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The first-order Raman spectra of 3C-SiC have been measured as a function of hydro-
static pressure up to 22.5 GPa in a diamond anvil cell. The mode-Griineisen parameters
of the LO and TO phonons at " were determined. We observed an increase of the LO-
TO splitting with pressure from which an increase of the transverse effective charge upon
compression results. We discuss this behavior of the transverse effective charge under
lattice compression in terms of a microscopic pseudopotential calculation and of the
bond-orbital model. Calculations of effective charges for other hypothetical IV-IV

semiconductors are presented.

I. INTRODUCTION

Useful information about the vibronic properties,
structural phase transitions, and covalency of
semiconductors can be obtained by measuring the
dependence of the phonon spectrum on high hy-
drostatic pressure. Such experiments also provide
very stringent tests for lattice-dynamical theories.
The development of the diamond anvil cell in con-
junction with the ruby fluorescence manometer has
given new impetus to the spectroscopic investiga-
tions of the vibronic and electronic properties of
semiconductors under high pressure.! The dia-
mond anvil cell is particularly suited to perform
light scattering, as well as absorption and lumines-
cence measurements.?~> With it the pressure
dependence of phonon frequencies can be studied
by means of first- and second-order Raman
scattering.

The behavior of the phonon spectra under hy-
drostatic pressure has been reported for the ele-
mental semiconductors of the group IV,>¢ as well
as for III-V,>*7 II-VL? and I-1II-VI,’ compounds.
Most of these investigations have been performed
for pressures up to the phase transitions.!® We re-
port in this paper the dependence of the long-
wavelength (4 ~O0) optical phonons of cubic (3C-
type) SiC on hydrostatic pressure. This modifica-
tion of SiC crystallizes in the zinc-blende structure
so that three optical modes are present at the I'
point. Owing to the difference in the electronega-
tivity of Si and C the three optical modes at I" are
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split into two degenerate transverse optical modes
[TO(I") modes] and a nondegenerate longitudinal
optical mode [LO(I") mode]. We report here the
dependence on pressure of the frequencies of the
TO(T") and LO(T") modes of 3C-SiC measured for
pressures up to 22.5 Gpa using first-order Raman
scattering. The second-order Raman spectrum of
3C-SiC as a function of pressure will be the subject
of another publication.

The motivation of the present work is twofold:
to contribute to the systematic study of the effects
of pressure on the phonons of the zinc-blende-type
semiconductors and to investigate carefully the ef-
fect of pressure on the Born’s transverse effective
charge er (the dynamical charge) for 3C-SiC, a
zinc-blende-type semiconductor with an ionicity of
a type different from that encountered in the III-V
and II-VI compounds. The LO(I')-TO(T) splitting
has been found to become smaller as a function of
pressure in the III-V (Refs. 2, 4, and 7) and II-VI
(Ref. 8) compounds. Correspondingly, the dynami-
cal charge obtained from the splitting decreases
with increasing pressure, which means that the
semiconductor material becomes more covalent
upon compression. Microscopic theoretical calcu-
lations of e7 as well as a semiempirical bond-
orbital model reproduce this measured behavior of
the dynamical charge.*!1?

This increase in covalency with increasing pres-
sure characteristic of the III-V and II-VI semicon-
ductors was definitely established after measure-
ments to very high pressure became possible with
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the diamond anvil cell. In an early work (pressures
lower than 1 GPa) Mitra et al.'’ reported an in-
crease in the LO(I")-TO(I') splitting of GaP and
3C-SiC. In the case of GaP it was proved later by
the measurements of Weinstein and Piermarini?
(pressures up to 13.5 GPa) that the low-pressure
results of Mitra et al.!® were incorrect. This
LO(IN)-TO(I) splitting of GaP behaves as those of
GaAs,” InP,* and the II-VI compounds.® The sign
of the pressure coefficient of the LO-TO splitting
in SiC thus remained an open question.

We report here the observation of an increase of
the LO(I')-TO(I) splitting of 3C-SiC with increas-
ing pressure up to 22.5 GPa, which corresponds to
an increase of ey upon compression. Thus 3C-SiC
becomes more ionic as a function of pressure, op-
posite to the more common systematic behavior of
other zinc-blende semiconductors.

