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Abstract

Crystalline orbitals of cubic silicon carbide have been
calculated at the Hartree—Fock and density functional
theory (local density approximation) levels using the
linear combination of atomic orbitals self-consistent-
field method as implemented in the CRYSTAL95 code.
Charge density, structure factors and Compton profiles
are deduced from the crystalline orbitals giving an
accurate description of the electronic structure. Thermal
motion has been included in the calculations of the
charge density and structure factors, and its effect on the
charge distribution at room temperature is discussed.
The calculated Compton profile and reciprocal-form-
factor anisotropies are similar to those characterizing
semiconductors of the same family (silicon, diamond
and cubic boron nitride) in contrast to previous
calculations.

1. Introduction

The numerous and attractive (mechanical, chemical,
thermal, electrical and optical) properties of silicon
carbide (SiC) explain its growing technological interest
particularly for microelectronic devices (Janzeén et al.,
1994). SiC crystallizes in either a cubic or a hexagonal
structure and forms stable and long-range-ordered
modifications, the so-called polytypes (Verma &
Krishna, 1966).

First-principles calculations have been applied for
determining the electronic band structure of some SiC
polytypes (Park et al., 1994; Backes, Bobbert & van
Haeringen, 1994; Backes, de Nooij, Bobbert & van
Haeringen, 1994; Cubiotti et al., 1997) and its pressure
dependence (Aourag et al., 1994; Cheong et al., 1991),
pressure-dependent structural properties (Wang et al.,
1996), lattice-dynamical properties (Karch et al., 1994,
1995; Karch, Bechstedt et al, 1996a,b) and thermal
properties (Karch, Pavone et al., 1996).

Among about a hundred modifications of SiC, the one
with the smallest unit cell, i.e. the cubic zinc-blende
polytype SiC-3C (space group F43m) is the most widely
investigated. Despite this, SiC-3C has not been the
subject of intensive theoretical and experimental studies
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compared to its constituents (diamond and silicon)
particularly as regards charge density and its derived
properties, structure factors and Compton profiles
(CPs). In previous references (Park et al., 1994; Karch et
al., 1994, 1995) and in the ab initio Hartree-Fock
calculations by Orlando et al. (1990), charge-density
maps reported show unambiguously a large accumula-
tion of charge density around the C atom. According to
the Mulliken partition, Orlando et al. (1990) report a
charge transfer of 1.8 electrons from Si towards C, which
is in better agreement with the ‘ionic scale’ proposed by
Christensen et al. (1987) than with the one proposed by
Phillips (1973). To our knowledge, there is, in contrast to
other semiconductors of the same family (silicon,
diamond, cubic boron nitride), no recent study of the
structure factors and Compton profiles of SiC-3C and we
must go back to 1982 and 1977 to find experimental
(Mahapatra & Padhi, 1979, 1982) and theoretical (Seth
& Ellis, 1977) Compton profile values, respectively.

In this work, the CRYSTAL9S5 program (Dovesi et al.,
1995) is used to calculate charge density, structure
factors, isotropic and directional Compton profiles of
SiC-3C. The calculations are made both at the Hartree—
Fock (HF) and Kohn-Sham (KS) levels where in the
latter the exchange and correlation potentials of the
electron Hamiltonian are parametrized in the local
density approximation (LDA) according to the models
of Dirac (1930) and Perdew & Zunger (1981), respec-
tively.

The aim of this work is twofold: (i) to compare the HF
and LDA structure factors and Compton profiles in
order to evaluate how much of the electron correlation
is taken into account by the LDA approach for these
properties; (ii) to evaluate thermal corrections of the
structure factors and charge density according to the
theoretical model developed previously (Azavant et al.,
1994, 1996) in order to separate the chemical bonding
and temperature effects.

Given that only one set of experimental average
Compton profiles (Mahapatra & Padhi, 1979, 1982) and
one of theoretical directional Compton profiles (Seth &
Ellis, 1977) are available, our calculations are justified
particularly in order to check the Compton profile
anisotropy calculated by Seth & Ellis, which is surprising

Acta Crystallographica Section A
ISSN 0108-7673  © 1998



1020

when compared to compounds belonging to the same
family (diamond, silicon and cubic boron nitride).

