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Concentric-shell fullerenes and diamond particles: A molecular-dynamics study
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Concentric-shell fullerenes are generated from diamond nanoparticles of 1.2 nm to 1.4 nm diameter by
means of molecular dynamics simulations based on approximate Kohn-Sham equations. The diamond-to-
concentric-shell fullerene transformation observed at temperatures from 1400 K to 2800 K starts at the surface
of the diamond particle. Subsequently, the core of the particle gets disordered and the information about the
initial atomic structure becomes lost. The final structure consists of two concentric graphitic shells. The
intershell spacing of the generated concentric-shell fullerenes is distinctly below the interlayer distance of
graphite. It is demonstrated thap®-like cross links appear between the shells. Simulated irradiation acceler-
ates the transformation but reduces the number of cross [iBK4.63-18209)14039-9

Concentric-shell fullerenes consist of concentric graphiticconcentric-shell fullerene provided that the diamond nucleus
shells and can be prepared by electron irradiation of graphitiés already present. Banharonsidered the high pressure in
material> or by thermal annealing of ultrafine diamond the concentric-shell fullerene to be the most essential precon-
particles® The extremely high pressure in the core of thedition for the nucleation of diamond in the core of
concentric-shell fullerenes gives rise to their use as pressuncentric-shell fullerenes. Additionally, he supposed
cells for diamond formatioft®> A recent model explains as- sp’-like cross links to appear between adjacent graphitic
pects of the structural transformation of graphitic concentricshells.
shell fullerenes to diamond and vice vét$ait requires the We have developed a microscopic model for the forma-
existence of a phase boundary between the transforminigon of concentric-shell fullerenes. Our model explains the
components. In order to find out the very reason for theproperties of the core of concentric-shell fullerenes on an
nucleation of diamond in concentric-shell fullerenes, atomis-atomistic scale including the origin of diamond nucleation.
tic models for the latter ones are required. We generate sudh this sense, our model is complementary to the theory by
models simulating the transformation of diamond particlesZaiser and BanhaftWe have applied a reaction path which
into two-shell concentric-shell fullerenes by means of mo-has been experimentally shown to exisiamely that starting
lecular dynamics. The interatomic forces are calculated usinffom the well-defined atomic structure of diamond. The co-
approximate Kohn-ShartkS) equations.2° Diamond par- ~ ordinates for the starting model were generated by a spheri-
ticles consisting of 150 or more atoms can transform intocal cut out of an extended diamond structure. The number of
two-shell nested fullerenes. Simulated irradiation accelerateatoms per particle ranged from 122 to 275. The particles
the transformation and modifies the main characteristics ofvere subjected to temperatures between 1400 K and 2800 K
the concentric-shell fullerenes generated: the high pressure &nd the evolution of the system was simulated using molecu-
the core and the number ep*-like cross links between the lar dynamics. The Newtonian equations of motion were
concentric graphitic shells. solved simultaneously with approximate Kohn-ShaKs)

The experiments have shown that ultrafine diamond parequations, describing the electronic states with a LGA®
ticles may transform into nested fullerenelike carbon strucear combination of atomic orbitglansatz for the KS orbit-
tures at temperatures between 700 K and 1200TKe re-  als. The density-functional-based tight-binding metKiD&-
verse process—the conversion of the cores of concentricFB) used is described in detail elsewh&r&® This method
shell fullerenes to diamond—has been demonstrated vihas already been applied successfully to studies of, for ex-
electron irradiation at specimen temperatures above 900 Kmple, the structure and stability of fulleren@$. Refs. 14
by Banhart and Ajayah® The diamond-to-concentric-shell and 15, the graphitization of diamond surfacEsand mul-
fullerene transformation starts at the surface of the patticletifragmentation processes injg Cqo collisions?®” The
whereas the formation of diamond in a carbon nestequations of motion were integrated numericdNerlet al-
fullerene begins in the center of the latferGraphitization ~ gorithm) in time steps of 1.2 fs for a total simulation time of
of diamond surfaces has theoretically been proved by modp to 50 ps, and at each time step the forces were calculated
lecular dynamics simulations based on a quantumen the base of the method mentioned above. The temperature
mechanical first-principles methtld? and a density- was rescaled after each 30 or 50 time steps. To simulate
functional tight-binding(DF-TB) schemé® A model for the  radiation effects, a random kick was given to an atom se-
radiation-induced transformation of graphite to diamond andected by chance in intervals of 30 to 50 time steps. The
vice-versa developed by Zaiser and Banthgites an expla- maximum kinetic energy transmitted to an atom per kick was
nation for the growth of a diamond nucleus in a graphitic40 eV. For comparison, the threshold energy necessary for
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FIG. 1. (Color Transformation of a diamond particle into a concentric-shell fullerene at 1600 K under simulated irradatlaitial
state: a 191-atom diamon(¢b) Intermediate state after 1 ps: a spherical graphitic ¢ggkow) with a diamondlike cordgreen. (c) Final
state after 40 ps: a two-shell nucleus of a concentric-shell fullefg@men: inner shell, yellow: outer shell