The increase in ey observed for 3C-SiC with in-
creasing pressure can be accounted for by micros-
copic calculations based on an empirical pseudopo-
tential.!! The semiempirical bond-orbital model,
however, is unable to account for these results. We
also present, as a by-product, results of calculations
of e7 and the polarity a, for other IV-IV (e.g., Si-
C) hypothetical semiconductors.

II. EXPERIMENTAL DETAILS

The 3C-SiC samples used for the high-pressure
work were cut from single crystals grown at West-
inghouse Research Laboratories and kindly given
to us by Dr. W. J. Choyke. For the pressure meas-
urements the 3C-SiC samples, which were light
yellow, were broken into small pieces and one of
them, suitable to fit into the 200-um hole of the
pressure-cell gasket, was chosen under the micro-
scope. :

A gasketed diamond anvil cell, such as the one
described by Syassen and Holzapfel,'* was em-
ployed for the Raman measurements. A 4:1
methanol-ethanol mixture served as the pressure
medium and the fluorescence of a small ruby chip
placed near the 3C-SiC sample was used for pres-
sure calibration.!

The backscattering geometry was adopted to per-
form the experiment.? The Raman spectra were
excited with the 5145-A (2.41 V) line of an Ar™-
ion gas laser. The scattered light was analyzed
with a Spex 1402 double monochromator, equipped
with holographic gratings, and detected with a
cooled RCA C31034 photomultiplier by means of

photon counting. All measurements were carried
out at room temperature.

III. RESULTS AND DISCUSSION

Figure 1 displays typical first-order Stokes Ra-
man spectra of the TO and LO phonons of 3C-SiC
for various pressures at room temperature. With
increasing hydrostatic pressure the LO and TO Ra-
man lines shift to higher energies. We measured
these shifts for pressures up to 22.5 GPa; the upper
limit in the value of the pressure was determined
by the type of diamond anvil cell used. Up to 22.5
GPa we did not observe any indication of a possi-
ble phase transition. The photon energy of the
laser line used to excite the spectra (2.41 eV) lies
near the fundamental absorption edge of 3C-SiC."?
Hence the Raman measurements were performed
under near-resonant conditions. This fact allowed
us to obtain strong Raman signals even at very low
pressures. Therefore it was not necessary to mea-
sure the phonon lines for zero pressure with the
sample outside the diamond anvil cell, as was the
case in experiments carried out with materials
opaque to the exciting laser lines.” The frequencies
of the TO and LO modes for zero pressure agree
within the experimental error with the values re-
ported by other authors.!>!® The wave number
scales in Fig. 1 are drawn in such a way to display
the fact that the LO(I')-TO(T) splitting increases
with increasing pressure.
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FIG. 1. First-order Raman spectra of 3C-SiC ob-
tained at room temperature under different hydrostatic
pressures. The wave number scales are drawn in such a
way as to display the increase of the LO(I')-TO(T") split-

ting with increasing pressure.
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Figure 2 shows the peak positions of the LO and
TO Raman lines as a function of the pressure (top
horizontal scale) and of the relative lattice com-
pression —Aa/a (bottom horizontal scale). In
this figure the horizontal scale has been chosen to
be linear in the relative lattice compression
—Aa/a,. We used the Murnaghan’s equation of
state to relate the measured pressure to the
corresponding change in the lattice constant,’

’

By
B2t

~1/3B},
) (1

aop

where p represents the pressure, ag=4.36 A the
lattice constant at room temperature,'® B, the bulk
modulus, and By, its derivative with respect to p.
In the evaluations of Eq. (1) we set By=321.9 GPa
and B;=3.43. These values correspond to the
average of the values of B, quoted by Kittel'® for
Si and C, and of the By of Si and C as reported by
Mitra et al.'® The value we have taken for B,
agrees within 15% with the values one can calcu-
late from the measured elastic constant of different
SiC polytypes!® and within 25% with a value ob-
tained from the theoretically calculated elastic con-
stants of 3C-SiC."” To our knowledge there are no
reports in the literature of measurements of B for
SiC. When plotted in a scale linear in Aa/a as in
Fig. 2 the measured LO(I") and TO(I") phonon en-
ergies can be described within the experimental er-
ror with the following least-squares fits:

©10=(796.5+0.3)+(3734430) [~ 2% |
ap
@)
. Aa
©10=(973+0.3) 4+ (4532430) | - 22 | |
o

with w1 and oy g given in cm ™!, The solid lines
drawn through the experimental points of Fig. 2
represent the evaluations of Eq. (2).

