
PHYSICAL REVIEW B VOLUME 50, NUMBER 17 1 NOVEMBER 1994-I

Structural trends in amorphous carbon
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Amorphous carbon (a-C) structures over a wide range of densities are generated using tight-

binding molecular-dynamics simulations. The a-C networks obtained by quenching low-density

liquids consist of mostly threefold coordinated atoms. These a-C structures correspond to those

obtained experimentally by evaporation or sputtering of graphite. However, the a-C networks gener-

ated by quenching high-density liquids are found to be dominated by tetrahedral bonding sites, which

resemble the diamondlike a-C films produced by the mass-selected ion beam deposition technique.

Our study shows that the shape and position of the first peak of the radial distribution function in

a-C are very sensitive to the relative concentration of sp, sp, and 8p bondings. The peak position

shifts towards larger distance as the percentage of the fourfold sites increases, which gives a good

indication of the relative population of threefold to fourfold sites in the system.

I. INTRODUCTION

The extraordinary ability of carbon atoms to form
strong chemical bonds in twofold (linear chain), threefold

(graphite), and fourfold (diamond) coordinated struc-
tures makes the disordered phase of carbon very com-
plex and fascinating. While amorphous carbon (a-C)
films produced by evaporation or sputtering of graphite
consist of mostly threefold atoms, those generated by
mass-selected ion beam (MSIB) deposition technique are
found to be dominated by diamondlike tetrahedral spa

bonded sites. ~ s This unique bonding nature in a-C has
attracted considerable technological as well as fundamen-
tal interests. ~ In the last several years, extensive ex-
perimental investigations involving neutron scattering, '

electron difFraction, electron energy loss spectroscopy,
and theoretical studies using computer simulationss ~s

have been devoted to elucidating the microscopic struc-
ture and bonding nature of this disordered form of car-
bon. While these studies did provide many useful data
about the structure of a-C, the microscopic bonding na-
ture in this novel material is still not well understood.
Even the most basic information such as the relative
concentration of various coordinated atoms in the a-C
structure is still controversial in the literature.

In this paper, we present a comprehensive report on
tight-binding molecular-dynamics (TBMD) simulation
studies of the microscopic structures of a-C covering a
wide range of densities kom the low-density to the high-
density regime. Our purpose is to understand the atom-
istic configurations and structural trend in a-C samples
prepared under difFerent conditions. Our simulation re-
sults show that the concentration and distribution of var-
ious coordinated atoms in a-C samples are very depen-
dent on the sample preparation conditions. The general
trend is that the &action of fourfold coordinated sites in-
creases with increasing sample densities. The sp bond-
ing becomes dominant when the density approaches the
density of diamond. Our studies also show that the shape

and the peak position of the radial distribution function
are strongly correlated with the relative concentration of
twofold, threefold, and fourfold coordinated atoms in the
a-C samples.

This paper is arranged as follows: Section II describes
details of the simulation method and the a-C sample

preparation procedures. The structural properties of the
a-C samples obtained from our simulations are presented
and discussed in Secs. III and IV. Brief concluding re-

marks are given in the final section.

II. SIMULATION METHOD

In TBMD simulations, the atomic motions are gov-
erned by the following Hamiltonian:

occupied

&(9')) = ) ' + ) . 8'-III»((r*))14-)

+E-.((r'))
where (r;) denotes the positions of the atoms (i
1,2, ..., N), and P; denotes the momentum of the ith
atom. The first terra in (1) is the kinetic energy of the
ions, the second term is the electronic band-structure en-

ergy calculated from a parametrized tight-binding Hamil-
tonian HTs((r;)), and the third term is a short-ranged
repulsive energy. In this scheme, the quantum mechan-
ical nature of the covalent bonding among the carbon
atoms is taken into account explicitly in the electronic
structure which is calculated for each of the atomic con-
figurations in the MD simulations. Electronic degrees of
&eedom are explicitly involved in the force calculation
but not in the dynamics. The former feature places the
scheme within the quanta~ mechanics regime, while the
latter allows the simulation to have time steps similar to
those in traditional molecular-dynamics simulations.

