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A detailed atomistic model of amorphous diamond-like carbon was developed combining
experimental neutron scattering data (K. W. R. Gilkes, P. H. Gaskell and J. Robertson, Phys. Rev. B,
1995, 51, 12303) with the hybrid reverse Monte Carlo method. From the experimentally consistent
nanoscale model of the disordered tetrahedral carbon we computed various properties, including:
binding energy distribution, neighbor distribution function, bond angle distribution, cluster size
distributions for different C–C bond lengths, and percolation threshold. Analysis of microscopic
configurations revealed that the network structure of the studied amorphous diamond-like carbon
lacks any graphitic fragments (i.e., regular hexagons with a 120u C–C–C bond angle). We found that
for the assumed C–C bond length ¡ 1.42 Å (i.e., sp2 hybridization), the carbon network is poorly
connected with a 70% contribution from isolated carbon atoms. The percolation threshold
corresponds to a C–C bond length ¡ 1.52 Å, which is close to 1.54 Å (i.e., C–C bond length in perfect
diamond). This finding is consistent with experimental high levels of tetrahedral bonding (i.e., sp3
hybridization) reported for high density tetrahedral amorphous carbons (i.e., sp3 fraction of 80–85%).
Thus, we concluded that the HRMC method complemented with cluster size analysis and
determination of percolation threshold is a promising methodology in studies of ill-defined
carbonaceous materials.

1. Introduction
The physical properties of amorphous carbons (e.g. thermal,
mechanical, and electrical) are strongly dependent on the spatial
distribution of carbon atoms.1,3 Thus, the microscopic insight
into the degree of local order: in particular, the coordination to
nearest neighbors, hybridization (sp2 : sp3 ratio), and percolation threshold, is crucial to understand how the molecular
configuration within a single amorphous phase affects these
properties. Diffraction methods (X-ray, electron and neutron
scattering) are the most powerful techniques that can be used to
probe statistical correlations between pairs of atoms in
disordered amorphous carbons.1–2,4–6 However, extraction of
microscopic details directly from diffraction measurements is
impossible, because diffraction patterns provide average information about the local structure of disordered material in terms
of the one dimensional function, i.e., structure factor and radial
distribution function.4–6
The absence of crystalline order in amorphous carbonaceous
materials leads to ambiguity in experimental characterization,
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and thus atomistic simulations have an important role to pay in
the determination of the relation between the atomistic structure
and various macroscopic properties of these materials. Novel
simulation algorithms (e.g. reverse Monte Carlo, hybrid reverse
Monte Carlo, and quench Car–Parrinello molecular dynamics)
have been used to gain more insight into the degree of local
order in disordered carbonaceous materials.3,4,7–17 As has been
shown, the conventional reverse Monte Carlo (RMC) algorithm
produces highly unrealistic networks of tetrahedral amorphous
carbon exemplified by a large population of high-energetic small
carbon rings.11,14 Although some additional constraints have
been adopted in RMC code,4 the satisfactory reproduction of
experimental neuron scattering data has not be achieved so far.
Liquid quench by using the Car–Parrinello ab inito molecular
dynamics (CPMD) method has been successfully used for the
generation of physically realistic carbon microstructures of
amorphous diamond-like carbons.7–10 However, this method
suffers due to its computationally intensive nature that limits the
size of the simulation system and rules out the estimation of
uncertainties due to statistical fluctuations, which requires many
separate simulations. Clearly, one can use less sophisticated
empirical potential in liquid quench that significantly reduces the
computational cost of simulation.3,7–9 This however does not
guarantee that the complex mixed hybridization in tetrahedral
amorphous carbon can be reproduced without any other
experimental constraint. In fact, it has been shown that simple
This journal is ß The Royal Society of Chemistry 2012

Downloaded on 03 May 2012
Published on 28 March 2012 on http://pubs.rsc.org | doi:10.1039/C2RA00985D