If we plot the measured LO and TO energies
against a linear pressure scale a sublinear depen-
dence of these energies with increasing pressure is
obtained. The nonlinearity is related to the non-
linear relationship between Aa and p given by Eq.
(1). Quadratic fits to the data give the following
results for the pressure dependence.
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FIG. 2. Dependence of the LO(T") and TO(T") phonon
energies on relative lattice compression (linear lower
scale) and pressure (upper scale). The solid lines are
least-squares fits to the experimental points with Eq. (2).

010=(796.2+0.3)+(3.88+0.08)p
—(2.240.4)x 10722 ,

wLo=(972.7+0.3)+(4.75+0.09)p
—(2.540.4)X 10722,

with wgo and @i in cm ™! and p in GPa.

The mode-Griineisen parameters y; = —dlnw; /
dlnV for the TO(I') and LO(I") phonons can be ob-
tained from the coefficient of the linear term in
Aa/ay of Eq. (2). The values for y; are
Y10=1.56+0.01 and y1o=1.554+0.01.

From Figs. 1 and 2 one can see that the LO(I')-
TO(I) splitting increases with increasing pressure.
A linear dependence of this splitting on lattice
compression is obtained as shown in Fig. 3. When
plotted on a linear pressure scale the LO(I')-TO(I")
splitting displays a sublinear behavior. The results
of the linear (in Aa/a,) and quadratic (in p) least-
squares fits are:

(3)

=(176.3+0.6)+(8.5+0.2) X 10~ p —(2.5+1)x 1073p?, 4)
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FIG. 3. Dependence of the LO(I')-TO(I") splitting on
lattice compression and pressure. The splitting increases
with increasing pressure. The solid line through the ex-
perimental points represents a least-squares fit with Eq.
4).

with @’s in cm~! and p in GPa. From Eq. (4) a
value of y1o.ro=1.52+0.05 is determined. The
values of the mode-Griineisen parameters y; re-
ported in this section for the long-wavelength opti-
cal phonons of 3C-SiC are summarized and tabu-
lated in Table I. Those of Si and C are also dis-
played in Table I for comparison.

The general behavior of the optical phonons of
3C-SiC at T agrees with that of other zinc-blende-
type materials, in the sense that the optical phonon
energies at I increase upon compression. The
weighted value d@/dp=+(2dwro/dp + doyo/dp)
from Eq. (3) in the case of 3C-SiC is 4.2 cm ™!/
GPa. This value is almost the same as the mean
value %(da)si/dp + dwc/dp)~4.4 cm™'/GPa for
the optical phonons of Si and C (from Refs. 2 and
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6, respectively).

In the case of the mode-Griineisen parameter the
weighted value 7= %(2)@0 + YL0)=1.55 for B-SiC
is 40% larger than the mean value between Si and
C (see Table I). We cannot ascribe at the present a
physical meaning to this difference. Very few mi-
croscopic calculations of the lattice properties in
which y is not used as an adjustable parameter are
found in the literature. Recently, a value of y=1.8
has been microscopically calculated for the optical
phonons at T of Si.° In another investigation of
the volume dependence of ¥ a change from ~1 to
~ 1.4 was calculated by Soma et al. for Si when
—Aa/ag increases from 0 to ~0.3.2! By compar-
ing these calculated values of ¥ for Si and the
weighted one for 3C-SiC one can conclude that the
order of magnitude of 7 is well understood from a
theoretical point of view.

The major difference in the qualitative behavior
of the optical phonons of 3C-SiC upon compres-
sion in comparison with other zinc-blende-type
semiconductors lies in the pressure dependence of
the LO(I')-TO(T") splitting. For all of the material
investgated so far, the splitting decreases with in-
creasing pressure and corresponding the 71 0.10’s
are negative (generally at the order of
~—0.5).2*%"% Our results for y; .10 of 3C-SiC
give a positive y1o.to With a rather large absolute
value (see Table I). The behavior of the LO(I)-
TO(T) splitting is related with the transverse effec-
tive charge ey, which is discussed in the next sec-
tion. Our measurements have definitely confirmed
the rather uncertain increase of the LO-TO split-
ting found by Mitra et al.!® for 3C-SiC at very low
pressures. We note that in that work the pressure
coefficient of the LO-TO splitting changed sign at
~0.4 GPa, a rather unlikely fact which is dis-
proved in our measurements.