The tight-binding potential model used in the present
TBMD simulation describes accurately the energetic,
vibrational, and elastic properties of the diamond
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(fourfold), graphite (threefold), and linear-chain struc-
tures (twofold), in comparison with self-consistent first-
principles density functional calculations. We have also
calculated the energy barrier for diamond to rhombo-
hedral graphite transition along the path proposed in
the previous work of Fahy and Louie. The energy bar-
rier obtained by our TB model is 0.27 eV/atom, com-
pared to the self-consistent density functional calcula-
tion result of 0.33 eV/atom. ~ The model has been suc-
cessfully applied to studies of carbon fullerenes, liq-
uid, and amorphous carbon phases. ' ' Details of the
tight-binding model for carbon and the tight-binding
molecular-dynamics scheme have been given in our pre-
vious publications.

In this paper, a-C samples are generated by quench-
ing high temperature carbon liquids of various densities.
The simulations are performed with 216 atoms in a cubic
cell with periodic boundary conditions. Only the I' point
is used for the electronic structure calculations. The MD
time step is 1.05 x 10 s. Initially, the liquid carbon
samples with densities of 2.20, 2.44, 2.68, 3.0, 3.5, 4.0,
and 4.4 g/cms, respectively, are equilibrated at high tem-
peratures (6000 K for the samples with densities equal to
or below 3.0 g/cm, 10000 K for the samples of 3.5 and
4.0 gjcms, and 14000 K for the sample of 4.4 g/cms).
The stochastic temperature control methodso is used to
quench the liquids down to 0 K with a cooling rate of
about 500 K/ps. (The effects of cooling rate are also
studied and will be discussed at the end of the next sec-
tion. ) The volume and shape of the MD cell are kept
unchanged in the quenching process. The as-quenched
samples are then relaxed to a local energy minimum and
zero pressure by a steepest-descent procedure. We found
that the as-quenched structures of the four lower-density
samples are already very close to the local energy mini-
mum and zero-pressure con6guration, while the densities
of the three higher-density samples have to be relaxed
to 3.30, 3.35, and 3.40 g/cms, respectively, in order to
reach the local energy minimum. The relaxed networks
of these three higher-density samples are then subjected
to a reannealing cycle for another 6 ps. In the reanneal-
ing process, the temperature of the system was raised to
2500 K and then cooled down to 0 K. After relaxation
and reannealing, the structures of the four lower-density
samples change very little, while the concentraction of
the fourfold atoms in the three higher-density samples
decreases by 6% (for samples 8 and F) and 3% (for sam-

ple G), respectively. All results presented in the following
two sections are those obtained after relaxation and re-
annealing procedures.

III. SIMULATION RESULTS

A. Radial distribution functions

The pair-correlation functions of the a-C samples at
various densities obtained from our simulations are plot-
ted in Fig. 1. Each spectrum has been averaged over
2000 MD steps at a temperature of 700K. This tem-
perature is comparable with the experimental condition
of room temperature if one includes the efFects of zero-
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FIG. 1. The pair-correlation functions of the a-C samples

generated under various densities as specified in Table I. Note

that the first peak position shifts systematically toward larger

bond lengths as the density increases. The two dashed ver-

tical lines indicate the bond length of graphite (1.42 A) and

diamond (1.54 A), respectively.
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FIG. 2. The concentration of various coordinated atoms

in the a-C samples as a function of quenching density.

point-motion of the carbon atoms. The most striking
feature of this plot is that the positions of the 6rst peak
of the pair-correlation functions shift systematically to-
wards larger distance as the density of the sample is in-

creased. This unusual behavior is found to originate from

the increase in the concentration of fourfold atoms in

the a-C samples, as one can see from Fig. 2 and Table

I, where the relative concentrations of the two-, three-,
and fourfold coordinated sites in the a-C samples are
presented. A coordination radius of 1.93 A. , which cor-

responds to the minimum between the Grst and second

peaks in the radial distribution function, is used here to
determine the coordination number of each site. We also
examined the bond-length distribution corresponding to
twofold, threefold, and fourfold atoms in a-C samples at
various densities and found that the bond-length distri-
butions are not very sensitive to the density of the sam-

ple but depend strongly on the bonding topologies (i.e. ,



50 STRUCTURAL TRENDS IN AMORPHOUS CARBON 12 431

TABLE I. Concentration of various coordinated atoms in the amorphous carbon networks. Both
quenching density and the Snal equilibrium density (in the parenthesis) are shown for each sample.
The table also shows the binding energies of the a-C samples (relative to that of diamond).

