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We calculated and analyzed for the first time the local atomic stress distributions and the elastic

constants of realistic amorphous carbon networks.

We found that there is always softening of the

elastic constants of these isotropic systems, even in the case of nearly tetrahedral coordinations. The
local stresses play a very important role in determining the hybridization of a site during the formation

of the amorphous phase.
PACS numbers: 61.43.Dq, 62.20.Dc

Amorphous carbon (a-C) materials [1], ranging from
soft and semimetallic evaporated films (e-C) to hard,
wide-band-gap, and highly tetrahedral diamondlike films
(ta-C), attracted much attention in recent years because of
practical importance. From a fundamental point of view
these materials are also interesting since they are complex
and largely varied. The interplay between sp? and sp*
hybrid bonding contributes mostly to this variation and
complexity. Therefore, a vast effort has been devoted
to understanding how the mixing and number ratio of
sp? to sp? sites controls the mechanical and electronic
properties of a-C. However, a number of issues remain
unclear. A most interesting subject that needs further
study is the dependence of the elastic properties, both
macroscopic stiffness and local rigidity, on the variation
of local bonding, which is correlated to an average atomic
coordination z and to a macroscopic density p.

Such behavior of elastic properties has been studied in
the past for standard models of network glasses, both in
the critical regime z = zo [2] (at zp = 2.4 a transition
from rigid to “floppy” behavior takes place and the
elastic constants vanish), as well as in the regime most
relevant to glasses [3], where z is significantly larger than
z0. These standard models, however, which are “bond-
depleted” networks of decreasing z (one removes bonds
at random from a diamond-structure network), describe a
rather generic behavior of random networks, but not the
actual properties of a particular amorphous structure. For
example, they ignore the variation of macroscopic density
with z, and they are anisotropic (becoming isotropic
only close to zg), contrary to what we expect from an
amorphous material.

Here, we study the elastic properties of realistic a-C
models, simulating a wide range of urnhydrogenated a-C
materials, from e-C to za-C. We estimated, for the first
time, the elastic constants (indicative of macroscopic
stiffness) of these networks and give their variation with
coordination z. We also calculated the local atomic level
stresses (pertained to local incompatibilities and rigidity)
in these structures. It is consistently found that fourfold-
coordinated sites are mostly under compressive stress,
while threefold sites are under tensile stress. In sp3-rich
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a-C, sp? sites serve to relieve part of the internal strain
energy. We find no evidence for a threshold, with applied
pressure, in the sp? — sp> transition. These results bear
importance in understanding the formation and annealing
of ta-C structures.

The a-C models are computer generated by quenching
the liquid under various pressures. This procedure is not
directly related to the kinetics of the actual growth process,
but still it is primarily based on the concept of applied pres-
sure. Such pressure (compression) is produced, during a
deposition process, by the incoming and the penetrating
surface ions, resulting in stress generation [4] and densi-
fication [5] of a-C films. In addition, as we previously
showed [6,7], the structure factors S(k) and radial distribu-
tion functions g(r) of samples generated in this way agree
well with experimental data [8,9].

The simulations are done using a continuous-space
Monte Carlo (MC) algorithm in the constant-pressure-
temperature (N, P,T) ensemble, which allows equilibra-
tion of sample density. We start with cubic cells of
216 atoms with periodic boundary conditions. Molten
samples are equilibrated at ~9000 K and then cooled
to 300 K under various pressures (0.01-3 Mbar) and at
inverse rates of up to ~16 (MC steps)/atom K. After
quenching, the pressure is removed, and the sample den-
sities are equilibrated by allowing the shape of the cells to
vary (minor modification of the cubic structure) while re-
taining the periodic boundary conditions. In this way one
effectively eliminates any external stresses in the models,
and so the energy is a true minimum at the relaxed con-
figuration. The process is accompanied by a rather sig-
nificant sp> to sp? conversion, especially at high applied
pressures, of about 10% and the elimination of some un-
physical fivefold defects.