The structure of this paper is the following. A brief
description of the computational procedure and of the
theoretical background is given in §2. In §3, structural
and electronic properties obtained at the HF and LDA
levels are reported while in §4 the results of our calcu-
lations are discussed and compared with the experiment
and other calculations.

2. Computational procedure and theoretical background
2.1. Computational procedure

The calculation of the crystalline wave function was
performed with the CRYSTAL95 code (Dovesi et al.,
1995). An exhaustive description of the periodic HF
crystalline orbital self-consistent field (SCF) computa-
tional scheme embodied in this program is available
elsewhere (Pisani et al., 1988), which also contains the
Coulomb and exchange series truncation criteria. The
Fock matrix has been diagonalized for 29K points of the
irreducible part of the first Brillouin zone. All-electron
atomic orbital basis sets are adopted to describe the Si
and C atoms within the cell. It is of the 8-841G** type
for Si with a double set of single Gaussian d orbitals
(Pisani et al., 1992) and of the 6-21G* type for carbon
(Orlando et al., 1990). The exponents of the most diffuse
sp and d shells of each atom have been optimized by
searching for the minimum Hartree-Fock crystalline
total energy for the experimental lattice parameter. The
obtained values are a,,(Si) =0.150, o,,(C)=0.195;
a1 4(Si) = 1.0, o 4(Si) = 0.3 and o,(C) = 0.8. It should
be noted that the HF lattice parameter optimized with
this basis set is only 0.5% greater than the experimental
one (Table 1). However, all the calculations will be
performed for the experimental geometry in order to
make easier the comparison with our results.

2.2. Theoretical background

We recall the main expressions that allow us to
calculate the structure factors and Compton profiles in
the linear combination of atomic orbitals (LCAO)
method. A direct comparison between HF and density
functional theory (DFT) methods using the same code,
the same basis set and the same computational condi-
tions is possible with CRYSTAL95. The HF and KS one-
electron equations are solved self-consistently:

A

K K K
Hyp/ks@ivr/xs = Einr/ksPiHr/Ks )

and the corresponding electron density p(r) is calcu-
lated:

p(r) = 3 Pl (0)x5m), 2

w,v,g
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Table 1. Lattice parameter a (A), binding energy BE
(a.u.) and bulk modulus B (GPa) calculated at the HF
and LDA levels

The HF values of Orlando et al. (1990) are given in parentheses and the
experimental data are also reported for comparison.

HF LDA Experiment
a 4.382 (4.390) 4.350 4.360%
BE 0.35 (0.33)F 0.42 0.48§
B 233 (238) 224 224%

t Orlando er al. (1990). # Chang & Cohen (1987). § Data from
Chang & Cohen (1987) corrected from thermal motion obtained with a
Debye temperature ®, = 1270 K (Landolt-Bornstein, 1982).

where ¢¥ and &¥ are the eigenvectors and eigenvalues,
P, is an element of the density matrix given at the HF
or KS level, and Xg and x? are the atomic orbitals in the
origin (0) and g cells.

The exchange-correlation potential introduced in the
KS one-electron operator is represented as a linear
combination of Gaussian-type functions and includes
the translational periodicity of the crystal. It is therefore
a basis of the total symmetric irreducible representation
of the space group. In this work, the KS calculations are
performed with the exchange and correlation potentials
parametrized in the LDA Dirac (1930) and Perdew—
Zunger (1981) models, respectively.

2.2.1. Structure factors. Given that the scattering
factor in an elastic interaction process is written as

f(s) = [ p(x) exp(—is - r)dr, ®)

where r is the electron position, p(r) is the electron
density and s is the scattering vector, f(s) is called the
structure factor when expressed in the basis of a crystal
cell and is noted as Fy(s) in the static case. The combi-
nation of equations (2) and (3) leads to F,(s), which can
be written as (Azavant et al., 1994)

FO(S) = Z Pﬁ‘)lg,xuv(sx)Iofﬂv(sy)lg,zuv(sz)’ (4a)
Hov,g
where I, ,,, the static scattering integral, is given by
+00 )
Igfﬂv(sx) = f (x - xA)m exp[_a(x - xA) ](‘x —Xp— gx)n
—00

x exp[—B(x — x5 — g,)"] exp(—is,x) dx. (4b)

o and B are the exponents of the Gaussian-type func-
tions (GTFs) associated with the ©(A) and v(B) atomic
orbitals (AO) centered on x,4 and x; + g,, respectively,
and m and n are dependent on the Gaussian-type
orbitals.

