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The pressure dependence of the Born effective charge, dielectric constant and zone-center LO and TO
phonons have been determined for 3C-SiC by a linear response method based on the linearized augmented
plane wave calculations within the local density approximation. The Born effective charges are found to
increase nearly linearly with decreasing volume down to the smallest volume studied,V/V050.78, correspond-
ing to a pressure of about 0.8 Mbar. This seems to be in contradiction with the conclusion of the turnover
behavior recently reported by Liu and Vohra@Phys. Rev. Lett.72, 4105~1994!# for 6H-SiC. Reanalyzing their
procedure to extract the pressure dependence of the Born effective charges, we suggest that the turnover
behavior they obtained is due to approximations in the assumed pressure dependence of the dielectric constant
«` , the use of a singular set of experimental data for the equation of state, and the uncertainty in measured
phonon frequencies, especially at high pressure.

I. INTRODUCTION

Recently, Liu and Vohra1 presented intriguing evidence
regarding the pressure dependence of the Born effective
charge in 6H-SiC. These authors found that the effective
charge increased initially with increasing pressure, reaching
a maximum at about 0.4 Mbar. Further increasing the pres-
sure, however, resulted in a decrease in the magnitude of the
effective charge. Because of its great potential in device ap-
plications, especially in harsh environments, it is important
to accurately characterize the properties of this unusual ma-
terial. SiC crystallizes in hundreds of polytypes, correspond-
ing to different stacking sequences of Si-C bilayers in the
cubic @1 1 1# direction.2 Polytypes with cubic, hexagonal,
and rhombohedral symmetry are designated 3C, nH, and
nR, respectively, wheren is the number of layers in the
repeating unit, with the 3C structure corresponding to the
zinc blende structure. The different polytypes have very
similar properties, since differences in local atomic coordi-
nation first appear in the second-neighbor shell and the ex-
perimental equation of state for the different polytypes are
very similar.3,4 Phonon dispersion along the stacking direc-
tion is considered universal for different prototypes and this
universality has been used to map out the phonon frequen-
cies in this direction from Raman scattering measurements.5

Indeed, a recent self-consistent study of 3C, 2H, and 4H
SiC by Karchet al.6 found only small differences in the cal-
culated phonon frequencies along the stacking direction. The
main purpose of the present work is to report a first-
principles study of structural and dynamical properties of
SiC under high pressure. In particular, the volume depen-
dence of the Born effective charges and the dielectric con-
stant were obtained. We find that the Born effective charge
increases nearly linearly as the volume is decreased. This is
in sharp contrast with the above-mentioned turnover behav-
ior reported recently for 6H-SiC. The likely reasons for this
discrepancy will be discussed in light of the calculated
results. A preliminary account of the present work has
been reported.7

II. METHODOLOGY

First-principles total-energy calculations in the local den-
sity approximation~LDA ! were performed using the linear-
ized augmented plane wave~LAPW! method8 to determine
the ground state structural properties of 3C-SiC at equilib-
rium and under pressure. Lattice dynamical properties, Born
effective charges, and the dielectric constant were obtained
with a linear response algorithm developed recently within
the LAPW method.9,10To dispense with the need to treat the
chemically inert localized inner core orbitals, we employ a
hard Kerker-type11 pseudopotential. The muffin-tin radii for
Si and C are 1.79 and 1.50 a.u., respectively. We used the
Wigner interpolation formula for the exchange-correlation
potential.12 Born effective charges and the dielectric constant
were calculated using up to a 12312312 uniform k point,
mesh,13 which corresponds to 28 special points in the irre-
ducible Brillouin zone~BZ!. At this level of convergence, the
acoustic sum rule is satisfied with an error of only 0.6%. In
calculating the dynamical matrices, we used an 83838
k-point mesh. Tests with denser meshes show that phonon
frequencies are converged to better than about 0.5%. Tests
with other exchange-correlation functionals also display dif-
ferences at this level. Phonon dispersions in the harmonic
approximation were obtained in the full BZ as follows. First,
ab initio calculations were carried out to determine the dy-
namical matrix at the irreducible phonon wave vectors cor-
responding to a 43434 uniform mesh, which by symmetry
gives the dynamical matrix at all mesh points. The dynamical
matrix can then be obtained at arbitrary wave vectors by
interpolation, first separating it into a long-range dipole-
dipole term and a short-range term.14 The former is evaluated
exactly from the calculated Born effective charges and di-
electric constant using the Ewald summation technique. The
remaining short-range part is then interpolated using real-
space force constants, which are found through Fourier trans-
form.
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III. RESULTS AND DISCUSSION

