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Pure carbon phases such as fullerenes, nanotubes, and graphite are archetypal examples of the self-
organizing capability of sp2-bonded carbon. Naturally occurring phenomena and a wide variety of experimen-
tal apparatus are known to produce highly ordered sp2-bonded carbons if the temperature or energy of the
process is sufficiently high. Here we present molecular-dynamics simulations of sp2 ordering using highly
disordered amorphous carbon precursors. Using the environment-dependent interaction potential to describe
the interatomic forces, we show that ordered sp2 phases spontaneously arise upon heating at elevated tempera-
tures. We identify two principal factors which control the collective organization: �i� the geometry of the
system, in which clusters lead to onions, rods lead to nanotubes, and so on, and �ii� the effect of density,
through which voids and internal surfaces control both local and long-range temporal evolutions. The simula-
tions also shed light on the thermal stability of tetrahedral amorphous carbon and a fullerene-based structural
model for glassy carbon.
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I. INTRODUCTION

Carbon is remarkable for the great structural variety of its
pure solid forms, which can contain sp, sp2, and sp3 hybrid-
ized bonds, tending toward linear, planar, and tetrahedral ge-
ometries, respectively. Despite this flexibility, it is the pre-
dominantly sp2-bonded structures which make up the
greatest and most varied part of the carbon menagerie.1

Highly ordered sp2-bonded structures are found almost uni-
versally in nanoscale systems in which mobile carbon atoms
have sufficient energy to rearrange. These structures, such as
fullerenes, nanotubes, and graphite, have been observed as
the products of many natural and synthetic processes charac-
terized by high temperatures or large energy inputs. In addi-
tion to nanostructural forms, low-density bulk forms of car-
bon such as amorphous carbon �a-C�, carbon foam,2,3

activated carbon,4 and glassy carbon5 are also known to have
high sp2 fractions and varying degrees of local to medium-
range order. Despite the ubiquity and technological signifi-
cance of these highly ordered sp2-bonded carbon materials,
the processes which lead to their formation remain poorly
understood. This is particularly the case for processes in
which metal catalyst particles are absent.

There is an increasing body of experimental evidence
which suggests that in the absence of a catalyst, fullerenes,
nanotubes, and other sp2-ordered carbons can be derived
from the solid-phase transformation of amorphous carbon
precursor or seed structures.6,7 These solid-phase trans-
formation processes are distinct from gas-phase nucleation
processes which proceed through the agglomeration and
rearrangement of molecular fragments.8–10 Recent atomistic
simulations which show fullerenes3 and nanotubes11 evolv-
ing from disordered and crystalline precursors under
high-temperature conditions support this solid-phase

“crystallization” 6,7 growth model. According to this model,
amorphous carbon nanoparticles are formed early in the
growth process with geometries related to the process condi-
tions. As these particles are exposed to the high-temperature
or high-energy-input conditions typical of laboratory or natu-
ral formation processes �plasma, combustion, or electron ir-
radiation�, a graphitization process is initiated at the par-
ticles’ surface. This ordering process progresses from the
surface toward the interior of the particles, eventually trans-
forming them into concentric shells of sp2-bonded atoms
with a geometry �spherical or cylindrical� related to the
shape of the original amorphous particles. We use the term
“self-assembly” to describe this process since it produces
highly ordered sp2-bonded structures from disordered pre-
cursors, does not require a catalyst, and is thermodynami-
cally driven.

The similarity in the cohesive energies of unstrained dia-
mond and graphite bulk phases at room temperature is often
noted. At the atomic scale, this translates to an energetic
similarity between atoms with diamondlike sp3-hybridized
bonds and atoms with graphitelike sp2-hybridized bonds.
This raises a number of important questions about the forma-
tion process of highly ordered sp2-bonded carbons: How can
the observed self-assembly of ordered sp2-bonded carbon
structures be so efficient in the presence of such an energetic
similarity between sp2- and sp3-bonding states? Why do such
a wide variety of precursors �with varying microstructures
and sp2 fractions� convert readily into structures with a high
sp2 fraction? What is the role, if any, of sp3-bonded atoms in
the formation and final structure of high-sp2-fraction materi-
als? Is there an analog of the crystallization model which is
relevant to the formation of bulk sp2-rich carbons?

In this work, we address these questions by using
molecular-dynamics �MD� simulations to explore the struc-
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tural evolution of pure carbon systems under high-
temperature annealing treatments. The MD simulations ex-
tend previous experimental observations in two significant
ways, first by allowing direct access to the atomic-scale de-
tails and dynamics of the structural evolution process, and
second by enabling the study of bulk materials without sur-
face effects. Inspired by recent computational studies of car-
bon onions3 and experimental studies of nanotubes,7,12 we
use highly disordered amorphous carbon as a precursor ma-
terial. By varying the geometry and density of the precursor,
we show the strong influence of the free surfaces on the
subsequent evolution of highly ordered sp2 structures. The
influence of the annealing protocol on the development of
extended sp2 structures is also explored, which leads to ob-
servations which are relevant to the formation of bulk non-
graphitizing and glassy carbons.

II. METHODS

MD simulations are performed using the environment-
dependent interaction potential �EDIP�.13,14 EDIP gives an
accurate description of bonding in amorphous and liquid car-
bon, and has recently been used to simulate thermal phenom-
ena in carbon thin-film growth.15,16 In crystalline phases,
EDIP reproduces well the elastic constants of bulk diamond
and sheets of graphite. Similarly, the method has high accu-
racy for long-range repulsive interactions present during the
compression of graphite into diamond. For reasons of com-
putational efficiency, the long-range interaction is truncated
at 3.2 Å, and thus the van der Waals attraction between
widely separated �-bonded sheets is absent. Due to the ex-
tremely high temperatures used in this work, the omission of
these weak interactions has minimal effect. All calculations
are performed in the NVE ensemble, enabling a systematic
variation in the density. This is particularly useful for explor-
ing low-density amorphous carbons which have received
little attention. Other technical details follow common prac-
tice: temperature control is via velocity-scaling thermostats,
numerical integration uses the Verlet method, and a time step
on the order of 0.1 fs ensures energy conservation.