To model the energetics, while making the extensive
calculations tractable, we use an empirical interatomic po-
tential [10], which has been extensively tested [6,7] and
whose strengths and weaknesses are well known. It has
been fitted to the energies of various bulk phases of car-
bon, and so it describes well the energy difference be-
tween graphite and diamond (~0.03 eV/atom). Previous
calculations [7,11] showed that the potential (despite the
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absence of an explicit 7 bonding term) describes prop-
erly the clustering of sp? sites in a-C. They are mostly
arranged in pairs and clusters larger than pairs (few six-
fold rings), but not in large aromatic clusters (fused six-
fold rings). This picture is supported by recent work [12]
which argues that the disorder potential in the network
overwhelms the ordering energies of sp? sites, and so it
inhibits clustering.

We begin by considering the question whether or not
there is a threshold pressure for the formation of sp3-
rich a-C. Figure 1 shows the variation of sp> content
and of sample density with the applied hydrostatic pres-
sure (we relate to intrinsic stresses below). Our data, re-
sulting from a series of calculations, show a continuous
phase (sp? — sp?) transition in a-C and no indications
of a threshold pressure. The increase in sp> content and
density is more rapid at early stages, then steadily contin-
ues at a lower rate, and it reaches limiting values at ex-
ceedingly high pressures (over 3.0 Mbar, not shown in the
figure, with z — ~3.9 and p/ps — ~94%). The over-
all behavior obviously looks not linear. Robertson also
concluded [5,12], by extrapolating from experimental data
[13,14], that there exists a continuous phase transition due
to the ability of the random network to accommodate a
continuous change in sp3 content, but he assumed a lin-
ear behavior (which by extrapolation leads to a 100% sp3
network at a certain value of hydrostatic pressure or com-
pressive stress). We believe, however, that the formation
of a fully sp3 bonded a-C network is probably inhibited
by the strong tendency of carbon for sp? bonding. Ad-
ditionally, strong disorder (inhomogeneous distribution of
stress in the sample) favors a mixed phase of a certain de-
gree since, when locally a region is under tensile stress,
an sp? site is most likely being formed (see below). In
fact, the experimental estimates, reported up to date, give
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FIG. 1. Variation of (a) sp® content and (b) sample density
(normalized to diamond’s) as a function of applied hydrostatic
pressure.

an upper sp3 content of ~85% (ta-C) [13], even lower
than our values.

We next proceed to calculate the elastic constants of
a-C which have not been estimated before. Calcula-
tions are done using standard techniques after cooling the
samples to 7 = 0 K at their lowest energy configuration
(static-lattice elastic constants). One redefines the super-
cell with an external strain €, and the elastic modulus c is
obtained from the elastic energy %ce2 after all internal de-
grees of freedom have been fully relaxed. (We still refer
to cubic elastic moduli, despite the slight deviation of the
cells from cubic symmetry, since this remains valid for a
large supercell.) For the calculation of the shear modulus
cs = c11 — c12, we use a volume conserving orthorhom-
bic strain, while c44 is found by shearing the cell with a
monoclinic strain (for details see Ref. [15]). The third in-
dependent elastic constant, the equilibrium bulk modulus
By = V(d?E/dV?)y-y,, is obtained by considering a uni-
form expansion (compression) of the system and fitting
points of total energy versus volume with the Murnaghan
equation of state for solids.

The results of our calculations are summarized in
Table I. Each entry represents the average over three
values of each constant, corresponding to the three
orientations of each sample. These values should be
considered as typically representing pure a-C materials
(in the range 3.0 < z < 4.0). Any fluctuations about
them reflect the peculiarities of each amorphous structure,
mainly variations of density due to the existence and
concentration of voids.

We first note that the structures are mostly isotropic,
as is evident from an inspection of the anisotropy param-
eter Aanisotr = |C44 = (en — C12)/2| (values of Aapisorr are
listed in Table I). The small anisotropy is a result of the
finite size of the cells and not due to external stresses
(the samples have been fully relaxed). As expected,
there is considerable softening of all constants as z — 3.0
(e-C). The bonding in e-C appears to be locally graphitic
(sp?-like), but with layer warping and interlayer cross-
linking, giving a more isotropic character to the network.