A. Structural properties, equation of state, and phase
transition

LAPW total-energy calculations were performed to deter-
mine the theoretical lattice constanta0 , bulk modulusB0 ,
and its pressure derivativeB08 for 3C-SiC by fitting to the
Murnaghan equation of state.15 Earlier experimental and
theoretical studies suggest that the pressure-volume relations
for different polytypes are similar, due to the rigidity of the
nearest-neighbor coordination. The equation-of-state data for
the two polytypes 3C-SiC and 6H-SiC have been found to
be essentially the same up to the transition pressure of
3C-SiC.4 Theoretical calculations6 also yield very small dif-
ference in the bulk modulus~less than 1%! between the
3C, 2H, and 4H polytypes. The calculated pressure deriva-
tive of the bulk modulus for these polytypes are different by
only 7%.6

Results for 3C-SiC are presented in Table I and compared
with other calculations and experiment for 3C and other
polytypes. Our results agree well with other calculations
given in the table. Slight differences may be due to the use of
different forms of the exchange-correlation potential. There
is nearly perfect agreement between the present calculations
and those of Chang and Cohen,16 both using the Wigner
exchange-correlation potential. Karchet al.6 used the Cep-
erly and Alder exchange-correlation formula17 as param-
etrized by Perdew and Zunger.18 Lambrechtet al.19 used an
LMTO basis set and the von Barth–Hedin parametrization of
the exchange-correlation energy.20 As also seen in other

systems,21 the Wigner form tends to yield slightly larger
equilibrium lattice constants than other forms, and as ex-
pected the bulk modulus is accordingly slightly smaller.

A number of high-pressure experiments have been carried
out on various polytypes of SiC. While they generally show
little difference between the equation of state for different
polytypes, there are large discrepancies between the results
of different experimental groups for the bulk modulus and its
pressure derivative. Most earlier experiments report a bulk
modulus around 2.25 Mbar. The recent work of Yoshida
et al.4 on SiC polytypes up to 0.95 Mbar, the highest pres-
surization on these materials so far, reported a relatively
large bulk modulusB0 (2.6060.09 Mbar! and a smaller
pressure derivativeB08 (2.960.3). They ascribed the discrep-
ancy with the previous measurements to fitting to the larger
pressure range in their experiment. Analysis of our calculated
results does not support this explanation. Using our calcu-
lated total energy at various volumes, we can fit to the Mur-
naghan equation of state15 for pressures up to about 0.8
Mbar. We find only small differences~both B0 and B08
change about 1%) compared to fitting over a smaller pres-
sure range. The explanation is also inconsistent with the ex-
periments of Aleksandrovet al.26 and Goncharovet al.,3

which were carried out, respectively, to 0.425 Mbar and 0.45
Mbar but obtained smaller bulk modulus as compared with
that of Strössneret al.,27 which went up to only 0.25 Mbar.
Based on the results of all existing well-converged theoreti-
cal calculations, it seems reasonable to suggest that the lower
range of the experimental bulk modulus is more likely to be
correct.

TABLE I. Equilibrium state properties of SiC. The equilibrium lattice constant, bulk modulus, and its
pressure derivative are represented bya0 , B0 , andB08 , respectively.

a ~Å! B0 ~Mbar! B08 Pressure range~Mbar!