To create the sp2-bonded networks, we first prepare amor-
phous carbon �a-C� precursor structures containing 4096 at-
oms and spanning densities between 1.5 and 3.0 g/cc. Syn-
thesis of the a-C structures is achieved using the liquid-
quenching method,13 in which the amorphous state is
generated by rapid quenching �0.5 ps� from an equilibrated
liquid sample within a simple cubic supercell. It is well es-
tablished that at system densities between 2.0 and 3.0 g/cc,
these quenching conditions produce structures with sp3 frac-
tions and physical properties very similar to those of amor-
phous carbons produced experimentally by thin-film
deposition.14 In particular, this computational approach has
had great success in describing tetrahedral amorphous carbon
�ta-C�.17,18 Using these a-C structures as a common starting
point, four sets of annealing simulations are performed to
explore the effect of removing one or more of the periodic
boundary conditions �PBCs�. Where all three PBCs are re-
moved the starting structure describes a cluster, where two
are removed the structure is a wire or rod, and where one is

removed the structure is a surface or film, while the retention
of all three PBCs describes a bulk material. For convenience
we denote these cases 0D �zero dimensional�, 1D �one di-
mensional�, 2D �two dimensional�, and 3D �three dimen-
sional�, respectively. The annealing simulations are carried
out at high temperatures �3000–4000 K� for extended periods
�200 ps�. As previously noted in our study of carbon onions
�with 0D periodicity�,3 these annealing conditions produce
highly evolved sp2 networks which are structurally stable
and do not change in any significant sense with further simu-
lation time.

A. Network analysis

The simulated carbon systems are characterized using a
variety of structural measures. Coordination fractions are
measured by counting neighbors within a radius of 1.85 Å.
In systems where one or more of the periodic boundary con-
ditions are removed, clusters of atoms can become detached
from the main cluster of atoms and drift outward in the simu-
lation cell. We remove these atoms from the system before
calculating the sp2 fraction since they are not relevant to the
rearrangement processes occurring in the main cluster.
Shortest-path �SP� rings are identified using the algorithm of
Franzblau.19

In order to characterize the medium- and long-range order
in highly sp2 networks, we compute the average normal vec-
tor of SP rings which contain only sp2 atoms. The orientation
of this vector with respect to an arbitrary fixed axis is de-
fined, but its direction is not, so it is represented by a pair of
angular coordinates related by reflection through the average
plane of the ring. Plotting these coordinates gives a conve-
nient, compact representation of the extent and type of sp2

ordering in the simulated systems. We choose to plot the
zenith and azimuthal angles projected onto Cartesian coordi-
nates. The number of points on such a “normal vector orien-
tation plot” is equal to twice the number of sp2 rings in the
system. The number of rings containing exclusively sp2 at-
oms is an indicator of short-range ordering in a highly sp2

system. Medium- and long-range ordering is reflected in the
distribution of ring normal orientations. A tight clustering of
points is caused by a group of highly correlated ring orien-
tations which can only be due to sp2 rings arranged in nearly
planar sheets. A scattered distribution of points indicates that
sp2 rings are present but their orientations are not strongly
correlated. This can occur when the rings form extended but
highly curved sheets or many small randomly oriented sheet
fragments.

B. Void volume calculations

In our analysis, a void is defined as a space where a probe
particle can be inserted without overlapping the volume oc-
cupied by the atoms already in the system. The void volume
is therefore determined by the exclusion radii of the atoms
and the radius of the probe particle. To determine the total
volume of void space in the simulated system, we use a
method based on analyzing the Voronoi S-network of the
atomic configuration.20,21 Each site of the Voronoi S-network
is the possible center of an interstitial sphere which touches
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adjacent atoms and encloses empty space. Interstitial spheres
with radii larger than the probe radius are part of the void
volume. Having established the center coordinates �Voronoi
S-network sites� and radii of the interstitial spheres using the
method of Medvedev,21 we numerically estimate the total
void volume by adding the contributions of all interstitial
spheres with radii larger than the probe radius accounting for
sphere overlap.

The exclusion radius of atoms in the system and the ra-
dius of the probe particle are variables in this type of analy-
sis. We take the probe to be an additional carbon atom, so the
probe and exclusion radii are equal and set to half the inter-
action cut-off distance for the pairwise terms in the EDIP
potential.13 This results in an exclusion radius of rexcl
=1.3 Å for a coordination of Z=4. We choose the Z=4 case
since it is close to the upper limit of pairwise interaction
lengths in our simulated systems. Other choices of the ex-
clusion radius are possible, which will alter the total void
volume. Void fractions over a similar range of densities for
disordered carbon systems simulated using the AIREBO
�adaptive intermolecular reactive empirical bond order�

potential were presented by Stuart et al.22 However these
results were based on a definition of void space as all volume
not occupied by atoms. This corresponds to using a probe
particle of zero radius and leads to higher void fractions at all
densities.

