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Using tight-binding molecular dynamics, we have performed computer experiments to mimic the
gas phase growth of a disordered solid composed,gfullerenes. The growth has been simulated

by repeated low energy collisions of molecules coming from random directions. The resulting solid
is composed of undamageddZages, with most fullerenes being three- and four-fold coordinated,
similar to C atoms in amorphous materials. The system contains a high percentage of digtorted

C sites and only a small proportion p° sites. These results help clarify the structure of disordered
films obtained experimentally by small fullerene deposition on surfaces. Furthermore, we have
compared the properties of the disordered sblid (a-C,g) with those of ordered £ solids. We

have found that the energy afC,g is close to that of hyperdiamon@.1 eV/atom highgrand

differs by a few meV from that of other ordered structures, such as 2D-hypergraphite, hexagonal and
clathrate solids. This indicates that in condensed phasgsn®lecules can act as carbon
superatoms, while showing more bonding flexibility than C atoms; in particular the capability of
acting as six-fold coordinated building blocks of hexagonal solids, which are as stafl€as
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I. INTRODUCTION in a diamond lattice, with each molecule bonded together at
the fourA sites. This system is usually referred to as hyper-
A growing community of physicists, chemists and mate-diamond. Since the conjecture of Ref. 13, several theoretical
rial scientists have recently devoted a significant effort togydies of hyperdiamond have appeared in the literdtife.
studying and controlling the behavior of small clusters, theygwever the issues of growth, stability and chemical bond-
main goal being the synthesis of new mateﬁélwiFh clus-ing of other Gg crystalline forms, as well as of disordered
ters as building blocks. Since the experimental discovefy C,s Solids have not yet been addressed in detail.
Cs0, Many investigations on cluster-assembled solids have Indirect information about disordered,solids can be
%errred from low energy cluster beam deposition experi-

on the G, molecule and larger cagést present, only a few ments (LECBD) of small fullerenes (g, n=20—-32) on

investigations of nanostructured materials made of fu”ereneﬁ’onmetallic surface3® These experiments suggest that the
smaller than g, have appeared in the literatufre ! '

Amongst fullerenes with less than 60 atoms, thg C deposition of small fullerenes can produce thin films retain-
molecule is one of the most studidd This cluster'is be- ing the bonding properties of the incident clusters. Since
lieved to be the smallest cége created  in thesmaII cages contaiap’-like sites with a dangling bond, this
photofragmentatiol? of Cy, by loss of G, as well as being memory effect might permit the synthesis of amorphous dia-

the smallest fullerene produced in considerable amounts ifoNd. i-e., of a disordered carbon solid containing a large
the laser vaporization of graphitd The structure of the iso- Proportion ofs p’ diamond-like sites. However the interpre-
lated cluster was first proposed by Krdfowho suggested tation of Raman and energy loss spectra is controversial and
that G, should be a cage, chemically very reactive, with fourinconclusive about whether the deposited films contain small
preferred active sitegwhich we call A sites. Based on a fullerene cages or a diamond-like netwdrk.
series of experiments on laser vapourization of graphite in  In this paper we present a study of the gas phase growth
the presence of transition metals, Geial*® proposed that of C,g solids, and a comparative analysis of ordered and
it should be possible to stabilize an arrangement-gfddages disordered Gz assembled structures, focusing on their bond-
ing properties. We studied the growth of an amorphous