the displacement of one atom is of the order of 10 to 25 e\erwent fragmentation processes and formed fullerenelike
in graphite and 35 eV in diamon@f. Ref. 5. cages. Most of the diamond particles with 150 atoms or

Using this procedure we analyzed the structural evolutiormore, i.e., a diameter of at least 1.2 nm, transformed to form
of about 50 diamond particles. The diamond particles of 1.kconcentric-shell fullerenes consisting of two concentric gra-
nm size(about 120 atomsand some of the larger ones un- phitic shells. Figure 1 illustrates the transformation process.
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FIG. 2. Number of atoms vs distance from the center of mass o
the particle shown in Fig.(t).

The initial diamond particle consisted of 191 atoffsg.
1(a)]. The mean accumulated energy transferred to eac
atom by simulated irradiation was 80 eV, whereby the tem-
perature(1600 K) was kept constant by repeated rescaling as FIG. 3. (Color) Concentric-shell fullerene with cross links be-
explained above. The total simulation time was 40 ps. Duriween the two concentric sheligreen: inner shell, yellow: outer

ing the initial period of about 1 ps, the diamond partiCIeShe": red: cross links with diamondlike coordinated atpms
graphitizes at the surface forming a graphitic cage with a

diamondlike structure insidé-ig. 1(b)]. In a real experiment, 1(c). The two shells are distinctly separated and the differ-
this state would represent the true initial state of the transence of the mean radius of the outer and the inner shell is
formation. Then, the diamond short-range order in the cor®.31 nm.

of the particle gets more and more disordered whilst some The smaller diamond particles consisting of 159 atoms
carbon atoms leave the cluster. At this stage the informatiocould transform spontaneously, i.e., without simulated irra-
about the initial atomic structure of the original particle be-diation, within a total simulation time of about 10 ps. The
comes lost and the subsequent evolution can be consideredditional stimulation of the system by simulated irradiation
as typical for the formation of concentric-shell fullerenesaccelerates the transformation processes. The diamond par-
from many different types of precursors, i.e., amorphousticles consisting of 191 or more atoms, however, did not
graphitic or diamond-like carbon nanoparticles. The finaltransform completely within the limited simulation time if no
structure consists of two concentric graphitic shells and repiradiation was applied.

resents a nucleus of a so-called carbon onion. It should be Table | presents typical parameters of the transformation
noted that the cross links observed in the final stable state arocess and the concentric-shell fullerenes that were gener-
not residues of the starting structure but have been formedted. The data are representative for more than 50 different
during the evolution and stabilization of the inner shell. Insimulations. The distance between the shells is considerably
Fig. 2, the number of atoms vs distance from the center ofmaller than the value 0.335 nm for the interlayer distance in
mass of the particle is plotted for the cluster shown in Fig.graphite. This is in accordance with the experimental

TABLE |. Here Ny is the number of atoms of the original diamond clusterjs the corresponding
diameter of the particleT is the temperature of the cluster during the simulatigg;,, is the total simulation
time; E is the mean accumulated energy transfer per atom by simulated irradidtiamdN, are the number
of atoms on the inner and outer sphere of the concentric-shell fullerene, respediivslyhe interlayer
distance between the shells and the number of cross links denotes the nursipédiké bonds between

them.
D T tiotal E d

No (nm) (K) (ps) (eV) N, N, (nm) Cross links
159 1.2 1600 12 0 31 118 0.27 3
159 1.2 2100 47 62 26 119 0.28 1
191 1.3 1600 40 80 26 126 0.31 0
191 1.3 1700 32 24 33 129 0.29 1
275 1.4 2800 19 24 252 184 0.26 4

