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Structural properties and polarization charge densities of InSb
I
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Polarization charge densities and structural properties of zinc-blende InSb, calculated using an ab
initio pseudopotential scheme, are reported, both at the free volume and a reduced volume near the
semiconductor-metal phase transition. These are discussed in relation to previous calculations on
other covalent solids and to experimental data.

I. INTRODUCTION

Indium antimonide is an interesting material with po-
tentially important applications. Over a relatively narrow
range of pressures and temperatures it is found to occur in
a number of structures, ' including a metastable rocksalt
structure. The extent of this polymorphism may be in-
terpreted as suggesting that InSb is in some sense a bor-
derline material with a near instability in its bonding. It
seems reasonable to expect that worthwhile information
regarding the nature of the covalently bonded solids may
be obtained from the study of such materials and their
similarities with and differences from prototypical materi-
als such as silicon. Motivated by this and a recent x-ray
scattering study, we recently reported valence charge den-
sities for zinc-blende-structure InSb at its free volume and
at a reduced volume for which the semiconducting phase
is unstable. These charge densities were calculated with
an ab initio method, making use of a published set of
norm-conserving pseudopotentials. The conclusion of
that study was that under pressure the behavior of the
valence charge density in InSb is qualitatively very similar
to that in silicon and InAs. Here polarization charge
densities and energies associated with various zone-center
phonons are reported for zinc-blende-structure InSb at its
free volume, the polarizations being discussed in relation
to the corresponding polarizations in other covalent ma-
terials. " In view of the above-mentioned x-ray scatter-
ing study it was felt that it would be desirable to perform
similar calculations at a reduced volume, and thereby fur-
ther to test the view that the high-pressure
semiconductor-metal phase transition is not caused by an
instability in the covalent bonds, but rather is related to
the competition between the covalent bonding energy and
the Ewald interactions which are expected to strengthen
under pressure. ' The importance of this x-ray scattering
study is that it can be interpreted as evidence for the ex-
istence of large fluctuations near the transition volume,
such fluctuations not normally being associated with such
a strongly first-order phase transition.

II. METHOD

The phonon energies and charge densities reported here
were calculated using the method of Ihm, Zunger, and
Cohen with the Ceperley-Alder exchange correlation en-

ergy' and the pseudopotentials tabulated in Ref. 6. A
basis of about 530 plane waves was used for the calcula-
tions presented here and the same number of Fourier com-
ponents were retained in the charge densities. In order to
test the convergence of the calculation the bulk modulus
and charge densities at several volumes were calculated
using a basis of 725 plane waves and were found to be
negligibly different (see Table I) from the results obtained
with the smaller basis in view of the other uncertainties in
the calculation. The Brillouin-zone averages were evaluat-
ed using a set of two special points" 14 in the irreducible
wedge for the fcc structure, yielding five points for trigo-
nal distortions and three for tetragonal distortions. While
the convergence of the calculation with respect to the
number of special points was not checked, we note that
this set has been found to yield accurate charge densities
and phonon energies in a number of semiconductors. '

In the calculation spin-orbit interactions were neglected.
While this approximation could certainly not be justified
for a calculation of the band structure of a material such
as InSb where spin-orbit splittings can be larger than the
band gap, ' it is expected to be reasonable in the present
context because we are concerned with averaged proper-
ties, i.e., charge densities and total energies; and thus not
the properties of states in a specific band at a specific
point in the Brillouin zone. Recent relativistic calcula-
tions on SnTe and PbTe (Ref. 17) tend to support the use
of this approximation. Moreover, energy-minimization
calculations of the surface structure of InSb using a
tight-binding method have indicated that the structure of
InSb surfaces is not affected very much by spin-orbit in-
teractions. ' Errors resulting from this approximation are
probably largest in the calculation of anharmonic force
constants, which are expected to be more dependent on
the details of the band structure than harmonic quantities.

III. RESULTS AND DISCUSSION

A. Total-energy calculations

In Table I the equilibrium lattice constant ao, bulk
modulus B, and its pressure derivative B, obtained by fit-
ting total energies calculated at a variety of volumes Q to
Murnaghan's equation of state ' are presented. The shear
elastic constant 2c, =c&~ —c~2, c44, and the internal strain
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Property

ap {A)
B (GPa)
B'
c~ {GPa)

c))-c)2 (GPa)

1.000
0.935
1.000
0.935
1.000
0.935

This study
n =531 n =725

6.34
50
4.7

35
34
36
38
0.43
0.55

6.34
50.7
4.9

Experiment

6.49
48.31
4.91

31.32

31.30

TABLE I. Structural properties of zinc-blende InSb. The ex-

perimental elastic constants are from the data of Ref. 19. The

pressure derivative B' is from Ref. 20. The size of the basis is

given by n.