Theory
Changet al.a 4.361 2.12 3.7
Lambrechtet al.b 4.315 2.23 3.8
Karchet al.c 4.345 2.22 3.88
This work 4.360 2.10 3.71
Experiment
3C 4.360d 2.24e

l 2.234f

l 2.25g

3C 2.2760.03h 4.160.10h 0.425h

3C 2.4860.09i 4.060.3i 0.25i

6H,15R 2.2460.03j 4.360.3j 0.45j

3C,6H 2.6060.09k 2.960.3k 0.95k

aReference 16
bReference 19.
cReference 6.
dReference 22.
eEstimated for 3C-SiC by Yeanet al. ~Ref. 23!.
fSchreiberet al. ~Ref. 24!.
gR. D. Carnahan~Ref. 25!.
hAleksandrovet al. ~Ref. 26!.
iStrössneret al. ~Ref. 27!.
jGoncharovet al. ~Ref. 3!.
kYoshidaet al. ~Ref. 4!.
lPerformed on specimens ofa-SiC ~hexagonal and rhombohedral phases!.
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We have also determined the volume dependence of the
total energy for rocksalt structure SiC. Table II compares the
calculated transition parameters to other calculations and ex-
periment. The agreement between the different calculations
is good, predicting that the transformation from the zinc
blende phase to the rocksalt phase takes place at about 0.65
Mbar. The volume of the zinc blende phase at the phase
transition is predicted to be about 82% of its equilibrium
volume at ambient pressure, and the volume reduction ac-
companied by the transition is predicted to be about 20%.
The predicted transition pressure and the volume of the
3C-SiC phase before the transition differ considerably from
the experimental data, but the observed volume reduction is
in good agreement. This may be due to the fact that the
experimental transition pressure was obtained for the for-
ward transition~from the zinc blende phase to the rocksalt
phase!, where an excess pressure beyond the equilibrium
value appears and is included in the measurements.4

B. Born effective charge, dielectric constant, phonon
frequencies, and elastic constants at equilibrium volume

The Born effective chargeZ* and dielectric constante`

are calculated at smallq wave vector 0.01@1 1 1#(2p/a),

wherea is the lattice constant. Table III presents our results
at the experimental equilibrium volume. The Born effective
chargesZ* ~Si! andZ* ~C! are converged to better than one
percent when BZ integrations are performed using a 28 spe-
cial k-point set in the irreducible BZ, corresponding to a
12312312 uniform k-point sampling. The acoustic sum
rule requires thatZ* ~Si! andZ* ~C! have the same magni-
tude and opposite sign. Violations arise from finitek-point
sampling. However, good results can be obtained with 10
specialk points, especially after averaging the magnitudes of
Z* ~Si! andZ* ~C!.30 The averaging also reduces the effect of
using a small but finite wave vector. This effect was checked
by using a slightly larger wave vectorq50.02 @1 1 1#
(2p/a), which yielded only a slightly larger discrepancy.
Our calculations give a Born effective charge in excellent
agreement with experiment and with the linear response cal-
culations by Karchet al., using a plane wave basis set.6 The
static dielectric constante` is about 7% too large, however.
The tendency of the LDA to overestimatee` is a well-known
problem that is attributed not to the density functional theory,
but to the LDA used for the exchange-correlation
potential.31,32