III. RESULTS

Figure 1�a� shows a 4096-atom 1.5 g/cc a-C system pre-
pared using a liquid-quenching method. As would be antici-
pated given the low density �graphite has a somewhat higher
density of 2.27 g/cc�, the structure has high proportions of sp
�36%� and sp2 �58%� atoms, with sp3 atoms present as only
a minor species �6%�. Extended high-temperature annealing
of this disordered precursor using 0D, 1D, 2D, and 3D peri-
odic boundary conditions produces profoundly different
structures as shown in Figs. 1�b�–1�e�. Although all of the
annealed structures are predominantly sp2 bonded and con-
sist largely of extended sheets, the local sheet curvature and
connectivity vary markedly. Despite these differences, the
rate at which the system transforms into a nearly fully sp2

(b) 0D

4 Å section

cutaway

cutaway

4 Å section

(a) quenched

(c) 1D(d) 2D

4 Å section

(e) 3D

4 Å section, 3500 K

4000 K

4000 K

4000 K 3500 K

3500 K

FIG. 1. �Color online� Simulations of a low-density �1.5 g/cc� amorphous carbon precursor system after 200 ps of high-temperature
annealing which show the effect of the periodic boundary conditions of the simulation cell on the fully evolved structure. The development
of extended sp2 ordering is highlighted by rendering as surfaces all rings in which the atoms are exclusively sp2 bonded. �a� 4096-atom
amorphous carbon �a-C� precursor generated by liquid quenching at 1.5 g/cc. �b� �0D, isolated cluster� Final structure after annealing of the
system in panel �a� at 4000 K for 200 ps with all three periodic boundary conditions removed. �c� �1D, nanowire� Same as �b� but with two
periodic boundary conditions removed. �d� �2D, freestanding sheet� Same as �b� but with one periodic boundary condition removed and an
annealing temperature of 3500 K. �e� �3D, bulk� Same as �b� but with all three periodic boundary conditions intact and annealing tempera-
tures of 4000 K �left panel� and 3500 K �center and right panels�. In the color version of this figure �online�, some additional structural
information not critical to the discussion is indicated: Atoms are colored by coordination: red �sp�, green �sp2�, and blue �sp3�. Ring surfaces
are colored by ring length: blue �5�, green �6�, red �7�, and yellow �8�.
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structure is largely independent of the boundary conditions
�Fig. 2�. The saturation of the sp2 fraction shows that the
simulation anneal time is long enough to capture the time
scale of the sp2 conversion process.

A. Surface-initiated ordering

A striking feature of the 0D, 1D, and 2D PBC structures is
that the geometry of the free surfaces of the precursor �cor-
responding to a cube in zero dimension, a square prism in
one dimension, and a freestanding sheet in two dimensions�
is reflected in the final annealed structures. In all these sys-
tems, the ordering process initiates at the external surfaces of
the precursor. The surface atoms rapidly undergo almost
complete conversion to sp2 bonding and then rearrange
into rings and ring clusters and finally into an extended
sp2 sheet which completely covers the surface. As the an-
nealing progresses, there is a strong self-catalytic �or
self-templated23� process which acts to convert the interior
material adjacent to the surface sheet into a locally coplanar
sp2-bonded structure. In this way, the ordering progresses
inward to convert the remainder of the enclosed material.
This surface-driven ordering process determines the form of
the annealed structure. Since it is energetically costly to
break apart the extended sp2 sheets once formed, the geom-
etry of the surface sheet �which forms first� dictates the final
geometry.

Figure 1�b� shows the 1.5 g/cc amorphous precursor after
annealing at 4000 K for 200 ps after all periodic boundary
conditions are removed �0D periodicity�. The geometry of
the precursor is an isolated cube of amorphous material with
a side length of 38 Å. On annealing the system is converted
into a concentric fullerene �or carbon “onion”�. In previous
work3 we have shown that the appearance of onions on an-
nealing is a robust process, in which the final structure is
largely independent of the initial density and structure. In
that study we found that amorphous networks at 1.5 and 2.0
g/cc �having high sp and sp2 fractions� and 3.0 g/cc networks
�dominated by sp3 bonding� all produced onions on anneal-
ing. Similar behavior was observed using 3.5 g/cc nanodia-
mond precursors, although onions produced in this way ex-
hibited slightly more radial ordering due to the higher
symmetry of the precursor. As in the present study, ordering
always proceeded from the outer surfaces �Fig. 3 of Ref. 3

shows intermediate stages of this process�. Our simulations
are supported by a variety of computational24–26 and experi-
mental studies27,28 in which isolated nanoscale clusters of
crystalline diamond have been observed to form carbon on-
ions through surface-initiated ordering.

When two periodic boundary conditions are removed
�corresponding to 1D periodicity�, the precursor takes the
form of a nanoscale rod. Upon annealing, this system is con-
verted into a multiwall nanotube structure as seen in Fig.
1�c�. We performed a variety of additional calculations �not
reported here� in which the density and structure of the pre-
cursor were varied. As for the case of the onions in zero
dimension, these had little effect on the final form of the
annealed structure. Recent density-functional tight-binding
simulations11 also show surface-driven graphitization of
nanodiamond rods and tubes. The crystallization model of
nanotube growth was developed based on scanning electron
microscopy �SEM� and transmission electron microscopy
�TEM� observations of nanotube structures which appear to
have been rapidly quenched or interrupted during
growth.6,7,29 These incompletely evolved tubes contain struc-
tural features consistent with the outside-in graphitization of
an initially amorphous seed or precursor particle. Amorphous
and graphitic seed particles are also observed in these
samples. The conversion of amorphous carbon nanowires
into multiwall nanotubes was recently observed in real-time
experiments by Huang et al.12 They applied resistive Joule
heating to amorphous nanowires grown using a scanning
tunneling microscope, and found that very high temperatures
�above 2000 °C� produced nanotubes via a solid-state trans-
formation. These extreme experimental temperatures are
consistent with our work here where even higher tempera-
tures are required to activate self-assembly on the subnano-
second time scale of the simulations. Very recently Du et
al.30 performed slightly different experiments which also il-
lustrate this principle of self-assembly into nanotubes via
annealing. Using wirelike nanostructures which were coa-
lesced from glassy precursors, they observed nanotubes after
annealing at 800–1000 °C. All of these results show that
nanoscale carbon systems subjected to very high-temperature
annealing �i.e., with sufficient kinetic energy� will self-
assemble into highly ordered sp2 structures.

