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We present the results of a lattice-dynamical treatment of the 3C, 2H, 4H, and 6H structures of SiC,
performed within the framework of an unified approach. This includes (i) a simple valence force field,
whose parameters were in part derived from the quantum-mechanical calculations of the appropriate
molecule, in part from a fitting procedure, and (ii) a charge distribution model regarding the electron
transfer between bonded atoms as a response to the change of interatomic separation. A conflict exists
in the literature about the elastic properties of 3C-SiC, and our opinion on the most reliable data is
given. Complete sets of elastic and piezoelectric tensor elements derived from the model calculations are
presented for all materials under consideration. The chemical regularity in the variation of sign of the
€14 piezoelectric constants from the I-VII to IV-IV members of the sphalerite family is discussed in light

of the present model.

I. INTRODUCTION

The modern nonempirical quantum-mechanical inves-
tigations of molecules are capable of credibly estimating a
wide scope of parameters usable in phenomenological
models of crystals. The fruitfulness of such a molecular
approach to the lattice-dynamical treatments of ionic-
covalent IV-VI compounds, namely, silicon oxide (a-
quartz), and of IV-V compounds, namely, silicon nitride
(Si;N,) was recently demonstrated in Refs. 1 and 2, re-
spectively. The application of this approach tc IV-IV sil-
icon carbide compounds, in particular, to a series of SiC
polytypes, therefore seems worthwhile.

At least two circumstances argue for this. The first one
relates mainly to practice. SiC plays an important role in
modern electronics and is also of technological interest as
a piezoelectric pressure sensor and an actuator material.
One should therefore study its elastic and piezoelectric
characteristics. The delay in our detailed knowledge of
these values is due to the unavailability of SiC in the form
of large single crystals. Thus our first aim is to estimate
the above quantities for the series of the simplest SiC po-
lytypes including 3C cubic and 2H, 4H, and 6H hexago-
nal ones by utilizing some separate experimental data ob-
tained for the latter.

This work can also be of fundamental interest since the
cubic SiC belongs to the sphalerite family whose role in
the lattice-dynamical investigations is comparable to that
of Drosophila in studies of heredity. Silicon carbide occu-
pies a special position in this family in being the only IV-
IV heteropolar lattice and thus attracts considerable in-
terest.

Although many phenomenological models were em-
ployed during the past three decades to treat the dynami-
cal properties of SiC,3>~° all of them, except Ref. 9 which
we shall discuss below, were essentially based on the ionic
concept assuming the lattice to be made up of point or
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spherelike entities, interconnected through pair-wise
forces. This approximation is not suitable for a substance
where covalent bonding effects are not negligible. Thus
the second aim of this paper is to reexamine the intera-
tomic forces and the polarization mechanism in SiC lat-
tices within the framework of an approach viewing the
crystal as an enormous covalently bonded molecule.
Below we present the general scheme which allows us to
do this without departing from the direct space of the lat-
tice, unlike the conventional approach (method of long
waves) using the abstract k space.

The potential function of the lattice is described via
valence force fields (VFF) of SiC, and CSi, tetrahedra,
whose main parameters were derived from quantum-
mechanical studies of the appropriate molecule. The
charge distribution response to a structure deformation is
considered within a model in which the redistribution of
electron density is described via the charge transfer from
one atom to another inside the chemical bonds, in con-
trast to all preceding phenomenological model which lo-
calized this effect inside the ions. When discussing the
results obtained for the different polytypes we provide
their comparison by regarding the cubic {111} planes as
physically equivalent to the hexagonal planes {0001}.
Thus we show that there is a group of elastic and
piezoelectric constants of cubic and hexagonal lattices
which are very closely related due to the similarity in the
local tetrahedral bonding. On the other hand, there ex-
ists significant difference between the cubic and hexago-
nal structures which manifests itself in the magnitudes of
tensor elements which are equal to zero for the hexagonal
systems but are nonvanishing for the cubic one.