TABLE 1. Calculated elastic constants (in GPa) and the
anisotropy parameter Aaisorr fOr a number of a-C networks dis-
tinguished by their coordination z. Also given are the corre-
sponding calculated quantities for the WWW model and for
diamond (D).

z ci c12 Ca4 By Aanisotr
3.03 446 61 181 189 11
3.20 524 79 218 227 4
3.27 619 81 262 260 7
3.42 691 88 310 289 8
3.50 705 93 312 298 6
3.72 790 101 337 331 7
3.84 834 112 354 353 7
3.89 847 116 357 360 8
WWWwW 859 118 363 365 7
D 1090 120 640 443 155
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(The larger Aapisorr for z = 3.03 compared to other cells
probably indicates some remnants of anisotropic bond-
ing.) This disruption of layers leads to elastic constants
which are much softer than the in-plane elastic constants
of graphite (known to be very large). With increasing z,
¢s (indicative of angular rigidity from hybrid misalign-
ment), and By (indicating radial rigidity) steadily rise and
reach high values [16] (~80% of diamond’s) for z — 3.9
(ta-C). On the other hand, c44 attains only ~55% of the
diamond value, constrained so by the isotropic character
of the network. (The softening of c44 in a random lattice
can be pictorially understood by viewing the distortion of
the sp> hybrids under an €44 shearing strain [17].)

It is worth examining how much the softening of the
elastic constants (from crystalline to amorphous) would be
if we had a completely tetrahedral a-C network. For this
purpose, a hypothetical 100% sp> structure is obtained by
relaxing the atom positions and cell shape of the 216-
atom Wooten-Winer-Weaire (WWW) model [18] with the
present carbon potential. The relevant data for this model
are listed in Table I. We see that the elastic constants of
this isotropic tetrahedral network still remain lower than
those of diamond. We thus conclude that the soften-
ing, relative to diamond, of highly tetrahedral structures
(ta-C) primarily originates from the random orientation of
the sp>® hybrids and the accompanying lowering of den-
sity, rather than merely from the presence of a small frac-
tion of sp? sites.

We now turn to the second elastic property of interest,
the atomic level stresses, which are a measure of the
local rigidity of the network. In a macroscopically rigid
network, under no external forces, the local stresses can
be thought of as arising due to local incompatibilities, and
they are present in networks with nonequivalent atoms
and in any disordered structure. One formally defines
[19] an atomic level stress tensor associated with an
atom at a certain position as the average of the stress
field (operating at each point in space) over the atomic
volume. It has been proved [20], however, very useful
to deal with the trace of this stress tensor, which defines
a local compression, and which is quite appropriate for
isotropic systems, as is the case here. In this scheme,
one considers an atomic compression (tension) o; =
—dE;/dInV ~ pQ;, where E; is the energy of atom i
(as obtained by decomposition of the total energy into
atomic contributions), and V is the volume. Dividing
by the appropriate atomic volume, {); converts into units
of pressure. Summing up the o; over the atoms of the
system we get the total internal stress, which could be
zero if the individual contributions cancel each other.

We first apply this methodology to a typical ta-C
sample with z = 3.84 and p/ps = 94%. The results of
our analysis are portrayed in panel (a) of Fig. 2 which
shows the distributions of atomic stresses. (Averages are
taken at 300 K, so there is some thermal broadening.)
P(o) is the probability of finding an atom under stress
o. The total distribution (denoted by the solid line) is
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FIG. 2. Distributions P(o) of atomic stresses at 300 K.
Solid lines denote total distributions. Dashed and dash-dotted
lines are projected distributions for fourfold- and threefold-
coordinated atoms, respectively. (a) P(o) for a ta-C sample.
(b) P(0) for a sample with z = 3.5. (c) P(o) for an e-C
sample.

widespread, indicating the presence of large internal local
stresses, compressive as well as tensile. The tails of the
distribution originate from atoms having severely strained
bonds and angles, and which are weakly bonded (they
have high atomic energies [6]). The distribution is peaked
at a slightly compressive stress, showing that in this equi-
librated sample compressive and tensile stresses nearly
balance each other. It is important to note, however, that
what is crucial in this analysis is not the average internal
stress, but the local stress at each specific site.