In the dynamic case, the structure factor Fy(s) is
expressed as formally identical to Fi(s) (Azavant et al.,
1994, 1996):

FT(S) = Z PgT,pr%;w(s)’ (5)

nov.g
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where the dynamic elements of the density matrix P},

take into account the modified overlaps between new
and B” Gaussian functions [see equation (6¢)].
The expressions for I are given by

T, v
I70(8) = 150 (5.) eXp(= 3 B oS5 (6a)
for pairs of orbitals i and v centered on the same atom
A with B, ,, the first component of the mean square
displacement tensor of the atom A, and

Ils) = (! [ V(8L By L e (6D)

with

oy = o/(1+2eB, ). B =B/(1+2BBs,) (6c)

for pairs of Gaussian (« and ) functions centered on the
two atoms A and B localized in the 0 and g, cells,
respectively.

We remind the reader that the model described by
equations (5), (6a), (6b) and (6¢) is based on three
assumptions:

(i) the Debye model is adopted;

(ii) the AOs follow the movements of their associated
nuclei;

(iii) the atomic mean square displacement tensors B;

extracted from experimental data are diagonal.
The dynamic elements of the density matrix associated
with Gaussian functions described with the new expo-
nents (6¢) allow us to calculate the corresponding elec-
tron density and to draw dynamic electron charge
density maps, thanks to a subroutine introduced in the
CRYSTAL code.

2.2.2. Compton profiles. In the high-energy inelastic
scattering of photons by electrons and within the
impulse approximation (Cooper, 1985), the Compton
profile J(q) is defined as the projection of the electron
momentum distribution (EMD) p(p) along the scat-
tering vector (s;) for a given value of the momentum

(p. =q):
Iq) = [ p(p)dp,dp,. )

PPy
In momentum space, expression (2) becomes

p(@) = 3 PiuXy (®)xi(p). ®)

v.g
where X‘,’f(P) and x%(p) are the Fourier transformations
of x%(r) and x3(r):

x(p) = [ x(r)exp(—ip - r)dr. )

Finally, the directional Compton profile expression is
written as

Ig) = Y Piv [ x(p)xi(p)dp, dp,.

v, 8 PPy

(10)

These integrals can be calculated analytically (Appendix
A in Rérat & Lichanot, 1997).
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The isotropic Compton profile can also be calculated
numerically as the average value over all the directions
with the following expression:

i) = | a2 dp. (1)

P=q

In order to obtain the average Compton profile, we
firstly integrate analytically the electronic density p(p)
according to

1

2
pp) =Y Ph(1/4m) [ [ x¥(p)x¥(p)sin0dody

g 6=0 ¢=0
(12)

over the spherical (6, ¢) coordinates corresponding to
the p, direction.

3. Results

Before reporting the calculations of the charge density,
structure factors and Compton profiles of SiC-3C, HF
physical properties depending on the total energy
(lattice parameter, binding energy and bulk modulus)
calculated with the new basis set are compared with the
values already obtained by Orlando ef al. (1990) using a
6-21G* basis set for the two atoms. Table 1 shows that:
(i) the use of the 8-841G** basis set for Si instead of the
6-21G* set improves slightly the results of Orlando et al.
(1990) but the HF lattice parameter and bulk modulus
are always overestimated with respect to experiment;
(ii) the use of DFT at the LDA level leads to very
satisfactory values since the lattice parameter is under-
estimated (as expected) by only 0.3% and the bulk
modulus is exactly reproduced. However, the binding
energy in LDA, which approximately takes into account
electron correlation, is still 12% smaller than the
experimental value.