dpresent address: NERSC, Lawrence Berkeley Laboratory, Berkeley, Calphase'a'CZS’ by pe-rform-lng' moleculgr dynamics _S|mUIa'
fornia 94720. tions based on a tight-binding Hamiltonidrand using a
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linear scaling method’'® The system was grown by re- number of electrons i\ and the total number of single
peated low energy collisions of fullerenes coming from ran-particle states ifN/2, assuming double occupancy for each
dom directions. Our results show that similarly to thin films state ;=2).
of Cyg's deposited on surfacés,C,g molecules are almost The direct diagonalization dfi needed at each step of a
defect-free building blocks 0&-Cyg, with the majority of  MD simulation requires a number of operations scaling as
cages being three- and four-fold coordinated, similar to carthe third power o, i.e., a computational workload of order
bon atoms in amorphous systems. The cohesive energy §f2 (O(N®)-scaling. This limits the number of atoms that
a-Cyg is close to that of hyperdiamon@bout 0.1 eV/atom can be studied in conventional TB-MD simulations to less
highey and of a two-dimensional network of,£s, with the  than a few hundreds using workstations and to less than
molecule centers of mass occupying the lattice site of grapht000, when using powerful supercomputers. In order to ex-
ite (2D-hypergraphite The cohesive energy &f-Cysis @  tend quantum MD studies to larger systems and thus to a
few meV lower that of other ordered structures, such as hexproader class of problems, many so called\{(methods
agonal and clathrate structures. This indicates that the contave been introduced in recent yeHt€)(N) meaning that
puter generated disordered system is a fairly stable candidafgeir computational cost grows linearly with the system size.
for a gas phase grownygsolid, although several different Some of these approaches are based on an orbital formula-
packing and bonding arrangements of thg Golecule in  tion of the electronic properties whereas others are based on
the condensed phase have similar cohesive energies. the calculation of the Green’s function, density matrix or the
The rest of the paper is organized as follows: in Sec. lldensity. In this work we chose to evaluate the encEgy
we explain the methodology used in our simulations; we thensing an orbital based ®) method!’ which allows us to
present results for disordered and ordergg $olids in Sec.  simulate using workstations systems containing about 800-
lll, and give our conclusions in Sec. IV. 1000 atoms for tens of picoseconds.
A key point of ON) methods is the evaluation of total
energy and forces without computing the eigenvalues and
Il. METHOD eigenstates ofl. This evaluation is accomplished by divid-
ing the full system into subsystems and then defining elec-
tronic orbitals which are localized in the subsystems.
Schralinger-type equations are then iteratively solved for
these localized degrees of freedom. The subsystems are over-
lapping portions of the full system, which we call localiza-
ion regions. The important point is that the extension of a
localization region depends on the physical and chemical
roperties of the system but not on the entire volume of the
stem. The size of a localization region is the parameter

In this section we summarize the key features of quan
tum simulations based on linear scaling approachase
then discuss the accuracy of the tight-binding Hamiltotfian
that we chose to describe,{systems, by comparing results
for the monomer, dimer and hyperdiamond obtained both
the tight-binding (TB) and the local density functional
(LDA) level. Finally, we give an account of the simulation
procedure used to grow an amorphous structure in the g

phase. controlling the accuracy of the calculation. Using localized
A. Quantum simulations using a linear scaling functions is necessary but in general not sufficient to achieve
method O(N) scaling. Another key ingredient is the definition of an

appropriate energy functional whose minimization requires

neither explicit orthonormalization of electronic orbitals, nor

ions are determined by computing the gradient of the tota‘he inversion of an overlap matr_(ﬁ) be_tw_een single pa_rtlcle
wave functions. Such a functional is in general different

energy E) of electrons in the field of ions, with respect to . :
the ionic degrees of freedom, as described within a semiFL?;nr;TsigS;t'onaEBs of Eq. (2), but it has the same abso-

empirical tight-binding formulation: . L
P g g In our calculations, at each MD step we minimized the
Fi=—-VE[{R}]. (1)  generalized functional

Here{R,} represent ionic coordinates and

In our study we performed molecular dynamiddD)
simulations in which at each step the forc€s)(acting on

M
Eced {4} 1 MI=2 2 (28 =S))(¢|H—pl¢)
E=Egst >, VR(IR.—Ru|). 2 e
LL’ + uN (4)
The termVy is a repulsive two body potential derived from
fits to first-principles calculations for ordered carbon sofftis.
In standard approaches the band structure &ggis written

with respect to electronic orbita{g}, which are localized in
appropriate regions of real space, the localization regions.
We call these orbitals localized orbitdlsOs). The matrix(2

as | - S is the truncated series expansion®f! to the first
N/2 A order, withS;=(¢;| ;). The functional(4) depends orM
EBSZEi fi(yilH ), ©) orbitals—withM in general larger than the number of occu-