When the system has two periodic boundaries, the precur-
sor has a geometry corresponding to an infinite slab. Follow-
ing the pattern that the symmetry of the annealed structure
reflects the periodic boundary conditions, Fig. 1�d� shows
that annealing produces ordered sp2 sheets oriented parallel
to the free surface. This results in a planar, layered configu-
ration similar to crystalline graphite. As for both of the ear-
lier cases, the conversion of sites to sp2 bonding and the
ordering into sheets are surface-initiated processes. Further
examples of this behavior can be seen in our earlier EDIP
simulations31 of annealing in high-density �3.0 g/cc� amor-
phous carbon. The experimental equivalent of 2D periodicity
is commonly found in carbon structures prepared as thin
films. In the case of ta-C synthesized using ion-beam tech-
niques, it has long been known that a monolayer or two of
horizontally ordered graphitelike material exists at the film
surface,32 even though the interior of the material is amor-
phous and predominantly sp3 bonded. The present work pro-
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FIG. 2. Fraction of sp2 atoms in the main cluster as a function of
annealing time for 1.5 g/cc systems annealed at 4000 K under 0D,
1D, 2D, and 3D periodic boundary conditions.
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vides a helpful framework to understand such behavior. At
the external surface the thin film relaxes toward a thermody-
namic minimum consistent with the geometry, but high ki-
netic barriers prevent further graphitization of the interior of
the film. This distinction between surface and bulk effects
highlights the importance of the surface-to-volume ratio in
all of the simulated systems discussed thus far. When the
cluster size is very large, or the annealing temperature is not
particularly high, the material at the center of the system will
experience a more bulklike environment, and may in fact
evolve in a different way if the cluster is sufficiently large.
This point is elegantly illustrated in the amorphous nanowire
experiments in which annealing of very thick nanowires pro-
duces horizontal nanotubelike ordering on the outside, but
vertical graphitelike layers in the interior �Fig. 1 of Ref. 12�.
In contrast, only nanotubelike ordering is seen when the
amorphous region is thin �Fig. 3 of Ref. 12�.

B. Void-initiated ordering

The final case illustrated in Fig. 1 �panel �e�� is a system
in which all three periodic boundary conditions are retained,
which can be taken to represent bulk material with a density
of 1.5 g/cc. In such systems external surfaces are by defini-
tion absent, and the high sp2 fraction and extensive ordering
cannot be due to the “outside-in” ordering process observed
in nanoscale systems with free surfaces. Instead, we find in
the bulk that sp2 conversion and ordering is associated with
internal voids. Just as the external surfaces of nanoscale pre-
cursors were rapidly converted into sp2 sheet fragments, so
too the internal surfaces of the voids rearrange into small
graphitic domains. Depending on the size of the voids, these
fragments may be highly curved. The ordering propagates
from these void surfaces into the bulk material, creating fur-
ther sp2 sheet fragments. As noted above, this rearrangement
mechanism can also be relevant in 0D, 1D, and 2D systems
where the majority precursor material is not near an external
surface. An important difference between the outside-in or-
dering of nanoscale precursors and the “inside-out” ordering
initiated at voids is that in the latter case, sp2 ordering is
initiated at the surface of multiple voids simultaneously. In-
dependent regions of sp2 ordering can, either by themselves
or by merging with adjacent regions, create structures which
are topologically incompatible with the independent sheets
of graphitic structures. Examples of such structures are
closed shells, self-intersecting sheets, and Y junctions33

where sp2 sheets meet at high angle intersections and are
linked by sp3 atoms.

Typical microstructures associated with void-initiated or-
dering are illustrated in Fig. 1�e�. Upon annealing the 1.5
g/cc system at 3500 K while retaining all periodic boundary
conditions �3D�, the system is transformed into a “foamlike”
structure containing both planar and highly curved sp2 sheets
�Fig. 1�e�, center panel�. This structure only contains 90%
sp2 bonding due to the sp3 sites at junctions between sheets,
and the sp sites which appear at sheet edges. When annealed
at a higher temperature of 4000 K �left panel of Fig. 1�e��,
the same precursor evolves to form a distinctly different gra-
phitic microstructure in which the sp2 sheets are largely pla-

nar. In this system the sp2 fraction is 98%, reflecting the
small number of defects such as sheet junctions involving
sp3 atoms. Normal vector orientation plots �Fig. 3� show the
development of the medium- and long-range order under
these two annealing conditions. After 200 ps of annealing the
two systems are clearly very different. The scattered distri-
bution of ring orientations shown in Fig. 3�a� corresponds to
the 1.5 g/cc foamlike structure consisting of highly curved
sheets as shown in the center panel of Fig. 1�e�. The tightly
clustered distribution of ring orientations shown in Fig. 3�b�
corresponds to the 1.5 g/cc structure annealed at 4000 K
which forms domains of “graphitelike” �coplanar flat sp2

sheets� order as shown in the left panel of Fig. 1�e�.
To understand why the 3500 and 4000 K systems evolve