We gain more insight into this issue by decomposing the
total distribution into contributions from individual atoms
according to their coordination [6]. Such a decomposi-
tion is shown by the broken lines in Fig. 2(a). As ex-
pected, both distributions of fourfold and threefold atoms
are quite broad and with fourfold atoms contributing the
most to P(o). Interestingly, however, we notice that most
of the sp> atoms are under compressive stress [as one
easily verifies by integrating over the distribution, N =
[P(c)do). The peak value is ~10 GPa. The reported
intrinsic compressive stresses in ta-C, although macro-
scopic properties are not directly comparable with the lo-
cal stresses calculated here, acquire similar values [5,13].
On the other hand, the sp? sites are mostly under ten-
sile stresses, whose magnitudes are on the average larger
than those of sp? sites. This indicates that in this mixed
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phase the sp? sites, which are assembled in small clusters
as noted above, play the role of relieving internal strain
energy. Thus, there is a tendency, through densification
[5] and compressive stress generation [4], to promote sp3
bonding, but a certain fraction of s p? sites is needed to re-
duce the total strain in this high energy phase [6].

To eliminate the possibility that these findings are
peculiar to the above particular structure, we apply the
same analysis to a sample with z = 3.5 and p/p,; = 87%.
The results are displayed in Fig. 2(b). Again, we most
clearly see the preference of sp3 sites for compressive
and of sp? sites for tensile stresses. Therefore, what
determines the hybridization at a particular site is not
the average total intrinsic stress (which could be zero),
but the local atomic stress generated during deposition
when the incoming ions stick on the surface (environment
favoring neutral or tensile stress, thus sp? bonding)
or when they penetrate into deeper layers and occupy
interstitial positions (compressive conditions favoring sp>
bonding).

The same pattern is followed even in the case of a low-
pressure sample (e-C) having z = 3.03 and p/ps = 65%.
The majority sp? sites have a maximum probability to be
under a slightly tensile stress (=3 GPa), while fourfold
sites are mostly compressed and evidently more distorted,
in agreement with previous work [6] based on energy
considerations. Note also how strain is reduced when
moving from ta-C to e-C [panels (a)—(c) in Fig. 2], which
is consistent with the lowering of energy as z decreases [6].
Robertson suggested [12] that the free energy difference
AG between sp? and sp® a-C can be viewed as being
the work done by the incident ions in compressing a low
density sp? network into a higher density sp> network,
W = AG = PAV. Using for P = 15 GPa (the peak value
difference of stress among 7a-C and e-C in Fig. 2) and
the appropriate AV = 0.69 among the two samples, we
estimate for AG = 0.17 eV/atom. This is consistent with
the typical total energy differences between ta-C and e-C
(=0.2 eV /atom) found previously [6].

Finally, we have investigated the issue of thermal
annealing of stress in a-C. This is related to the proposed
[5] annealing of the density excess (within the thermal
spike model), when the incoming ion energies exceed a
certain threshold [13,14] (in as-grown films). Analyzing
a number of samples, we consistently find that, upon
annealing, relaxation of density is accompanied by the
elimination of many sp* sites which are mostly under
tensile stress, while compressive stress is harder to anneal
out. Fourfold atoms under tension are in a shallow
minimum of the free energy (we estimate a difference
of =0.5 eV compared to compressed sp?3 sites). Similar
arguments apply to the case of post-growth thermal
annealing of ta-C structures, which were predicted [6] to
be metastable, exhibiting an abrupt sp3 — sp? transition

at T,y = 1200 K (seemingly verified by experiment [21]).
We expect that at ~T,, most sp3 atoms under tension
transform into sp? sites. Compressed sp® atoms are
eliminated at higher temperatures.

In conclusion, our numerical analysis gives insights into
the issues of elastic softening and local stress distributions
in interesting forms of a-C. We believe that further
studies are needed to illuminate the relation between strain
relaxation and clustering of sp? sites in a mixed phase,
as well as to understand better the sp> — sp? transition
above T;.
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