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Coexistence of bucky diamond with nanodiamond and fullerene carbon phases
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The transformation of nanodiamonds into carbon onions, and vice versa, has lead to the introduction of a
new intermediate phase of carbon, coined ‘‘bucky diamond,’’ with a diamond core encased in an onion-like
shell. Using a model based on the atomic heat of formation to describe the phase stability of carbon nanopar-
ticles, we have calculated the relative stability of bucky diamonds and carbon onions for comparison with
previous results for nanodiamond and fullerenes. Our results show that bucky diamond occupies a coexistence
region, spanning the calculated upper limit of fullerene stability and the lower limit of nanodiamond stability.
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The phase transition of diamond nanocrystals to car
onions has been observed experimentally1–3 with a transfor-
mation temperature that is dependent on the size of the
ticle and has been modeled theoretically4–8 at various levels
of sophistication. Similarly, the reverse transformation
carbon onions to nanocrystalline diamond has also been
served experimentally9–13 and modeled14 by means of
atomic-scale computer simulations. However, in most cas
pure carbon onion or nanodiamond is not the final produ
More often than not, an intermediary is formed, with
diamond-like core and an onion-like outer shell.

Recent studies concerning these intermediaries, both
perimental and theoretical, have suggested that a new c
of carbon be established to describe them.15 Termed ‘‘bucky
diamond,’’ this class is characterized by a nanodiamond c
partially or completely shrouded in a fullerene-like out
shell.8,15–17The fullerene-like surfaces are formed by grap
tization of the~111! surface facets. The introduction of th
bucky diamond class does, however, raise questions a
where these structures fit into current theories regarding
relative stability of carbon phases at the nanoscale.

A number of theoretical models have been proposed
garding the stability4,18–24 of carbon nanoparticles. Thes
models predict that for particles under 5–6 nm in diame
nanocrystalline diamond is more stable than graphite. As
extension of this, we have recently outlined a model for
amining the relative stability of graphite, nanodiamond, a
fullerenes.25 It was confirmed that relaxed nanodiamonds
more stable than graphite for crystals consisting of few
than 24 398 atoms. This equates to a cubic crystal diam
of approximately 5.2 nm, beyond which graphite is the sta
form of carbon and diamond is metastable. Our model a
predicted that at the ultrananoscale fullerenes, and not n
diamond, are the most stable allotrope. This intersection
curred at 1127 atoms, which is approximately equivalen
cubic nanodiamond crystals of 1.9 nm in diameter. Th
results indicated a ‘‘window’’ of stability for nanodiamond
in the range of approximately 1.9–5.2 nm in diameter, and
all but this range~;1127 to;24 398 atoms!, nanodiamond
is metastable.

The model presented in Ref. 24 describes the atomic
of formation of fullerenes and carbon onions@DH f

0(F)# and
diamond@DH f

0(D)# clusters in terms of the C-C bond en
ergy ECC and dangling bond energyEDB , and is linearly
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dependent upon the number of surface bonds per ca
atom,NDB /NC:

DH f
0~D !

NC
52ECC

D 1
NDB

NC
S EDB

D 2
1

2
ECC

D 1DH f
0~DB! D

1DH f
0~C!, ~1!

DH f
0~F !

NC
5

3

2
ECC

F 1DH f
0~C!1

Estrain
F

R2 1
1

2
ECC

vdw , ~2!

whereNC is the number of carbon atoms,NDB is the number
of dangling bonds on the surface of the particle,R is the
radius of curvature of the fullerenes~equal to the mean ra
dius of curvature!, DH f

0(C) is the standard heat of formatio
of carbon at 298.15 K,Estrain

F is the strain energy associate
with the fullerene curvature, andECC

vdw is the van der Waals
attraction between onion layers. Fullerenes do not have
terlayer attraction, so for fullerenesECC

vdw50. As has been
found, hydrogenation of nanodiamond surfaces elimina
bucky diamond formation;26 hydrogen-terminated particle
have not been considered here.

In the present study the number of C-C bonds and~most
importantly! the number of dangling bonds have been det
mined using free nanodiamonds and carbon onions, ran
in size from 29 to 323 atoms. These nanoparticles have b
structurally relaxed using the Viennaab initio simulation
package~VASP! ~Refs. 27 and 28! to form bucky diamonds
showing varying degrees of delamination. We used ultras
gradient-corrected Vanderbilt-type pseudopotentials29 as sup-
plied by Kresse and Hafner,30 and the valence orbitals ar
expanded on a plane-wave basis up to a kinetic-energy cu
of 290.00 eV. The crystal relaxations were performed in
framework of density functional theory~DFT! within the
generalized-gradient approximation~GGA!, with the
exchange-correlation functional of Perdew and Wa
~PW91!.31 A detailed description of this technique may b
found in Ref. 32. This relaxation method has been succ
fully applied to bulk diamond, with results in excellen
agreement with experiment and all electron methods.33 Ex-
amples of the resulting structures are shown in Fig. 1.

