibility of forming this type
of solid and its utility.

FIG. 2. Structure of the hyperdiamond lattice. The Cas
clusters are bonded together at the black atoms.
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II. METHODOLOGY

We use ab initio calculations to obtain total energies
and electronic densities, as well as single particle elec-
tronic states and eigenvalues. The calculations are per-
formed within the framework of density functional theory
using the local density approximation (LDA) (Ref. 14) to
treat the exchange and correlation contributions to the
total energy.!® The ionic potential, including the screen-
ing from core electrons, is niodeled by a nonlocal norm
conserving pseudopotential,’® which is rather “soft” (it
produces convergence with relatively few Fourier com-
ponents, as established by Kaxiras and Pandey,!” from
studies of the energetics of local distortions in graphite).
The s and p components of the ionic potential are in-
cluded in the calculation, and the Kleinman-Bylander
scheme!® is employed to make the potential separable
in Fourier space. The electronic wave functions are ex-
panded in a plane wave basis set with an energy cutoff
up to 28 Ry. The I' point (the center of the irreducible
Brillouin zone) is used for sampling the charge density
for the total energy calculations.

We use the molecular dynamics method of Car and
Parrinello!® to solve the Kohn-Sham equations and com-
pute the ground state energy and optimal lattice con-
stant of hyperdiamond. The electronic wave functions are
evolved to self-consistency at several values of the lattice
constant through a steepest descent algorithm. Once the
equilibrium lattice constant is found, the single particle
eigenstates and eigenvalues are calculated at additional
reciprocal space points with a smaller plane wave energy
cutoff (18 Ry).

We have performed calculations for isolated clusters
in a supercell geometry, as well as for the hyperdiamond
solid. In the latter case we have considered three different
geometries of the Cyg unit. These geometries were taken
from: (a) restricted Hartree-Fock calculations for an iso-
lated Czg cluster, reported by Guo et al;® (b) LDA cal-
culations, including full relaxation for the isolated clus-
ter within the tetrahedral symmetry group, reported by
Jackson, Kaxiras, and Pederson;!® and (c) LDA calcu-
lations for the hydrogenated cluster including full relax-
ation within the tetrahedral symmetry group, also from
Jackson, Kaxiras, and Pederson.!® The crystal structure
based on the LDA geometry (c) gives the lowest energy
for the solid in our calculations. We use the geometry
(b) for the isolated cluster calculation.

III. STRUCTURE AND PROPERTIES
OF THE ISOLATED CLUSTER

The structure of an isolated C,g, shown in Fig. 1,
consists of four sixfold rings (distorted hexagons) and
twelve fivefold rings (distorted pentagons). Unlike the
twelve fivefold rings in Cgo, which do not share vertices
or edges, the fivefold rings in C,g are adjacent to one
another. These rings are grouped in triplets sharing a
common atom (shown in black in Fig. 1), with each five-
fold ring having three common edges with other fivefold
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rings, two edges with fivefold rings of the same triplet and
one edge with a fivefold ring belonging to another triplet.
There are three distinct atom types in a Cyg cluster: the
black atom, which forms the junction of three fivefold
rings, a second type of atom which has one bond to a
black atom, and a third type of atom which has no bonds
to a black atom. Atoms of the second and third types
are shown in white in Fig. 1. The 24 white atoms form
four sixfold rings, the centers of which are diametrically
across from the black atoms. The three distinct atom

types produce three distinct bond types in Cys. In our
isolated cluster calculations we choose the bond lengths
according to the optimized geometry found by Jackson,
Kaxiras, and Pederson:!3 r,=1.446 A between a black
and a white atom, r,=1.510 A between two white atoms
that link two sixfold rings, and 7,=1.428 A between two
white atoms within a sixfold ring (see Fig. 1).

In Fig. 3(a) we show the total valence charge density
in a plane that contains two black atoms and the cen-
ter of the cage (which is also the geometrical center of