View Online

empirical potentials (e.g. Tersoff, Brenner, reactive empirical
bond order, and orthogonal tight-binding) are unable to
correctly reproduce the microscopic structure of tetrahedral
amorphous carbons (see Fig. 1 and 2 in ref. 3).
Hybrid reverse Monte Carlo (HRMC) with many-body
environment-dependent interatomic potential (EDIP) is an
interesting alternative in the modeling of carbonaceous
materials, including amorphous diamond-like carbons. Like the
conventional RMC method,18 the HRMC algorithm used
experimental radial distribution function in the process of
reconstruction of the three dimensional structure of ill-defined
carbonaceous material.17–19 However, the additional energy
constraint naturally penalized all unphysical C–C bonding, such
as highly strained carbon rings as previously mentioned.19–22
That is why this method has been successfully used in the
reconstruction of low density carbon systems dominated by sp2
atoms such as glassy carbons,22 as well as high density carbon
materials dominated by sp3 atoms, such as tetrahedral amorphous carbons.11,14 In this work, we have used the HRMC
method to investigate the various properties of tetrahedral
amorphous carbon, including well-established characteristics:
binding energy distribution, neighbor distribution function, and
bond angle distribution. However, by contrast to previous
studies,4,11,14 we focus on the cluster analysis and percolation
threshold of carbon microstructures generated from HRMC
methods. In the theoretical background we present a brief
discussion of the methodology used, including definitions of
computed properties. Finally, we discuss the computational
results with special attention to the relation between the
experimentally measured sp3 fraction and the structure of the
carbon network.

2. Theoretical background

where gexpj(r) and gthj(r) are the experimental and theoretical
radial distribution functions, respectively, and sexpj(r) denotes an
estimate of the experimental error. For spherical atoms, the
experimental radial distribution function is computed from the
experimental structure factor, sexp(k), via the inverse Fourier
transform,23
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where r is the number density of carbon atoms. The theoretical
radial distribution function is calculated on the fly during the
simulation run from the following relation,24,25
gth ðrÞ~

Nr V
N4pr2 dr

(4)

where Nr is the number of carbon atoms in the shell of thickness
dr, N denotes total number of carbon atoms, and V is the volume
of simulation box.
The second term in eqn (1) is the acceptance probability used
in conventional MMC simulations.19 Here, bDE is the total
energy difference between new and old configurations, and b =
1/kBT controls the contribution from the energy term in eqn (1).
This energy based constraint enables generation of physically
realistic carbon structures by penalizing the formation of
artificial highly-energetic carbon structures, such as highly
strained three and four member carbon rings. Both the nature
of the carbon structures produced and the converge of the
HRMC algorithm depend upon the quality of the potential used.
In the current work, we employed the environmentally dependent interaction potential (EDIP) for calculation of the carbon–
carbon interaction energy.3 This potential has been shown to
provide a good physical description of disordered carbon
networks and nanostructures.7,9,12–13

2.1 HRMC algorithm
The HRMC method is a hybrid of the Metropolis Monte Carlo
(MMC) and the reverse Monte Carlo method (RMC).11,14,19–22
The purpose of the HRMC algorithm is to produce atomic
configurations that are both consistent with experimental
diffraction data and are physically realistic. The basic HRMC
algorithm is simple.19 First, the initial configuration of carbon
atoms consistent with experimental density is randomly placed in
a simulation box surrounded by periodic boundary conditions.
Next, for the selected b = 1/kBT, a carbon atom is randomly
selected and moved to a new position by simple displacement.
The trial configuration is than generated with the following
acceptance probability,19
2