Our calculated phonon frequencies are shown in Fig. 1.
For points along theL@j j j# direction, we obtained the
dynamical matrices as described in Sec. II, using a uniform
43434 phonon wave vector mesh. But along the
D@j 0 0# andS@j j 0# directions, we have calculated the
dynamical matrices at additional points, which correspond to
an 83838 mesh, and obtained one-dimensional interplanar
force constants to perform the interpolation.33 This improves
the interpolated dispersion in the acoustic region. No neutron
scattering data for zinc blende SiC is available because it is
difficult to grow large enough 3C-SiC single crystals. The
filled squares in the figure are experimental phonon fre-
quency data from Raman measurements. The experimental
results on the BZ boundary (X and L) are obtained from
second-order Raman scattering.34 Others are first-order Ra-
man data from hexagonal and rhombohedral polytypes that
have been unfolded into the larger 3C-SiC BZ.5 The excel-
lent agreement shows that the different stacking sequences
have little influence on the vibrational properties. As men-
tioned, the calculated phonon frequencies of Karchet al.6 on
2H- and 4H-SiC directly support this conclusion. Table IV

TABLE II. Transition parameters from zinc blende structure to
rocksalt structure for SiC.Vt is the volume of the zinc blende
(3C) phase at transition, andV0 is the volume at ambient pressure.
nV/V0 denotes the percentage of volume reduction when the tran-
sition occurs.

Pressure~Mbar! Vt/V0 nV/V0

This work 0.65 0.817 20.2%
Changet al.a 0.66 0.81 18.5%
Cheonget al.b 0.60 0.825
Christensenet al.c 0.59 0.84d 19%d

Experimente 1.00 0.757 20.3%

aReference 16.
bReference 28.
cReference 29.
dQuoted from Ref. 4, in which the authors derived these numbers
from Fig. 12 of Ref. 29.
eReference 4.

TABLE III. Calculated Born effective chargesZ* ande` at experimental volume.

Z* ~Si! Z* ~C! uZ* (Si)u1uZ* (C)u
2

e`

This work
Number of specialk points
2 2.428 23.392 2.910 9.426
10 2.701 22.716 2.708 7.137
28 2.709 22.693 2.701 7.005
Karchet al.a

~at LDA volume! 2.72 6.97
Experiment 2.697b 6.52c

aReference 6.
bReference 36.
cReference 22.
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compares our calculated phonon frequencies at high-
symmetryk points with those of Karchet al.6 and with ex-
periment. The zone-centervLO frequency is obtained from
the calculatedvTO, e` , Z* , and the volume of the primitive
unit cell V, using the relation

vLO
2 5vTO

2 1
4pe2Z* 2

e`mV
, ~1!

wherem is the reduced mass. Our calculated frequencies are
systematically about 1% smaller than those of Ref. 6. This is
due in part to the difference in the equilibrium volume in the
two calculations.

The elastic constants can be extracted from the calculated
acoustic phonon dispersions. For the cubic structure, the
elastic constantsC44 andC11 are simply related to the ve-
locities of transverse and longitudinal plane waves in@1 0 0#
direction as follows:33

yT@100#5AC44

r
, ~2!

yL@100#5AC11

r
, ~3!

where r is the mass density of SiC. The velocities of
yT@100# andyL@100# can be obtained from the slopes of the
acoustic transverse and longitudinal phonon dispersions at
the zone center in the@1 0 0# direction:

y j@100#5
]v j

]k
, ~4!

wherev j is the angular frequency of thej th branch phonon
and k is the magnitude of the corresponding wave vector.
Similarly, the elastic constantC12 can be obtained from the
relationship33

yT1@110#5AC112C12

2r
, ~5!

where yT1 is the velocity of transverse wave with atomic

displacement along@1 1̄ 0#, which corresponds to the lowest
acoustic branch in theS direction, i.e.,@1 1 0#. The bulk
modulus B0 is related to these elastic constants by the
relation35

B05
C1112C12

3
. ~6!

The directional dependence of the transverse sound velocity
in 3C-SiC is related to the fact that the interatomic forces in
3C-SiC are highly noncentral, which implies that the elastic
constants do not satisfy the Cauchy relation (C125C44).
Table V presents the elastic constants and the bulk modulus
as extracted using the equations above, together with other
calculated results and experiment. Our results are in good
agreement with experiment and slightly smaller than the cal-
culations by Karchet al.6 due again in part to the use of our
slightly larger lattice constant. The bulk modulusB0 deter-
mined from the elastic constants is consistent with our total
energy calculations in the previous section.