3.1. Charge density and structure factors

In order to be able to compare our results directly
with experiment, the following calculations have been
made in the experimental geometry. The electronic
structure of SiC-3C is represented by the electron
charge density (ECHD) maps through the (110) plane
(Fig. 1). For reasons of clarity, we limit ourselves to three
representations which allow us to discuss the bonding,
electron correlation and temperature effects, respec-
tively. Fig. 1(a) gives the static difference ECHD at the
LDA level between the bulk and the superposition of
independent atoms described with the same basis set as
used in the bulk. It shows a large build-up of electron
charge along the Si-C bond, which is slightly shifted
towards the carbon atom. This supports the idea that the
chemical bond in SiC-3C is mainly covalent but is
slightly disturbed by an electron charge transfer from
silicon to carbon (semi-covalent bond). Fig. 1(b)
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presents the difference between the bulk ECHD maps
obtained with the LDA and HF approaches. Along the
SiC direction, the difference LDA — HF charge density
is very small and alternately positive, negative, positive
from one nucleus to the other. Close to the middle of the
bond where most of the bond charge is concentrated,
there is a deficiency of charge in the LDA approach. On
the contrary, a positive difference is observed in the
nonbonding directions around the Si atoms showing a
larger overlap population between the Si second
neighbors in the LDA level. Finally, Fig. 1(c) reports the
difference between the dynamic (7 =298 K) and the
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static bulk ECHD maps obtained at the LDA level. In
the dynamic case, the elements of the density matrix
[equation (6a)] are calculated at T = 298 K by adopting
for the Debye—Waller factors Bg; = 0.55, Bc = 0.67 A?
deduced from the atomic mean square displacements
given by Vetelino et al. (1972). The concentration of
negative isodensity curves around carbon shows that the
charge transfer from Si to C becomes smaller at
T =298 K and that the covalent part of the SiC bond is
slightly increased. On the other hand, the regular shape
of the consecutive isodensity curves indicates also that
the chemical (static) deformation of the electron clouds

(a)

(®)

Fig. 1. Difference electron charge density (DECHD) maps of SiC-3C
through the (110) plane of the structure. (a) Static DECHD between
the bulk and the superimposition of the free atoms calculated at the
LDA level. Full and dashed lines are for the positive and negative
difference, respectively, while the dash-dotted line is the zero line.
The step between two consecutive isodensity curves is 5 x 107> a.u.
(b) Static DECHD between the LDA and HF calculations
corresponding to the bulk SiC-3C. Same legend as for (a). The
step between two consecutive isodensity curves is 107> a.u. (c)
DECHD between the dynamic (7 =298 K) and the static cases
calculated at the LDA level. Same legend as for (a). The step
between two consecutive isodensity curves is 107> a.u.
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is practically not altered at this temperature by the
thermal motion.

The same kind of observations can be carried out
from the results of the structure factors given in Table 2
and Fig. 2. The static and dynamic (7 = 298 K) structure
factors given in Table 2 have been calculated from
expressions (4a), (4b) and (5), respectively, for all the
reflections with (sin@)/A <1A~!. In the absence of
recent and accurate X-ray experimental data, the
dynamic structure factors have been calculated with two
sets of Debye—Waller factors known at 7= 298 K. The
first one is given by Reid (1983) (Bg;=0.218,
Bc = 0.226 A%) whereas the second one is deduced from
a temperature-dependent study of the Debye—Waller
factor for zinc-blende-type crystals by Vetelino et al.
(1972) (Bs; = 0.55, B¢ = 0.67 A?). These last values will
be preferred for the following discussion for two
reasons. (i) The Si and C atoms are on sites of the same
symmetry (43m) and the magnitude of the C displace-
ment, greater than the Si one at room temperature, is
better described by the values of Vetelino et al. (ii) They
are also in better agreement with those coming from
other studies, e.g. that of Inagaki et al. (1987), which
determines the effective Debye—Waller parameter from
the plots of integrated intensity of X-ray diffraction lines
against (sin /1), and that of Karch et al. (1995), which
deduces the mean square atomic displacements from ab
initio calculation of lattice dynamical properties. To
discuss the deformation of the electron clouds around
the atoms, it is convenient to compare the F, values
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(column 3 of Table 2) with those calculated in the
independent-atom model (IAM) in which the crystal is
represented by a superposition of free atoms. For the
zinc-blende-type structure, the expressions for the FiAM
are given by

A fosi+focl forh+k+1=4n
FIAM _ Mfosi+ifoc] forh+k+I1=4n+1
O T ) 4Hfosi—focl forht+k+l=4n+2
fosi —ifoc] forh+k+1=4n—1.