P~e{x
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e
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The first term in eqn (1) is the acceptance probability used in
the conventional RMC algorithm,18 where x is given by,
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2.2 Simulation details
In the current work we performed fifty separate HRMC runs. In
all performed HRMC simulations, we started from the random
initial configuration of 1196 carbon atoms in a cubic simulation
box of size 20.00406 Å. The number density of carbon atoms of
0.1494089 atoms Å23 (i.e., 2.98 g cm23) matched the macroscopic value of the carbon density of studied amorphous
carbon.5 Note that this value of carbon density is typical for
dense tetrahedral amorphous carbons.1–3 We assumed the error
of sexp = 0.05 in eqn (2) for each experimental point on gexp(r). In
each individual run, we used different cooling schemes to check
the consistency of our methodology. The temperature was
continuously decreased during all performed HRMC quench
simulations (see option t smooth in ref. 19 for any other details).
As others,19 we used three stages during the HRMC quench,
however, we applied different temperatures at each stage to
ensure that the computed properties do not depend on the
particular quench scheme. A typical HRMC quench program
consists of four temperatures, for example: 5000, 800, 500, and
300 K. In stage 1, all carbon atoms were heated up to 5000 K.
Next, the temperature was continuously dropped to 800 K. In
stage 2, the temperature of the carbon atoms was dropped from
800 K to 500 K. And finally, at stage 3, the temperature of the
RSC Adv., 2012, 2, 4292–4298 | 4293
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carbon atoms was further reduced to 300 K. For each stage,
the number of quench steps was taken from ref. 19. To save
computational time, the many-body neighbour lists were used in
energy calculations (see option nnlist_option in ref. 19 for any
other details). As mentioned above, the EDIP potential was used
for the calculation of the carbon–carbon interaction energy. The
potential parameters for carbon were taken from Marks;13 they
are given in Table 1.
We found that the final structure of the studied amorphous
diamond-like carbon does not depend on the particular cooling
scheme. It means that the reconstructed atomistic configurations
of studied carbon material are physical. Statistically speaking,
they represent the most probable atomic structures of the studied
disordered diamond-like amorphous carbon. Taking this into
account, we averaged the final results over the fifty atomistic
configurations generated from these HRMC simulations. All
error bars were calculated as the standard error of the mean.
2.3 Binding energy and angle distribution
Binding energy and bond angle distributions collected from
HRMC model configurations are described by the mathematical
function that takes into account the asymmetry factor,26
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where f (t) denotes probability distribution function, M is the
peak maximum, H . 0 denotes peak height, 0 , a , 2 is the
asymmetry factor, and D . 0 is the standard deviation. Note
that for aA0, eqn (5) is reduced to the symmetrical Gaussian
distribution.26
2.4 Structure factor, neighbor distribution function, and cluster
size distribution
In our HRMC simulations we fitted the experimental radial
distribution function to the theoretical one. To check the quality
of our structural model of studied amorphous diamond-like
carbon, we computed the structure factor from the theoretical
radial distribution function,23
sth ðkÞ~1z

4pr
k

?
ð

r gth ðrÞ{1 sinðkrÞdr
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Theoretical radial distribution, gth(r), was computed as an
average over fifty final atomic configurations generated from the
HRMC method.
Table 1 Parameters of the environment-dependent interaction potential
(EDIP) used for the calculation of carbon–carbon potential energy (see
ref. 13)
Two-body
Three-body
Coordination

e = 20.0854 eV
s = 1.2571 Å
Z0 = 3.615
l = 1.3542 Å
flow = 1.547 Å
plow = 1.481 Å
Zdih = 0.3 eV

B = 0.9538 Å
a = 1.8923 Å
l0 = 19.86 eV
q = 3.5
fhigh = 2.27 Å
phigh = 2.0 Å
Zrep = 0.06 eV
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b = 0.049
a9 = 0.1698 Å
l9 = 0.3
a = 1.544
c0 = 3.2 Å

The local structure of investigated amorphous diamond-like
carbon is described by the simple neighbor distribution function,
which is defined by the number of carbon atoms around a tagged
carbon atom at a specified carbon–carbon distance, rc,23,27
th