pied electronic statedl/2—, and on a global variablg,
whereH is a TB Hamiltonian, derived for carbon systems by determining the appropriate filling of the LOs.
Xu et al® and y; are its eigenstates, i.e., the single particle By definition, the orbitals{¢} have finite components
wave functions minimizing the functiondtgzs. The total only inside the localization regiondRs) and are zero out-
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side. While the number and centers of LRs are arbitrary, we (a)
chose a number of LRs equal to the number of atoms, eac
centered at an atomic sitd)( A localized orbital is then

specified by its localization region, i.e., the region of space
where it has finite-components, and its center, i.e., the cente
of the LR. We considered three localized orbitals per atomic
site, amounting to a total d1 =3N/4 localized orbitals in

our calculation, and LRs extending up to third neighbors. (b)

The localized orbital ¢;), whose center is théth atom, is o
expressed as

|¢i>:J ELR zl: Chlay), 5
citRi FIG. 1. (@) The Gg molecule,(b) the Gg dimer and(c) hyperdiamond. In

Where|aJ|)'s are the atomic basis functions of the atdm (a) and(b) black, gray and white spheres indic#eB andC sites, respec-
and the index indicates the atomic ComponenS mx , py or tively. In (c) black spheres indicaté sites and white spheres bdghandC
p,). Here{LR,} indicate the set of atoms belonging to the SteS(see &t

localization region of the orbitdkp;). The generalized func-

tional of Eq.(4) was minimized using a conjugate gradient and bonding of the & monomer, dimer and hyperdiamond

(CG) procedure, where the derivative (see Fig. 1 obtained by performing first-principles and
JE M O(N)-TB calculations. As discussed in detail below, the
GBS L !
i :42 [(H=w)|e;)(28; —S;) agreement betweeab initio and O(N)-TB results is ex-
i ] tremely good.
—|¢>j><¢>j|(H—M)|¢>i>] (6) The LDA calculations for the monomer and the dimer

were carried out within the pseudopotential-plane-wave

is evaluated at each iterative step. During the functionaformalism?2° using Troullier-Martins pseudopotenti&isand
minimization,u is varied until the total Charge of the System a kinetic energy cutoff of 30 to 44 R&o check for conver-
equals N; thus when convergence is achieved, i.e., thegence). We used supercells of dimensions5.9 A3 and
ground state is attained, the valuewotoincides with that of (159 Ax15.9 Ax23.8 A) for the monomer and the dimer,
the electronic chemical potential. The variationofduring  respectively. Since the ggmolecule is Jahn-Teller distorted
the minimization procedure allows for long-range chargeand polarization effects can be important, we checked for
transfers in the minimization proceSS, irl’eSpeCtive of the eXConvergence of total energy with respect to cell size and
tent of the LRs. Therefore, the variation pf during the  found that in a cell 0f15.9 A3 this energy was converged
minimization procedure helps avoiding traps at Iocalup to 0.005 eV.
minima, which were found in minimizations using a number  The Gy monomer, shown in Fig.(&), is composed of 12
of LOs equal to the number of electronic statés. pentagons and 4 hexagons; atoms at an apex where three

During molecular dynamics runs, in order to prevent un-pentagons meet are denoted/asites; atoms on the hexa-
physical charge transfers between neighboring atoms, Wgons are denoted & sites if bonded ta sites, andC sites
added to the HamiltonianH a Hubbard- -type terfl  otherwise. The 6 molecule has 1A-B, 24 B-C and 6
Hy=UZ(q,— ) , Whereq, is the Mulliken population at C-C bonds; the bond distances obtained within LDA and
atomic sitel, q? equals the valence atomic charge &his a  O(N)-TB, reported in Table |, are in satisfactory agreement.
constant. The Mulliken population is given by We note that the molecule hag @nd notT4 symmetry, due
a01=2%j(26,;— S;){(&1|R)(Ri| ¢;), where(¢|R;) indicates  to a Jahn-Teller distortion.
the projection of the localized orbitdl;, onto the localization In order to determine stable configurations of thg C
region associated to atoi In the presence of a Hubbard dimer, we performed Q{)-TB-MD simulations of low en-
like term, the line minimization required in a CG procedureergy collisions between two 4 molecules. These will be
amounts to the minimization of a polynomial of eighth de-described in detail in Sec. Ill. We found that stable configu-
gree in the variation of the wave function along the conju-rations are formed by two 4 molecules connected by only a
gate direction. In our calculations, we performed an exackingle bond. We considered in particular three cases involv-
line minimization by evaluating the coefficients of the poly- ing A andC atoms as bonding sites, since these are the most
nomial. reactive site$® Within both LDA and ON)-TB we found
that the most stable configuration is ARA bonded dimer
[shown in Fig. 1b)]; A-C and C-C bonded configurations
(see Table)lhave cohesive energies about 0.8 eV lower than
that of theA-A bonded dimer. We note that ionic positions
The TB-Hamiltonian proposed by Xet al’® has been of both the monomer and the dimer were fully optimized in
successfully used to study a variety of carbon systems, ineur calculations, and the rotational configuration of the dimer
cluding fullerenes?® In order to test the validity of both the was the same for both (®)-TB and LDA calculations.
TB-Hamiltonian and the Q) method described above to Figure Xc) displays an eight-cluster-hyperdiamond su-
study Gg systems, we compared the results for the structurg@ercell showing one four-fold coordinated molecule. In hy-

