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TIGHT-BINDING MOLECULAR DYNAMICS
SIMULATION OF UNIAXIAL TENSILE
STRENGTH OF DIAMOND

TAMOTSU HASHIMOTO
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Research Institute of Nagoya, 462-8510 Japan
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Tight-binding molecular dynamics simulations have been performed to study the ideal strength
of diamond under a uniaxial [111] tensile load with stresses treated by Parrinello— Rahman
method. The stress-stretch relationships and Poisson contractions for single crystalline dia-
mond with and without vacancies, and diamond containing {111} = 3 boundaries at 300K
were calculated. I estimated the ideal strength of diamond to be ~230GPa at critical stretch
~1.31.

Keywords: Tight-binding molecular dynamics simulation; ideal strength; stress-stretch relation-
ships; Poisson contractions; vacancy; {111}% = 3 boundary

1. INTRODUCTION

Diamonds usually cleave along one particular (111) plane {1, 2]. The reason
is not clear, but it is deduced that since (111) plane is the growth plane, it
will contain layers of faulted growth, and the defects on the (111) plane
give preferential weakening [3]. Therefore, it is interesting to know the
strength without any defects (the ideal strength) of diamond on [111] tensile
load by calculations and compare the result with results calculated under
various conditions of containing simple defects such as vacancies and
boundaries.

Ideal [111] tensile strength [4] of diamond o,,x has been calculat-
ed previously. One way of calculation is to use Morse function
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&(r) = dol(exp{ — a(r — ro)} — 1> — 1], where ro, ¢o and a, are parameters
which are determined from the equilibrium carbon-carbon distance, the
binding energy, and a characteristic adsorption frequency determined spectro-
scopically, respectively. The force required to break one such bond is the
maximum slope of the Morse function. From the value of this force and
the number of bonds per unit area, one can calculate o, By this method,
Tyson [5] predicted omay to be 106 GPa, and Kelly et al. [6] predicted omax
to be 140 GPa. Another way of calculation is to use Orowan’s formula [7],
which relate the ideal strength of a solid directly to other macroscopic phy-
sical properties, omax = (Ev/ao)"?, where E, v, and aq are Young’s modulus,
surface energy, and interplanar spacing of the planes perpendicular to the
tensile axis, respectively. By this method, Kelly [8] predicted o« to be
205 GPa, and using different values of E, -, and a,, Field [3] predicted it to
be 190 GPa. By using a recent atomistic bond orbital model, Uemura [9]
predicted o,.x to be 80 GPa.

Since these calculated values differ largely, it is meaningful to obtain opay
by more reliable calculations. Because of this reason, we calculated the ideal
strength o,.x by tight-binding molecular dynamics simulation. I used a
tight-binding model by Xu et al. [10], which correctly represents the energy-
volume curves for diamond, graphite, and linear chain of carbon atoms.
This model is widely used in the study of various carbon systems such as
liquid carbon, amorphous carbon, and fullerenes [11], proving that the mod-
el can describe carbon systems over a wide range of bonding environ-
ments. I assumed that this model could also represent the stress-stretch
relations of diamond by the uniaxial [111] tensile load and applied the
model to the study of the ideal strength of diamond.

I used Parrinello— Rahman method for stress control [12]. By this
method, the effect of Poisson contraction is included in our calculations.
Parrinello— Rahman method is used in classical molecular dynamics
simulations on structural phase transformations of solids [13] and in first-
principles molecular dynamics simulations on structural phase transforma-
tions to high pressure phases of Si [14,15] or C [16]. I have applied this
method to constant stress tight-binding molecular dynamics simulations.
I calculated stress-stretch relationships for single crystalline diamond
with and without vacancies, and diamond containing {111}¥ = 3 grain
boundaries, a typical grain boundaries in CVD diamond films [17]. By
our calculations, the ideal strength of diamond was estimated to be
~ 230 GPa.
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2. METHOD

