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Carbon Superatom Thin Films
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We report on quantum molecular dynamics simulationsCgf deposition on a semiconducting
surface. Our results show that under certain deposition conditig's act as building blocks on
a nanometer scale to form a thin film of nearly defect-free molecules. Chhis behave as carbon
superatoms, with the majority of them being threefold or fourfold coordinated, similar to carbon atoms
in amorphous systems. The microscopic structure of the deposited film supports recent suggestions
about the stability of a new form of carbon, the hyperdiamond solid. [S0031-9007(97)03357-7]

PACS numbers: 61.48.+c, 61.43.Bn, 61.46.+w, 82.20.Wt

In recent years, significant knowledge has been acthe microscopic structural properties of the deposited film
quired on fullerene solids, with studies concentratingand relate them to recent experimental findings [3,8—10]
mainly on pure and doped van der Waals bondkg  and to theoretical propositions on the reactivity of €
crystals [1]. Much less is known about solids composednolecule [4,5,7].
of smaller fullerenes, which could form covalently bonded In our calculations, we adopted a tight-binding (TB)
fullerites with novel properties. model [11] in the context of a linear scaling method

Of all the small fullerenes g is the most studied [2— [O(N)] [12—15], with a semiempirical Hamiltonian which
7]: This molecule is believed to be the smallest fullerenehas been successfully used to study a variety of carbon
created in the photofragmentation [2] Gk, by loss of systems [12]. We chose a TB picture rather than a
C,, and is also produced in considerable amounts in thelassical potential since the high reactivity [4,5,7]®@f
laser vaporization of graphite [3]. Kroto [4] proposed thatclusters and their ability to form covalent bonds call for
the isolatedC,g cluster is a fullerene cage, chemically a quantum mechanical treatment of the interactions. We
very reactive, with four preferred active sited gites). adopted arO(N) method because of the large supercells
The existence of solid forms d@f,s has been conjectured needed in the simulation of the deposition process: The
by Guoet al. [3], who proposed that it should be possible favorable scaling with system size of the algorithm,
to stabilize an arrangement of the fullerene cages in #ogether with its efficient implementation on a massively
diamond lattice, with the molecules bonded together aparallel computer [15], allowed us to perform quantum
A sites. However, such a material, usually referred tesimulations of an unprecedented size, with cells of up to
as hyperdiamond [6,7], has not yet been synthesized, antt72 atoms, for about 70 ps.
the possible growth and stability @f,g solids remain, at Before performing the deposition simulation, we in-
present, open questions. vestigated, by using semiempirical and first-principles ap-

Recently, low energy deposition experiments of smallproaches, the structure and bonding of ¢y monomer,
fullerenes(C,, n = 20—-32) [8—10] have been performed, dimer and hyperdiamond (see Table I), in order to have a
suggesting that thin films can be formed, which retainclear understanding of the properties of simlg sys-
the bonding properties of the incident clusters. It hagems. These calculations also allowed us to test the valid-
been proposed that this memory effect [8] could permitity of our O(N)-TB model [16] for the description of g
the synthesis of diamondlike materials, since small cagesystems. The agreement betwedninitio results within
contain sp3-like sites, with a dangling bond. However, the local density approximation (LDA) of density func-
the interpretation of Raman and electron energy lossional theory and)(N)-TB results is extremely good.
spectra is controversial [9,10] and inconclusive about In our computer experiment [16], we projected
whether the deposited films contain small fullerene cageg8 fullerenes onto a diamond substrate, of which 50
or a diamondlike network. remained to form a film (see Fig. 1). We used dia-

We have addressed the issue of the formation ofmond since it is the simplest semiconducting surface that
small fullerene solids by performing quantum molecularcan be simulated in a tight-binding context, and we would
dynamics (MD) simulations of the deposition process ofexpect similar results if we had used Si—exhibiting
C,g cages on a nonmetallic substrate, corresponding to theeconstructions with bonding characteristics  simi-
early stages of the growth of a disordered thin film. Thislar to those of diamond—as in real experiments [8]. The
is the first quantum simulation of a deposition processubstrate used in our simulations consisted of 12 C lay-
involving complex units such as fullerene cages. Here wers with 256 atoms per layer with periodic boundary
present an analysis of the deposition process; we discusenditions in thex and y (horizontal) directions, and a
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TABLE I. Comparison between properties of th€y  of the features of low-energy neutral-cluster beam deposi-
monomer (M) and dimer (D) and of the hyperdiamond solidtion (LECBD) experiments [8]. The bottom three layers
(Hyp.) obtained from first-principles LDA and semiempirical ¢ the supstrate were held fixed, and the next three layers