FIG. 3. (a) The total valence charge density on a cross section of the Czs cluster. The scale of electron density is represented
by the brightness (the highest electron density is white). Each nearly vertical bond at the lower left and lower right hand sides
of the figure is between one black atom and one white atom. Two different views of a bond between two white atoms that are
not bonded to black atoms are shown at the top and bottom center of the figure. The upper bond is parallel to the plane of
the figure and its entire length is shown, while the lower bond is perpendicular to the figure and a cross section at its midpoint
is shown. Wave-function magnitude of the states near the Fermi level for (b) the triplet state t (HOMO) and, (c) the singlet

state a; (LUMO).
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the tetrahedron formed by the black atoms). This plane
contains two bonds of length 7, (the two nearly vertical
bonds at the lower left and lower right sides of the figure)
and one bond of length 7, (horizontal bond on the up-
per part of the figure), while it bisects another bond that
has length r;, (circular cross section at the bottom center
of the figure). All subsequent figures displaying charge
densities and wave-function magnitudes are on the same
plane. This plane was identified by Dunlap, Hiberlen,
and Rosch® as a covenient choice for discussing wave
functions and charge densities because it contains all the
symmetry unrelated atoms in the cluster. From Fig. 3(a)
it is seen clearly that the bonds have covalent charac-
ter, with most of the valence charge density concentrated
near the midpoints of the interatomic distances. Compar-
ing the cross sections from the two different bond types
shown, we note that the r, bond corresponds to a slightly
higher charge density than the r, bond. Although both
rq and r, bonds form the edges of fivefold rings, they
differ in that the former bond serves as a link between
a sixfold ring and a fivefold ring, while the latter bond
links two sixfold rings (see Fig. 1). The greater charge
density found on the bond which links a fivefold ring to
a sixfold ring can be explained by the observation® that
the greatest strain in the fullerene structures is located
at the vertices of fivefold rings, particularly where several
of them are adjacent.?’ The r, bond is also shorter (i.e.,
stronger) than the r, bond, which is consistent with the
charge distribution shown in Fig. 3(a).

Examination of the nature of states near the Fermi
level reveals the locations of the cluster’s chemically ac-
tive sites. It is no surprise that the regions of greatest
strain in the Cyg structure, where triplets of fivefold rings
meet at black atoms, are also the sites of highest chemical
reactivity. The wave-function magnitude | ¢(™ () |? of
the HOMO and LUMO states is shown in Figs. 3(b) and
3(c), respectively. The states near the Fermi level consist
of a triplet HOMO (t2), and a singlet LUMO (a;). The
eigenstates of C,g have degeneracies of 1, 2, and 3, which
are the ones allowed by the dimensions of the irreducible
representations of the Ty point group. The wave-function
magnitudes of the ¢ and a; states [Figs. 3(b) and 3(c),
respectively] are most heavily concentrated at the black
atoms. The HOMO wave function is essentially identi-
cal to that described by Résch, Hiberlen, and Dunlap?!
for the Ce@Cyg complex, when the endohedral compo-
nent is subtracted out. The orbitals of these states are
oriented so that they point predominantly outward from
the cluster. In fact, little wave-function magnitude from
these states lies between a black atom and its neighbor-
ing white atoms. Thus, the states near the Fermi level
can be identified as dangling bond orbitals located at the
four black atoms. The t, state can accommodate six elec-
trons (triply degenerate) and the a; state two electrons
(singly degenerate), when electron spin is taken into ac-
count. Because only four electrons are occupying these
states and the energy of the a; state is slightly higher
than that of the ¢, state, the ¢, state is partially occupied
(2/3 filled), while the a; state is vacant. This situation
makes the cluster unstable as a result of the presence of
partially filled orbitals centered at the four black atoms.

IV. STRUCTURE OF THE SOLID

Since C,g has tetrahedral symmetry and its eigenstates
near the Fermi level are hybrids pointing towards the
vertices of a tetrahedron, this molecule is analogous to
tetravalent atoms, which typically form four sp® hybrids.
This similarity suggests that the diamond lattice is a nat-
ural candidate for a solid built from Cyg units.3® Al-
though other structures composed of these units may ex-
ist in solid form, in this work we focus on the diamond

FIG. 4. (a) Valence charge density of hyperdiamond on
the (110) plane. The only significant change from the charge
density of an isolated C2s cluster is that intercluster bonds
are formed at the tetrahedral apex atoms. Wave-function
magnitude at I' of hyperdiamond on the (110) plane for (b)
the highest VBM state and (c) the lowest CBM state.
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lattice as the simplest choice of a solid composed of Cog
units. The structure of this lattice, called hyperdiamond,
is shown in Fig. 2. Since the dangling bond orbitals are
located on the black atoms, we construct the diamond
lattice so that bonds between clusters occur at these lo-
cations. Our total energy calculations for the solid yield
a lattice constant equal to 16.4 A, which corresponds
to a minimum distance between two clusters (the bond
length between two black atoms on adjacent Cag units)
of 1.54 A. This value lies in the range expected for singly
bonded carbon atoms with sp® bonding (for compari-
son, the bond length between two C atoms in diamond
is also 1.54 A). These results are close (within few per-
cent) to the values obtained in the more thorough study
of structural features by Bylander and Kleinman, which
used 40 Ry cutoff for the plane-wave basis and 64 points
in the Brillouin zone.’ For example, the bond between
black atoms on adjacent clusters found by Bylander and
Kleinman is 1.53 A. Thus, the largest difference in the
geometries used in the two calculations is a distortion of
the cage itself.