Sample
A
B
C
D
E
F
G

Density (g/cm )
2.20 (2.20)
2.44 (2.44)
2.68 (2.68)
3.00 (3.00)
3.50 (3.30)
4.00 (3.35)
4.40 (3.40)

Twofold (%)
9.7
5.8
6.5
2.3
0.0
0.0
0.0

Threefold (%)
82.4
80.0
71.0
64.7
40.7
26.0
11.0

Fourfold (%)
7.9

14.2
22.5
33.0
59.3
74.0
89.0

Energy (eV/atom)
+0.6579
+0.6527
+0.6551
+0.5788
+0.4943
+0.5404
+0.5328

twofold, threefold, or fourfold) of the atoms. This re-
sult can be seen from Fig. 3 where the first peaks of the
partial pair-correlation functions g22, g33 and g44 in the
a-C samples of various densities are plotted. Since the
distance between the fourfold atoms is the longest, it is
expected that samples with larger percentages of fourfold
atoms will have larger average bond lengths.

B. Angular distribution functions

Figure 4 shows the bond-angle distribution functions
in the a-C networks at various densities. At low densi-
ties, the angle distributions are quite broad with peaks
at about 118', which is close to the graphitic bond angle
of 120'. There are also some large bond angles which
are mostly related to the twofold atoms in the network.
The center of the bond-angle distribution function shifts
toward the tetrahedral bond angle as the fourfold con-
centration in the a-C networks increases. The bond an-
gles of the two diamondlike a-C networks (samples F
and G) are distributed around 109', close to the tetra-
hedral bond angle. The root-mean-square (RMS) value
of the bond-angle distributions at the fourfold sites in
the two diamondlike a-C samples are found to be about
10.5, similar to the case of amorphous Si, where the
RMS bond-angle distribution is about 10 .

0.03

C. Ring statistics

In addition to the radial and angular distribution func-
tions, the structures of the amorphous networks have
also been characterized by a ring statistics analysis. We
compute the ring populations in each a-C sample by the
"shortest-path" ring algorithm proposed by Franzblau. 24

The results are shown in Fig. 5. In the low-density sam-
ples, in addition to the Bve-, six-, and seven-membered
rings which arise primarily kom clusters of threefold
atoms, there is a notable number of rings with sizes be-
tween 10 and 16. These medium-sized rings are primarily
due to the presence of small voids between the three-
fold clusters in the low-density a-C networks. As the
density is increased, the small voids disappear gradually,
and at the same time the population of the six-membered
rings increases rapidly due to the growth of fourfold dia-
mondlike domains. The ring populations of the two high-
density samples are very similar to that of a-Si, which is
consistent with the formation of tetrahedral networks.

D. Atomic con6gurations

The atomistic structures of several a-C samples ob-
tained &om our TBMD simulations are shown in Fig. 6.
The pictures clearly show that the population of the
threefold atoms decreases while that of fourfold atoms
increases as the density at which the a-C sample is pre-
pared increases. The tendency of segregation of three-
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FIG. 3. The partial pair-correlation functions in the a-C
samples as speci6ed in Table I. The intensities of the spectra
have been divided by the number of atoms of different coordi-
nations, respectively. Note that the peak positions of gpss(r),
g33(r), and g44(r) are well separated.
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FIG. 4. The bond-angle distribution functions in the a-C
samples as speci6ed in Table I.
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fold and fourfold atoms is observed in both low-density
sp -dominated samples as well as in high-density sp-
dominated samples. The threefold coordinated atoms in
the low-density (2.20 and 2.44 g/cm ) a-C samples are
found to form large clusters which are linked together by
two- and fourfold atoms. As the density increases, the
threefold clusters shrink in size while the "bridge" regions
expand and are increasingly dominated by fourfold atoms
which also tend to form clusters. The a-C structures ob-
tained by quenching from highly compressed liquids are
found to contain mostly fourfold atoms.

0.6 -:

0.4 -:

0.2 -:

0.0
0.6 -:

0.4 -:

G

E. Effects of quenching rate

We studied the effects of quenching procedures on the
final structures of a-C samples by comparing two sam-
ples generated under the same density but with differ-
ent quenching rates. In the low-density regime, we gen-
erate two samples under a density of 2.20 g/cms but
with a simulation time of 25 and 11 ps, respectively, for
quenching and annealing. In the high-density regime,
we compare two structures generated &om the liquid of
4.0 g/cms, with quenching rates of 500 K/ps and 1000
K/ps, respectively. The structures of both as-quenched
high-density a-C networks are finally relaxed to a den-
sity of 3.35 g/cms and reannealed for another 6 and 3 ps,
respectively, up to a temperature of 2500 K.