3(1\[1)20323?#';33?: (:ﬁde fﬁ%‘xa&ﬁg Tvc;nodrgﬁ:)tlg C;?rﬁgsz? aiere connected to a thermostat [20] at room temperature

apex where three pentagons meet/assites, atoms on the O prevent the substrate heating up [21] under the fullerene
hexagons a8 sites if bonded ta sites, andC sites otherwise. impacts. After each shower of fullerenes, the whole sys-
The Cys molecule has 124-B, 24 B-C and 6 C-C bonds.  tem was equilibrated by monitoring the variation in time
Stable configurations of th€,s dimer are formed by twd of the number of bonds as well as the bond lengths.

molecules connected by only a single bond [17] of length s
R.,. We considered three cases involvingand C atoms At the end of the deposition process, 24 fullerenes were

as bonding sites, since these are the most reactive sites (sB@nded directly to the substrate, with the majority of them
text and Refs. [4,6,7]). The cohesive energy of the dimer issticking to the surface during the first 3—4 showers. The

Econ = (EP — 2EM), whereEP and EM are the total energies arrangement of the first monolayer 6fg’s on the sur-
of D and M, respectively. The LDA calculations for M and ¢aca s random, with no preferential bonding sites [see

D were carried out within the pseudopotential-plane-wave_.
formalism [18,19], using a kinetic energy cutoff of 30 to 44 Fig. 2(a)]. As expected from the large number of dan-

Ry (to check for convergence) and supercells of dimensiongling bonds in the clusteCys’s easily attach to the di-
(159 A)® and (159 A x 159 A x 238 A) for M and D, amond substrate, the average number of bonds with the

respectively. lonic positions of both M and D were fully surface being about three per fullerene. These can be clas-
optimized, and the equilibrium rotational configuration of D gjfieq as strong covalent bonds: their formation can cause

was the same for bot®(N)-TB and LDA calculations. The .
LDA results for Hyp. are taken from Ref. [7], where only the the bonds between the fourfold coordinated atoms of the

relative position of theC»s's was optimized. in th©(n)-TB  first and second surface bilay(—;‘r to break. _This locally
calculation for Hyp. both the lattice constant and the atomicdestroys thé2 X 1) Pandey chain reconstruction, return-

pOSitiOI’lS. were optimizeq; we obtained almost ident!cal I‘eSU|t$ng the surface geometry to an ideal (111) configuration

when using supercells with and64 Cos's and thel” point. (de-reconstruction). Nevertheless, the formation of bonds
C,; monomer OK)-TB LDA betyveen the gubstrate afdg’s does not ind_uce modifi-

cations of their molecular topology. This is at variance

Q‘CB: tt;grr]\?j 1223&2 Eﬁ; 1:23:1:22 123:122 to what was observed fdq) on a diamond (111) surface
C-C bond length (A) 1.47-155 146-157 [22], where impacts leading to covale_nt ponds between the
Cyy dimer ON)-TB LDA (.:60 and the su_rface would necessarily induce the forma-
tion of defects in the cage [22].
A-A bonded R, (ﬁ‘\) 1.54 151 On the time scale of our simulation we did not
ég Eg?‘ggg Eﬂ; ((A)) 1;?8 ig% observe any diffusion of th€’s on the surface. Most
A-A bonded E.p (€V) 302 315 importantly, when hgatm_g the system after the deposm_on
A-C bonded E,;, (eV) 213 248 was completed, no diffusion was observed before reaching
C-C bonded E,;, (eV) 2.24 2.48 the temperature regime where cages started to break
Hyperdiamond Q)-TB LDA up. Therefore, we expect that the bonds between the
Lattice constant (A) 15.85 15.78 fullerenes and the sur_face_ are strong enough to hamper
E... (€V) 0.65 0.74 rearrangements and dlffuglon. Consequently, f[he system
Cas-Cas bond length (A) 1.52 1.54 is unlikely to undergo a disorder-to-order transition such

as the one observed experimentally in the case gf

on some semiconducting substrates [23]. IndeedCfgr

(2 X 1) reconstructed (111) surface on the upper andran der Waals interactions between the molecules and the
lower side. The deposition was performed by sendingubstrate play a crucial role in allowing cluster diffusion
down 14 separate showers 6fg clusters: The initial and the subsequent disorder-to-order transition.
configuration of each shower was prepared by choosing On top of the first monolayer, a second portion of the
molecules randomly distributed in space and nonintersystem (26 fullerenes) was identified, which was again
acting with each other and with the surface. They weresery inhomogeneous. In this portion of the system, during
also chosen to have random orientations. The numthe deposition process, we observed the formation of three-
ber of fullerenes belonging to each shower varied fromdimensional islands with some polymerlike structures,
4 to 8. With a series of test runs (involving the studywhere C,s’s were preferentially bonded to each other
of fullerene-fullerene and fullerene-surface impacts as avith two single bonds [see Figs. 2(b) and 2(c)]. This is
function of energy), we determined the range of incidensuggestive of either a Stranski-Krastanov or a Volmer-
kinetic energies (20—40 eV) for which the fullerenes hadWeber growth process [24]. However, our simulation can-
the highest sticking probability without breaking up. We not clearly establish a growth process mechanism since
then projected each shower, one after the other, verticalllarger cell sizes and longer simulation times would be
downwards onto the surface, with each molecule havingieeded. After equilibration at room temperature, the film
an initial kinetic energy randomly distributed within this was heated to verify its thermal stability. During the heat-
range of energies. In this way, we tried to mimic someing procedure, we observed oscillations of the polymerlike