so differently, we consider the atomic processes required to
rearrange the amorphous precursor. The development of
medium- and long-range order evident in Figs. 1 and 3 re-
quires substantial atomic rearrangement and the energy bar-
riers associated with this process can be overcome more eas-
ily at higher annealing temperatures. Long-range graphitic
order develops in the 1.5 g/cc system annealed at 4000 K, as
the entire system is able to rearrange in order to reach the
global minimum potential-energy configuration. At the lower
annealing temperature of 3500 K, there are some energy bar-
riers to rearrangement which cannot be overcome during the
simulation time. In this case, the system cannot rearrange
arbitrarily, and instead local and medium-range sp2 order de-
velops near voids where the energy barriers to rearrangement
are lowest. The sp2 structures which are the result of this
process �curved sheets, Y junctions, etc.� are themselves very
stable structures �low potential energy� when compared to

t=15 ps

t=75 ps

t=150 ps

t=200 ps

(b) 1.5 g/cc, 4000 K(a) 1.5 g/cc, 3500 K

FIG. 3. Normal vector orientation plot �see Sec. II A� for sp2

rings in a 1.5 g/cc 3D system annealed for 200 ps at �a� 3500 K
�structure shown in Fig. 1�e�, center and right panels�, and �b� 4000
K �structure shown in Fig. 1�e�, left panel�.
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amorphous atomic arrangements. The energy penalties for
rearranging the low-temperature annealed foamlike system
into graphite are in fact larger than for the amorphous sys-
tem. In effect, the system annealed at 3500 K has become
trapped in a deep valley of the configurational energy
landscape.34,35 Further evolution of this system toward
graphitization occurs on a much slower time scale compared
to the initial local and medium-range sp2-ordering processes.
This is due to the large barriers which must be overcome to
“undo” locally ordered stable structures which are topologi-
cally incompatible with the long-range graphitic order.

We thus see that the thermal history �annealing protocol�
strongly influences the structural evolution of the system.
The important insight from this work is that the annealing
protocol does not simply determine the extent of system evo-
lution along a common pathway from the amorphous initial
state toward graphite. The development of local and
medium-range sp2 order in low-density systems at lower an-
nealing temperatures leads to a distinct family of
high-sp2-fraction foamlike structural forms which evolve
much more slowly toward graphitization than the initial
amorphous material.

To support this interpretation, we subjected the system
already annealed at 3500 K for 200 ps to a further 200 ps of
annealing at 4000 K. The sp2 fraction increased from 90% to
95%, and the sp3 fraction reduced from 6% to 2%. Further-
more, the sp2 sheets were able to reorganize into a single
graphitic domain, albeit one with curved sheets and some
topological defects. Visually, the structure is intermediate be-
tween the two 1.5 g/cc structures shown in Fig. 1�e�. Given
the appearance of the single domain, we strongly suspect that
further annealing will eliminate the remaining defects and
lead to complete graphitization. Compared to the reorganiza-
tion which occurred during the first anneal at 3500 K, the
changes which occur on the second anneal proceed much
more slowly, and the final structure is still less ordered than
the system annealed at 4000 K for 200 ps from the as-
quenched amorphous state.

To quantify the role of voids in these bulk systems, we
computed the void fraction of liquid �5000 K� and quenched
�300 K� systems at a number of densities. Figure 4 shows
that the void fraction in both liquid and quenched systems is
nonzero below 2.5 g/cc, and at the lowest density considered
�1.5 g/cc�, the void fraction is very significant, accounting
for around one-third of the total volume. Due to the very
rapid quench rates, the amorphous structures are closely re-
lated to the liquids from which they are derived. We note
also that the void fraction at 1.5 g/cc behaves as would be
intuitively expected, with liquid carbon, amorphous carbon,
and annealed carbon having progressively higher void frac-
tions due to the increasing local order.

In addition to confirming the presence of voids at low
densities, Fig. 4 provides a useful physical view of rear-
rangement processes in disordered carbon. According to our
definition of void space �see Sec. II B�, where the void frac-
tion is nonzero, the system contains voids large enough to
accommodate additional unbonded atoms. Voids of this di-
mension are particularly relevant to diffusion and rearrange-
ment processes. In materials with strong directional bonding
such as carbon, there are large energy barriers for atomic

motions which require the displacement of surrounding at-
oms. When void spaces are available which allow atoms to
move beyond the range of attractive interaction forces, dif-
fusion and rearrangement may occur at a significantly higher
rate. Figure 4 thus provides an intuitive explanation for the
rapid sp2-ordering behavior observed at 1.5 g/cc.

Due to the nonzero void fraction in bulk precursors with
densities lower than 2.5 g/cc, we may expect void-initiated
ordering to be significant for other amorphous carbons across
this density range. We also explored 2.0 g/cc amorphous pre-
cursors �annealed at 3500 and 4000 K for 200 ps�, and ob-
served foamlike and layered structures similar to those
shown in Fig. 1. However, at densities approaching and ex-
ceeding 2.5 g/cc, we can expect very different behavior since
the void-initiated sp2-ordering mode is not available and thus
different types of structures will evolve upon annealing.
Such materials are considered in Sec. III C.