The Lagrangian I used is

(occup)
1 s 1 r 1
L= 5 E,- m;$;GS; — 2 En €n — Urep + EWTrh h—pQ — ETrZG, (1)

where
3 =hy' (S — p)hy . 2)

I used tight-binding total energy in the ordinary Parrinello—Rahman
Lagrangian [12]. The first term is the kinetic energy of atoms, where the i-th
atom’s position r; is scaled such as r; = hs;, where h(¢) = {a,b,c} (the
three vectors a, b, and ¢ span the edges of the MD cell). G = h*h. The se-
cond term is the band structure energy and contains a factor 2 to take in-
to account the spin degeneracy. The superscript (occup) indicates that I use
just those electron energies £, belonging to the lower half spectrum of the
TB matrix. The third term is the repulsive potential. The fourth term is
the kinetic energy of the MD cell. In the fifth term, p is the externally ap-
plied hydrostatic pressure and  is the volume of the MD cell. The last
term is the elastic energy, where X is related to the stress tensor S by Eq.
(2). hg and Q are (h) and (?) in an equilibrium state, respectively. The
values of W and p in the Lagrangian were 10 atomic mass unit and 0 GPa,
respectively, throughout this simulation. The fifth order Gear predictor-
corrector method was used for numerical computation [18]. The time step
used to solve the equation of motion was At = 0.7fs.

3. RESULTS

I have calculated on three models of diamond, that is, single crystalline
diamond with and without a vacancy in a unit cell, and diamond containing
two {111} = 3 boundaries in a unit cell. For single crystalline diamond
with and without vacancies (Fig. 1(a)), I used 143 and 144 carbon atoms,
respectively. In the latter case, a unit cell contains 12 carbon layers, each
layer containing 12 carbon atoms. The tensile direction was [111] for these
two models. For diamond containing {111} X = 3 boundaries (Fig. 1(b)), I
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FIGURE 1 Initial atomic configurations for single crystalline diamond with and without a
vacancy in a unit cell (2) and diamond containing two {111} % = 3 boundaries in a unit cell (b).
The arrow in the figure of single crystalline diamond represents the vacancy position. The unit
cell edges are also shown in both figures.

used 192 carbon atoms. In this case, a unit cell contains 16 carbon layers,
each layer containing 12 carbon atoms. The tensile direction was [111] for
this model.

Figure 2(a) shows stress-stretch relationships for the three models. Each
data point was calculated at constant stress and constant temperature of
300K and averaged for 2000 Az I obtained the values of stresses and
stretches by changing X33 from 0 to a value at which the system failed by
— 1, other matrix elements of ¥ being kept 0. Near the critical stretch, I
changed Y33 typically by —0.1. The critical values of ¥33’s corresponding
to the critical stresses below which the systems failed were Y33 = —5.77,
— 4.9, and — 4.4 for single crystalline diamond with no vacancies, single crys-
talline diamond with vacancies, and diamond containing {111}¥ =3
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FIGURE 2 Stress-stretch relations (a) and Poisson contractions (b) for single crystalline dia-
mond with no vacancy (black circle), single crystalline diamond with one vacancy in the unit cell
(white circle), and diamond containing {111} = 3 boundaries (white square). The slope of the
straight line in the figure of stress-stretch relations represents Young’s modulus by an experi-
ment (1207 GPa). In the figure of Poisson contractions, the larger circles represent stretches
to the [112] directions, the smaller circles represent stretches to the [110] directions, the larger

squares represent stretches to the [211] directions, and the smaller squares represent stretches
to the [011] directions.

boundaries, respectively. I fitted the obtained data points by the following
polynomial: o = a(x — 1)(b(x — 1)— 1)?. For single crystalline diamond with
no vacancy, the values of a and b were 1061 and 0.5095, respectively. The
curves for single crystalline diamond and that for diamond containing
{111} = 3 boundaries are almost the same. The curve is more linear than
that for SiC obtained by ab initio calculations [19]. In Figure 2(a), it is shown
that the model for diamond with vacancies stretches longer than the other
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two models when the same stresses are applied. This is because of the high
vacancy density of the model (one vacancy per 12 carbon atoms in a layer
containing vacancies as shown in Fig. 1(a)).