FIAM is calculated using for the atomic scattering factors
fo both the values given in International Tables for
Crystallography (1992) and also those values deduced
from the wave function of the free atoms described with
the same basis set as for the bulk. The corresponding
differences AF, = F,— FAM are represented by
symbols e and 0O, respectively, and are shown versus
(sin 0)/X in Fig. 2. The closeness of the symbols @ and O
for each (sin 8)/A value indicates that the AO basis sets
describing the free atoms in this work and International
Tables for Crystallography are of comparable quality.
These differences (with respect to the zero line) show
significant deviations only for the first six reflections
especially for the 111 and 200. The largest positive
difference associated with the 111 reflection contains the
contributions from both Si and C atoms and expresses
the deformation of their electron clouds along the [111]
direction. It is correlated in part to the covalent char-
acter of the Si—C bond. The negative difference asso-

0.30 . ; . :
025

0.20 |
(111)

0.15 |-

0.05 |-

AFE i
O 900

- (220)
005 |

0.10 | G1h

-0.15 |
-0.20 +

: = (200)
0.25 L L®

0.0 02

0.6 0.8 1.0
(sin®) /X

Fig. 2. Static difference between the structure factors of SiC-3C (column 3 of Table 2) and Fj*M. Symbols e and O are for Fi*M calculated from
International Tables for Crystallography (1992) and for FAM calculated with the basis sets used for the bulk, respectively.
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Table 2. Static (F,) and dynamic (Fry) structure factors
corresponding to the unit cell, calculated at the LDA level
F(a) and F7(b) are calculated with the pairs Bs; = 0.55, Bc = 0.67 A?

(Vetelino et al., 1972) and Bs; = 0.218, Bc = 0.226 A? (Reid, 1983),
respectively.

hkl (sin B)/A (A7) F, Fi(a) Fu(b)
111 0.1986 10.540 10.303 10.436
200 0.2294 5.759 5.618 5.694
220 0.3244 10.250 9.636 10.011
222 0.3973 5.288 4.889 5.114
311 0.3803 7.571 6.978 7.336
331 0.4999 6.481 5.639 6.136
333 0.5959 5515 4522 5.103
400 0.4587 8.325 7.370 7.949
420 0.5129 4.454 3.903 4211
422 0.5618 7213 6.013 6.729
440 0.6487 6.342 4974 5782
442 0.6880 3.105 2457 2.807
444 0.7945 5.084 3.525 4.424
511 0.5959 5.542 4545 5.128
531 0.6784 4833 3736 4371
533 0.7520 4284 3.119 3785
551 0.8190 3.833 2.629 3.310
553 0.8809 3.469 2.241 2.928
555 0.9931 2.930 1.678 2.361
600 0.6880 3.107 2459 2.809
620 0.7253 5643 4162 5.027
622 0.7607 2,638 1.987 2332
640 0.8270 2274 1.632 1.966
642 0.8582 4.622 3.013 3.931
644 0.9457 1.768 1.154 1.462
660 0.9731 3.923 2259 3.185
662 0.9997 1.593 0.991 1.288
711 0.8190 3.831 2.628 3.308
731 0.8809 3.470 2.241 2.928
733 0.9387 3.174 1.931 2,617
751 0.9931 2.930 1.678 2.361
800 0.9174 4.241 2.598 3.524
820 0.9457 1.768 1.154 1.462
822 0.9731 3.923 2259 3.185

ciated with the 200 reflection can be attributed to the
charge transfer between Si and C [this difference is null
in the silicon crystal (Pisani ez al., 1992)] whereas the 222
reflection describes again the charge transfer but also
the asphericity of the charge density. Finally, we note
that the HF structure factors (not reported in Table 2 for
reasons of clarity) are very close to the LDA ones. The
HF values are always slightly smaller by about 0.4%
than the LDA ones. Only three reflections make an
exception to this rule; the 222 reflection for which the
difference LDA — HF structure factors reaches 1.3%,
and the 200 and 220 reflections for which the difference
is negative but remains very small. We remark that these
three reflections are closely related to the charge
transfer between Si and C which is different by about
0.5 electrons between the LDA and HF approaches (see
§4). Generally speaking, these results indicate that the
part of the electron correlation included in the LDA
approach has a rather small but significant effect on the
reflections that are sensitive to the bonding. It should be
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noted that such a result has also been shown in silicon
where the experimental and theoretical charge densities
are accurately compared (Zuo et al., 1997). In this study,
it is also shown that the gradient corrected DFT sheme is
of better quality than the LDA-DFT one to describe the
distribution of the valence electrons.