Section II of this paper briefly reviews existing infor-
mation about the properties in question. Section III
presents general considerations, while Sec. IV details the
computational scheme and analysis of results. These are
summarized and discussed in Sec. V.
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II. OBJECT AND PREVIOUS STUDIES

Silicon carbide forms a great variety of tetrahedral
frameworklike lattices which are called polytypes. The
origin of the polytypism can be visualized as follows. In
Fig. 1, the solid circles represent spheres closely packed
in a plane; call this “plane 1.” To place another such set
of spheres on top of plane 1 as closely as possible, one
would place each sphere in the hole between any three
neighboring spheres in plane 1 (dotted circles, plane 2).
But there is another way of accomplishing this: the
dashed circles in plane 3. The order of stacking of the
planes determines the types of close-packed structures
and their symmetry properties. According to conven-
tional nomenclature, a SiC polytype is represented by the
number of Si-C double layers in the unit cell, the append-
ed letter C, H, or R indicating a cubic, hexagonal, or
rhombohedral symmetry. For example, the 6H hexago-
nal lattice has six such layers in the primitive
cell with the following succession of the above planes:
1,2,3,1,3,2,1,2,3,1,3,2; the 3C lattice is built up as
1,2,3,1,2,3; 2H-SiC corresponds to 1,2,1,2; and 4H-SiC
corresponds to 1,2,1,3,1,2,1,3.

One can expect small structural differences to produce
small differences in most physical properties of the poly-
types, which will facilitate correlation with experiment.
Unfortunately, this is not the case. Single crystals of SiC
are not available, and the handling of tiny SiC pieces is
difficult and an error in measurements easily appears. On
the other hand, when the samples are larger, the ex-
istence of defects is more probable. Therefore there are
no clear reasons why some of the estimates should be tak-
en more seriously than others.

Note first that the situation with regard to the vibra-
tional spectra of SiC compounds would appear to be
somewhat better than that of elastic and piezoelectric
properties. In particular, the difficulty of having different
numbers of atoms per unit cell for each structure has
been removed according to a concept!® implying that the
modes in a spectrum of any polytype can be assigned to
some points of dispersion curves within the Brillouin
zone of the cubic SiC. The Raman studies by Feldman
et al.'"'!?2 have allowed them to draw the above curves
and to verify the existence of a common phonon spec-
trum for all the SiC family. Since then, those are fre-
quently referred to as “‘experimental dispersion curves”

FIG. 1. Schematic diagram of atomic arrangements in the
different SiC polytypes (see text).
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for 3C-SiC along the [111] axis. The investigations by
Olego and Cardona'’ enriched this picture with some
zone-boundary points for transverse directions.

It is noticeable that the magnitude of the TO-LO split-
ting of the principal long-wave vibration (795-970
cm™ '), and hence a corresponding lattice polarization,
seems to be surprisingly large for the compound which,
from the chemical standpoint, should be viewed as
“significantly covalent.” That fact was already discussed
in the early works by Tolpygo'*!> who assumed that it
should be attributed to the effect of charge transfer, pro-
duced by the stretching vibration and not to large atomic
charges in SiC. More recent ab initio calculations by
Churcher, Kunc, and Heine'® demonstrate that the
valence charge density distribution along the chemical
bonds in the SiC lattice is characterized by large anisotro-
py increasing at outward displacements of atoms. This is
typical for ionic compounds. Below we shall treat this to-
pic when discussing the mechanism of the piezoeffect.

The information on the elastic properties of SiC is much
more inaccurate and confusing. A contemporary detailed
analysis of the situation can be found elsewhere.!” Here
we wish to point out that, in contrast to the hexagonal
polytypes,'®1° the elastic constants C,;, C;,, and Cy, of
the cubic SiC were never measured by direct experimen-
tal methods. Nevertheless, one can find in the literature
three complete sets of their values referred to as experi-
mental ones (see Table I). One of them, represented by
Lee and Joannopoulos,?® has a vague origin, as was noted
in Ref. 17, and most likely should be viewed as some sort
of confusion. The other two were indirectly derived from
various experimental characteristics of SiC. The first of
them was obtained by Slack?' via equations including
measured magnitudes of the Young modulus, and Pois-
son and anisotropy ratios. It can be seen from Table I
that Slack’s value C,; drastically contradicts the one cal-
culated previously by Tolpygo,’ and the results of more
recent models.!”"?%?223 Lambrecht et al.!” have revealed
an obvious mistake in the Slack’s calculations which,
after correction, provided results more in line with the
rest. These authors have deduced the third set of the

TABLE I. Elastic and piezoelectric constants of cubic silicon
carbide.

Cu Cn Cus €14
(10" dyn/cm?) (10* esucm™?)
Ref. 3 35.23 14.04 23.29 +33.00
Ref. 21 54.0 18.0 25.0
Ref. 22 34.89 13.80 20.82
Ref. 20 37.1 16.9 17.6
Ref. 92 30.0 11.6 16.5 —7.88
Ref. 23 42.0 12.0 26.0
Ref. 17° 44 .4 14.8 20.7
Ref. 17° 39.0 14.2 25.6
Ref. 17¢ 42.0 12.6 28.7
This work 42.82 16.54 24.62 —10.4

?Derived by us from parameters of Ref. 9.