The values of Young’s modulus for the corresponding tensile directions
were 1074, 1061, and 1020 GPa for diamond containing {111}% = 3 bound-
aries, single crystalline diamond with no vacancies, and single crystalline
diamond with vacancies, respectively. The present vaiue 1061 GPa for single
crystalline diamond is smaller than an experimental value 1207 GPa [20] (the
slope of the straight line in Fig. 2(a)) calculated using a relationship between
Young’s modulus and stiffnesses ¢, ¢12, and c44 [21] by 12%.

The critical strengths were 242, 234, and 187 GPa at critical stretches 1.33,
1.31, and 1.23 for diamond containing {111}% = 3 boundaries, single crys-
talline diamond with no vacancies, and single crystalline diamond with
vacancies, respectively. The predicted critical strength for single crystalline
diamond with no vacancy was larger than any of other calculations [3, 5-9].
The value was close to the values obtained using Orowan’s formula [3, 7, 8].
The tight-binding model I used predicts hexagonal diamond more stable
than cubic method by 0.007 eV/atom [17]. Because the {111}X =3 bound-
ary contains the same stacking sequence as hexagonal diamond, the model
for diamond containing {111}X=3 boundaries was more stable than the
model for cubic single crystalline diamond up to a largely stretched state.
The critical strength of diamond with vacancies by our model was 20%
smaller than that of single crystalline diamond with no vacancies.

Figure 2(b) shows Poisson contractions for the three cases. I fitted the
calculated data points by 4-th order polynomials. By an experiment,
Poisson’s ratio of diamond by [111] tensile load is evaluated to be 0.045
{8, 20]. By our calculations, the value was 0.13 for single crystalline diamond
with no vacancies and diamond containing {111}% = 3 boundaries for
both directions of the unit cell edges perpendicular to the tensile directions.
The value was 0.14 for diamond with vacancies for both directions of the
unit cell edges perpendicular to the tensile direction. As seen from Figure
2(b), the maximum contractions for all the three cases were less than 1.6%.
The curves for single crystalline diamond with no vacancies and diamond
containing {111}3% = 3 boundaries are similar, as the stress-stretch relation-
ships for them were similar. Diamond with vacancies by this model con-
tracts more than the other two cases. At largely stretched states,
contractions tended to be direction dependent for all the three cases.
However, the difference between the values of contractions for the two
unit cell edges for each case is small. For example, in the case of single
crystalline diamond with no vacancy, the difference between the values of
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contractions for the two unit cell edges at the largest strain in Figure 2(b) is
about 0.0013.

4. CONCLUSION

By tight-binding molecular dynamics simulations using Parrinello— Rahman
method, 1 investigated stress-stretch relationships and Poisson contractions
for single crystalline diamond with and without vacancies, and diamond con-
taining {111}X = 3 boundaries at 300 K. I obtained the following results:

(1) omax Of single crystalline diamond Using a model by Xu et al. [10], I
estimated ideal strength o,., of diamond by [111] tensile load to be
~ 230 GPa at critical stretch ~ 1.31. The value for oy is close to the
values estimated using Orowan’s formula [3, 7, 8].

(2) Effects of {111}¥ = 3 boundaries For both curves of stress-stretch
relationships and Poisson contractions, the difference was small between
single crystalline diamond with no vacancies and diamond containing
{111}X = 3 boundaries. The latter was a little (3.4%) more stable up to
a largely stretched state than the former presumably because the tight-
binding model predicts hexagonal diamond more stable than cubic
diamond {17].

(3) Effects of vacancies Because the density of vacancies in our model for
single crystalline diamond with vacancies is high (one vacancy per 12
carbon atoms in a layer containing vacancies), it stretches in the tensile
direction and contracts in the directions perpendicular to the tensile
direction more easily than in the case of single crystalline diamond
without vacancies. The ctitical strength of diamond with vacancies de-
creased largely (by 20%) compared to diamond with no vacancies.
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