The total charge density of hyperdiamond in the (110)
plane, shown in Fig. 4(a), remains practically unaltered
from that of the isolated cluster seen in Fig. 3(a). There
is only one significant change, namely that a bond is
formed between two adjacent clusters at the black atoms.
Thus, each cluster behaves almost like an autonomous
entity, interacting strongly with its neighbors at the four
reactive sites (black atoms), while preserving most of its
internal electronic structure. Another confirmation of
this property can be seen from the calculated density of
states (DOS) shown in Fig. 5. Although there is some
broadening of levels due to dispersion from the interac-
tion between clusters, essentially all the features in the
DOS of hyperdiamond can be traced to features in the
DOS of the isolated C,g cluster.

(Cy4),-solid
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FIG. 5. Density of states of hyperdiamond (upper portion)
and an isolated Czs cluster (lower portion). The density of
states for hyperdiamond is obtained from the states at the T,
X, and L points, with proper weights. The zero of energy is
that of the HOMO of Czs.
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V. ELECTRONIC PROPERTIES
OF THE SOLID (Css),

In the preceding section we noted that a Cyg cluster
can be treated as a superatom, because it maintains most
of its intrinsic characteristics when placed in an infinite
crystalline lattice. In this section we use this perspective
to gain insight into the band structure of hyperdiamond
near the Fermi level. We first note that the dangling bond
states of an isolated C,g, which are the states closest
to the Fermi level, are shifted in energy when the clus-
ters are brought together to form hyperdiamond. This
change is a result of the strong interaction between sp®
orbitals of neighboring clusters at the tetrahedral apex
atoms; hence, the bonding (antibonding) states formed
from combinations of orbitals centered on black atoms
end up far below (above) the Fermi level of the solid. An
important consequence of this splitting of bonding and
antibonding combinations is the creation of a large gap
in the band structure of hyperdiamond (see Figs. 5 and
6). Our results give a direct gap at I" equal to 1.61 eV.
Taking into account the well known tendency of LDA
to underestimate the gaps of semiconductors by approx-
imately 50%,2% we expect that in the real solid, if it can
be produced, this gap will be close to 3 eV. The mini-
mum gap is indirect; it is between a threefold degenerate
occupied state at I" and a twofold degenerate unoccupied
state near the L edge of the Brillouin zone.

The states of hyperdiamond that are most relevant to
the properties of the solid are the ones just above and just
below the Fermi level, by analogy to the solid form of Cgg.
In the latter case, the properties of the solid were deduced
by using detailed first principles calculations,?® as well as
simple models that capture the essential physics (see, for
example, the tight binding analysis of Manousakis?*). In
this work we analyze the states of hyperdiamond near the
Fermi level from both perspectives. The states near the
Fermi level are derived from combinations of different
orbitals on the Cag clusters. The resulting bands can
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FIG. 6. Band structure of hyperdiamond calculated from a
tight-binding model (solid lines) with parameters fitted to ap-
proximately reproduce the LDA eigenvalues (open and filled
dots for states above and below the Fermi level, respectively)
at the Brillouin zone center and edges.
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be described within a simple tight-binding (TB) picture
by assigning two triplets of states of p-type character
to each cluster.2® Six states, a p-type triplet from each
cluster, are combined to produce the crystal bands below
the Fermi level, while the remaining p-type states from
each cluster combine to form the bands above the Fermi
level. We refer to the first six states below the Fermi level
collectively as the valence band maximum (VBM) bands,
since their band width is small (about 0.5 eV) compared
to the total band width (about 21 eV, see Fig. 5). For
the same reason, we refer to the first six states above the
Fermi level collectively as the conduction band minimum
(CBM) bands. In this TB picture the VBM bands are
given by

eFX (k) = e = VB | Vi | [1 + cos(mk)]? (1)

V=

EX (k) = e % VB [VZ + V2 + (V? — VZ) cos(nk)]
(2)

in the I'X direction. Here ¢,,V;, and V; are adjustable
parameters of the TB model. Each of the two €; states
is singly degenerate, whereas each ¢, state is twofold de-
generate. The VBM bands in the I'L direction are given
by

(k) = e £ | (V1 +2V2)% + (31 — 2V3)?