4443




VOLUME 78, NUMBER 23 PHYSICAL REVIEW LETTERS 9 UNE 1997

FIG. 1(color). A snapshot of the full
system (4472 atoms) at the end of the
MD deposition simulation showing the
undamagedC,g cages. Red and blue
spheres represent atoms belonging
to the surface and to the fullerenes,
respectively. Bonds between surface
atoms and between fullerene atoms are
represented as light and dark green,
respectively. Note the numerous
bonds between the fullerene and the
first surface layer causing the local
de-reconstruction of sections of the
Pandey chains. In the deposited film
the cages are slightly distorted: The
maximum and minimum ratio between
the principal moments of inertia of the
clusters are 1.3 and 1.1, respectively,
and the variations of the maximum
and minimum distance within a cluster
are 1.54-1.65 and 1.30-1.40 A,
respectively.

structures with no major structural change. Our result®f the Cyg cluster. Furthermore, our findings support the
indicate that the film is stable up to about 1000 K. proposition of Guoet al. [3] that C,g solids in a hyper-
The whole system at the end of the deposition procesdiamond structure are stable. We note that the structural
at room temperature is shown in Fig. 1. The thin film isproperties of the film deposited in our simulation are re-
characterized by fullerenes which retained their topologymarkably similar to those of a disordered system obtained
with small distortions with respect to the original shapesby subsequent collisions @fg’s, mimicking the gas phase
The particle density of the film is very loé=1 gcm 3,  deposition of the clusters [17].
compared to the diamond and graphite densitieS.81 The proportion of 4 atoms and thus of properp?
and2.27 gcm 3, respectively), consistent with the mea- sites is low(10%) in the deposited film. Experimentally,
sured value 06.8 + 0.2 gcm 3 for small fullerene films  from analyses of Raman spectra, it has been suggested [8]
obtained by LECBD [8]. that films obtained by depositing small fullerenes might
We found that the total particle-particle correlation func-be composed of small graphitic islands embedded in a
tion of the deposited film has two main peaks corre-diamondlike matrix. We do not find any evidence of such
sponding to first- and second-neighbor distances. Eacstructures in our deposition energy regime. However, we
of these peaks is split. The first double peak is at 1.42ote that the computed vibrational spectra (both within
and 1.53 A: These distances correspond to the two diftDA and TB) of freeC,g cages [26] are consistent with
ferent intrafullerene bond lengths (see table). The longethe Raman spectra derived from experimental data on small
distance (1.53 A) also corresponds to the interfullerendullerene films. Neither type of spectra exhibit prominent
bond length, as indicated by the correlation function of thgpeaks corresponding to graphite Raman active modes (the
sites involved in intermolecular bonds, which has its firstmaximum vibrational frequency for the fullerene cages is
peak centered at 1.52 A. Most fullerenes are threefold (3f)471 and 1464 cm ~', when computed using a TB and an
and fourfold (4f) coordinated, although some twofold andLDA picture, respectively [26]), and both spectra show
fivefold cages were also observed. This predominance gfeaks centered aroust0 and1200 cm~'. This indicates
3f and 4f molecules indicates that tgg cluster has bond- that the experimentally measured Raman spectra might
ing properties similar to those of C atoms in amorphoushow direct evidence for the presence of cages in the film,
systems, which usually contain a mixturesgf> andsp®  consistent with the observed memory effects.
sites [25]. We found that sites have the highest probabil-  In conclusion, we have shown that in a given energy
ity (0.37) to form bonds, giving rise to hyperdiamondlike range small fullerenes can be assembled on a semicon-
configurations. They are then followed BYy(0.11) andB  ducting surface to form the first layers of a thin film where
(0.04) sites, in order of decreasing probability. Our resultghe C,g’s constitute the building blocks acting as carbon
are in agreement with the proposition of Kroto [4] thak  superatoms. Our results indicate that covalently bonded
should behave as a carbon superatom with four preferrefdillerite materials of small cages can be assembled, and
active sites and with several studies [5,7] on the reactivitypoint towards the possibility of synthesizing novel, new
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LDA calculations, performed with a parallel code devel-
oped within the PATP. The graphics were produced using
the Florida State Universit$ciAnpackage.
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