C. Void-free bulk amorphous precursors

We now consider the evolution of amorphous carbon pre-
cursors with densities such that the void volume is close to
zero ��2.5 g /cc�. For nanoscale amorphous precursors, the
primary role of the precursor density is to alter the rate at
which the structure evolves toward a highly ordered sp2

form. Although the initial density of the precursor determines
whether or not internal voids are present in the system, all
nanoscale precursors have free external surfaces. Free exter-
nal surfaces permit surface-initiated ordering processes and
systemwide density changes to occur. On high-temperature
annealing, all nanoscale amorphous carbon precursors with
large surface area–to–volume ratios are observed to trans-
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FIG. 4. �Color online� Void fraction as a function of density for
systems simulated under 3D periodic boundary conditions at a tem-
perature of 5000 K and after rapid quenching to 300 K. At densities
below 2.5 g/cc, the simulated systems have a nonzero void volume.
Also shown are the void fractions for 1.5 and 2.5 g/cc systems
annealed for 200 ps at 3500 K �open symbols�. At 1.5 g/cc, the void
fraction increases on annealing, while at 2.5 g/cc the void fraction
remains close to zero. A probe and exclusion radius of rexcl

=1.3 Å are used to calculate the void volume �see text�.
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form into highly ordered sp2 structures via these routes �see
Sec. III A�. The final structure has little dependence on either
the initial density or atomic arrangement of the precursor. In
the remainder of this section we consider the annealing be-
havior for bulk systems and/or regions far from external sur-
faces.

Figure 5 shows the sp2 fraction with anneal time for 1.5,
2.5, and 3.0 g/cc systems annealed at 3500 and 4000 K under
3D PBCs. The sp2 fraction increases rapidly at the beginning
of the anneal for 1.5 g/cc systems, and as discussed above,
initially amorphous regions of mixed coordination are con-
verted into highly ordered sp2-rich domains. For the 2.5 g/cc
system annealed at 3500 K, an increase in sp2 fraction is also
observed, but at a much slower rate. In contrast, the sp2

fraction is constant throughout most of the anneal for 2.5
g/cc systems annealed at 4000 K, despite the high tempera-
ture and long annealing time. At 3.0 g/cc, the sp2 fraction
decreases sharply and the structure becomes predominantly
sp3 bonded. After less than 10 ps of annealing the structure is
stable, and no ordering of sp2 atoms occurs.

There are two possible explanations for the lack of sp2

ordering at higher densities. First, sp2 bonding might not be
the lowest-energy configuration, and hence there is no driv-
ing force for the system to evolve in that direction. Another
possibility is that sp2 ordering is still favorable, but the time
scale for ordering has changed by many orders of magnitude.
The slow evolution of the 2.5 g/cc system at 3500 K illus-
trates the second of these effects. Here we can see that the
system is gradually evolving toward a predominantly sp2

network, but the time scale of the rearrangement is much
slower than at 1.5 g/cc. We only observe rapid ordering when
surfaces �external and voids� are present, but at 2.5 g/cc this
ordering mechanism is heavily suppressed because the void
fraction is low. Indeed, the surprising observation that 4000
K annealing at 2.5 g/cc inhibits sp2 formation suggests this
system is close to a threshold separating sp2 and sp3 regions.
Our interpretation of this result is that the high temperature is
pressurizing the fixed-density system, thereby inhibiting the
transformation to a purely sp2-bonded phase.36

Figure 6 shows the final state of a 2.5 g/cc system after
200 ps of annealing at 3500 K. Multiple graphitelike do-
mains of ordered sp2-bonded sheets are present, connected
by extended regions of sp3-rich amorphous material. The

coexistence of distinct structures strengthens our hypothesis
that this density is close to a boundary above which the sp3

phase is dominant. The ordering within the sp2 regions of
Fig. 6 demonstrates another density-driven effect, namely,
that in the absence of voids curved sp2 sheets cannot form.
As a consequence, graphitic ordering will be more likely to
evolve at intermediate densities as compared to lower densi-
ties since topological defect structures �which generally re-
quire curved sheets and, thus, voids� are no longer accessible
in the early stages of annealing.

Figure 7�a� shows the time evolution of the 2.5 g/cc struc-
ture in Fig. 6. The system contains three graphitic domains as
shown by the six clusters of points on the normal vector
orientation plot �recall that each point appears twice on the
plot�. The nucleation of these domains �seen in the figure as
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FIG. 5. �Color online� Fraction of sp2 atoms in the main cluster
as a function of annealing time for 1.5, 2.5, and 3.0 g/cc systems
annealed at 3500 K �solid line� and 4000 K �dashed line� under 3D
periodic boundary conditions.

3500 K 4 Å section

FIG. 6. �Color online� Simulation of a 2.5 g/cc amorphous car-
bon precursor system after 200 ps of annealing at 3500 K with 3D
periodic boundary conditions on the simulation cell. The cross sec-
tion in the right-hand panel shows the layered structure within some
of the graphitelike domains. Legend for color version of this figure
�online� is same as for Fig. 1.

(b) 2.5 g/cc, 4000 K(a) 2.5 g/cc, 3500 K

t=15 ps

t=75 ps

t=150 ps

t=200 ps

FIG. 7. Normal vector orientation plot for sp2 rings in a 2.5 g/cc
system annealed at �a� 3500 and �b� 4000 K, under 3D periodic
boundary conditions for 200 ps. The construction of this plot is the
same as in Fig. 3.
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highly correlated sp2 ring orientations� is a slow process,
requiring �100 ps before the domains become fully distinct.
Since this process is slow, the domains develop indepen-
dently, leading to small grains as seen in Fig. 6. The devel-
opment of order at 2.5 g/cc contrasts markedly with the other
system in which we observe graphitic ordering �1.5 g/cc an-
nealed at 4000 K�. In the lower-density system �where large
voids are present�, order appears rapidly over an extended
region, with the nucleation center becoming apparent after
just 15 ps �Fig. 3�b��.

Figure 7�b� shows that at an annealing temperature of
4000 K, the 2.5 g/cc system does not develop extended re-
gions of sp2 ordering. While there are isolated rings consist-
ing of sp2 atoms, clustering of rings does not occur, and the
number of rings does not increase in number with time. Vi-
sual inspection of the structure �not shown� confirms the ab-
sence of any extended sp2 ordering and shows that the entire
structure is amorphous. This is perhaps surprising given that
the sp2 fraction remains close to 60% throughout the anneal
�Fig. 5�. As noted earlier, our interpretation is that sp2 order-
ing is suppressed by pressurization associated with the
higher temperature.