3.2. Compton profiles

Static average total (normalized to the 20 electrons of
the unit cell) and directional valence (normalized to
8 electrons) Compton profiles are given in Table 3.
Given the fact that in momentum space the Compton
profiles cannot be directly deduced from the KS wave-
functions (Weyrich, 1996), only the HF calculations are
reported in this table. Our theoretical values J,,, are also
given (in parentheses) when convoluted with a residual
instrumental function (RIF =0.57 a.u.) in order to
facilitate a comparison with the experimental data of
Mahapatra & Padhi (1979, 1982). Preliminary observa-
tions can be deduced from our results.

(i) Our theoretical values are smaller than the
experimental ones at the smallest g values (¢ < 1.0 a.u.).
The agreement factor defined as

R = Z |Jcalc _Jexp|/2‘]expf
q q

where Jeu. and J, are our HF and experimental
Compton profiles, respectively, is only 4.5%, a value that
is higher than those recently obtained for other
compounds of the same family (R = 3% for diamond,
R = 4% for cubic BN) (Ayma et al., 1998).

(ii) In order to continue the comparison of our values
with those in the literature, the Compton profile ani-
sotropies (Ji90 — J110) and (Jigo — J111) are calculated
and they are shown in Fig. 3 together with the calcula-
tion of Seth & Ellis (1977) who used a Slater-type
orbital basis set. The agreement is satisfactory for the
AJ(q) = Jyp0 —J11p curve, for which the shape and
height of the peaks are well described. On the contrary,
the discrepancy observed for the AJ(q) =J;p0 — J111
curve is significant except that a shoulder in the curve is
obtained for a value of g around 0.9 a.u. in both cases. A
second basis set (6-21G* for the two atoms) of poorer
quality was used but the results are close to the ones
obtained with the 8-841G** basis set and thus did not
improve with respect to the calculations of Seth & Ellis
(1977).

4. Discussion

With respect to the two reference compounds of the
same family, namely silicon and diamond, the substitu-
tion of one Si (or C) by one C (or Si) in the unit cell
changes the space-group symmetry of the conventional
cell from the centrosymmetric Fd3m to the noncen-
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trosymmetric F43m group for SiC. As a consequence,
the purely covalent character of silicon is modified into a
semicovalent one in the case of SiC-3C. The main
features that demonstrate this character are summarized
next. In silicon, the difference (bulk minus atomic
superposition) charge-density maps show a high diffuse
bond charge centered at the midpoint of the Si—Si bond
(Pisani et al., 1992). The electron distribution around the
Si atoms is aspherical since the ‘forbidden’ 222 reflection
has a structure factor F,,, = 0.217. In SiC-3C, the bond
charge is disturbed by an electron charge transfer from
Si to C and the saddle point of the difference ECHD is
localized closer to the carbon site. The disturbance of
the valence-electron cloud along the [111] direction
shows up in the large positive value of the difference
Fy, — FIAM while the charge transfer from Si to C
corresponds to the value of the difference in the struc-

ture factors associated with the 200 reflection
q(a.u)
0.0 02 04 06 0.8 Lo 12 14 1.6 L8 20
0.3 T T T T T T T T T
02 =
[N o -
2 RN
= oo
8
H
01 F g
02 | B
03 1 il 1 1 1 1 1 il 1
(a)
03 T T T T T T T T T
02 = .
o1 | R ]
P ~ N
= = N
= . \ o
' 00 > - ==
g ' K =
_
. \\//
01 -
02 —
o . . ) . . A . . .
00 02 04 0.6 08 1.0 12 14 1.6 18 20
q(a.n)
(®)