ðrc

n ðrc Þ~4pr gth ðrÞr2 dr

(7)

0

where the upper bond of integration is progressively increased up
to 4 Å. We determined an average coordination number of
carbon atoms for rc corresponding to the position of the first
minimum on gth(r). To gain more insight into the local structure
of the studied amorphous diamond-like carbon, we computed
probability distributions of the number of carbon atoms for the
first and second solvation shell.27,28
Cluster size distributions were computed as an average over
the final fifty atomistic configurations of the investigated
amorphous diamond-like carbon generated from the HRMC
method. To identify the cluster size, we used simple carbon–
carbon distance criterion implemented in the periodic simulation
box.29 Percolation transition, i.e., the presence of an infinite
cluster spanning the entire simulation box, was identified from
computed cluster size distributions.

3. Results and discussion
The experimental structure factor gives the most probable
positions of carbon atoms in the studied sample of amorphous
diamond-like carbon. These most probable positions correspond
to the average scattering from different domains of the
tetrahedral amorphous carbon. Thus, in each individual domain
of carbon sample the positions of carbon atoms can slightly vary
from the most probable ones. In this sense, the positions of
carbon atoms in reconstructed three dimensional replicas are the
most probable ones.
Fig. 1 shows the comparison between radial distribution
functions measured from the neutron scattering experiment and
extracted from HRMC simulations. Within the computed error
bars, the gexp(r) is in very good agreement with gth(r). In
comparison to a previous RMC study,4 we noticed a significant
reduction of the discrepancy between experiment and theory.
The first, second, and third peak on gexp(r) are successfully
reconstructed from the HRMC method, which indicate the
correct value of the experimental density and the robustness of
the methodology used. Let us now compute sth(k) from gth(r) and
compare with sexp(k) measured directly from the neuron
scattering experiment4 (see Fig. 2). The agreement between both
functions is very good in both the low-k and high-k region,
which is fully consistent with the Opletal et al. study.11 Because
sth(k) was not subject to the fitting, this result indicates that the
used HRMC method successfully recovered the microscopic
details of the studied amorphous diamond-like carbon whilst
simultaneously producing low energy structures.
Indeed, binding energy distribution is characterized by a single
low energy peak (see Fig. 3). Interestingly, the computed peak
is asymmetric with the maximum and standard deviation of
26.75 and 0.38 eV atom21, respectively. It is worth pointing out
that similar asymmetric distribution of binding energy in
amorphous carbon has been found in quench molecular dynamic
This journal is ß The Royal Society of Chemistry 2012
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Fig. 3 Binding energy distribution for studied amorphous diamond-like
carbon computed from HRMC model configurations. Peak maximum
and standard deviation is 26.75 and 0.38 eV atom21, respectively. The
asymmetry factor of 0.99 indicates non-Gaussian distribution of binding
energy in the studied disordered carbon sample.

Fig. 1 The comparison of experimental radial distribution function
(dashed lines) with theoretical one computed from HRMC model
configurations (circles). Panel A highlights the comparison between
experimental and theoretical radial distribution function for r ¡ 5 Å.

Fig. 2 The comparison of experimental structure factor (circles) with
theoretical one computed from HRMC model configurations (solid line).