At the highest density considered in Fig. 5 �3.0 g/cc�, the
system is predominantly sp3 bonded. Amorphous carbon
synthesized at this density by rapid quenching produces re-
alistic tetrahedral amorphous carbon �ta-C� structures. On
annealing with 3D periodic boundaries at both 3500 and
4000 K, the simulated ta-C network is extremely stable, de-
spite the very high temperatures and long annealing times.
Visual inspection of the initial and final structures shows
both to be dense amorphous networks which are virtually
indistinguishable. However, when the system is annealed
with 2D periodic boundaries, the upper and lower surfaces
are able to relax. Figure 8 shows both the as-quenched struc-
ture at 3.0 g/cc and the system after 200 ps of annealing at
3000 K with 2D periodic boundaries. In this example the
outside-in ordering discussed earlier is clearly apparent. The
bulklike region at the center has not changed �consistent with
the 3D annealing result�, while the outer layers experience a
progressive graphitization and a corresponding decrease in

density. The expansion of the system is primarily driven by
the structural transformation rather than pressure in the pre-
cursor system. This is confirmed by observing that early in
the annealing time, before significant structural transforma-
tions occur near the surfaces, the change in system size is
modest. Any pressure-driven expansion would be expected
to occur very rapidly after the 2D boundary conditions were
imposed. The surface graphitization observed in this 2D sys-
tem is a more dramatic demonstration of an effect noted in
passing in earlier EDIP simulations.31 The important contri-
bution of the present work regarding ta-C annealing is the
combination of the 2D and 3D annealing simulations. We see
from the 3D calculations that even with extremely high tem-
peratures and �comparatively� long annealing times, the bulk
material under fixed-density conditions remains stable and
the sp3 fraction remains high. It is only when free surfaces
are available that the surface layers are able to transform,
allowing a progressive layer-by-layer transformation which
will eventually consume the bulklike interior. Viewing this
process from an experimental perspective yields an impor-
tant insight; namely, that experiments measuring the thermal
stability of bulk ta-C are in fact probing the thermal stability
of the outer layers. We thus have the intriguing possibility
that the thermal stability of bulk ta-C could in fact be higher
than the typical values of 1000 and 1400 K as determined by
Anders et al.37 and Ferrari et al.,38 respectively. One might,
for example, coat the surface of the ta-C film with a high-
melting-point material, inhibiting the surface relaxation and
thereby increasing the thermal stability of the sp3 phase.

IV. NONGRAPHITIZING AND GLASSY CARBONS

Glassy carbon is a technologically significant material
most commonly produced by the pyrolysis of suitable resin
or polymer precursors at high temperatures under an inert
atmosphere.39,40 The resulting material typically has a den-
sity between 1.4 and 1.9 g/cc and is particularly valued for
its chemical inertness and extreme thermal stability �resisting
graphitization at temperatures of up to 3000 °C�.5 While the
atomic-scale structure of glassy carbon is not fully estab-
lished, it is known that the sp2 fraction is very high, the local
��5 Å� structure is highly ordered, but at longer length
scales the structure is translationally and orientationally dis-
ordered �turbostratic�. Various hypothetical schemes for the
medium- and long-range structure and connectivity of the
ordered sp2 regions have been proposed.40–43 These schemes
attempt to reconcile the proposed structure with observations
of electrical conductivity, gas infiltration, and chemical reac-
tivity as well as structural probes such as TEM and x-ray
diffraction.

Harris and Tsang43,44 suggested that glassy carbon may
consist of “fullerene-related structures” �i.e., sp2 sheets con-
taining five-, six-, and seven-membered rings� based on
high-resolution TEM observations of sp2 sheets with high
curvature including closed shells. Their proposed structure
consists of broken and imperfect fullerene fragments which
can be multilayered and which often surround open pores or
voids. This structure is more compatible with the observed
permeability and reactivity of glassy carbons than competing

(a) (b)

3000 Kas−quenched

FIG. 8. �Color online� Simulations of a 3.0 g/cc amorphous
carbon precursor system: �a� as-quenched structure and �b� after
200 ps of annealing at 3000 K with 2D periodic boundary condi-
tions on the simulation cell �same scale as �a��. Legend for color
version of this figure �online� is same as for Fig. 1.
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models which are based on tangled “ribbons” of sp2

sheets.40,42 Recently, direct evidence for the presence of five-
membered rings in low-density activated carbon materials
has been obtained using aberration-corrected TEM imaging,4

which supports the idea that fullerene-related structures may
be present and thermally stable in related materials. An algo-
rithm for generating an atomic structure based on the model
of Harris44 for the purpose of studying gas permeation was
described by Terzyk et al.45 This method is based on the
stochastic assembly of specific fullerene fragments, and not
on a physical process. Kumar et al.46 used Monte Carlo
simulation to evolve the structure of a low-density amor-
phous carbon precursor �based on the backbone of a polymer
structure folded into a simulation cell with 3D PBCs� and
reported that the resulting structure consists of a disordered
arrangement of curved sp2 sheets. While their structures �see
Fig. 2�c� of Ref. 46� bear some resemblance to our low-
density simulated structures generated using molecular dy-
namics, in the Monte Carlo algorithm only sp2 bonding is
allowed. This restriction prevents the formation of
sp3-bonded structural elements such as the sheet junctions
and other topological defects which appear to play an impor-
tant role in the thermal stability of our simulated systems. In
our simulations, these topological defects only require a
small sp3 fraction ��5%�, and their presence in nongraphi-
tizing carbons would be very difficult to detect. A molecular-
dynamics study of heat-treated low-density amorphous car-
bons with relevance to the synthesis of porous carbon
materials was conducted by Shi.47 In this work a new inter-
atomic potential for carbon was developed in which sp3

bonding was prohibited. As with the studies of Kumar et
al.,46 the evolved structures in the study of Shi47 consist of
curved sp2 sheets, and have some visual resemblance to this
study. However, the absence of sp3 connectivity produces
networks which are necessarily topologically distinct from
those in this work, where the possibility of sp3 is permitted.