Fig. 3. Valence Compton profile anisotropy AJ(g) calculated at the HF
level. (a) AJ(q) =T100(@) — T110(q)- (B) AJ(q) = J100(q) — J1n1(a)-
Full and dashed lines correspond to our calculations using for silicon
the 8-841G** and 6-21G* basis sets, respectively. Dotted lines
correspond to the calculations of Seth & Ellis (1977).
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Table 3. Static average total J,,, and directional valence
Joa Compton profiles calculated at the HF level

The values in parentheses correspond to the theoretical ones
convoluted by a RIF = 0.57 a.u. (Mahapatra & Padhi, 1979, 1982).

q Jept it Jya(100)  Jya(110) - Jya(111)
0.0 6.434 6.321 (6.125) 4.307 4.441 4.278
0.1 6.399 6.289 (6.093) 4.308 4.427 4.267
0.2 6.298 6.190 (5.996) 4.291 4.350 4223
0.3 6.128 6.026 (5.836) 4.205 4152 4.126
0.4 5.890 5.799 (5.614) 4.016 3.841 3.963
0.5 5.585 5.508 (5.334) 3.729 3.492 3.724
0.6 5.218 5.157 (5.001) 3.363 3.175 3.395
0.7 4.798 4.749 (4.623) 2.932 2.889 2971
0.8 4.338 4.290 (4.213) 2.444 2.563 2.479
0.9 3.858 3.794 (3.787) 1.927 2137 1.968
1.0 3.380 3.273 (3.366) 1.437 1.629 1.488
1.2 2.523 2.392 (2.615) 0.724 0.744 0.763
1.4 1.909 1.895 (2.069) 0.386 0.332 0.398
1.6 1.558 1.643 (1.722) 0.243 0.199 0.250
1.8 1.380 1.472 (1.501) 0.172 0.164 0.178
2.0 1.260 1.327 (1.340) 0.132 0.145 0.128
25 0.957 1.018 (1.027) 0.076 0.069 0.057
3.0 0.737 0.782 (0.788) 0.045 0.047 0.043
35 0.568 0.598 (0.604) 0.029 0.029 0.037
4.0 0.435 0.459 (0.463) 0.019 0.019 0.021
5.0 0.269 0.280 (0.282) 0.009 0.009 0.009
6.0 0.183 0.180 (0.181) 0.005 0.005 0.005
7.0 0.139 0.122 (0.123) 0.003 0.003 0.003

+ Mahapatra & Padhi (1979, 1982).

Foy — FXM. These data are confirmed by a Mulliken

population analysis since, in LDA, the total charges of
the Si and C atoms are 13.02 and 6.98 electrons,
respectively, indicating a charge transfer of 0.98 elec-
trons. The overlap population between the first-nearest
neighbors is 0.32 electrons. It should be noted that at the
HF level the character of SiC-3C is more ionic since the
charge transfer is higher (1.45 electrons) while the
overlap population is not modified (0.33 electrons).
Finally, the electronic structure of SiC-3C is rather close
to that of the cubic BN recently studied with the HF
approach by Lichanot et al. (1996). In fact, this
compound belonging to the III-V semiconductor family
with the same zinc-blende-type structure has the same
characteristics as SiC-3C. However, its covalent char-
acter is greater than SiC-3C owing to a smaller charge
transfer (0.8 electrons) from boron to nitrogen and a
higher overlap population (0.5 electrons) between the B
and N atoms.