B. Tight-binding and first-principles results for simple
C,g Systems
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TABLE |. Comparison between properties of thgg@onomer ¥) and  solid. We performed collisions of molecules in pairs so as to

dimer (D) obtqined from _firstjprinciples density_func_tipnal palculations in preserve the center of mass of the whole system throughout
the local density approximatiofLDA) and semiempirical linear scaling the simulation

calculations (OK)-TB, see text The Gg monomer is composed of 12 L
pentagons and 4 hexagons; we denote atoms at an apex where three penta- After each collision, heat was removed from the system

gons meet aé sites; atoms on the hexagonshsites if bonded ta\ sites, using a Nose thermosfatand then constant temperature MD
andC sites otherwlse. Thezgmolecul_e ha:; 12-8[,) 24 B-&: and 6C-CD runs were performed, to keep the system at room tempera-
bonds. The cohesive energy of the dimeEjg,=(E”—2-E"), whereE . . .
andEM are the total energies @ andM, respectively. ture. This procedure was preferred to the melting-quenching
procedure often used to generate an amorphous structure,

C,s monomer O(N)-TB LDA where a solid is melted and then the resulting liquid is
A-B bond length(A) 144146 147145 ql_Jenched_ t_o low temperature. There are two_re_asons fo_r _thls.
B-C bond length(A) 1.40-1.44 1.40-1.44 First, collision computer experiments can mimic deposition
C-C bond length(A) 1.47-1.55 1.46-1.57 processes performed in real experiments. Secoridbgy-

fullerene bonds are covalent bonds which can be as strong as
intra-fullerene bondgsee Table)l Therefore the melting of
A-A bondedR., (A) 1.54 151 a solid Gg structure, e.g., hyperdiamond, will break both

C,g dimer O(N)-TB LDA

A-C bondedR,, (A) 1.46 151 . . : i . ’
c-C bondedReZ A) 150 153 inter: ar;drllntra fullerene bonds and thus induce the breaking
A-A bondedE,, (eV) 3.02 315 apart of the cages. _ . _

A-C bondedE,, (eV) 2.13 2.48 The ON)-TB method is particularly well suited to MD
C-C bondedE,, (eV) 2.24 2.48 simulations in which the number of particles is varied during

the run. An extra-particle can be added toNgparticles
system, at a distance where it does not interact with any of
the N, particles, because of the localization constraints im-
perdiamond, the centers of mass gf @olecules are placed Posed on the electronic orbitals. Thus the set of LO’s mini-
on diamond lattice sites and the molecules are bonded tdnizing the total energy of theN.+1)-particle system is
gether atA sites. The cohesive energy of hyperdiamond,initially given by the union of the sets of LOgp}'s mini-
given with respect to the cohesive energy of diamond, is 0.68zing respectively th&ggs of the N and that of the extra-
and 0.74 eV/atom in Q{)-TB and LDA calculations, re- particle systems. A subsequent gradual approach of an extra-
spectively; the G;-C,g bond lengths and the solid lattice con- particle to theN. particle system only weakly perturbs its
stants are 1.52 and 1.54 A, 15.85 and 15.78 A, withinelectronic ground state. Therefore the minimization of the
O(N)-TB and LDA, respectively. This shows again a good TB-Hamiltonian for the N+ 1)-particle system takes only a
agreement betweeab initio and semi-empirical results. In small number of steps, i.e., much smaller than any optimiza-
the ONN)-TB calculation for hyperdiamond both the lattice tion from scratch of the energy of thé&l{+ 1)-particle sys-
constant and the atomic positions were optimized. Calculatem. In our calculation, we could use the same number of CG
tions at thek=(0,0,0 point of supercells containing 8 and 64 iterations(20) at each step of the simulation.

