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Molecular Dynamics Simulation of Structural Transformation in Silicon Carbideunder Pressure
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Pressure-induced structural transformation in cubic silicon carbide is studied with the isothermal-
isobaric molecular-dynamics method using a new interatomic potential scheme. The reversible trans-
formation between the fourfold coordinated zinc-blende structure and the sixfold coordinated rocksalt
structure is successfully reproduced by the interatomic potentials. The calculated volume change at the
transition and hysteresis are in good agreement with experimental data. The atomistic mechanisms of
the structural transformation involve a cubic-to-monoclinic unit-cell transformation and a relative shift

of Si and C sublattices in the {100} direction.

PACS numbers: 61.50.Ks, 64.70.Kb, 62.20.Dc

Theimportance of silicon carbide (SiC) has been empha-
sized for a wide range of technological applications, such
as optoelectronic devices and engineering materials, be-
cause it has highly useful properties, i.e., excellent chemi-
cal stability, good electronic properties, high stiffness, and
high hardness. At ambient pressure, there exist various
polytypesin SiC originating from differences in the stack-
ing sequence of the silicon-carbon pair layer [1,2]. In dl
these polytypes, the chemical bonds characterized by co-
valent sp3 bonding are identical and the tetrahedrally co-
ordinated properties are aimost the same [3]. Among the
polytypes, the zinc-blende structure is most common.

It is important to study the phase stability of materials
under high pressuresfor microscopic understanding aswell
as technological applications [4]. For the last few decades,
there have been a number of experimental [5—7] and theo-
retical [8—10] studies on the high-pressure properties of
SiC. Yoshida et al. [6] have found from x-ray diffraction
measurements that SiC transforms from the fourfold coor-
dinated zinc-blende structure to asixfold coordinated rock-
salt structure at a pressure above 100 GPa, with a 20.3%
volume reduction. Their measurements have observed a
large hysteresis associated with this phase transition; when
the pressure is decreased, a backward transformation from
the rocksalt structure to the zinc-blende structure takes
place at a pressure below 35 GPa. Shock compression
experiments [7] also suggest that the high-pressure phase
of SiC above 100 GPa has rocksalt structure. Theoretical
studies [8—10] based on ab initio pseudopotential calcula-
tions predict the transition pressure to be around 60 GPa,
which isin reasonable accord with experiments. No simu-
lation studies of structura transformation in SiC are re-
ported so far and the mechanism of transformation at the
atomistic level is not well understood, although the struc-
tural properties of SIC in the zinc-blende structure have
been investigated extensively not only by ab initio meth-
ods but also by empirical models [11].
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In this paper, we report the results of isothermal-
isobaric molecular-dynamics (MD) simulations [12—16]
for the pressure-induced structural transformation in SiC.
The equations of motion are integrated by a reversible
symplectic algorithm [17] with atime step of 0.96 fs. The
system consists of 1728 atoms, and we use the periodic
boundary conditions.

The total interatomic potential involves both two-body
and three-body terms [18,19],

v=> Vi(jZ)(rij) + Y V;?k)(rij,rik)- (1)
i<j i,j<k
The two-body terms include effects of steric repulsion,
charge transfer between atoms, charge-dipole interactions,
and van der Waals interactions:

Vi(jz)(rij) — Hlj + % e*h//a _ D_ije*"u/b _ &
I’Z_’f rij rij rij
@)

Thefirst term due to steric repulsion contains two parame-
ters (H;;) and (n;;); the second term represents Coulomb
interaction due to charge transfer and contains the effective
atomic charges (Z;) as parameters; the third term takesinto
account the charge-dipole interaction due to large polariz-
ability of negativeions; and the last term, corresponding to
the induced dipole-dipol e interaction, contains the parame-
ter (W;;). Covalent effects are taken into account through
three-body bond-bending and bond-stretching terms. The
three-body term V/};; includes the Si-C-Si and C-Si-C bond

angles. It has the form
3
V;ik)(rij,rik) = Bji eXp( Y + Y )
rij — ro ik — 1o

(costjix — €OSh jix)?
1+ C(COSHj,'k - COSyj,'k)2
X O(rg — rij)O(ro — rix), 3
the strength of the interaction,

where By is
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TABLE I. Molecular-dynamics results and experimental val-
ues for lattice constant, elastic constants c;, c12, and c44, bulk
modulus, and melting temperature.