[0

+2 (V1 + 2V2) (3V; — 2V3) cos(wk)] , (3)

esL(k) =€+ [(Vl — V)2 + (3V1 + V2)?

N

+2 (V1 — Vo) (3V1 + V3) COS(?Fk)] . (4)

In Egs. (1)-(4) the wave number k takes values in the
interval [0,1]. A similar set of equations with a different
set of adjustable parameters describes the CBM bands,
which are built from the other set of p-type triplets. The
adjustable parameters, V; and V; are expressed in terms
of the usual orthogonal tight-binding Hamiltonian pa-
rameters Vpp, and Vppr (see, for example, Harrison?®) in
the following way:

1
Vi = 3 (Voo + 2Vipn) (%)

Va = 3 Voo = Vipr)- (©)

The band structure of hyperdiamond calculated from
this TB model is shown in Fig. 6. The TB parame-
ters were obtained so as to approximately reproduce the
LDA eigenvalues at the Brillouin zone center and at the
L and X boundaries (filled dots for the VBM and empty

dots for the CBM). As seen from Fig. 6, this simple TB
model with only three adjustable parameters for each set
of states is sufficient to account for the basic features of
the LDA calculations. The presence of an indirect mini-
mum band gap is evident in this figure. The lowest un-
occupied state throughout the Brillouin zone is a twofold
degenerate state. At the I' point, this doublet appears
to be part of a threefold degenerate state, within the ac-
curacy of our calculations. We note that since there is
only one bond connecting any two clusters and most of
the states are not altered much by the intercluster inter-
actions, the individual energy bands show very little dis-
persion (of order 0.1 eV), compared to that found in the
diamond lattice (of order 10 V). In particular, the lowest
doubly degenerate unoccupied state disperses downward
by 0.07 eV both in the I'L and in the I'X directions. All
of these features are consistent, within the accuracy of
our calculations, with the first principles results of By-
lander and Kleinman.® The values of the TB parameters
that give these fits are Vp,, = 0.0183, V5 = 0.0873 for
the VBM states and V,, = 0.1454, V5 = —0.0151 for
the CBM states (in eV). These values are more than an
order of magnitude smaller than the hopping matrix el-
ements obtained by Manousakis (~ 2.5 eV) to represent
the states within a Cgo cluster.24 This is due to the fact
that the present TB model describes intercluster interac-
tions other than the covalent bonding between neighbor-
ing Cyg units. These interactions are much weaker than
typical intracluster interactions, which are comparable to
bonding in graphite.

In order to gain insight into the nature of the VBM and
CBM states, we studied their wave functions as given by
our first principles calculations. The wave-function mag-

nitudes | ¢§:")(1"') |2 of the highest VBM state and the low-

est CBM state at k = 0 are displayed in Figs. 4(b) and
4(c), respectively. The wave-function magnitude in Fig.
4(b) is seen to lie primarily on the 12 white atoms that
are bonded to black atoms. Fig. 4(b) gives the impres-
sion that this state is composed of noninteracting dan-
gling bonds on these 12 white atoms. However, the large
wave function magnitude around these atoms will also
contribute to 7 bonding between these atoms and their
neighbors that form the edges of the sixfold rings (the
bonds of sixfold rings are not visible on the plane of this
figure to make this 7 bonding evident). Furthermore, in
the crystal wave function shown in Fig. 4(b), orbitals on
equivalent atoms of neighboring clusters are nearly par-
allel, suggesting that this triply degenerate VBM state
has m-type character. The wave-function magnitude de-
picted in Fig. 4(c) is a linear combination of orbitals at
the other 12 white atoms which are not bonded to black
atoms. From this figure, 7 bonding between these white
atoms can be seen directly.