TABLE 1. Mode-Griineisen parameters of the long-wavelength optical phonons of 3C-

SiC, Si, and C.

Material Y10 YLo YLO-TO
3C-sic? 1.56+0.01 1.55+0.01 1.52+0.05
Si® 0.98+0.06 0.98+0.06 0
Ce 1.19+0.09 1.19+0.09 0

20ur measurements (see Sec. III).
YReference 2.
‘Reference 6.
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IV. TRANSVERSE EFFECTIVE CHARGE e7
A. 3CSiC

There is no unique way to assign the electronic
charge in a semiconductor to each one of the
atoms in the unit cell. However, there is a unique
dipole moment induced when an atom is slightly
displaced. This dipole moment per unit displace-
ment defines an experimentally measurable effec-
tive atomic charge. Specifically, the Born’s trans-
verse effective charge eT(a) (the dynamical charge)

- with a=Si or C, is defined as the macroscopic di-
pole moment per unit displacement of the sublat-
tice « when the macroscopic electric field in the
crystal is kept zero. The charges e7(a) obey the
charge neutrality condition'?

er(Si)=—er(C) . (5)

For diamond-type crystals, the inversion symmetry
additionally requires the effective charges to be
equal for the two sublattices which implies that
they are zero. In a zinc-blende semiconductor like
SiC, however, eT and the corresponding macro-
scopic dipole polarization are not zero and give rise
to the splitting of the long-wavelength LO- and
TO-phonon modes,'?

16me?

2 2
i) — ool =——7F"
Lo 1o Ema3Mred

) (6)

with e} =e}(Si)= —e7(C). In Eq. (6), M, is the
reduced mass of Si and C, «a is the lattice constant,
and € =6.52"° denotes the optical (electronic)
dielectric constant. Equation (6) implies that e7 is
proportional to the width of the Reststrahlen band.
By measuring with first-order Raman scattering,
the shifts of the TO and LO phonons as a function
of pressure, the dependence of eT upon compres-
sion can be evaluated with Eq. (6). In doing so we
encounter the difficulty that the volume depen-
dence of €, is not known experimentally. Howev-
er, data do exist for Si (Ref. 22) and C (Ref. 23).
For both dlne /dlna~1.8. We have taken the
same coefficient to evaluate the dependence of €,
of 3C-SiC upon compression. With the relation-
ship between a and p given by Eq. (1), the assumed
dependence of €, on a, and the data of Figs. (2)
and (3), we obtain with Eq. (6) the dependence of
e} on pressure (upper scale) or on lattice compres-
sion (lower scale) displayed in Fig. 4. Like the
LO(I)-TO(I) splitting eT increases with increasing
pressure, which implies an effective transfer of
charge from the cation Si to the anion C. This

Pressure (GPa)
0 10 20

T T T T
2821 3C-SiC T=300K A

NNN N NN
= 1<) 9 3 ] ®
o N ~ (=) @ o

Transverse Effective Charge e’{

N
o
@®

FIG. 4. Dependence on lattice compression and pres-
sure of the transverse effective charge. The full points
were obtained from the measured pressure dependence
of the LO and TO phonons of Figs. 2 and 3. The solid
line represents a least-squares fit with Eq. (7). The
square are the results of the full pseudopotential calcula-
tions [Eq. (15)]. The open circles are the predictions of
the bond-orbital model [Eq. (10]. In both cases the cal-
culated transverse effective charges for Ae=0 were re-
normalized to the experimental value.

fact may be interpreted by saying that 3C-SiC be-
comes more ionic upon compression.