YCorrected results of Ref. 21.

‘Derived from measured sound velocities and the bulk modulus.
dResults of the ab initio calculations.
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“experimental” elastic constants (Table I) by using the
sound velocities, obtained by Feldman et al.,’? and quite
reliable data for the bulk modulus. Moreover, they have
made ab initio estimates of those values (Table I). The
latter are in accord with those estimated from the experi-
mental characteristics and with a series of the theoretical
results from the ones by Tolpygo® to the contemporary
calculations of Tersoff.??

However, this seemingly final clarity is debatable, if
one assumes the determination of the “true” magnitudes
to be a prerogative of experiment. Actually, the authori-
tative spectroscopic investigations of the subject by Feng,
Choyke, and Powell** let them conclude that the best
available magnitudes of the elastic constants of 3C-SiC
should be close to those originally obtained by Slack.?!
These authors resolutely classified the corresponding data
in Refs. 3, 20, and 22 as unreliable, which, obviously,
should equally apply to more recent works.!”? Such a
situation argues for further studies.

Concerning the piezoelectricity of the material under
consideration, let us recall that the cubic modification of
SiC belongs to the simplest crystalline structures which
can be macroscopically polarized by homogeneous defor-
mations. Consequently, it would represent the most
favorable case for the model study of the microscopic
mechanism of piezoelectricity.

Unfortunately, the piezoelectric studies of SiC are in-
conclusive. The early attempts®® to obtain the elec-
tromechanical coefficient squared, k3; and k3;, for the
hexagonal samples were made with large uncertainties;
the recent measurements of the k3, value seem to be
more reliable.!®2% The existing estimates related to 3C-
SiC are exclusively theoretical. The first of them was
made by Tolpygo,> who computed the e, piezoconstant
along with the elastic ones, and obtained a relatively large
value for the former (33X 10* esu cm™2). Later, Kunc,
Balkanski, and Nusimovici® used the calculated results by
Tolpygo? for a model investigation, but assumed, without
explanation, that e;,=0. Since then, to the best of our
knowledge, no steps were made in this direction.

The most elaborate lattice-dynamical model of the cu-
bic SiC is that proposed by Cheng, Kunc, and Heine® and
termed ‘“‘the valence overlap shell model” (VOSM). How-
ever, in this work, attention was exclusively focused on
the eigenfrequency-eigendisplacement problem, which
has always been a challenge to lattice dynamics. The ab
initio frozen-phonon eigenvectors, measured phonon fre-
quencies, and ‘“‘experimental” elastic constants by Lee
and Joannopoulos®® were included in the fitting pro-
cedure. However, the calculated elastic constants were
not presented, and the piezoelectric tensor was not treat-
ed. Since the model was characterized by the authors as
“the most physical among the available;” in Table I we
present those values, derived by us from the VOSM pa-
rameters given in Ref. 9.

III. GENERAL CONSIDERATIONS

Vibrational, elastic, and piezoelectric properties of a
lattice can be naturally joined together within the frame-
work of the lattice-dynamical theory of homogeneous de-
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formations of crystals.?’” According to this theory, the in-
itial (instant) deformation U; (i =1-6 are Voigt’s indices)
is followed by two processes minimizing the internal en-
ergy density V. These are (i) a structural relaxation
describable via zone-center normal coordinates Q, which
necessarily belong to any Raman-active representation,
and (ii) the variation of the dipole moment density, i.e.,
the lattice polarization AP, producing the macroscopic
electric field E within the lattice. Thus, the V value can
be regarded as a following quadric form (normalization to
a unit volume and summation on repeated indices are as-
sumed hereafter):

V=1U,CR U, +10,050,+ U, F);0, —LE ,eoeipE
_UiegiEa—QkZaAEa ’ (1)

whose coefficients are the second partial derivatives of the
internal energy density with respect to corresponding
variables: CJ, is a “bare” (nonrelaxed) elastic constant, o,
is a frequency of Ath phonon, F,; is an elastic-optic cou-
pling constant, gye;g is an electronic dielectric constant
(here g is permittivity of vacuum; a,5=1,2,3 are indices
of the Cartesian axis), e%; is a “bare” piezoelectric con-
stant, and Z , is the Born dynamical charge tensor, asso-
ciated with normal coordinate Q.