Further insight into the nature of the VBM and CBM
bands is obtained from the magnitude of the relevant TB
parameters: The ratio | Vppr/Vppo | for the VBM bands
is equal to 6.33, while the same ratio for the CBM bands
equals 0.11. Thus, the VBM states are composed primar-
ily of m-type bonding combinations of p-type states asso-
ciated with the individual Csg clusters, consistent with
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the parallel orientation of orbitals on neighboring clus-
ters shown in Fig. 4(b). The small ratio of | Vppr/Vipo |
for the CBM states is suggestive of o-type interactions,
although this is not immediately evident from the wave-
function magnitude of these states at I'. Finally, we note
that the band structure of the solid is affected very little
by the geometry of the cluster. For all three geometries
that we have considered (see Sec. II), all the band struc-
ture features described above were the same, except for
small overall shifts in energy.

VI. SUMMARY AND CONCLUSIONS

In summary, we have performed first principles total
energy calculations to study the structural and electronic
properties of hyperdiamond, a hypothetical solid formed
by joining Cgg units in an infinite lattice. A band gap
is created when the reactive sites (black atoms) of the
individual Csg units form covalent bonds with equivalent
atoms in neighboring clusters. The basic features of the
energy bands of hyperdiamond near the Fermi level are
described by a simple tight-binding model. This model
and the wave functions of the bands reveal that the states
just above and just below the Fermi level are linear com-
binations of orbitals at the 24 white atoms of individual
Cyg clusters, which do not participate in the bonding of
the solid. If this solid can be realized experimentally, the
character of these states might prove important in under-
standing transport properties and other collective effects,
as is the case for the alkali doped Cgg crystals.?3:24

We conclude by briefly discussing the possibility of
forming the (Czg); hyperdiamond lattice and related
solids. In order to form the perfect (Czg)2 crystal, each
cluster must be precisely oriented. Even small deviations
in the relative orientation of clusters will destroy the lat-
tice periodicity. However, since a C,g cluster is a large ob-
ject on the atomic scale, we expect that it will be difficult
to orient these units properly in a solid. The unavoidable
local defects suggest that a tetrahedrally bonded amor-
phous network of Cyg clusters (which we shall call a-Cys)
may be easier to obtain experimentally than the hyper-
diamond crystal. The a-Cjg phase will be porous with

voids that are large on the atomic scale, and thus may
serve as a good storage medium. If most of the dan-
gling bonds at the apex atoms of Cag units are saturated
through intercluster bonding in a-Cyg, this material will
also be a good insulator, in contrast to the known form
of amorphous carbon, a-C. Both a-Cys and a-C consist
primarily of threefold coordinated atoms,?” with a small
percentage of tetrahedral coordination. However, they
are structurally very different: a-Cpg would comprise a
network of Cyg units connected at the tetrahedral apex
atoms, while a-C is believed to consist of planar threefold
coordinated atoms, with occasional fourfold coordination
altering the orientation of the planes.?” We expect that
a-Cag will have essentially the same electronic structure
as hyperdiamond, with the bands broadened by disorder.
The dispersion of states near the Fermi level of hyperdia-
mond is small compared to the band gap. This suggests
that states near the Fermi level of a-Cag will exhibit only
small band tails, thus preserving a sizable band gap, com-
parable to that of (Cgzg)2. The expected nonvanishing
of the gap in a-Csg is the result of the favorable local
arrangement of the threefold coordinated atoms, which
allows extensive m bonding in the sixfold rings on indi-
vidual cluster units. Another form of amorphous carbon
expected to be insulating, the diamondlike amorphous
carbon,?® is actually metastable and is therefore unlikely
to be found experimentally. Thus the a-Csg phase may
prove to be a new and useful solid form of carbon, dis-
tinct from existing amorphous forms and easier to obtain
than the crystalline form.
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FIG. 3. (a) The total valence charge density on a cross section of the Cag cluster. The scale of electron density is represented
by the brightness (the highest electron density is white). Each nearly vertical bond at the lower left and lower right hand sides
of the figure is between one black atom and one white atom. Two different views of a bond between two white atoms that are
not bonded to black atoms are shown at the top and bottom center of the figure. The upper bond is parallel to the plane of
the figure and its entire length is shown, while the lower bond is perpendicular to the figure and a cross section at its midpoint

is shown. Wave-function magnitude of the states near the Fermi level for (b) the triplet state ¢z (HOMO) and, (c) the singlet
state a; (LUMO).



FIG. 4. (a) Valence charge density of hyperdiamond on
the (110) plane. The only significant change from the charge
density of an isolated Czs cluster is that intercluster bonds
are formed at the tetrahedral apex atoms. Wave-function
magnitude at I' of hyperdiamond on the (110) plane for (b)
the highest VBM state and (c) the lowest CBM state.