In Tables II and III and in Figs. 7—10, we compare
the relative concentrations of various coordinated atoms,
the radial distribution functions, and the angular distri-
bution functions of the a-C structures generated at the
same density but with different annealing procedures as
discussed in the previous paragraph. The results show
that the essential features and bond topologies of the
a-C generated under the same density are very similar,
suggesting that the structural trend in a-C as discussed
above is valid even with longer simulation time. Nev-

ertheless, our simulation results also show that the final
structures Rom different simulation procedures differ in
some details. In the low-density samples, the concentra-
tion of the various coordinated atoms is slightly different
(about a few percent). In the two high-density samples,
although the sp to sp ratios coincide with each other,
the details of the atomic configurations are different. In
particular, the 58 threefold atoms in the sample with
longer simulation time consist of one isolated threefold
atom (dangling bond), six pairs of atoms, one Cs chain,
five C4 chains, and a large cluster of 22 atoms, while the
threefold atoms in another sample are distributed in the
form of relative smaller clusters: one Cqo, two Cs, one
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FIG. 5. Populations of the "shortest-path" rings (per
atom) in the a-C samples as speci6ed in Table I.

IV. DISCUSSIONS

A. Low-density a-C

The structural properties of low-density Sp -dominated
a-C have been studied extensively by computer simula-

C6, two C4, and nine isolated pairs of atoms. Since the
electronic states around the Fermi level produced by dif-
ferent sizes of 8@2 clusters in the a-C structures are very
different, we expect that the electronic structures of a-
C near the gap region will also be sensitive to the sample
preparation procedures.

TABLE II. Concentration of various coordinated atoms in the amorphous carbon networks
generated under a density of 2.20 g/cm but with diferent quenching rates. Sample A is the
structure obtained with longer simulation time. Both quenching density and the final equilibrium
density (in the parenthesis) are shown for each sample. The table also shows the binding energies
of the samples (relative to that of diamond).

Sample Density (g/cm ) Twofold ('%%uo) Threefold ('%%uo) Fourfold ('%%uo) Energy (ev/atom)
A 2.20 (2.20) 9.7 82.4 7.9 +0.6579
A' 2.20 (2.20) 12.0 80.6 7.4 +0.6876
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(d) —Sample G

FIG. 6. Microscopic structure of the TBMD-generated a-C networks. (a) sample A, (b) sample D, (c) sample E, and (d)
sample G. The different shadings represent diFerent coordinations for the atomic sites (twofold, white balls with small dark
dots; threefold, dark shaded balls; fourfold, light shaded balls).

TABLE III. Concentration of various coordinated atoms in the amorphous carbon networks
generated under a density of 4.0 g/cm but with difFerent quenching rates. Sample I" is the structure
obtained with longer simulation time. Both quenching density and the Snal equilibrium density
(in the parenthesis) are shown for each sample. The table also shows the binding energies of the
samples (relative to that of diamond).

Sample Density (g/cm ) Twofold (%) Threefold (%) Fourfold (%) Energy (eV/atom)
F 4.00 (3.35) 0.0 26.0 74.0 +0.5404
F' 4.00 (3.35) 0.0 26.0 74.0 +0.5559
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FIG. 7. Pair-correlation functions of the two amorphous
carbon networks generated under a density of 2.20 g/em but
with diferent quenching rates. The solid line represents the
result from the sample obtained with longer simulation time.

FIG. 9. Pair-correlation functions of the two amorphous
carbon networks generated under a density of 4.00 g jcm but
with different quenching rates. The solid line represents the
result from the sample obtained with longer simulation time.

tions ' and by neutron scattering measurement. It
was shown by Li and Lannin that although previous the-
oretical a-C models reproduce some of the features, they
did not describe accurately the radial distribution func-
tion obtained &om neutron scattering experiments. 2 In
comparison, our present results show much better agree-
ment with the experimental data. In Fig. 11,we compare
the results of the radial distribution function T(r) ob-
tained Rom our TBMD simulation with that of neutron
scattering data of Ref. 2. We choose our results at the
density of 2.20 g/cm, given that the density of the exper-
imental sample was estimated to be between 2.0 and 2.44
g/cms. From Fig. 11, one sees that our model gives a
much better description of the experimental radial distri-
bution function than the other theoretical models quoted
in Ref. 2. In addition, the percentage of fourfold sites
found in our simulation results is also in good agreement
with the value of 6.5+1.5% estimated by a nuclear mag-
netic resonance (NMR) study2s of the same a-C sample