Via condition dV /dQ =0, Eq. (1) can be transformed
into the form

VZ%U,-C,-kUk—%Easoef;ﬂEB—UieaiEa N (2)
where
F,.F
Cp=C— 5% 3)
(258

is an element of the elastic tensor at constant electric
field;
Zp\Zpg,

o

EOE(S;BZ Eoegﬂ+ 4)

represents the static dielectric tensor, and
Z o Fpi

e
@3,

e~ ©

is the element of the piezoelectric tensor.
By applying the condition dV /dE_ =0 to expression
(2), one gets

V-:%Uil",'k Uk N (6)
where
e e k
Ty =Cy+—2 %)
€o0€ap

is a piezoelectrically stiffened elastic constant, which can
be rewritten as

Ty =Cu(1+k?) . (®)

The k? value describes electromechanical coupling. Its
components for a=pf and i=k are electromechanical
coefficients squared, widely used in practice:
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2 e, ©) e, =dP%(U;)/dU; , (16)

ai= st~ "
€o€aaCii Z,,=dP,(Q,)/dQ; . 17

Our model implies that energy ¥ can be decomposed
into two parts: a mechanical one, V™, which includes
the first three terms in the right-hand side of Eq. (1), and
a polarization one, Pl formed by the last three terms.
Let us focus first on the former. Within the framework
of the VFF, it can be presented as

Vo= 24mKmndn > (10)

where variables g,, (we call them valence coordinates) de-
scribe the changes of interatomic bond lengths and of
bond angle magnitudes, and force constants K,,,, are the
parameters of the VFF. By taking the partial derivatives
of Eq. (10) with respect to U; and Q,, one gets

dZVmec
1
dZVmec
w/21=7Q_;d—Q_)::LAmenLAn , (12)
dZVmec
Fki:WZLKmenLin ) (13)

where L,;,, =dg,, /dU, is a shape of nonrelaxed deforma-
tion U, obtainable from a lattice geometry,?® and L, is a
shape of the Ath normal coordinate, i.e., an eigenvector
of the dynamical matrix given on the basis of the valence
coordinates. The knowledge of quantities involved in
Egs. (11)-(13) is sufficient to evaluate the elastic con-
stants C;; either by using Eq. (3), or via a relation analo-
gous to (11), where, however, the total differentiation is
implied:

Cik=Li:nKanI:n ’ (14)
where
L, F,;
LY=L, — 22 (15)
oy

is the total derivative dgq,, /dU;, that is a shape of the
“full” (i.e., relaxed) deformation U, at constant E.?

Note that relationship q=BAr connects the g space of
the valence coordinates with a space of atomic Cartesian
displacements Ar,, (r, is a vector describing the position
of sth atom) and allows us to derive the vibrational fre-
quencies from the dynamical matrix in the Cartesian
space along with corresponding eigenvectors L,
=dr,,/dQ,.

Let us now consider the piezoelectric effect. Equations
(1) and (5) correspond to a traditional approach?’ imply-
ing that quantities e%; and Z , specify two contributions
to this effect. These are, respectively, (i) polarization
AP U;), produced by a nonrelaxed homogeneous defor-
mation, and (ii) polarization AP(Q,; ), associated with a
relevant inner relaxation via the variation of normal
coordinates Q,. Thus,

From a physicist’s point of view it seems desirable to dis-
tinguish the microscopic mechanisms that produce the
charge density variation in a strained lattice. For a
mixed ionic covalent compound two main mechanisms
can be proposed.?® One corresponds to displacements
Ar, of the ionic static charges z? from equilibrium posi-
tions 70, and the other would originate from the intra-
bond electron charge redistribution, induced by those dis-
placements and leading to changes Az, of the ionic

charges. Thus the polarization AP can be described as
AP, =z0Ar 4+ Az, . (18)

In our model Az, is a linear function of the change of
the Si-C bond length a. The model contains two indepen-
dent parameters only: z°=z%Si)=—2z%C) characteriz-
ing the ionic charges z? at equilibrium positions, and
c%=c,, =dz(Si)/da,,= —dz(C)/da,, specifying the
dependence of the charges upon the lattice distortion. In
view of (18) and the neutrality condition, Eqgs. (16) and
(17) can be represented as follows:

egi :Zsorsoa+ar(r)xacmLmi ’ (19)
Zak =zs0L}\sa+ar?taclem ’ (20
where a® ,=r% —r2 is the a projection of the mth Si-C

bond (between atoms s and t), and c,, =¢9, if m corre-
sponds to a bond-stretching valence coordinate, and is
otherwise equal to zero. The first term in the right-hand
side of (19) describes a dipole moment density of the
strain-free lattice and thus is identical to zero in our case
(nonpyroelectric crystal). Consequently, Eq. (5) assumes
the form

Cai :ar(r)zacmLmi _ZaAFM /w% 2n

and, in view of (20) and (15), one obtains the following ex-
pression for the piezoelectric constant:

€qi = _ZSOLAsaFM /w§»+ar(r)nacer:i . (22)

The first term in the right-hand side of Eq. (22) represents
the purely ionic contributions, while the second term re-
lates to the electron flow inside the chemical bonds from
one bonded atom to another.