FIG. 1. Calculated phonon frequencies of 3C-SiC at the experi-
mental lattice constant~solid lines!. The solid square symbols are
from Raman measurements~see text!.

TABLE IV. Comparison of phonon frequencies (cm21) in 3C-SiC.

GTO GLO XTA X LA XTO XLO LTA LLA LTO LLO

This work 774 945 361 622 741 807 257 601 747 817
Karchet al.a 783 956 366 629 755 829 261 610 766 838
Experimentb 796 972 373 640 761 829 266 610 766 838

aReference 6.
bReference 5.

TABLE V. Elastic constants and bulk modulus~in Mbar! of
3C-SiC.

C44 C11 C12 B0

This work 2.41 3.84 1.32 2.16
Karchet al.a 2.53 3.90 1.34 2.19
Lambrechtet al.b 2.87 4.20 1.26 2.24
Experimentc 2.56 3.90 1.42 2.25

aReference 6.
bReference 19.
cThe experimental data are derived by Lambrechtet al. ~Ref. 19!
from the sound velocities of Feldmanet al. ~Ref. 5!.
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C. Pressure dependence of phonon frequencies,
dielectric constant, and Born effective charge

The mode Gru¨neisen parameters, defined as

g52
V

v

]v

]V
, ~7!

describes the volume dependence of the phonon frequencies.
The calculated mode Gru¨neisen parameters at theG, X, and
L points in the BZ are presented in Table VI. Our results
appear to be in good agreement with Karchet al.6 as pre-
sented in their Fig. 9. In the text of that paper, they also gave
the numerical value for the TA(X) mode, 0.13, which com-
pares favorably with our value of 0.12. The experimental
results of Olegoet al.34,36 and of Aleksandrovet al.26 are
presented for comparison. In the former work, the Gru¨neisen
parameters were calculated from their experimental volume
dependence using a bulk modulus of 3.219 Mbar. This value
is likely to be too large, as discussed above. The values given
in Table VI are converted from their results, assuming the
bulk modulus from our calculations. The results are seen to
be in generally good agreement with our calculation. A sig-
nificant discrepancy exists for the LA mode at theL point.
The experiment of Olegoet al. gave a negative value, in
contrast with our theoretical prediction and that of Karch
et al.6

Figure 2 compares the calculated pressure dependence of
the zone-center phonon frequencies of 3C-SiC with the ex-
periments for both 3C-SiC and 6H-SiC. The numerical val-
ues of our frequencies are presented in Table VII, together
with the calculated Born effective charge and dielectric con-
stant of 3C-SiC at different lattice constants. The second row
of Table VII gives the results at the equilibrium volume and
the smallest lattice parameter corresponds to a pressure of
about 0.8 Mbar. The calculated pressure as a function of
volume was determined by fitting the volume dependence of
the total energy to the Murnaghan equation of state.15 We
have also tested fitting the Birch-Murnaghan equation of
state,37 which was used by Yoshidaet al.,4 and find only
small differences, withB0 increasing by 1%,B08 increasing
by less than 3%, and the pressure values changing less than

1%. As in the ambient pressure case mentioned above, our
phonon frequencies are nearly uniformly a few percent
smaller than those of 3C-SiC measured up to 0.25 Mbar by
Olego et al.36 Therefore the experimental pressure depen-
dence of phonon frequencies of zone-center LO and TO
modes are fairly well reproduced in our calculations. This is
consistent with the agreement of zone-center mode Gru¨n-
eisen parameters in Table VI between theory and experiment.
Figure 2 also compares our calculations with Liu and Vohra’s
measurements for 6H-SiC. With increasing pressure, our cal-
culated frequencies stiffen slightly faster than their experi-
ment, with values initially about 2% smaller than measure-
ments changing to 2% larger at the end. To see the
differences more clearly, the resulting LO-TO splitting from
theory and experiments is presented in Fig. 3. For 3C-SiC,
Olego et al.’s measured results under pressure36 appear to
increase faster than our calculations. In 6H-SiC, Liu and
Vohra1 observed a rapidly increasing LO-TO splitting at low

TABLE VI. Grüneisen parameters of phonon modes in
3C-SiC.