C,g's gave almost identical results for the structural proper-  We first studied collisions of two £ fullerenes at dif-
ties of hyperdiamond. The LDA results for hyperdiamondferent incident kinetic energie&(=5, 10, 20, 30 eV/cluster
are taken from Ref. 9, where the authors tried three differenand for different cluster orientations, in order to establish an
geometries of the £ cluster composing the solid: the opti- impact regime in which the clusters form bonds without
mized Hartree-Fock geometry, the optimized, TDA changing their topology. We found the threshold for two
geometry? and the optimized LDA geometry of,gH,. The  clusters to bond aE;=5 eV, and that the topology of the
solid structure optimized starting from thedd8, cluster ge-  cluster was preserved up to 20 eV. On the other hand, for
ometry was found to have the lowest energy. Furtheisome orientations &;=30 eV the Gg cages can open and a
relaxatiort® of the cluster geometry within the solid im- cage-like Gg cluster can be formed. Different orientations of
proved very little the total energy per atd01 eV). Thisis the two incident clusters were tested and the lowest energy of
in agreement with G{)-TB results showing that the opti- the dimer(C,g), at zero temperature was found for the con-
mized geometry of & in the solid is Jahn-Teller stable, figuration were two activeX) sites were facing each other.

having a symmetry close 6. The results of Ref. 9 are in These results are very different from those of an amor-
good agreement with those by Bylander and Kleinframd  phous system similarly grown by.,gfullerene collisions. In
of Adamset al.’ collision computer experiments involving,£ we found

that the energy threshold to form intercluster bonds is 20 eV

and that the reactions open up the cage, destroying any re-

semblance to the incident clusters. Even at 20 eV, the final

structure is very sensitive to the orientation of two colliding
As mentioned in the Introduction, we simulated theclusters with both open and closed cages formed at the end

growth of an amorphous phasa-C,g) by repeated low en- of a collision. We conclude that contrary to,dC the G,

ergy collisions of fullerenes coming from random directions.cluster is much less stable to collisions and the formation of

In this way we eliminated any effect coming from the pres-an amorphous system composed ¢f fDllerenes as building

ence of a surface in e.g., deposition experiméh#sd could  blocks is unlikely.

study the bonding properties of a genuine disorderggl C The growth ofa-C,g was performed at incident kinetic

C. Collision experiments to grow an amorphous
phase
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20 @ . . . . tion are 0.35, 0.15 and 0.08, respectively. These results agree

well with the corresponding reactivities found for ag@hin
film grown on a semiconducting substratayhere the bond-
ing probability ofA, C andB sites were 0.37, 0.11 and 0.04,
respectively.

The particle density of the system is very low, 0.9 g
cm!, in contrast to the density of graphite and diamond,
which are 2.27 and 3.5 g cm, respectively. This particle
density agrees with that of the,£ film grown on a semi-
conducting surfacé (=1 g cm ) and with that determined
experimentally for films obtained by LECBRef. 5 (0.8+
0.2 g cm 3).