Q/Qp
coTo(I )

( 1013 s 1)
k„~

(eV/A. )

1.000
0.985
0.935
0.892
0.847
1.000 (expt)

3.50
3.56
3.74
3.93
4.12
3.48

—38
—42

—58
—71

b,E„,(u ) =ku +Sk„»,XJZ

3

TABLE II. Frequency of the transverse optical phorion,
coTQ( I ) and anharmonic force constant k„~ for zinc-blende
InSb. The experimental value is from Ref. 29.

parameter g, calculated both at the experimental free
volume Qo.and at a reduced volume for which the zinc
blende structure is unstable, are also presented. (In InSb
the semiconductor-metal transition occurs at about
Q/Qo ——0.945.) The shear constant c, was calculated
from the total energy changes associated with homogene-
ous tetragonal distortions in which one of the cube axes
was stretched or compressed by small amounts ( —1%)
while the other two axes were also changed in order to
keep the volume of the unit cell constant.

The internal strain parameter g and c~ were calculated
from the energy changes associated with homogeneous tri-
gonal distortions, relative displacements of the anion and
cation sublattices along a [111] direction, and combina-
tions of these. The values of c, and c44 were found to
change somewhat as the volume was reduced to
Q/Qo ——0.935 from Qo. However, in view of the probable
accuracy of this calculation it is difficult to attach much
significance to these changes. The theoretical elastic con-
stants are compared with the 0-K elastic constants of Ref.
19. It may be noted that the agreement between the ex-
perimental and theoretical results is reasonable although
not quite as good as obtained for some other materials us-
ing similar methods. The internal strain parameter
(/=0.43) obtained here is somewhat lower than experi-
mental values for Si [/=0.74 (Ref. 23), /=0. 72 (Ref. 24)],
Ge [(=0.72 (Ref. 25)], and GaAs [(=0.764 (Ref. 26)],
but comparable to previous ab initio calculations on these
materials. ' As noted in Ref. 27 the discrepancy is
probably outside the limits of the theoretical uncertainty
and may be due to the assumption of overlapping spheri-
cal atoms in the analysis of the experimental data and
anharmonicity due to finite strains. In fact the Fourier
component of the valence charge density obtained in this
calculation is p, (600)=0.05 at zero strain and increases by
about 6% under a 1% strain. More importantly we find
that the transverse optical phonon becomes highly anhar-
monic under stress as discussed below. g increases as the
volume is reduced, reflecting the expected weakening of
bond-bending forces relative to bond-stretching forces. In
Table II calculated frequencies a@To(I') of the zone-center
transverse optical phonon and the corresponding anhar-
monic force constant k ~, defined by

are presented. Here EE„,(u) is the change in total energy
per unit cell for a relative displacement between the two
sublattices of 2u. coTo(I ) and k„», were calculated with
the distortions used for c44 and g. It will be noted that at
the free volume the experimental and theoretical frequen-
cies are in excellent agreement. The frequency and anhar-
monic force constant increase smoothly over the entire
volume range including the range where the zinc-blende
structure is unstable and can be well described by a
Gruneisen parameter yTo(I )=0.97. The corresponding
parameters for InP and InAs have been measured to be
1.44 (Ref. 30) and 1.2 (Ref. 31), respectively. Thus the
present results would seem to suggest that InSb follows
the chemical trend. However, a recent state-of-the-art
Raman scattering study has yielded @To(I )=1.41. Al-
though the frequency coTo(I ) obtained in Ref. 32 does not
agree to within the stated errors with a previous neutron
scattering measurement, it seems unlikely that the
discrepancy in the Gruneisen parameter can be explained
by an experimental error. We do not understand the
source of the discrepancy. In any case the present results
do show that neither coTp(I ) nor k„», display any excep-
tional behavior near the transition volume.

In Table III the anharmonic force constant k„z, is given
for [111]strains of 0.5% and l%%uo. The phonon frequency
coTo(l ) remained unchanged under these strains to within
the accuracy of our calculation and thus is not shown.
Under strain k~z, changes sign and the anharmonicity in-
creases dramatically. Assuming that other zinc-blende-
and diamond-structure materials show similar behavior,
this result suggests that the experimental determinations
of the internal strain parameters in those materials may
have been affected by anharmonic effects as suggested by
Nielsen and Martin. This might also be related to a re-

0
0.005
0.010

—38
0

214

TABLE III. Anharmonic force constant as a function of
{111)strain, e» ——e23 ——e ~3

——e at 0=Qp.

k„~ (eV/A )
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cently reported anisotropic stress-sensitive anomaly in the
temperature c}ependence of the lattice constant of sil-
icon, although it is not possible to make a more definite
statement basec} on this data.