The MD simulations in this work show that thermally
stable structures consisting of a disordered arrangement of
highly curved sp2 sheets can be generated via a physically
plausible �but not necessarily practical� route. It is significant
that physically motivated “bottom-up” approaches �this work
and those of Shi47 and Kumar et al.46� generate structures
which are very similar to the entirely hypothetical networks
proposed by Harris and Tsang.43 Figure 9 shows the remark-
able similarity between a 19 Å cut through the 1.5 g/cc
structure annealed at 3500 K �shown in Fig. 1�e�, center
panel� and an illustration of the hypothetical structure con-
sisting only of fullerene-related fragments. Although defini-
tive experimental evidence for the atomic structure of glassy
carbon is still lacking, the convergence of hypothetical and
bottom-up approaches is encouraging support for the validity
of this model.

An important result of the MD simulations concerns the
mechanism by which fullerene fragments can be generated.
As we have shown, the presence of voids in the low-density
amorphous carbon precursor provides a route to the forma-
tion of closed shells and highly curved sp2 sheet fragments
via the surface-initiated ordering process. Furthermore, our
simulations show that systems containing these structural el-
ements are stable at high annealing temperatures. We relate

this to the high-energy barriers for the rearrangement of local
structures which are topologically incompatible with the
separate sp2 sheets of graphite.

These topological defect structures appear to naturally
arise in the presence of voids in the precursor due to the
simultaneous growth and subsequent interaction of ordered
sp2 regions surrounding each void on annealing at moderate
temperatures. This suggests a possible physical interpretation
of the tendency of various precursor materials to graphitize
or form nongraphitizing structures. We have shown that the
size and distribution of internal voids in the precursor mate-
rial �or formed during pyrolysis� as well as the annealing
protocol can have an important influence on the structural
evolution of the system. If local and medium-range sp2 or-
dering dominates early in the thermal evolution, stable defect
structures can be formed which dramatically increase the re-
sistance of the material to further graphitization. Presumably,
these structural rearrangement mechanisms would operate si-
multaneously with the complex array of other physicochemi-
cal processes which occur during pyrolysis. As discussed

(a)

(b)

FIG. 9. The highly curved sp2 sheet structure we observe in
annealed low-density systems is very similar to a hypothetical
structure for glassy carbon proposed by Harris �Ref. 44�. �a� A
19 Å section of the 1.5 g/cc system annealed at 3500 K for 200 ps
under 3D periodic boundary conditions. Several periodic images are
included to highlight the medium- and long-range structure. Only
bonds are shown, where bonds are drawn between atoms closer
than 1.85 Å. Bonds crossing the boundaries of the section are not
drawn. �b� Hypothetical fullerene-related structure proposed for
glassy carbon by Harris �Ref. 44�. From P. J. F. Harris, “Fullerene-
related structure of commercial glassy carbons,” Philos. Mag. 84,
3159 �2004�. Copyright 2004. Reprinted by permission of Taylor &
Francis Group �http://www.informaworld.com�.
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earlier, the annealing protocol can influence not only the rate
of evolution of the structure, but also the structural form
itself. Annealing at different temperatures can lead to two
families of structures: those which completely graphitize and
thermally stable foamlike structures which graphitize far
more slowly. This helps to explain why the properties of
experimentally prepared glassy carbon depend so strongly on
the preparation conditions and the precursor material.

V. CONCLUSIONS

Using molecular dynamics as a tool to evolve carbon net-
works, we have shown that fully disordered carbon structures
subjected to high-temperature annealing spontaneously self-
assemble to form highly ordered sp2-bonded networks. We
find that carbon onions arise from amorphous clusters, that
carbon nanotubes emerge from amorphous nanowires, and
that graphite sheets appear from amorphous slabs. Each of
these results is independent of the initial configuration, con-
firming that even the most disordered carbon precursor can
evolve toward order if sufficient kinetic energy is provided.
The simulations provide a framework for understanding the
evolution of carbon networks, and are supported in a number
of specific instances by various experimental and computa-
tional studies. The nature of the final structure is heavily

influenced by the presence of free surfaces, be they external
surfaces determined by geometry at the nanoscale, or internal
surfaces associated with voids. In systems with no external
surfaces we highlight the important role of the void fraction,
and show that above densities of 2.5 g/cc the collective re-
arrangement into sp2-dominated forms is prohibited. The lat-
ter result has implications for understanding experimental
annealing studies of tetrahedral amorphous carbon �ta-C�.
The simulations reveal that thermal transformation into
sp2-bonded forms is a surface-initiated process. Hence the
thermal stability of bulk ta-C might in fact be higher than
previously thought. In low-density bulk carbon we find a
close connection between our evolved networks and hypo-
thetical models of glassy carbon consisting of fullerenelike
elements. Unlike previous works, we show that sp3 sites are
an important component of the microstructure of annealed
bulk carbons, providing linkage elements required to accom-
modate grain boundaries, sheet junctions, and regions of
high curvature. Finally, we show that the thermal history of
annealed bulk carbons influences not only the rate of struc-
tural evolution, but also the structural form itself.
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