275 1.4 2500 44 280 40 155 0.27 1
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observation4:®> The number of atoms per spherical shell mond in concentric-shell fullerenéddere we give evidence
fluctuates and in one of the examples the inner shell is ndior their existence.
empty but contains a carbon dimer. In general, the topology As has been already mentioned, simulated irradiation ac-
of the individual carbon shells has some resemblance to theelerates the formation of the two-shell concentric-shell
corresponding fullerendd. There are pentagons and hexa- fullerenes. However, the data given in Table | show that
gons but also polygons with four and seven vertices. Thesimulated high irradiation intensity reduces the number of
distribution of the nearest neighbor distances within the insp® cross links and enhances the distance between the con-
dividual shells of the concentric-shell fullerene nuclei is incentric graphitic shells. Low intershell distances are tanta-
the range between 0.138 nm and 0.150 nm, i.e., similar to thmount to high pressure which is, on the other hand, a pre-
C-C bond lengths in fullerenég:?° condition for the formation of diamond. For a contraction of
In most of the nested fullerenelike clusters the two con-graphite inc direction down to the intershell distances ob-
centric shells are connected by cross links, i.e., one atortained in the simulation presented hésee Table) a very
belonging to the inner shell and another situated on the outdtigh pressurde.g., 36 GPa for 0.28 nthwould be neces-
shell are connected by a bond wiip® character. Figure 3 sary. Furthermore, thesp®-like cross links within the
shows such an example. The two atoms connecting the adoncentric-shell fullerenes are supposed to act as seeds for
jacent shells are tetrahedrally coordinated. The bond lengtthe creation of diamon®® Therefore, we suggest that irra-
(0.154+0.06) nm is comparable to that of diamond, and thediation during the formation of concentric-shell fullerenes
bond angles, 1098 10°, correspond also to values charac-could be used as a process parameter in order to balance the
teristic for sp® bonding. The appearance sp*-type cross rate of nested fullerene production versus the tendency to
links is supposed to be essential for the nucleation of diaform diamond within the concentric-shell fullerene core.

1H. W. Kroto, Nature(London 359, 670(1992. 2. De Vita, G. Galli, A. Canning, and R. Car, Appl. Surf. Sci.

2p. Ugarte, NaturdLondon 359 707 (1992. 104/105 297 (1996.

3V. L. Kuznetsov, A. L. Chuvilin, Y. V. Butenko, I. Yu. Mal’kov, 3G. Jungnickel, D. Porezag, Th. Frauenheim, M. I. Heggie, W. R.
and V. M. Titov, Chem. Phys. Let222 343(1994. L. Lambrecht, B. Segall, and J. C. Angus, Phys. Status Solidi A

4F. Banhart and P. M. Ajayan, Natuteondon 382, 433(1996. 154, 109(1996.

SF. Banhart, J. Appl. Phy$1, 3440(1997. A, Ayuela, P. W. Fowler, D. Mitchell, R. Schmidt, G. Seifert, and

M. Zaiser and F. Banhart, Phys. Rev. L&t9, 3680(1997). F. Zerbetto, J. Phys. Cherh00Q, 15 634(1996.

"G. Seifert and H. Eschrig, Phys. Status Solidi®7, 573(1985.  °G. Seifert, K. Vietze, and R. Schmidt, J. Phys2& 5183(1996.
8G. Seifert, D. Porezag, and Th. Frauenheim, Int. J. Quantun%a\]. Schulte, O. Knospe, G. Seifert, and R. Schmidt, Phys. Lett. A

Chem.58, 185(1996. 198 51 (1995.

°D. Porezag, Th. Frauenheim, Th."Ker, G. Seifert, and R. ’F. Rohmund, E. E. B. Campbell, O. Knopse, G. Seifert, and R.
Kaschner, Phys. Rev. B1, 12 947(1995. Schmidt, Phys. Rev. Let#6, 3289(1996.

0R. Schmidt, G. Seifert, and H. O. Lutz, Phys. Lett.188 231  8pP. W. Fowler and D. E. Manolopoulo&n Atlas of Fullerenes
(1991). (Clarendon Press, Oxford, 1995

A, De Vita, G. Galli, A. Canning, and R. Car, Natug¥9 523  °G. E. Scuseria, Chem. Phys. LelfZ6 423 (1997).
(1996. 20G. E. Scuseria, Chem. Phys. Let80, 451 (1991).