This work Expt.

TO(G) 1.07 1.02,a 1.102b

LO(G) 1.02 1.01,a 1.091b

TA(X) 0.12
LA(X) 0.82
TO(X) 1.46 1.30a

LO(X) 1.16
TA(L) -0.13 20.28a

LA( L) 0.90 20.11a

TO(L) 1.31 1.24a

LO(L) 1.15 1.30a

aConverted from the results of Olegoet al. ~Refs. 36 and 34!; see
text.
bAleksandrovet al. ~Ref. 26!.

FIG. 2. Pressure dependence of zone-center phonon frequencies
of SiC. Solid circles are calculated results for 3C-SiC. Solid lines
are the measurements for 3C-SiC up to 25 GPa~0.25 Mbar! by
Olego et al. ~Ref. 36!. Triangles are the experimental results of
6H-SiC reported by Liu and Vohra~Ref. 1! to 95 GPa~0.95 Mbar!.

TABLE VII. Volume dependence of Born effective chargeZ,
dielectric constante` , and LO-TO splitting in 3C-SiC. The lattice
parametera is in a.u. and frequenciesv are in cm21.

a Z* e` vTO vLO vLO - vTO

8.339 2.676 7.111 744 910 166
8.239 2.701 7.005 775 945 171
8.157 2.721 6.927 800 975 175
8.069 2.744 6.852 831 1010 179
8.000 2.761 6.800 855 1038 183
7.864 2.793 6.707 905 1094 189
7.710 2.830 6.626 965 1161 196
7.610 2.850 6.575 1015 1214 199
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pressure which saturates at the high end of the pressure range
studied~0.9 Mbar!. Our calculations compare well with the
trend of the pressure dependence in their measurements, but
the calculated values are smaller due to the overestimation in
the dielectric constant. The pressure dependence of this over-
estimation is unknown, of course. However, if we assume
that this is not a significant factor and reduce the calculated
e` by 7%, the calculated LO-TO splitting increases as shown
by the dotted lines in Fig. 3, which is in good agreement with
the result of Liu and Vohra, except at the highest pressures.

As mentioned, using Eq.~1!, Liu and Vohra1 deduced the
pressure dependence of the Born effective charges from the
LO-TO splitting. Their results show that the effective charge
increases at low pressure but reaches a maximum at about
0.4 Mbar and decreases as the pressure is increased further.
Actually, the Born effective charges in the hexagonal poly-
types are slightly anisotropic and are different for atomic
displacement in the planes and perpendicular to the planes.
The difference is about 7% for 2H and 4H polytypes.6 This
anisotropy in the effective charge and other physical quanti-
ties ~such as the dielectric constant! was neglected in the
analysis of Liu and Vohra.1 If we consider the averaged ef-
fective charge, the results of Karchet al.6 show that there is
little distinction between the cubic and the hexagonal poly-
types. In this sense, the results of our calculation for the
cubic SiC, discussed below, are pertinent to the above-
mentioned experiment.

In order to extract the pressure dependence of the effec-
tive charge from the measured LO-TO splitting, two addi-
tional pieces of information are required:~i! the equation of

state to derive the volume from the measured pressure, and
~ii ! the volume dependence ofe` . By contrast, our calcu-
lated Born effective charge is determined directly and is
known to be very accurate, unlike the dielectric constant
which suffers from the LDA approximation. For their equa-
tion of state, Liu and Vohra used the values of Yoshidaet al.4

for the bulk modulus,B52.60 Mbar, and its pressure deriva-
tive,B852.9 together with the Birch-Murnaghan equation of
state. However, this bulk modulus is 10–20 % larger than the
other measured values, and the pressure derivative is about
20–35 % smaller.