B. Valence charge densities
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FIG. 1. () l0) Charge densities and polarization for InSb.
The charge densities are in the top row, (a); the polarization as-
sociated with a TO phonon is in the middle row, (b); and the po-
larization associated with a tetragonal distortion is in the bot-
tom row, (c). Adjacent contours are separated by 2, 0.2, and
0.04 electrons/cell in (a), (b), and (c), respectively. The dashed
contours are set at 0.

In Fig. 1, (110) (a) valence charge densities, (b) polariza-
tion charge densities for a frozen TO(I ) phonon, and (c)
polarization charge densities for a homogeneous tetrago-
nal distortion are shown for zinc-blende-structure InSb
both at the free volume and a reduced volume,
0/Qo ——0.935. For the polarization charge densities a 1%
stretch of the [111jbonds was used for the optical phonon
whereas a 1% stretch of the z axis and a compensating
compression of the other two axes was used for the tetrag-
onal distortion. In order to make the redistribution more

evident for this distortion the component corresponding
to a rigid homogeneous distortion has been eliminated.

As discussed in Ref. 4 the valence charge densities at
the two volumes are very similar, the apparent difference
consisting of a small movement of the bond-charge max-
imum away from the anion under pressure. This is con-
sistent with Raman scattering measurements which indi-
cate that the difference coLo(I ) —a@To(l ) decreases under
pressure in most zinc-blende materials ' ' corre-
sponding to a reduction in the effective charge eT*. It is
interesting to note that similar reductions are observed at
high temperatures, perhaps reflecting the similar natures
of the high-pressure and high-temperature (melting) phase
transitions. As for the charge density, it will be noted
from Fig. 1 that both the polar'ization charge of the trans-
verse optical phonon and perhaps surprisingly that of the
tetragonal shear distortion are, under pressure, very simi-
lar to the corresponding quantities at the free volume.
This may be expected for the TO phonon for which the
forces are dominated by ion-ion interactions, ' but the re-
sult for the tetragonal distortion lends further support to
the conclusion of Yin and Cohen and Ref. 4 that the
semiconductor-metal high-pressure phase transition is not
caused by an instability in the election distribution but
rather a competition between the covalent energy and the
Ewald interactions.

The polarization charges for the TO(I ) phonons con-
tain a strong dipolelike contribution corresponding to a
rigid displacement of the bond charge with the anion.
There is also a small charge transfer from the stretched
bond to the compressed bonds. This transfer is slightly
off center in that the charge tends to flow to the region of
the compressed bonds furthest from the stretched bond.
The dominance of the dipolelike contribution in InSb is
very similar to the polarization in ZnSe (Refs. 10 and 11)
and quite unlike that in Si (Ref. 9) and Ge (Ref. 10)
despite the fact that InSb is much less ionic than ZnSe,
having a Phillips ionicity of 0.321 compared to 0.63 in
ZnSe. This indicates that even for covalent materials with
moderate ionicities the bond charge is strongly associated
with the anions.

The polarization charge densities for the tetragonal dis-
tortion consist of small movements of the valence elec-
trons toward the ions between bonds for which the bond
angle is reduced and conversely a redistribution away
from the ions between bonds where the angle is increased.
The total amount of bond charge is not changed much by
this distortion.

To summarize, charge densities, polarizations, and
structural properties of zinc-blende InSb have been calcu-
lated, with reasonable agreement with experimental data
being obtained. It is found that the valence electrons
behave almost identica11y under high pressures, for which
the zinc-blende structure is unstable, as at the free
volume.

The fact that the covalent bonds are found to be undes-
troyed under pressure may be qualitatively understood by
making use of some of Phillips's ideas and noting the
strengthening of the pseudopotential in the bonding region
as the volume is reduced. This arises because under pres-
sure the minima in the indium pseudopotentials move to-
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wards the bond charges which are located near the mini-
ma of the antimony pseudopotentials. (The minimum in
the antimony pseudopotential is about 1.7 a.u. from the
anion sites while at the free volume the minimum in the
indium is about 3.7 a.u. away. The bond charge max-
imum is located about 1.85 a.u. from the anion. ) This
also helps to account for the movement of the bond
charges away from the anions as the crystal is compressed
since as the anion-cation distance is reduced the bond
charge may be expected to be influenced to a greater ex-
tent by the cations.

It would be of interest to compliment this study with

calculations on the 13-Sn—like high pressure phase or the
metastable rocksalt phase under pressure. We have not
done this as it would no doubt require consideration of
spin-orbit effects. However, in this regard we note that
Mele and Joannopoulos, using a somewhat different
technique, have calculated the band-structure and valence
charge density of rocksalt structure InSb at its free
volume. They found that in the rocksalt structure there is
a large charge transfer of about 0.9e from the cations to .

the anions, suggesting that this structure and possibly the
high-pressure phases are stabilized by both ionic and me-
tallic bonding.
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