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Abstract

The structural responses of silicon and silicon carbide under hydrostatic compression have been analyzed by using Tersoff interatomic
potentia function. We show the elastic stability criteria, based on the elastic stiffness coefficients gives consistent predictions of critical
pressures at which the lattices become unstable with molecular dynamics simulations. However, the predicted values are considerably
higher than that of another prediction based on the thermodynamic criteria. By calculating activation barriers for the homogeneous silicon
phase transition from cubic diamond to B-Sn, we suggest that the elastic and thermodynamic criteria give upper and lower bounds
respectively on the transition pressure. We also show that the effect of the atomic size disparity between Si and C atoms can be dominant

in favoring amorphization over polymorphic transition in silicon carbide.
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1. Introduction

Current developments in atomistic simulations for
analyzing materials properties and behavior point to a
capability which is potentially useful in materials design.
Using many-body potential functions one can now investi-
gate complex phenomena and processes at the atomistic
level; moreover, the resulting atomic configurations can
serve as inputs for the theoretically more rigorous ap-
proaches, such as tight binding approximation and first-
principles calculations, aso the calculated barrier energies
can serve as parameters for mesoscopic level simulations
such as kinetic Monte Carlo method which has a direct
connection to experimental results.

In this way, simulation techniques which are appropriate
on different length scales can be utilized collectively in a
comprehensive analysis of how materials perform under
service conditions. In this paper structural responses of
covalent solids under an external stress have been investi-
gated by molecular dynamics simulations where the unique
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capabilities provided by atomistic simulations for specific
applications have been exploited.

2. Interatomic potential model

The empirical interatomic potential function developed
by Tersoff [1] was employed in this study for both Si and
SiC. Because the parameter values of the potential were
determined to reproduce the elastic constants [1], the
potential is more likely to be applicable for the analysis of
deformation behavior. In dealing with a wide range of
pressures (and therefore corresponding volume changes),
we have observed undesirable interaction effects involving
the second neighbors which arise from the short cutoff
range of the potential. To avoid this effect, a modification
is made by scaling the cutoff distance for the interaction
range with the cube root of the system volume [2].

3. Elastic stability analysis

Recently, it has been demonstrated that the well-known
elastic stability conditions [3] do not correctly describe the
stability limits of crystals at finite strain, and the analysis
of a deformed lattice stability requires the use of elastic
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stiffness coefficients which are the generalization of elastic
constants to finite strain. [4,5] The validity of the new
criteria was tested for several problems of crystal deforma-
tion [4-10], also it has been discussed in a thermodynamic
framework [11]. The newly derived stability criteria for
cubic crystals under hydrostatic compression can be writ-
ten as follows [4,5],

B, =(C,, +2C,, +P)/3>0 (1)
G=C,—-P>0 2)
G'=(C,—Cp,)/2-P>0 (3)

where I§T, G’ and G may be regarded as the pressure-
dependent bulk modulus, rhombohedral and tetragonal
shear moduli respectively, and C are the conventiona
elastic constants in Voigt notation. We apply these criteria
to analyze the elastic stability of Si and B-SiIC under
compression. The dastic constants C,,, C,,, and C,, at
various states of compression were computed through
fluctuation formula [12] at zero temperature and 300 K.
Because the fluctuation formula cannot be used to obtain
C,, a zero temperature [13], we also performed a stress—
strain calculation while alowing for atomic relaxation
within each unit cell. .

In Fig. 1 it is clearly shown that values of G’ vanish at
r/r,=0.893 and 0.865, corresponding to pressures of 64
GPa (300 K) and 105 GPa (0 K) in the case of Si, dso a
value of G vanishes at r/r, of 0.734, corresponding to a
pressure of 1156 GPa (0 K) in the case of Si. For SIC at
300 K, G is found to also vanish at r/r,=0.775, corre-
sponding to pressures of 714 GPa. Thus, critical pressures
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Fig. 1. Variations of elastic moduli with lattice parameter in Si (a) and SIC
(b) a 0 K (curves) and 300 K (open circles); r and r, denote lattice
parameters at current and zero pressure, respectively.

at which the lattices become unstable under compression
have been predicted.

4. Molecular dynamics simulations

We next carried out molecular dynamics simulations to
test the predictions of the elastic stability analysis. The
simulation involved 216 atoms arranged in the diamond-
cubic or zinc-blende structure for Si or SIC, respectively,
with periodic boundary conditions and the lattice parame-
ters set at the equilibrium values. The equations of motion
were integrated by means of a predictor—corrector algo-
rithm, and pressure was imposed by following the method
of Parrinello and Rahman [14]. The system was first
equilibrated at zero pressure, then pressure was incremen-
taly increased with an equilibration period of 15 000—
60 000 time steps (each step is 0.26—48 fs). All runs were
made at a temperature of 300 K maintained by velocity
rescaling at every time step.