The volume dependence ofe` has apparently never been
measured for SiC. Liu and Vohra followed Olegoet al.36 in
using the following expression:

] lne`

] lnV
5r , ~8!

with r50.6 for this range of pressures, citing earlier work on
both Si and C that reported this value. Gon˜i et al.38 have
reviewed the volume dependence of the refractive index of
Ge and GaAs. Their Table II shows large differences be-
tween various measurements of the volume derivative of
e` in Eq. ~8!. Thus, the use of the scaling relation, Eq.~8!,
and the particular valuer50.6 must be regarded as a weak
link in the experimental analysis of the volume dependence
of the Born effective charge. Indeed, the present calculations
suggest that this value of the exponent scaling power is too
large. In Fig. 4, we compare the scaling relation Eq.~8! with
the calculated volume dependence ofe` . The valuer.0.3
is found to give the best fit to the calculated values. As men-
tioned, the LDA tends to overestimatee` , in this case by
about 7%. The volume dependence of this error is unknown,
but it would have to be large to modify the above conclu-
sions.

FIG. 3. Pressure dependence of LO-TO splitting in SiC. Solid
circles connected with solid lines are the theoretical results for
3C-SiC using the calculated dielectric constants. Solid circles con-
nected with dotted lines correspond to using the adjusted calculated
dielectric constants for 3C-SiC ~see text!. The dashed line repre-
sents the measurement by Olegoet al. ~Ref. 36! for 3C-SiC up to
25 GPa ~0.25 Mbar!. Triangles are the experimental results of
6H-SiC reported by Liu and Vohra~Ref. 1! to 95 GPa~0.95 Mbar!.

FIG. 4. Comparison of the scaling relation in Eq.~8! to the
calculated values~solid circles! of e` for several values ofr : ~a!
r50.3, ~b! r50.6, and~c! r50.8.
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In Fig. 5, we compare the volume dependence of the Born
effective chargeZ* from calculations and those derived from
experiment. The calculated Born effective charge for
3C-SiC is seen to linearly increase with decreasing volume
@see curve (a)#, and there is no evidence of a relative maxi-
mum as is in the experimental results of Liu and Vohra for
6H-SiC.1 The other four curves are all derived from experi-
ment, using Liu and Vohra’s quadratic fit to the measured
LO-TO splitting for 6H-SiC, but with different choices of
equation of state and volume dependence of dielectric con-
stant. In curve (b), we have used the same input data as Liu
and Vohra:1 the scaling relation Eq.~8! with r50.6 ~using
the experimental«`56.52 at ambient pressure! and the
equation of state (B52.60 Mbar andB852.9) from Yoshida
et al.4 This curve exhibits the same peaked behavior as that
shown in Fig. 3 of Liu and Vohra.1 Curve (c), which is
plotted with the same input data as for curve (b) except
using our calculated equation of state (B52.20 Mbar and
B853.71), is much less peaked than curve (b), indicating
that the volume dependence ofZ* derived from experiment
following Eq. ~1! is quite sensitive to the equation of state.
The other two curves (d) and (e) are derived using the best
scaling relation Eq.~8! with r50.3 ~again using the experi-
mental «`56.52 at ambient pressure!. We have used the
equation of state from Yoshidaet al. for curve (d) and our
calculated equation of state~for 3C-SiC! for curve (e).