used in the neutron scattering measurement.
It is worth noting that a certain number of twofold

coordinated atoms are present in our low-density a-C
samples. Two-fold atoms were not considered in the ex-
perimental data analysis of Ref. 2. In view of the good
agreement between experiment and simulation for the ra-
dial distribution function (particularly the position and
shape of the first peak) and the percentage of the fourfold
sites, it would be interesting to reanalyze the experimen-
tal data, including the eKects of twofold coordination. In
fact, an extended x-ray-absorption fine-structure exper-
iment by Comelli et al. ~ suggested that twofold config-
urations are necessary to explain the EXAFS data &om
evaporated and sputtered a-C samples.

The existence of twofold atoms in our simulation re-
sults is contrary to the absence of twofold atoms in the
ab initio MD result of Ref. 7. Moreover, the percentage
of fourfold atoms &om the ab initio MD seems a bit too
high compared with our result as well as with the exper-
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FIG. 8. Angular distribution functions of the two amor-
phous carbon networks generated under a density of 2.20

gjcm but with difFerent quenching rates. The solid line rep-
resents the result from the sample obtained with longer sim-
ulation time.

FIG. 10. Angular distribution functions of the two amor-

phous carbon networks generated under a density of 4.00

g jcm but with difFerent quenching rates. The solid line rep-
resents the result from the sample obtained with longer sim-

ulation time.
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imental data of Ref. 26. This is manifested in the asym-
metric shape of the first peak of the radial distribution
function obtained in Ref. 7 as well as in a notable shift in
the peak position towards larger bond length in compari-
son with neutron scattering data. We have noted that
these discrepancies may be due to the unconverged plane
wave basis set (corresponding to 20 Ry of kinetic energy
cutofF) used in the ab initio MD simulation of Ref. 7.
In a recent ab initio MD simulation of hydrogenated a-C
with a larger plane wave basis set (corresponding to a
kinetic energy cutofF of 35 Ry), Iarlori et al. found that
even at a density of 2.6 g/cms there is still a small num-

ber of twofold carbon atoms in the a-C sample. The
presence of twofold carbon atoms in the low-density sp2-

dominated a-C samples is also observed in the simulation
results of Blaudeck et al. based on a semiempirical den-
sity functional molecular-dynamics approach.

B. Diamondlike a-C

The radial distribution functions of the diamondlike
a-C films generated by the mass-selected ion beam depo-
sition method have been investigated experimentally by
electron diffractions and by neutron scattering4 methods.
The radial distributions G(r) (=4vrprlg(r)-I]) of the two
diamondlike a-C structures obtained by our TBMD simu-
lation are compared with the results of neutron scattering
as shown in Fig. 12. We note that the general features
of the TBMD results are very similar to the experimen-
tal results. Nevertheless, the average bond length of the
experimental sample is slightly shorter than those of our
TBMD generated models. This suggests that the experi-
mental sample may have less fourfold concentration than
do our samples.

V. CONCLUSION

In this paper, we show that a-C samples produced
under difFerent densities (or under difFerent compress-
ing pressures) have very different structures. Our sim-
ulation results are consistent with experimental observa-
tions. The general trend is that the sp concentration

FIG. 12. Radial distribution functions G(r) of the di-

amondlike amorphous carbon samples generated by tight-
binding molecular dynamics (solid curve) are compared with

the neutron scattering data of Ref. 4 (dotted curve). The
theoretical results have been convoluted with the experimen-
tal resolution corresponding to the termination of the Fourier
transform at the experimental maximum scattering vector

Q =16k

increases when the a-C sample is generated under higher
density. Diamondlike sp -dominated a-C structures can
be obtained by quenching carbon liquid under high pres-
sure. While the details of the atomistic structure of the
as-generated a-C samples (e.g. , the aps to ap2 bonding
ratio, the distribution of ap sites) may also depend on
other preparation procedures, the quenching density (or
pressure) seems to be the dominant factor in determining
the final structure and the bonding topologies of the a-C
samples. We have also studied the shape and the peak
positions of the radial distribution function in a-C and
found that they are strongly correlated with the relative
concentration of the sp, sp, and sp bondings in the
sample. The peak position shifts toward larger distances
as the percentage of the fourfold sites increases. This
gives a good measurement of the relative population of
threefold to fourfold sites in the system.
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