The experimental points of Fig. 4 can be fitted
with the linear expression:

e =(2.69720.004)—(5.45:0.10 22 . ()
0

The fit is given by the solid line in the figure.
From Eq. (7) a value of ¥,, = —dln(e7)/dIn¥V=0.67
is obtained. g

Two different types of approaches have been
used to calculate e7 and its volume dependence.
One approach is based on semiempirical models of
the tetrahedral bond while the other one involves a
microscopic formulation in terms of the linear
response function of the crystal to an external elec-
tric field. This function can be calculated with
pseudopotential theory. Within the semiempirical
models, the bond-orbital model of Harrison is

perhaps the more elaborate one.'? This model
gives (pp. 218 —224 of Ref. 12)

20
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where AZ is one-half the difference in core charges
between the anion and the cation (AZ=0 for SiC),
and a, is the polarity or ionicity of the bond as de-
fined in Ref. 12: for 3C-SiC a, =0.26. The de-
pendence of the polarity on lattice compression is
given by [see Eqgs. (9)—(23) in Ref. 12]

da

? 2
————=2q,(1— . 9
3(aa/ag) ~ 21— ©
With Egs. (8) and (9) we obtain the following
dependence of the transverse effective charge:

b =1.69+42.9722 (10)

ao
Within this model e} diminishes with increasing
pressure contrary to the experimental observations
of Fig. 4. The predictions of Eq. (10) are repre-
sented in this figure by the open circles, where the

N

0,v(1-6,7%)
—)2
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charge calculated for Aa=0 was renormalized to
the experimental value. The failure of the bond-
orbital model to describe the pressure dependence
of e} may arise in having completely neglected the
dependence upon compression of the ionic contri-
bution to the effective gap which enters in the de-
finition of @,. This represents a good approxima-
tion for the III-V and the II-VI compounds. It is
doubtful, however, to what extent it is justifiable
for 3C-SiC (and other possible IV—IV bonds) a
material for which the ionicity has a completely
different character than in the III-V and II-VI
compounds. We should add, however, that Eqs.
(8) and (9) predict a positive Ver for a, > 0.9, an

ionicity much larger than that of SiC.

We present now a calculation of e for 3C-SiC
and its pressure dependence based on the micro-
scopic pseudopotential expression for e [see Eq.
(4.6) of Ref. 11 and Appendix A of Ref. 4]:

(nk | py ln'f)(n’ﬁleiﬁ'?|nﬁ)

X G, [ivy(G)sinG* 7 —v,(G)cosG7] . (11)

The Bloch states |nk ) and the energies E, ;> of the
electrons are obtained in the framework of the lo-
cal empirical pseudopotential method.?* In Eq.
(11), N denotes the number of unit cells, the G’s
are the reciprocal-lattice vectors, and P is the
linear momentum operator. Furthermore, 6,7 =1
if n is one of the four valence bands and 6,3 =0
otherwise. The crystal potential, which enters Eq.
1y expllcltly as well as implicitly via the Bloch
states, is in a plane wave basis (k + le] K+G')
=v(G—G’) with

v(G)=0,(G)cosG7+iv,(G)sinG 7 . (12)

Here 7=(a /8)(1,1,1) and

v5(G)=5[vsi(G)+vc(G)] ,

(13)
v4(G) =3 [v5(G)—vc(G)]

are the symmetric and antisymmetric pseudopoten-
tial form factors expressed in terms of the atomic

form factors. For zero pressure, we used the em-
pirical form factors of Ref. 24 for Si and those of
Ref. 25 for C, which adequately reproduce the
band structure of Si and diamond, respectively. To
calculate e7 and its pressure dependence, the atom-
ic form factors v (g) are needed at different g
values than in Si and C. In accordance with em-
pirical pseudopotential theory,?* we first extrapo-
lated the empmcal Si form factors vg;(q) by setting
g (0)= — EF—— —0.613 Ry and truncating vg;(q)
beyond g, =3kr=2.8 a.u. and then interpolated
them by a cubic spline.