These two curves give larger Born effective charges than
(b) and (c) since the scaling relationr50.3 yields larger
dielectric constant under pressure thanr50.6. Curve (e) is
seen to agree quite well with the calculatedZ* except for
volumes smaller than about 0.85V0 . Examination of Liu and
Vohra’s measurements in Fig. 3, which shows the scatter in
the experimental values of the LO-TO splitting, indicates
that the greatest uncertainties occur for the higher pressures
~smaller volumes! due to the pressure induced broadness of
Raman and ruby peaks.39 The magnitude of this scatter
.4 cm21 ~or 2%) taken together with the questionable use
of the scaling relation Eq.~8! with r50.6 and the large bulk
modulus of Yoshidaet al.undermines the conclusions of Liu
and Vohra1 regarding the peaked behavior ofZ* . Given the
uncertainties in the experimental analysis, we would assert
that our prediction of a linear increase ofZ* with decreasing
volume, up to pressures of 0.8 Mbar is not contradicted by
their measurements.

IV. CONCLUSIONS

We have presented a detailed analysis of the volume de-
pendence of various properties of 3C-SiC. The calculated
equilibrium lattice constant, bulk modulus, and pressure de-
rivative of the bulk modulus of 3C-SiC were found to agree
well with experiment and other LDA calculations. The tran-
sition pressure from the zincblende phase to the rocksalt
phase is determined to be 0.65 Mbar, in good agreement with
other theoretical results but lower than the reported experi-
mental value~1.00 Mbar!. The volume reduction, however, is
in good agreement. The discrepancy may be due in part to
the fact that the experimental transition pressure obtained in
a diamond-anvil apparatus is for the forward transition~from
zincblende phase to rocksalt phase!, which requires an ex-
cess pressure4 beyond the equilibrium value. The equilibrium
calculated Born effective chargeZ* is in excellent agree-
ment with experiment, but the dielectric constant is about 7%
too large, as is typical in LDA calculations. The phonon dis-
persion and the elastic constants agree with available experi-
ment data, demonstrating that the different stacking se-
quences in silicon carbides have little influence on the
vibrational properties. The experimental Gru¨neisen param-
eters are well reproduced, and predictions are given for those
experimentally unavailable. In 3C-SiC, we find that~i! the
dielectric constante` decreases with increasing pressure, and
~ii ! the Born effective charge increases monotonically with
pressure, without any evidence of a relative maximum as
reported for 6H-SiC by Liu and Vohra.1 After analyzing the
procedure used to extract the experimental Born effective
chargesZ* of 6H-SiC in Ref. 1, we suggest that the turnover
behavior ofZ* reported by Ref. 1 is due to the assumptions
regarding the volume dependence of dielectric constante` ,
the use of a singular set of experiment data forB0 andB08 ,
and uncertainties in the measured phonon frequencies, espe-
cially at high pressure. Our calculations predict a linear in-
crease ofZ* with decreasing volume, up to pressures of 0.8
Mbar.

Note added.Since the submission of the manuscript, two
recent publications40,41 have come to our attention. A theo-
retical study using molecular dynamics simulations with an

FIG. 5. Volume dependence of the Born effective chargeZ* .
The solid circles connected by solid lines in (a) are the calculated
Z* for 3C-SiC. The dotted and dashed lines (b) –(e) are derived
from Liu and Vohra’s LO-TO splitting of 6H-SiC but using differ-
ent equations of state and scaling relations for the volume depen-
dence of dielectric constant~see text!: (b) is determined using the
scaling relation withr50.6 and Yoshidaet al.’s equation of state;
(c) is determined using the scaling relation withr50.6 and our
calculated equation of state; (d) is determined using the scaling
relation with r50.3 and Yoshidaet al.’s equation of state; (e) is
determined using the scaling relation withr50.3 and our calculated
equation of state.
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empirical potential model40 raised the possibility of amor-
phization of SiC under high pressure. This seems to be in-
consistent with the experiment of Yoshidaet al.,4 which ob-
served a direct polymorphic transition to the rocksalt
structure at 1 Mbar. Thus further experimental and theoreti-
cal work needs to be done to see if this is a real effect.
Reference 41 presented calculated Born effective charges of
3C-SiC under low pressure, in good agreement with this
work.
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