IV. MODEL AND ANALYSIS OF RESULTS

The simple VFF model used in our calculation consist-
ed of the following seven parameters: one Si-C bond-
stretching force constant K ; two bending force constants
K, and K relating to angles C-Si-C and Si-C-Si, respec-
tively; two off-diagonal constants H, and Hj describing
the stretching-stretching interactions via atoms Si and C,
respectively; and two off-diagonal constants 4, and 4,
describing the stretching-bending interactions in angles
C-Si-C and Si-C-Si.

Theoretically, the ab initio magnitudes of these param-
eters could be deduced from the VFF’s of molecules con-
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taining SiC, and CSi, units. Unfortunately, no corre-
sponding quantum-mechanical calculations are known.
To the best of our knowledge, the most appropriate for
the goals of this work are the force constants obtained for
trimethylsilanol (CH;);SiOH with empirical correction
by a so-called scaling procedure based on experimental
frequencies.*®

Among the above force constants, four were adopted
from Ref. 30, namely, K, =3 mdyn/A, K, =0.9 mdyn,

H,=0.05 mdyn/A , A,=0.175 mdynA .

They were kept fixed. The remaining constants were
found by fitting the zone-center TO frequencies and the
elastic constants of SiC-6H to the corresponding experi-
mental magnitudes"lz’18 which led us to K5=0.45 mdyn,
Hg=0.05 mdyn/A, and A5=0.525 mdyn A. These
seven force constants were employed as a unified set of
the VFF parameters to all SiC polytypes involved in our
considerations. They provided quite satisfactory agree-
ment with the set of TO frequencies measured for various
SiC polytypes.

The tensor properties of the cubic and hexagonal poly-
types are presented in Tables I and II, respectively. It is
known!” that a comparison of the two tensors is made
possible by transforming the coordinate system of 3C-SiC
to a set of Cartesian axes with the z axis along the (111)
direction. This implies that it is possible to consider the
direction orthogonal to Si-C layers physically equivalent
in all the polytypes. For this goal in mind we recalculat-
ed the properties of 3C-SiC in regarding it as a trigonal
lattice whose space group was C}, (a subgroup of T3). It
is labeled 3C*" in Table II.

It can be seen from Table I that the above interatomic
potentials automatically provide C,,, C,,, and C,, values
for the cubic lattice close to those found by various
methods in Refs. 17 and 23. Table II shows us that the
cubic elastic tensor when being transformed into the tri-

TABLE II. Elastic and piezoelectric constants of 3C*™, 2H,
4H, and 6H SiC structures (in units of Table I).

Experiment Model (this work)

6H* 6H® 4H° 3C"¢ 2H  4H  6H
C,, 502 54.32 52.00 53.72 52.50
Ci;; 56.5 60.52 58.15 58.52 60.50 58.30
Cn, 95 1271 1452 1560 1442
Cy 8.88 8.91 10.85 8.88
Cu 5.42 =0 =0 =0
Cy 169 16.97 17.00 17.01 17.00
Ce 203 20.80 18.37 19.07 19.10
ers —592 —605 —590 —5094
es +6.0 —593 —598 —595 —6.00
e +11.85 +11.89 +1023 +11.95
exn +838 =0 =0 =0

*Reference 18.

YDerived from the electromechanical coupling estimated in Ref.
19.

“Reference 19.

43C lattice is regarded as the trigonal structure having the C},
symmetry with the Z axis along (111).
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gonal one provides C;, C33, Cy5, C;3, Cyy, and Cgg ele-
ments very closely related to the properties of the hexag-
onal polytypes. In considering this result with respect to
the problem of selecting the most reliable elastic con-
stants of SiC-3C (see Sec. II) we have come to an opinion
diametrically opposed to that found in Ref. 24.