For C, where a local pseudopotential model is a
rather crude approximation, v:(0)=—1 Ry and
gcut =3.32 a.u. were considered as fitting parame-
ters to reproduce the known band structure of 3C-
SiC, in the manner discussed in Ref. 26. The re-
sulting form factors have been normalized to the
unit cell volume of 3C-SiC and are given in Table
II. For the band calculation 89 plane waves were
included and 10 special K points?’ to perform the
K summation in Eq. (11). This calculation gives
er=2.81. The effect of the pressure on e} arises
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TABLE II. Pseudopotential form factors (in Ry) for 3C-SiC used to calculate e¥ with Eq. (11). The derivatives with
respect to the reciprocal-lattice vectors needed to evaluate Eq. (18) and Egs. (A7) and (A8) from Ref. 4 are listed.

dUSi dl)c
G? . v !
vs ¢ v Va dG dG
—0.218® —0.460® . . 0.749® 0.230®
3 —0.19"» —0.55® —0.339" 0.121% 0.72® 0.60 ®
4 —0.063® —0.409%@ —0.236@ 0.173@
(a) _ (a)
8 8: g(zb) _g: gg) 0.023@ 0.149@ ~0® 0.521@
11 0.110® 0.129%@ 0.1201) —0.009®
12 0.068® 0.188@ 0.128@ —0.060®
16 o 0.088® 0.044® —0.044@

@Erom Ref. 26, used for the complete numerical and the approximate analytical calculation.
®From Refs. 22, 29, and 30, used for analytical calculation only.

from the change in the lattice constant. This af-
fects the pseudopotential form factors in two ways:
(i) the form factors vg 4(g) are needed at the
pressure-shifted reciprocal-lattice vectors and (ii)
they have to be renormalized. The atomic form
factors vg;,vc are screened ionic pseudopotentials,
e.g.,

1
Qoe(a)

Vsi,eryst(d) = [ d*rvsiion(re =97, (14)

and depend on the lattice constant via the atomic
volume Qo=a>/8. The dielectric function e(q) is
insensitive to small changes in q for the momenta
q> (27/a)V'3 which enter the band calculation.
As customary, we have neglected this small effect.
In addition, we adopt the rigid-ion approximation
where vg; ;on(q) does not depend on the lattice con-
stant.

The results of the full pseudopotential calcula-
tion are represented by

et=2.81—14.129

ap

(15)

The squares of Fig. 4 were evaluated with Eq. (15),
with the calculated effective charge e} renormal-
ized for Aa=0 to the experimental value (2.697).
The principal prediction of the pseudopotential
model is that the transverse effective charge in-
creases with pressure in 3C-SiC, a fact which
agrees with the experimental observation. This is
in contrast to the behavior of er in the III-V and
1I-VI semiconductors where the model gives a de-
creasing er with decreasing nearest-neighbor dis-
tance, also in accord with experime:nt.4 The lack
of quantitative agreement between the experimental
and the calculated magnitude of the change in e

with Aa, is to be attributed, at least in part, to un-
certainties in the pseudopotential form factors.
Similar discrepancies have been found for the III-V
compounds.*

Equation (11) can be simplified by using a model
similar to that of Heine and Jones.!"*?® This sim-
plification leads to some physical insight into ex-
perssion (11) and to the possibility of calculating
ey with an analytic expression. Neglecting all
pseudopotential form factors with G > (2m/a)V3
one gets for the e} of 3C-SiC:!!

v(3)vg(3)
v2(3)+vX3)
v&(3)—v&(3)

T3 +02(3)

eF=—

(16)

This expression can be differentiated with re-
spect to the relative lattice compression by using
the following equation for the derivatives of the
form factors?2:

dv(G)

dG

dv(G)

da

__3

- +5G (17)
a

v(G)

The derivatives dv(G)/dG can be evaluated from
the slope of the interpolation curves which give v
as a function of G, as displayed in Fig. 5. From
Eq. (16) and the prescriptions of Eq. (17) one ob-
tains:

ae} _ 053(3)0(;(3)
5[ Aa [0&(3)+0e3)P
o
dvc(3) dvg;(3)
X G USi(3)"‘t‘i“G_’_+Uc(3) dG

(18)
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FIG. 5. Local empirical atomic pseudopotential form
factors for Si and C as a function of the wave vector g.
The form factors have been scaled to the same atomic
volume (that of 3C-SiC). The first reciprocal-lattice vec-
tors of 3C-SiC are marked by arrows.

With the values tabulated in Table II for
G=(2m/a)V'3, the following dependence for e} is
calculated from Egs. (16) and (18),

ex=2.5-9289 (19)
a0
in quite reasonable agreement with the experiment
(Eq. 7) especially when considering the approxima-
tions involved.