The percentage of fourfold coordinated C atoms is small
in a-Cyg, the average atomic coordination being 3.14, as in
hyperdiamond. Figure(3) shows the particle-particle corre-
lation function gcc(r) including all C atoms(solid line),

FIG. 2. () Particle-particle correlation function of all carbon sites of the compared to a correlation function including only atoms
gmorphous g solid (gcc(r), solid Iine)., and of those sites involved only in  \which are taking part imtra-cluster bondsqigga(r), dashed
intra-clusters bondsgc(r), dashed ling The data have been convoluted Jine) but not ininter-cluster bonds. The two correlation func-
with Gaussians, following the procedure suggested in Ref. 25. We consid-, . . .

ered Gaussian widths corresponding to a maximum wave vector of 50 A tions have been obtained by ConVOIUtmg the data with a
which could possibly be attained experimentally, in, e.g., x-ray synchrotronGaussian corresponding to a maximum wave vectRf.{
radiation investigationgb) First peak ofgc(r) (solid line), compared with  of 50 A*l, according to the procedure of Etheringm|_25
thqse ofggga.(r.) (dotted ling and of the correlation fgnction for all atoms  The shape ofjc(r) with its several peaks up to distances of
taklng.part !nlnter—cluster bqnds qg‘cer(r),.dashed ling Here we used 6 A cl lv indicates that th t . t di .
Gaussian widths corresponding to a maximum wave vector of 9§ /& Clearly indica ?S a . e_sys em IS not an ordinary amor
order to make visible the shoulder after the first sharp peak, which would b@hous carbon solid, but it is composed of more complex
washed out for smaller wave vectors. The functigf’(r) has been arbi-  units. The similarity ofgcc(r) andgge?(r) shows again that
trarily spaled in prder to be clearly visible on the same scale as the Oth%article-particle correlations are largely determined by the
correlation functions. bonds within the units composing the system. The first peaks

of gec(r) andgi(’:‘ga(r) are shown again in Fig.(B), together

energy of 20 eV per cluster. After each collision, the kineticWith the first peak of the correlation function for all atoms
and potential energy of the system were monitored to estaf@king part ininter-cluster bo”nggcer(r))- In Fig. 2b) the
lish when the system reached equilibrium. Then the systerfata have beleq convoluted with a Gaussian corresponding to
was cooled down to room temperature with a Ndwermo-  dmax=90 A™%, in order to make visible the shoulders in
stat, and finally equilibrated at room temperature befordlcc () and gec(r) after the first sharp peak, which are
starting another collision. A common time steptE10 a.u)  Washed out when using convolutions with smaller wave vec-
for the integration of the equations of motion was used duriors. It is seen that the averagger-cluster bond length is
ing the equilibration runs as well as during the collision pro-close to first-neighbor distances in diamond, as mentioned
cesses. After growing a Superc'uster in the gas phase, v@rlier;intra'cluster bond |engthS are in general Sma(tee
performed simulations with periodic boundary conditions infirst peak ofgcc(r) is centered at 1.44 A with a small
order to minimize the number of dangling bonds and thugProportion of intra-cluster bonds corresponding to diamond-
surface effects. We then optimized the volume of the systerRond lengths. The angular distribution of atoms belonging to
using a damped Andersen dynamitdyy requiring that the the same cluster is shown in Fig(aB and that of atoms
pressure acting on the MD cell vanishes. The intergratedorming a intercluster bonds in Fig.(i3. This is a broad
simulation time to prepare the amorphous phase gfi€  distribution with a peak at about 115 deg., an angle bigger
about 50 ps. that the tetrahedral bond angle, indicating that the four-fold
coordinated sites involved inter-cluster bonds are distorted
sp® sites. Similarly, carbon sites involved in intra-cluster
bonds are highly distortedp? sites, with bond angles as
The disordered solid grown in our computer simulationssmall as 110 deg.
is characterized by defect-free fullerenes which retained their In Table 1l we compare the stability and structural prop-
topology. In a-C,g, the molecules are mostly three- and erties ofa-C,g with those of ordered & solids: hyperdia-
four-fold coordinated, similar to C atoms in amorphous syssmond, 2D-hypergraphite, 2D- and close-hexagonal and a
tems. They are connected by single bonds, whose averagtathrate solid. These lattices are illustrated in Fig. 4. The
length(1.55 A) is close to the nearest neighbor bond distanceohesive energy of each ordered solid was computed after
in diamond[see Fig. Z0)]. We classified the reactivity of optimizing both the volume and the atomic positions. In the
different fullerene sitegA, B andC, see Fig. a)] in a-C,g, case of the clathrate, MD runs at 500 K were performed to
according to their probability of forming bonds with other allow for a local readjustment of the bonds between
fullerenes and found tha sites are the most reactive sites, fullerenes, initially prepared with random orientations.
followed by C andB sites. Their probability of bond forma- The most stable structure is hyperdiamond, which is 0.08