MD Experiments

Lattice constant (A) 4.36 4.362
Elastic constants (GPa)

¢ 390 390?

C12 144 1422

Cy44 179 150b—256a
Bulk modulus (GPa) 225 2252
Melting/decomposition

temperature (°C) 3000 28302

aReference [14]; °Ref. [15].

O(ro — ri;)®(ro — ry) are step functions, and 4, is a
constant. Here 6 ;. isthe angle formed by r;; and r;;. For
structural transformations the constant C in the three-body
term plays an important role. The cutoff lengths for the
two- and three-body terms are 7.5 and 4.0 A, respectively.
Physical properties including lattice constant, elastic con-
stants Cq1, Ci2, an Ca4, and bulk modulus are in excellent
agreement with the experimental data[20,21]. The melting
or decomposition temperature and the phonon density of
states obtained by MD simulations are also in good accord
with experiments. These theoretical values are compared
with experimental data in Tablel. Figure1l shows a
comparison between MD and experimental results for the
volume-pressure relationship in SIC in the zinc-blende
structure.  The MD results agree well with the experi-
ments [5] in a wide range of pressure. From a common-
tangent construction using the calculated energy-volume
relationship for crystaline SIC in Fig. 2, the transition
pressure is estimated to be about 100 GPa, which is in
excellent agreement with experimental values [6].

In our MD simulations for structural transformation, the
temperature was set to room temperature (300 K). The
pressure was increased from O to 140 GPa at a rate of
10 GPa per 19.2 ps. Figure 3 shows the time evolution of
the MD cell vectors and angles between them at 140 GPa.
Up to 130 GPa, the form of MD céll is cubic, and the sys-
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FIG. 1. Volume-pressure relation for zinc-blende structure.
The solid circles are the results of the MD simulation, and the
open circles are the experimental results [5].
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FIG. 2. Energy-volume relation for the crystalline SIC calcu-
lated by the present interatomic potentials. The triangles corre-
spond to the zinc-blende structure, and the circles correspond to
the rocksalt structure. From these curves, the transition pressure
is estimated to be about 100 GPa being in agreement with the
experiments [6].

tem remains the zinc-blende structure. When the pressure
isincreased to 140 GPa, astructural transformation occurs,
which is characterized by a changein MD cell lengths and
angles, in Fig. 3. One MD cell vector shortens, while the
others lengthen. As for the angles between MD cell vec-
tors, one angle is decreased to about 70°, while the others
keep right angles. These observationsindicate that the MD
cell transforms from cubic to monoclinic. The volume of
the zinc-blende structure at 130 GPajust before the transi-
tion is 0.78Vy (Vy is the volume at the ambient pressure),
and the volume reduction accompanying the transition is
21%. These MD results agree well with the experimental
values, 0.757V, and 20.3%, respectively [6].

Figure 4 shows the Si-C pair distribution functions and
the coordination number around Si and C before and after
the transition. The nearest-neighbor coordination numbers
are 4 and 6 before and after the transformation, respec-
tively. This clearly demonstrates the structural transfor-
mation from a fourfold coordinated structure to a sixfold
coordinated structure under pressure.

34 3.6
1 (ps)

FIG. 3 (color). Time change of the MD cell vectors (upper
portion) and angles between them (lower portion) at 140 GPa.
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FIG. 4 (color).
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(a) The Si-C pair distribution functions and (b) the coordination number around Si and C. In both figures, the red

line shows the correlations before the transformation (130 GPa), and the yellow line shows the correlations after the transformation

(140 Pa).