In Fig. 2 the system volume and energy at various stages
of compression obtained for Si is shown. An abrupt
volume decrease is seen at 64 GPa, dong with a corre-
sponding energy reduction. In Fig. 3 the temporal evolu-
tion of volume, energy and the three diagonal elements of
the simulation cell matrix h;; [14] at the critical pressure of
64 GPa are shown. Here, a structural transformation is
clearly observed at about time step 8000. The fina
structure obtained after the transformation is confirmed as
a B-Sn structure by inspecting final atomic configuration.
The results for SiC are shown in Figs. 4 and 5 with a static
structure factor s(k), evaluated for k=(2m/a)(1,1,1). An
abrupt change occurred at P=707 GPa. One sees that s(k)
drops sharply to an essentially zero value, indicating a loss
of structural order. Inspection of the final atomic configu-
ration and other results of Figs. 4 and 5 signify that the
abrupt change observed is a crystal-to-amorphous transi-
tion induced by compression. Here we note that the critical
pressures observed in the molecular dynamics simulations
are in close agreement with that predicted by the elastic
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Fig. 2. System response of Si lattice at 300 K to compression as simulated
by MD; (g volume (A3/atom), (b) energy (ev/atom).
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Fig. 3. Temporal behavior of Si lattice at critical pressure of 64 GPa as
simulated by MD at 300 K; (a) volume (Aglatom), (b) energy (ev/atom),
(c) diagona elements of the cell matrix.

stability analysis in Fig. 1 for both Si and SiC. Thus, the
predictions of critical pressures are verified by molecular
dynamics simulations.

5. Activation barrier against homogeneous
deformation

Conventional theoretical prediction of transition pressure
between two structures tends to be a determination of the
cohesive energy curves from which the critical pressure is
obtained by a common tangent construction. This analysis
is based on the thermodynamic requirement of equality of
free energies at zero temperature [15,16]. According to
thermodynamics, two phases coexist at a pressure where
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Fig. 4. System responses of SiC lattice at 300 K to compron as
simulated by MD; (8 simulation cell volume in units of 6.538 A° (b
energy (ev/atom), (c) static structure factor.
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Fig. 5. Temporal behavior of SiC lattice at critical pressure of 714 GPa as
simulated by MD at 300 K; (a) simulation cell volume in units of 6.538
A3, (b) energy (ev/atom), (c) off-diagonal elements of the cell matrix, (d)

K.

the Gibbs free energies, G=E+PV-TS of the two
structures are equal. At zero temperature. the only in-
formation needed to determine the transition pressure is the
energy variation with volume, since pressure is given by
the identity P=9E/dV. Applying this analysis ab initio
calculations predicted consistent values [15,16,7] with

o
~

E - Eo (eV/atom)
g &8

o
=

o

diamond-cubic

10 fS . 2.0 25
Volume (A3/atom)

Fig. 6. Energy vs volume relation for Si in the diamond-cubic and 3-Sn
structures.
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Fig. 7. Curves of free energy at 0 K along a reaction path of homoge-
neous deformation. Numbers denote pressures in GPa.

experimental values reported as 8.8 to 12.5 GPa [17,18] for
Si.

For the case of Si, we applied the thermodynamic
criteria to the Tersoff potential to obtain a transition
pressure of 12.7 GPa at zero temperature, as shown in Fig.
6. This predicted value is consistent with experiments too,
but considerably lower than that obtained by the elastic
stability analysis and the molecular dynamics simulation.
This apparent discrepancy stems from the existence of an
activation barrier between the two structures.

In order to verify the activation barrier at zero tempera-
ture, we prepared a series of intermediate lattice structures
which have c/a ratios between the limiting values of /2
(diamond-cubic) and 0.524 (B-Sn). For each of these
lattices we calculated the energy and pressure at several
values of atomic volume. The activation barrier in the
sense of homogeneous deformation along a reaction
coordinate identified with the c/a ratio can be displayed
explicitly in Fig. 7 by converting the results to energy
variations with c/a ratio at fixed pressures. The barrier
height, 0.6 é//atom at zero pressure, is seen to decrease
with increasing pressure and vanishes at around 80 GPa.
The obtained activation energy at the critical pressure of
12.7 GPa, according to the thermodynamics criteria, is
about 0.3 &//atom in Fig. 7.