Ill. DISORDERED AND ORDERED C,g SOLIDS
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FIG. 3. Bar-chart graph of the angular distributiors;() of carbon sites in
amorphous &. The upper pandla) shows the distribution af—j —k sites

with j involved in bonding to fullerenes aridandk belonging to different £ 4. Ordered solids composed ofg@nolecules: Hypergraphit@), 2D-

clusters. The lower panel shows the distributioni ofj —k sites withi, j hexagonal(b), closed-hexagonalc) and a clathrate solidd), where the

andk belonging to the same cluster. centers of mass of the molecule occupy the lattice site of a two-dimensional
graphite lattice, a two-dimensional hexagonal lattice, a three-dimensional
closed-hexagonal lattice and a three-dimensional clathrate solid with 46

eV and 0.1 eV lower in energy than hypergraphite anomolecules per unit cell, r.espectivelyl. B!ack spheres ipdiéalﬂtes. In the

. . . case of the clathrate solid we only indicated the position of the centers of
a-Cyg, respectively. Interestingly, the energyaiCygis de- | <s of the molecules.
generate with that of a 2D-hexagonal lattice, whesg r@ol-
ecules have different coordination properties: all of them are
six-fold coordinated, as opposed to an average coordinatiogimilar, confirming that also from the electronic structure
of 3.45 in a-C,g. The disordereca-Cyg and ordered 2D- point of view the Gg cluster act as the building block of the
hexagonal solid are slightly more stalgf@e01-0.02 eYthan  disordered solid. The EDOS @fC,g has a deep dip in cor-
clathrate and close hexagonal lattices. We note that the pafespondence of the Fermi level, however no clear gap can be
ticle density of the clathrate structure is 30% larger than thajdentified. Calculations of the electrical conductivity would
of a-Cag, With 88% of the sites involved in bond formations, pe required, in order to establish whether the system is me-
as opposed to 52% in-C,g. This indicates that § mol-  tallic.
ecules can be packed in several different ways to form a  While the Jahn-Teller distorted monomer is the building

condensed phase. Solids can be built which have differerlock of a-Cyg, our calculation, in agreement with previous
bonding characteristics and volume occupancy, yet having

similar cohesive energies.
The electronic properties of ordered and disorderggl C @ ' ' ' '
structures also show important differences. Hyperdiamond is
an insulator with a gap of about 2 eV, whereas all other
structures are gapless solids. The electronic density of states
(EDOS of a-C,g is shown in Fig. 5, where it is compared
with those of a Gg monomer and dimer. Two cases have
been considered for the monomer: the optimized geometry of
the free cluster, which is Jahn-Teller distorted and the perfect (b)
dodecahedron, which hak; symmetry. The EDOS of the L

EDOS

. . )]
Jahn-Teller distorted monomer, the dimer aadC,g are Q
w i
TABLE Il. Cohesive energyE,.,), average coordination of gmolecules )
(C,g coord), average atomic coordinatigiatomic coord. and average in- =25 -15 -5 5 15
tercluster bond length@.L.) in several ordered and disordered solids com- E (eV)

posed of Gg molecules.

FIG. 5. Electronic density of states of amorphoug @, solid ling a Cyg

Structure Ecn Cog Coord.  Atomic Coord. B.L. dimer (a, dotted ling, the Jahn-Teller distorted monom(r, dotted ling and
- the monomer in & -symmetrical geometryb, solid line. The data have

Hyperdiamond 6.61 4 3.14 1.52 been broadened with a Gaussian smearing of 0.5 eV. The highest occupied
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clathrate 6.48 3.74 3.14 1.51.57 orbital. The highest occupied orbitals of amorphoyg &d the Gg dimer
a-Cyg 6.51 3.45 3.14 1.55 are at 2.36 and 2.29 eV, respectively. In our calculations, the dimer has a

small gap of 0.1 eV and amorphousg@s a gapless solid.
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