While the model is purely theoretical, the terms in Eq
~1! and~2! have been calculated using results from theVASP

calculations. Previously, the cohesive energy of nanocrys
©2003 The American Physical Society06-1
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line diamond has been calculated8 and found to be 7.71 eV
This equates toECC

D 53.855 eV for relaxed dehydrogenate
nanodiamond. From the same linear fit to the sp
polarization-corrected energy per ion versus number of d
gling bonds per ion~outlined in Ref. 8! the slopes give
EDB

D 51.619 eV for nanodiamond. Similarly, the strain e
ergy and cohesive energy obtained for fullerenes are 5
and 7.81 eV, respectively,25 with the fullerene C-C bond en
ergy extracted directly from the cohesive energy@as
Ecohesive5(3/2)ECC

F ].
Using the value ofDH f

0(C)57.432 eV, the atomic heat
of formation for relaxed nanodiamond crystals were th
plotted as a function of the number of carbon atoms. T
resulting plots are curves, asR2 is proportional toN and
NDB/NC versusNC is nonlinear. An empirical best fit~to
which no physical meaning is assigned! was applied to the
data sets and the point of intersection determined, giving
estimate of the number of atoms at which a transition
phase stability occurs. The intersection for nanodiamond
fullerenes occurred at 1127 atoms and is included as pa
Figs. 2 and 3.

In the previous study, the nanodiamond structures con
ered were those that consisted of mostlysp3-bonded atoms
~therefore characterized as being predominantly nano
mond!, but did not consider bucky diamond or carbon o
ions. In the present study, the bucky diamonds have b
treated in the same manner as nanodiamonds by applying
~1!, although obviouslyNDB /NC is different for nanodia-
monds and bucky diamonds of similar diameter. Octahed
cuboctahedral, and cubic morphologies have been con
ered, characterized by combinations of C~111!, C~110!, and
C~100! surfaces. The carbon onions are treated as ne
fullerenes by applying Eq.~2!, with the van der Waals attrac
tion ECC

vdw50.056 eV, as calculated by Guo34 using a graphite
force field. Error bars have been included, indicating
quality of fit of the model to the calculated values.

The atomic heat of formation as a function of particle s
for bucky diamond and carbon onions has then been extr
lated along with the nanodiamond and fullerene results
shown in Fig. 2. Here three main points are evident. First,
sp2-bonded fullerenic structures are most stable below ab
900 atoms, and although the carbon onion and fullerene
sults converge below 250 atoms, they diverge very slo

FIG. 1. Examples of bucky diamond structures comprising 1
atoms~left! and 165 atoms~right!, graphitized atoms withsp2 hy-
bridization shown in dark gray.
07340
-
n-

9

n
e

n
n
d
of

d-

a-
-
en
q.

l,
id-

ed

e

o-
s
e
ut
e-
y

beyond this value, confirming that the cohesive energy
strain energy of these structures dominate the formation
ergy and the contribution from interlayer attraction is sma
In fact, the carbon-onion and fullerene results are indis
guishable~within uncertainties! below approximately 2000
atoms. Second, the atomic heat of formation of bucky d
mond is more akin to the carbon onions than the nano
monds, the latter being the least stable below 1100 ato
but most stable beyond 1600 atoms. Finally, in the reg
from ;500 to ;1850 atoms the simulations predict that
coexistence region has been formed, as shown in Fig. 3

In this range, the coexistence of bucky diamond with t
other carbon nanoparticles may be further broken into th
subregions, marked asA, B, andC in Fig. 3. Within subre-
gion A ~from ;500 to;900 atoms!, the atomic heat of for-
mation of bucky diamond is indistinguishable from that
fullerenes~within uncertainties!, with carbon onions being
the most stable form of carbon and nanodiamond the le
stable. There is, however, an intersection at;700 atoms,

2

FIG. 2. Extrapolation of the atomic heat of formation of carb
nanoparticles as a function of particle size.

FIG. 3. Atomic heat of formation of carbon nanoparticles, ind
cating the relative subregions of coexistence of bucky diamond w
other phases. Uncertainties indicated for bucky diamond only.
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TABLE I. Summary of allotropes coexisting with bucky diamond, with size ranges and correspo
cubic nanodiamond diameter. Regions indicated in Fig. 2.

Region Coexisting allotropes Atoms (NC) Nanodiamond diameter~D!

A Bucky diamond and fullerenes ;500,NC,;900 ;1.4 nm,D,;1.7 nm
B Bucky diamond and carbon-onions ;900,NC,;1350 ;1.7 nm,D,;2.0 nm
C Bucky diamond and nanodiamond ;1350,NC,;1850 ;2.0 nm,D,;2.2 nm
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where bucky diamond becomes more energetically favo
than fullerenes. SubregionB between;900 and;1350 at-
oms, where bucky diamond and carbon onions coe
~within uncertainties!, contains an intersection at;1100 at-
oms. This intersection, where the bucky diamond struct
becomes more favorable than carbon onions, is very clos
the intersection of nanodiamonds and fullerenes at 1127
oms, suggesting that at approximately 1120 atoms
sp3-bonded core becomes more favorable than asp2-bonded
core, irrespective of the surface structure. In subregionC,
bucky diamond is found to coexist with nanodiamo
~within uncertainties! between;1350 and;1850 atoms, in-
tersecting with nanodiamond at;1550 atoms.

Although bucky diamond has the lowest atomic heat
formation between;1100 and;1550 atoms, due to unce
tainties it cannot be said that bucky diamond is the m
stable state in this range. Almost in the center of this rang
the intersection of carbon onions and nanodiamond at;1350
atoms, at a slightly higher energy~also just within uncertain-
ties!. In general, Figs. 1 and 2 show that the existence
bucky diamonds provides a smooth transition from fullere
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