One can see in Eq. (18) that the sign of de7 ./
[3(Aa /ay)] is given by the sign of the expression
in brackets, as the v;(3)’s are negative for both Si
and C. This expression has a negative sign in 3C-
SiC due to the fact that dvc(3)/dG is very small [a
factor 3.3 smaller than dvg;(3)/dG is shown in
Table II]. That fact is a rather crucial point: For
the III-V and II-VI compounds

dvanion( 3) ducation( 3)
G~ dG

and consequently it turns out that de*/[0(Aa /
ag)]>0. This weak dependence of v3(C) on ¢ for
g~G=(2m/a)V'3 presumably arises from the very
small core radius of C.2* As SiC is compressed a
transfer of electronic charge takes place from the
Si atoms to the C atoms [eF increases, see Eq. (5)]
in order to take advantage of the strong attractive
potential associated with the small core radius of
C. In the language of pseudopotential theory v,(3)
increases with increasing g (decreasing lattice con-
stant), as displayed in Fig. 5. The increase of v,(3)
represents an attraction of the valence electrons to-
wards the C sites.

Equation (16) includes only the contribution to
et of the pseudopotential components v(3). A

modified expression of this equation can be ob-
tained by keeping in Eq. (11) not only the v(3)’s but
also the v(8) components of the pseudopotentials
[see Egs. (A7) and (A8) of Ref. 4]. With those ex-
pressions we obtained almost the same results for
the derivatives of the effective charge with respect
to a as given by Eq. (18). As it is easier to obtain
a physical insight into the microscopic processes
which produce the increase of e} with pressure in
3C-SiC we preferred to use for the discussion the
simplest possible expressions for e7, i.e., Egs. (16)
and (18).

At this point we should mention that the set of
pseudopotential form factors used for the calcula-
tion of e7 [and listed under (a) in Table II] is prob-
ably not unique. While they were adjusted to fit a
few experimental data for 3C-SiC, it is also possi-
ble to perform the calculation with the form fac-
tors of elemental Si and C properly interpolated on
renormalized so as to correct for changes in
reciprocal-lattice vectors, changes in atomic
volumes, and changes in the screening by the
valence electrons. In this manner we obtained
from Refs. 29 and 30 the pseudopotential form
factors listed under (b) in Table II. With these
form factors we repeated the analytical evaluation
of Egs. (16) and (18) and obtain

er=3.15,

der

——=-5.43,
a(Aa/ao)

in excellent agreement with experiment. Table III
summarizes the experimental and the calculated
values of ef- and of the “Griineisen parameters” of
er.

We attempt now to give a plausible, though
heuristic, simple interpretation of the striking fact
that in the III-V and II-VI compounds e and a,
increase with increasing a while in SiC they de-
crease. The features of the dependence of the po-
larity @, on lattice constant can be obtained as fol-
lows. For a=0 and for a= w0, @, =0: In the
former case both atoms share all electrons while in
the latter the atoms are neutral. This @, as a func-
tion of @ must have a maximum at a lattice con-
stant a,; (note that the argument is similar to that
followed to derived “Laffer’s curve” in taxation
theory). Depending on whether the equilibrium
lattice constant a is smaller or larger than a,,,
one finds an increase or a decrease of @, (and thus
of e7) with increasing lattice constant, respectively.
The former case seems to apply to the III-V’s and
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TABLE III. Mode-Griineisen parameters of the transverse effective charge of 3C-SiC and transverse effective
charge e} as measured experimentally and as calculated with various pseudopotential approaches.

Simplified pseu-
dopotential cal-
culation [Eq.

(19)] [form fac-

Full pseudoto-

Simplified pseu-
dopotential cal-
culation [Eq.

(20)] [form fac-

Experiment tential calcula- tors (a) of Table tors (b) of Bond-orbital

[Eq. (7] tion [Eq. (15)] I1] Table II] model [Eq. (10)]
ye; 0.67 1.67 1.23 0.58 —0.59
er 2.70 2.81 2.5 3.15 1.69

II-VD’s, the latter to 3C-SiC, probably because of

the large difference in the atomic radii of Si and C.