Before discussing the piezoelectricity of SiC structures,
let us recall that the simplest of them belongs to the
sphalerite family which contains a wide scope of com-
pounds ranging from the presumably ionic I-VII with no-
ble metal cations, such as CuCl, through the classic II-
VI’s such as ZnS, to III-V’s such as InSb, and, if one al-
lows the two atoms in the sphalerite structure to be iden-
tical, also including purely covalent materials such as Si
or C. In this number, since it is a IV-IV compound, cu-
bic SiC would occupy position immediately preceding the
latter, and thus may be intuitively estimated as the most
covalent among the heteropolar structures. On the other
hand, a great difference in the ionic radii of Si and C
would lead to essential asymmetry in the valence electron
distribution inside the bond, which is typical for largely
ionic compounds.

Experimentally the above mentioned magnitude of the
TO-LO splitting is frequently interpreted as argumenta-
tion for large ionicity of SiC. Theoretically, the ab initio
study!® of the electron structure of this compound has
also shown an ionic rather than covalent character of the
SiC bond. Thus the microscopic mechanism of the
piezoelectricity in silicon carbide is also of chemical in-
terest. and quantities z°, F,;, ¢, and L}, are worthy of a
more detailed consideration.

Note, that L}, =0 corresponds to the “traditional”
Jaffe model implying that the interatomic bonds are abso-
lutely rigid.>! In such a case, according to Eq. (22), the
polarization would originate from displacements of
charges z° solely, and correspond to the positive e, (see a
description of the polarization mechanism in Sec. V).
Another particular case F,; =0 can occur if the stretch-
ing pair-wise forces are canceled by the three-body in-
teractions. This corresponds to a purely electronic mech-
anism of the piezoeffect whose sign would be determined
by that of coefficient c®. However, normally L ;70 and
F,; <0, and the e, value can have any sign depending
upon the relationship between magnitudes and signs of 20
and c°.

Within the model adopted in this paper, case c%=0
would imply that the electron overlap is absent, thus
specifying a purely ionic lattice. So, an increasing role of
the second term in the right-hand side of Eq. (22) can be
associated with increasing covalency. The positive sign
of ¢ means that the ionic charge z increases along with
increase of the interatomic separation. This would mani-
fest a predisposition of the lattice to dissociate into an en-
semble of charged ions. The alternative, i.e., a negative
value of ¢?, cannot be ruled out. This would mean a de-
crease in the charges at bond lengthening, which can be
interpreted as a tendency of the lattice to dissociate into a
set of neutral atoms. Note that the latter is what would
be anticipated for the extremely covalent lattice as dia-
mond.

Thus neither the TO-LO splitting nor the e,; magni-
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tude alone can characterize the type (ionic or covalent) of
the compound, since they cannot tell us which of the
mechanisms dominates in the polarization effect. If
¢®<0, the electron flow term can cancel the ionic one in
Eq. (20), thus reducing to zero the TO-LO splitting while
providing a large piezoelectric effect. On the other hand,
as will be shown below, for ¢°>0 a large oscillator
strength can be accompanied by zero piezoelectricity.

Such a variety of changeable factors (i.e., depending on
structural and chemical peculiarities) makes the
piezoelectric effect a very subtle phenomenon, poorly pre-
dictable from the qualitative considerations even in a
series of such simple isostructural compounds as sphaler-
ites. In connection with this, more detailed considera-
tions of the estimation of the charge distribution parame-
ters z° and ¢° can be instructive.

To find these, we have used two experimental values,
Z,, ==x2.7e which follows from Eq. (4) (with €=6.7,
£=10.0, and w=796 cm™!), and e =+6Xx10*
esucm 2, deduced for 6H-SiC from the data of Refs. 19
and 18 with the help of Eq. (9). By putting these values
in the left-hand sides of Egs. (20) and (22), respectively,
one obtains a system of equations leading to four versions
for the above mentioned parameters depending on the
adopted signs of Z,, and e;;. They are presented below
along with the corresponding values e;, calculated for
the 3C polytype:

I 1§ 111 v
Z i (e) 2.7 27 —2.7 —2.7
e3;(10* esucm™2) 6.0 —6.0 6.0 —6.0
z%e) 1.24 042 —042 —124
c%e/A) 0.58 091 —091 —0.58

e4(10* esucm™2) 104 —10.4 104 —10.4

It can be seen from these results that versions I, III, and
1V either provide the physically unrealistic negativity of
the z° charge, or contradict the sign of the e 4 value dic-
tated by results of Ref. 9; only case II appears to provide
the meaningful quantities. Significantly, this implies that
the signs of two terms in the right-hand side of Eq. (22)
are essentially different for 3C-SiC. Note that c°>0
would mean that the center of the intrabond electron
cloud moves to the negative ion at the Si-C bond elonga-
tion, which is in qualitative compliance with the ab initio
results of Ref. 16. In other words, this confirms the “ion-
ic” type of the charge distribution response to the defor-
mation of the SiC lattice.