This journal is ß The Royal Society of Chemistry 2012

simulations.17 Computed average values of binding energy of
26.99, 26.71, and 27.02 eV atom21, are in good agreement with
our calculations. The binding energy distribution for studied
amorphous diamond-like carbon is broadened and shifted to higher
values of energy as compared to perfect graphite or diamond crystal.
Following Brenner,30 the binding energy between two carbon atoms
in graphite crystal is 27.3768 eV atom21. For diamond crystal this
value is slightly higher, i.e., 27.3464 eV atom21. The observed
significant fraction of carbon atoms with a higher energetic state can
be explained by the dispersion of bond lengths and angles in the
studied carbon. Thus, the amorphous carbon network seems to
represent a highly strained environment, where the average
positions of carbon atoms are disturbed as compared to perfect
graphite and diamond crystal. This seems physically reasonable
because the conditions used for production of tetrahedral amorphous carbon (metastable state) are highly nonequilibrium.1,2
We calculated the average coordination number and probability distribution for the first and second solvation shell, using
the position of the first and second minimum on gth(r), i.e., 2.0
and 3.09 Å, respectively. The average coordination number, NV,
for the first and second solvation shell is y3.5 and y15,
respectively, as is shown in Fig. 4. Both peaks are Gaussian.
However, the peak for the first solvation shell centered at y3.5
possess lower dispersion in comparison to the second solvation
shell. Walters et al.4 reported y3.79 and y9.17 for the same
sample of amorphous diamond-like carbons. Both values are
in reasonable agreement with the current calculations.
Overestimation and underestimation of the average coordination
number for the first and second solvation shell extracted from
RMC can be attributed to the poor reconstruction of gth(r) and
different definitions of upper integration bound in eqn (7). Note
that for diamond and graphite crystal NV = 4 and 3, respectively.
The computed value of y3.5 is somewhere between these values.
Thus, the coordination number for the first solvation shell
indicates that the internal structure of the studied amorphous
diamond-like carbon looks like a mixture of graphite and
diamond-like clusters. It seems however obvious that such
RSC Adv., 2012, 2, 4292–4298 | 4295
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Fig. 5 Molecular snapshots of the studied amorphous diamond-like
carbon displayed for different cutoff distances of dynamic bonds:31,32 (a)
21.4 Å, (b) 21.5 Å, and (c) 21.6 Å. Note the poor connectivity of the
carbon network shown in panel (a), indicating the lack of the sp2
graphitic fragments.

Fig. 4 Upper panel: neighbor distribution function computed from
gth(r). Lower panel: probability distributions of the number of neighbors
for the first and second solvation shell computed from HRMC model
configurations.

statement cannot be withdrawn from gexp(r) or gth(r). This is
because there are infinite numbers of three dimensional carbon
microstructures that generate similar one dimensional radial
distribution functions. To get more insight into the network
structure of the studied materials, we need to reconstruct and
analyze the three dimensional model of the studied carbon
sample, in detail.
The microscopic snapshots presented in Fig. 5 clearly showed
that for an assumed C–C bond length ¡ 1.4 Å the carbon
network is very poorly connected. The lack of any graphitic
fragments in the carbon network is revealed upon visual
inspection of microscopic configurations. Rather, the isolated
monomers, dimers, and trimers are expected for this C–C bond
length. These chain-like small carbon clusters consist of sp2
atoms that are poorly connected. As we extended the C–C bond
length up to 1.5 Å, the network of carbon atoms emerge. We
notice however, that the percolation cluster that spans the entire
simulation box did not appear. Thus, the percolation threshold
for the studied network of amorphous diamond-like carbon
corresponds to a C–C bond length . 1.5 Å. It is worth pointing
out that Marks et al.8 reported similar behavior of sp2 atoms in
tetrahedral amorphous carbon using liquid quench molecular
4296 | RSC Adv., 2012, 2, 4292–4298

dynamics. As in this study, Marks et al.8 pointed out that in the
structure of amorphous diamond-like carbon the sp2 atoms form
small clusters of various sizes. However, to the best of our
knowledge, detailed analysis of the clusters and percolation
threshold has not been presented so far.
Fig. 6 depicts bond angle distribution computed from HRMC
model configurations. This distribution is correctly described by
a single symmetrical peak with a maximum and standard
deviation of 109.2 and 8.2u, respectively. Note that in a bulk
diamond, the carbon atoms are arranged tetrahedrally with a
C–C–C bond angle of 109.5u. Moreover, we clearly see that the

Fig. 6 Bond angle distribution for the studied amorphous diamond-like
carbon computed from HRMC model configurations. Peak maximum
and standard deviation is 109.2 and 8.2u, respectively.