In order to determine the exact structures before and
after the transition, we calculated the average positions
of atoms in the MD cell as shown in Fig. 5. Before the
transition, the MD cell is cubic, and the unit cell vectors
a, b, and ¢ of the zinc-blende structure are parallé to
the MD cell vectors L, L,, and L3. Therefore, we can
easily determine the unit cell vectors using the following
relations; a=L;/6, b = L,/6, ¢ = L3/6. After the
transition, the MD cdll is deformed to monoclinic as
shown in Fig. 5. In this case, we can calculate the size
and shape of the unit cell by using the following relations:
a=(L; + Ly/12, b =(—L; + L, + 2L3)/12,
¢c=(L; — L, + 2L3)/12. Using the time aver-
aged values of L; = (27.613,0.000,0.000), L, =
(9.204,26.034,0.000), and L3 = (0.000,0.000,15.941)
in angstroms, we confirm that the unit cell vectors are
perpendicular to each other, and the rocksalt structure is
obtained.

A previously proposed atomistic mechanism for the
structural transformation from the zinc-blende to rocksalt
structures is as follows [10]. In both the zinc-blende

before transition
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FIG. 5 (color).

and rocksalt structures, Si and C sublattices form the fcc
structure. If each sublattice in the zinc-blende structure
shifts to the {111} direction, it can be transformed into
the rocksalt structure. However, this mechanism involves
bond breaking and is inconsistent with the deformation
of the MD cell we obtained in the MD simulation. If
each sublattice shifted to the {111} direction, the MD cell
would keep cubic form with the transformation.

Figure 6 shows the mechanism found in our MD simula-
tions. When the structural transformation starts, the zinc-
blende structure is compressed in one direction, and one
angle between the MD cell vectors is decreased from 90°
to about 70°. Accompanied by this deformation, the Si and
C sublattices shift relatively to each other along the com-
pressed direction shown by black arrows in Fig. 6. This
direction is the {100} direction in the original zinc-blende
structure, and the {110} direction in the transformed rock-
salt structure. Figure 6 shows that the atom enclosed by a
blue circle moves to a position with sixfold coordination
after the transition. We should note that this transforma-
tion does not involve any bond breaking.
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Average positions of atoms in the MD cell before and after the transition. The red and yellow balls show the

positions of Si and C atoms, respectively. The red box shows the unit cell of each structure.
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Microscopic mechanism of the structural transformation from the zinc-blende structure to the rocksalt structure.

The blue and purple balls show the positions of Si and C atoms, respectively. The arrows show directions along which the atoms

move accompanied with the transformation.

It is important to confirm that the reverse transforma
tion from the rocksalt structure to the zinc-blende struc-
ture occurs with the present interatomic potentials. As
mentioned before, silicon carbide has many polytypes,
and various structures have local free-energy minimum be-
tween the rocksalt and zinc-blende structures. Since the
system transforms easily into one of the local minimum
structures when the pressure is decreased, MD simulations
must be performed carefully to reproduce the reverse trans-
formation. When we carried out the simulations starting
from the rocksalt structure at a decreasing rate of pres-
sure 5 GPa/48 ps, a fourfold coordinated structure was
successfully reproduced at 20 GPa, athough there exist
some stacking faults. In the reverse transformation thereis
a large hysteresis, and this is in good agreement with the
experimental observations [6].

In summary, we have performed isothermal-isobaric
molecular-dynamics simulations for the pressure-induced
structural transformation in SIC using a new interatomic
potential model. The reversible transformation between
the fourfold coordinated zinc-blende structure and the six-
fold coordinated rocksalt structure has been successfully
reproduced. When the system is transformed from the
zinc-blende phase to the rocksalt phase, the MD cell is
changed from cubic to monoclinic. Accompanied by this
cubic-to-monoclinic deformation, Si and C sublattices
shift relatively to each other along the {100} direction in
the zinc-blende structure, which turns out the {110} direc-
tion in the transformed rocksalt structure. The calculated
volume change at the transition and hysteresis are in good
agreement with those observed in experiments.
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