On the other hand, within this version, Egs. (20) and
(22) for 3C-SiC assume the following numerical views (in
corresponding units), 2.7=0.42+2.28 and —10.4
=7.3—17.7, respectively, thus demonstrating that the
ionic contributions to the Born charge and to the
piezoelectric tensor are much smaller than those related
to the intrabond electron flow effect which dominates.
The piezoelectric constants of the different SiC polytypes
calculated with version II are presented in Tables I and
II.
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V. SUMMARY AND DISCUSSION

In this paper we have analyzed elastic and piezoelectric
properties of 3C, 2H, 4H, and 6H polytypes of SiC within
a simple unified model.

First, we considered a controversial situation existing
in the literature relating to the elastic constants of the cu-
bic SiC lattice. In our opinion, the above results provide
strong support for the theoretical estimates of these
values made in Refs. 17 and 23. Correspondingly, it is
highly likely that the magnitudes claimed in Ref. 24 to be
the best available, are, in fact, not the most satisfactory.

Then we concentrated on the piezoelectric properties
of SiC polytypes. While reproducing the experimental
values of the squared Born dynamical charge for 3C-SiC
and the squared electromechanical coupling coefficient
k3, for the hexagonal lattice, the model provided a quan-
titative description of piezoelectric effect in the cubic SiC
in reasonable compliance with the estimate derived from
the parameters of Ref. 9. Our results confirm the validity
of the ef§* = — 1e hex relation mentioned in Ref. 32 for the
hexagonal structures. However, they drastically contra-
dict the equation ey =+(v'3/3)el$* deduced in Ref.
32. According to our considerations, the relationship be-
tween these values is e§y° = —(\/?;/2)e';§", which would
imply that the value e, = —7.88 X 10* esu cm ™2, derived
from parameters of Ref. 26, was underestimated by about
20%.

It can be seen from Table II that all nonvanishing elas-
tic and piezoelectric constants of the hexagonal polytypes
are very closely related to the corresponding values of the
cubic one. Within our model, this can be attributed to
the similarity of chemical bonding in their basic structur-
al units, namely SiC, (or CSi,) tetrahedra forming Si-C
layers in the lattices. Theoretically, it is possible to con-
sider the cubic SiC as the lattice having the C}, symme-
try. But its piezoelastic properties can hardly be charac-
terized as pseudohexagonal: tensor elements C;s and e,,
intrinsic for the trigonal symmetry are too large (see
Table II). This can be attributed to the different
tetrahedron arrangement of the lattices in question,
which dictates the difference in their symmetries and thus
the different structures of the elastic and piezoelectric
tensors.

From the theoretical side, in part this paper has been
concerned with dressing up old ideas in new clothing.
Really, the notion of chemical bonds as polarizable enti-
ties of largely covalent lattices was apparently presented
in the early paper by Birman.3® Several years later,
Kleinman and Spitzer? employed the same idea when
calculating the oscillator strengths of lattice vibrations,
and underlined the chemical sense of the above parame-
ter c. As a parallel to this, Tolpygo!*!® has repeatedly
claimed that the interatomic charge transfer could play
an important role in the polarization mechanism of large-
ly covalent crystals, and thus their lattice-dynamical
model essentially had to be that of ions with variable
charges. As concerns the VFF model, its status as the
most natural description of interatomic forces in such
compounds has been well known for years,>* and the con-
venience of its application to the theory of homogeneous
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deformations has been emphasized in Ref. 36. However,
although more than three active decades of lattice dy-
namics have passed since these topics had been discussed,
the above ideas were never employed to silicon carbide.

To our belief, the main accomplishment of the present
paper is to bring these ideas together in considering the
elastic and piezoelectric properties jointly in the least
complicated form. A point is the decomposition of the
lattice polarization into purely electronic and purely ion-
ic parts [Eq. (22)], which we perform by introducing the
notion of the shape of the macroscopic homogeneous de-
formation. This differs from a conventional scheme?” 3
originating from the decomposition of macroscopic
homogeneous deformations into their external and inter-
nal components. This scheme leads to Eq. (5) [or, in this
particular case, to Eq. (21)], and implies that the second
term in its right-hand side by definition tends to cancel
the first one independent of chemical or structural pecu-
liarities of the lattice. Thus it cannot tell us anything of
the detailed nature of the phenomenon in question, and
has mathematical rather than physical (and much less
chemical) significance.