This journal is ß The Royal Society of Chemistry 2012
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fraction of regular hexagons with a 120u C–C–C bond angle is
quite small. The significant contribution from the tetrahedral
arrangement of carbon atoms indicates a great resistance to
compression, good strength and durability, and hardness of the
studied amorphous diamond-like carbon. A low fraction of
regular hexagons with a 120u C–C–C bond angle is consistent
with the poor connectivity between carbon atoms for a C–C
bond length ¡ 1.4 Å, as is shown in Fig. 5.
Finally, a focus on the cluster size distribution and percolation
threshold is presented in Fig. 7. As would be expected from
microscopic snapshots, the cluster size distribution strongly
depends on the assumed C–C bond length. Nevertheless, we
notice that the fraction of isolated carbon atoms (monomers)
reaches 70% for an assumed C–C bond length ¡ 1.42 Å,
reflecting the lack of graphitic fragments (see Fig. 5). Note that
the larger the number of isolated sp2 atoms with a typical C–C
bond length ¡ 1.42 Å, the larger the electronic band gap. While
this argument is qualitative, the sudden drop in electrical
conductivity has been identified as the point at which the sp2
clusters link up and form a connected network.8 Further analysis
of cluster size distributions revealed that for larger C–C bond
length ¡ 1.5 Å the fraction of larger carbon clusters increases;
however, the carbon network is still below the percolation

threshold. The connectivity of carbon atoms in the studied
amorphous diamond-like carbon drastically increases for a C–C
bond length ¡ 1.52 Å, as is displayed in Fig. 7. Here we notice
the appearance of a macroscopic cluster that spans the entire
simulation box (i.e., percolation cluster), indicating a diamondlike structure of the studied carbon network (for sp3 hybridization in bulk diamond, C–C bond length is 1.54 Å).
Regardless of the density of tetrahedral amorphous carbon,
the sp3 fraction extracted from any theoretical method, including
the most sophisticated approaches such as Car–Parrinello
molecular dynamics (CPMD), is underestimated as compared
to the experimental method (see Fig. 1 in ref. 3). However, we
need to bear in mind that the experimental sp3 fraction is
indirectly measured from various spectroscopic methods (for
example: electron-energy-loss spectroscopy or Raman spectroscopy).1,2 In contrast, in any theoretical calculations the
definitions of sp3 and sp2 bonds depends on the assumed
criteria. Moreover, it has been shown that the sp3 fraction can
also depend on the simulation protocol.8 Thus, direct comparison between the experimental and theoretical sp3 fraction is an
ill-defined problem. In the current work, we suggest the use of
the cluster size distribution and percolation threshold to
characterize the complex structure of the carbon network in

Fig. 7 Selected cluster size distributions computed as an average over fifty independent HRMC final configurations. The assumed C–C bond length is
displayed on the plots. Note the high monomer fraction for C–C bond length ¡ 1.42 Å, and the appearance of percolation cluster for C–C bond length
¡ 1.52 Å.
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non-crystalline diamond-like carbons. The experimental results
showed that in the case of tetrahedral amorphous carbon the sp3
fraction can be as high as 80–85%.1–3 Since the percolation
threshold of the studied amorphous carbon corresponds to C–C
bond length ¡ 1.52 Å, we concluded that the high sp3 fraction
measured experimentally is consistent with our analysis. It seems
particularly interesting to correlate the percolation threshold of
the carbon network with the macroscopic properties of various
amorphous carbons, such as: hardness, thermal and electrical
conductivity, sp3 fraction, bulk modulus, etc. Can percolation
threshold (i.e., one number that can characterize the carbon
network) reflect the variation in various macroscopic properties
of amorphous carbons? Clearly, percolation threshold of the
carbon network is attractive in its simplicity. Nevertheless, to
answer this question, more fundamental research is needed.
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