B. Other IV—1V tetrahedral bonds

In view of the success reached above with our
theoretical estimates of the effective charge of 3C-
SiC and its pressure derivative, we shall now, as a
by-product, evaluate the effective charges of other
fictitious ordered IV-IV zinc-blende-type com-
pounds. The results, while mainly of academic in-
terest, may be applicable to calculate the effective
charge of IV—IV bonds, and, by analogy of local
modes of isoelectronic impurities in Ge or Si (e.g.,
Si in Ge or C in Si).

The simplest way of estimating et is no doubt
the bond-orbital model of Harrison [Eq. (8)]. We
have already shown, however, that this method is
somewhat suspect in the case of IV—IV bonds (see
Table III). We shall use it, nevertheless, for the
sake of comparison with the more reliable pseudo-
potential results.

In order to evaluate Eq. (8) we must obtain a
value for the polarity a,. This can be done in the
manner proposed by Harrison,'?

V3
Q=
P V%—f-V%)]/z

(
Vy= ; (E;ation_E;nion) ,

@1
V,=2.16(#/md?) ,

where E, are the atomic one-electron energies of
the p valence electrons, which we obtain from Ref.
31, and d the nearest-neighbor distance. With Eqgs.
(21) we calculate the values of a, listed in Table
IV. The values of d were obtained by averaging
those of the pure elemental constituents.

A recent paper by Shen and Cardona reports the
infrared absorption spectrum produced by Si “im-
purities” in a Geg ¢Sig,; crystalline alloy.? From
these data we evaluate a total charge for the
Si—Ge bond e7=0.10 in reasonable agreement
with the estimates of Table IV, especially with the
bond charge model calculation. The infrared spec-

TABLE IV. Nearest neighbor distances d, static charges Z*, polarity a,, and dynamic charges e} obtained with the
bond-orbital model and with the pseudopotential method. In the formula of the compound (e.g., SiC) the most electro-
positive element (Si) is given first. The charges given thus are positive for this element.

a

*a *b *c

d A) AL a, er ey et
SiC 2.53 1.02 0.26 1.7 2.53 2.8
GeC 2.00 1.02 0.3 1.94 1.43 1.2
SnC 2.18 1.60 0.4 2.50 1.94 metallic
SiGe 2.40 0.11 0.03 0.19 0.57 0.6
SnSi 2.58 0.47 0.12 0.77 0.20 0
SnGe 2.63 0.35 0.09 0.53 0.66 0.5

#Bond-orbital model [Egs. (8) and (21)] and Ref. 12.
"Pseudopotential calculation [Eq. (16)].
“Complete numerical calculation [Eq. (11)].
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trum of the Gey ¢-Sig,; alloy contains various dis-
tinct features, among them a local mode (w;) at
400 cm~!, a quasilocal mode at 110 cm ™! (oqy),
and a broad continuum corresponding to the fun-
damental absorption of Ge. The dynamical charge
evaluated for each one of these modes is e7(w;)
=0.07, e7(wgr)=0.31, et (continuum)=0.17. The
values of e7=0.10 given above represent the
weighted average of these values.

V. CONCLUSIONS

We have measured the hydrostatic pressure de-
pendence of the long-wavelength optical phonons
of 3C-SiC. We obtained for the mode-Griineisen
parameters of the LO and TO phonons y1o=1.55
+0.01 and y;=1.5610.01, respectively. These
values are somehow larger than those for the opti-
cal phonons of Si and C.

Contrary to the case of the III-V and II-VI
semiconductors, the LO(I')-TO(T") splitting of 3C-
SiC increases with increasing pressure. The corre-
sponding mode-Griineisen parameter is ¥10.1o
=1.52+0.05, which does not fit into the systemat-
ics of the III-V and II-VI compounds. The in-
crease of the LO(I')-TO(T') splitting implies an in-

crease of the transverse effective charge upon
compression. We have shown that the dependence
of eT on lattice compression can be explained with
a microscopic formulation of e7, in terms of pseu-
dopotentials. Semiempirical models, such as the
bond-orbital model, are unable to explain the
behavior of er under pressure in 3C-SiC.

We thus conclude that the pressure dependence
of e7 is a sensitive probe of the electronic structure
as well as a stringent test for theoretical calcula-
tions of eF. As a by-product we have calculated
the dynamical charges of all possible fictitious IV-
IV semicondutors. In the case of Ge-Si we have
compared the results with experimental data for
the infrared absorption in Geg ¢Sig ;.
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