Thus, existence of an activation barrier is shown, and we
suggest that the critical pressures obtained by the elastic
stability criteria and the molecular dynamics are the upper
bound of crystal stability corresponding to the homoge-
neous transformation path over the barrier, in contrast, the
transition pressure obtained by the thermodynamic criteria
is the lower bound corresponding to the barrierless transi-
tion. Concerning the experimental observations[17,18], we

believe that experimental values are close to the lower
bound because the barrier effects can be decreased,
apparently due to the existence of defects.

6. A mechanism of amorphization

In contrast to the polymorphic transition of Si, B-SIC is
found to undergo an amorphization under pressure in
molecular dynamics simulations. We examined energy vs
volume relations for SiC in the zinc-blende, rocksalt and
B-Sn structures which are believed to be relevant structures
of crystalline SIC under high pressure. We found that free
energy at zero temperature for B-Sn structure is always
higher than that for zinc-blende structure. This means that
no transition from zinc-blende to B-Sn is expected under
compression. On the other hand, for the rocksalt structure,
we did find a transition pressure of 649 GPa at zero
temperature. Since the transition pressure we obtained in
molecular dynamics simulations for SIC (707 GPa) was
higher than that for rocksalt structure, the amorphous
phase we obtained in molecular dynamics simulations is
likely to be a metastable phase.

We next investigated the underlying role of the different
structural responses between Si and SiC by considering the
two effects associated with chemical ordering in B-SiC, a
difference in the atomic sizes of C and Si, and the
chemical preference of Si(C) to have the other species as
its nearest neighbors. To separate the effects of size
disparity from that of mixed bond preference, we note that
the Tersoff potential is of the form Vf(r;)[A;e"" —
B, xb;Je” ", where the two effects are described through
the bond order parameter b;; and the factor y, respectively
[1]. Since y=1 when i and j refer to atoms of the same
species, its value affects only Vg _ and V. ;, and therefore
the heat of formation AH. On the other hand, to suppress
the effect of atomic size difference, one can simply set
be_;=Dbg_; in functional form. This observation leads us to
examine two idealizations of the Tersoff potential; one in
which mixed bond preference is suppressed through adjust-
ing y to give AH=0 (model I), and another in which size
difference is suppressed by the method just described
while at the same time adjust y so that AH remains
unchanged (model 11).

In Table 1 the elastic constants, the lattice parameter,
and the cohesive energy calculated for the two idealized
models at equilibrium configuration and 0 K are compared
with values for the full model. It is clearly seen that while
the elimination of chemical bond preference has little
effect on the elastic constants, all three elastic constants are
significantly altered in the absence of atomic size differ-
ence. Although both (C,,-C,,) and C,, are appreciably
reduced, the lowering of the former is more drastic such
that in model_I1 the elastic instability is found to be the
vanishing of G'. This result is consistent with the behavior
obtained in the case of Si in Fig. 2. Thus, we have shown



74 K. Mizushima et al. / Journal of Alloys and Compounds 279 (1998) 70-74

Table 1
Comparison of properties calculated using the Tersoff potential and the
two idealizations, models | and 11

Tersoff Model | Model 1
Lattice parameter 4.32 4.34 4.32
Cohesive energy [eV] —6.19 —6.03 —6.19
Bulk modulus [Mbar] 2.25 2.18 2.25
C,, [Mbar] 4.36 4.19 331
C, 1.20 117 172
Cu. 2.56 242 1.61
C,,—C,, 3.16 3.02 159

that the difference between SIC and Si in compression-
induced structural response lies in the dominant role of
atomic size effect. In other words, amorphization occurs in
SiC because the onset of vanishing of G precludes a
polymorphic transition associated with the instability of
G'=0. To demonstrate that this is the correct interpreta-
tion, we have carried out a simulation of model Il under
compression and indeed observed a transition from zinc-
blende to rock sat structure which is triggered by the
tetragonal shear instability.

7. A perspective on materials design

We have presented specific results which elucidate the
physica mechanisms of structural response to external
stress in covalent crystals. Clearly, the usefulness of this
type of atomic-level simulation depends on accuracy of the
potential function model. For the analysis to be predictive
and play a central role in the holistic process of materias
design, it will be necessary to integrate atomistic simula-
tions with ab initio electronic structure methods on the one
hand, and with mesoscopic simulations capable of treating
micron-size length scales on the other. There is increasing

recognition that such a multiscale modelling approach is
essential if oneisto realize the full potentials of molecular
engineering of technological materials [19].
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