In contrast, the relative magnitudes and signs of two
terms in the right-hand side of Eq. (22) visualize the roles
of the two above mentioned mechanisms of lattice polar-
ization. In particular, the variation of the sign of the e,
value experimentally found in the series of sphalerite
structures ranging from I-VII to III-V (see, e.g., Table I
in Ref. 35) receives the following explanation.

Recall first that from the chemical standpoint, the cu-
bic SiC seems to be the most covalent among sphalerite-
like structures. However, the positive sign of parameter
¢? obtained in our study indicates the ionic character of
the electronic redistribution in its lattice at distortions,
which corresponds to a paper by Churcher, Kunc, and
Heine.! This parameter should remain positive (or be
equal to zero) for the other sphalerite-type compounds,
since they are more ionic than silicon carbide.

Now let us consider a detailed mechanism of piezoelec-
tricity in sphaleritelike lattices within this model. A posi-
tive ion has coordinates (000) and a negative one occupies

+, &, 4). The U, strain decreases the angle between Y
and Z axes (Fig. 2), and in the first instant (corresponding
to an external part of the uniform strain®’) this does not
displace any ion in the X direction. So the ionic com-
ponent in the e?, value [Eq. (19)] equals zero, and only
the electronic one arises due to “instant” changes L,,; of
the bond lengths: an elongation of bonds 5-1, 5-2 and a
shortening of bonds 5-3, 5-4. Consequently, the electron
charge would flow to ion 5 in the former, and to atoms 3
and 4 in the latter, thus producing a negative polarization
along X. So the eJ, value is negative. Besides, the
stretching forces which arose in every bond would cause
positive atoms in Fig. 2 to move upward and negative
ones downward, thus producing a positive polarization
(and minimizing the internal energy). At the same time,
this would decrease the bond length changes from initial
L,,; to final (relaxed) L,;; magnitudes and diminish the
negative polarization.

Thus the piezoeffect consists of two competitive
contributions—ionic (positive) and electronic (negative),
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FIG. 2. Fragment of the sphalerite lattice containing one
tetrahedron. The “instant” U, shear strain, shown schematical-
ly by arrows, does not displace atoms along the X axis, but
changes the interatomic bond lengths and valence angles thus
producing forces acting on positive and negative atoms in oppo-
site directions orthogonal to the Z-Y plane.

which correspond to two terms in the right-hand side of
Eq. (22). This means that the sign of the e,, value would
depend on the character of the electron bonding in the
lattice. In particular, the predominance of the first (ionic)
term in the case of largely ionic I-VII compounds would
account for the positive sign of the e,, value, measured
for those compounds. On the other hand, the increase of
the second term in the case of much more covalent III-V
substances explains why this value is negative for most if
not all these substances. Consequently, II-VI structures
correspond to an intermediate case when both contribu-
tions can be mutually canceled, which can clarify the ori-
gin of a very small (almost null) piezoelectric effect, for
example, in CdTe. Thus the negative sign of the
piezoeffect in 3C-silicon carbide obtained in our calcula-
tions (and derived from parameters of Ref. 9), seems to be
quite natural.

By calling our approach to the lattice-dynamical treat-
ment of SiC structures “molecular,” we wished to em-
phasize the difference of VFF we used for those employed
to sphalerite and wurzitelike structures in early works
(see Ref. 34 and references therein). These works implied
that the Coulomb interactions were extracted from the
short-range force constants, i.e., that the parameters of
the VFF described the non-Coulomb forces only. Conse-
quently, this would lead to a conceptual problem of com-
patibility of the point-ion approximation with the essen-
tially delocalized distribution of the valence electron
cloud inside the chemical bonds in largely covalent lat-
tices.’” In contrast, the molecular VFF taken from the
theory of molecular vibrations involves all types of in-
teractions participating in interatomic bonding, thus
necessarily including the Coulomb ones.

By using this approach we attempt to allow chemical
bonds play the central role both in lattice mechanics and
in the polarization effect. In spite of the neglect of elec-
trostatic forces between distant atoms, which is an evi-
dent shortcoming of the model, the values of its parame-
ters very frequently survive transplantation from mole-
cules to solids. According to the results of the present
work, silicon carbide belongs to this category, which en-
courages the further quantum-mechanical investigation
of the related molecules and clusters.
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