In §3.2, we have underlined the discrepancy observed
between our calculations of the Compton profile
anisotropy Jigo — Ji11 and those of Seth & Ellis (1977).
This discrepancy probably stems from the calculation of
the Compton profile along the bond direction [111],
since the results of the Jygo — Ji10 anisotropy are in
satisfactory agreement. Without experimental data and
other calculations to confirm these results, it seems
however that our calculations lead to a situation more
realistic than that of Seth & Ellis (1977) for the following
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reason. If we consider the homogeneous family of the IV
and III—V semiconductors with the zinc-blende-type
structure, we notice that in all cases the Jioo0 — Ji11
anisotropy of diamond (Dovesi et al., 1981; Wepfer et al.,
1974; Euwema et al., 1974; Ayma et al., 1998; Reed &
Eisenberger, 1972; Weiss & Phillips, 1968; Seth & Ellis,
1977; Schiilke & Kramers, 1979), silicon (Pisani et al.,
1992; Reed & Eisenberger, 1972; Pattison et al., 1981;
Schiilke & Kramers, 1979) and cubic boron nitride
(Ayma et al., 1998; Dovesi et al., 1981) is positive for the
smallest values of the momentum (g). Our calculations
(Fig. 2) show the same result for SiC-3C while the
J100 — J111 anisotropy obtained by Seth & Ellis (1977) is
very negative. It should be remarked that the Bloch
functions calculated by Seth & Ellis are generated from
Slater-type orbitals (STO). It seems likely that the STO
Si basis used by these authors is of poorer quality than
the C one since the agreement of the Compton profiles is
less for silicon than for diamond. This effect seems
amplified in SiC-3C with the more ionic character of this
compound. At this stage of the comparison, it should be
noted that the observed Jyoq — J11; anisotropy shows the
sequence C > Si > ¢-BN > SiC-3C and thus follows partly
the increase in charge transfer between the two atoms of
the bond; the higher the charge transfer, the smaller the
J100 — J111 Compton profile anisotropy. Of course, other
features such as the interatomic distance, number of
shells around the atoms and polarizability of the elec-
tron clouds are also parameters to be considered to
explain this sequence. Work in this direction is in
progress.

In order to make the identification of bonding
features in Compton profiles easier, it is natural to
return to the direct space by introducing the reciprocal
form factor or autocorrelation function B(r) as the
Fourier transformation of the Compton profile. Thus,
the one-dimensional Fourier transformation

B(z) = [J(q = p.)exp(—ip.z)dp,

has been calculated along the three principal directions
and the reciprocal-form-factor anisotropies are reported
in Fig. 4. Before discussing the B(r) anisotropy, it should
be noted that the B(z) curves associated with the [100]
and [110] directions cross the z axis at the values 4.37
and 3.09 A, which correspond to the lattice parameters a
and a/2!/?, respectively. This result, valid for insulators
and semiconductors with filled bands, provides thus
a valuable check on the accuracy and reliability of
the calculated wave functions. The Biyo — Bi11 and
Bioo — By differences (Fig. 4) reveal strong effects of
the bond anisotropy and the antibonding interactions,
respectively, under the assumption that the [100] direc-
tion acts as a neutral direction (Pattison et al., 1981). The
Bioo — By anisotropy shows a large peak at the
distance z = a x 3!/2/4 between the nearest neighbors
and the height of the maximum of the curve is smaller

STRUCTURE FACTORS OF CUBIC SILICON CARBIDE

than that observed in c-BN and diamond. The maximum
anisotropy along the [110] direction takes place for
z=a/2"? and indicates a nonbonding interaction
between the orbitals associated with the second-nearest
neighbors. The diffuse character of the bond charge
shown in the difference ECHD maps of Fig. 1(a) makes
this last interaction rather easy.

5. Conclusions

The electronic structure of SiC-3C has been theoreti-
cally obtained from the charge density, structure factors
(calculated in the LDA and HF-LCAO models) and HF
Compton profiles where both atoms are described with
all-electron basis sets. The difference electron charge-
density maps and the analysis of the structure factors
associated with the 111 and 200 reflections show that the
chemical bond in SiC-3C is semicovalent with a signifi-
cant charge transfer from silicon to carbon.
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Fig. 4. Reciprocal form factor anisotropy AB(r) calculated at the HF
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Averaged and directional Compton profiles and the
related functions such as the reciprocal form factors
have been analyzed. They show a behavior similar to
other compounds of the same family, namely diamond,
silicon and cubic boron nitride. This result is in contrast
to earlier calculations of Seth & Ellis (1977) which have
shown a negative Compton profile anisotropy in the
bond direction. However, it would be interesting to
confirm our calculations by other theoretical approaches
but even better by accurate measurement of average
and directional Compton profiles. Electron correlation
effects approximately included in the LDA approach for
calculating structure factors and charge densities are
rather small but significant. However, insufficient
experimental data do not allow us to conclude whether
or not correlation effects are large.

Finally, a detailed comparison of these properties for
similar compounds is desirable to separate the effects of
the intra-atomic distance from the valence-electron
configuration.
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