
PHYSICAL REVIEW B VOLUME 41, NUMBER 3 15 JANUARY 1990-II

Pressure dependence of the electronic properties of cubic III-V In compounds
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Electronic and ground-state properties of the binary In compounds in the zinc-blende structure

are reported. They are evaluated in the local-density approximation using norm-conserving nonlo-

cal pseudopotentials. Besides the lattice constant, the bulk modulus, and its first and second pres-

sure derivative, the first- and second-order pressure coefficients of the main band gaps (at I, X, and

L) are given. The hydrostatic deformation potentials and the crossover pressure from direct to in-

direct band gap are presented and compared with recent experimental values.

The effects of pressure on the electronic properties of
the III-V In compounds have been investigated experi-
mentally by optical absorption, ' photoluminescence,
reflectance, Hall measurements, and x-ray
diffraction. In the present paper, ab initio calculations of
the pressure coencients are performed and the results are
compared with the experimental data. All four binary In
compounds (InN, InP, InAs, and InSb) are treated in the
zinc-blende ( Td ) structure, although under normal condi-
tions InN crystallizes in the wurtzite (C~, ) structure.
InP transforms to the rocksalt (Ot, ) structure at 100—115
kbar. InAs first transforms at 70 kbar to the rocksalt
structure and later at 170 kbar to the P tin (D4t, ) struc-
ture. InSb has a transformation at 25 kbar to an ortho-
rhombic structure (C2, ), at 90 kbar to a hexagonal-type
structure, and at 280 kbar to a bcc structure. It should

TABLE I. Calculated and experimental values of the lattice
constant a (in A), the bulk modulus Bp (in Mbar), and the first

(8p ) and second (8 p' in Mbar '
) pressure derivatives of the

bulk modulus.

be noted that previous calculations of the pressure
coe5cients [e.g. , using the orthogonalized-plane-wave
(OPW) method' " or the empirical pseudopotential
method' j were all empirical in essence, while a more re-
cent ab initio pseudopotential calculation' used the ex-
perimental value of the lattice constant, bulk modulus,
and its pressure derivative as input. The present calcula-
tion is solely based on ab initio pseudopotentials without
any further input of experimental values.

The theoretical framework has been given before. '

The exchange-correlation contribution to the electronic
energy is expressed by the Kohn-Sham and Signer for-
mulas. The ionic pseudopotentials, tabulated by Bache-
let, Hamann, and Schluter, ' are used with kinetic-energy
cutoffs of 16 hartrees for InN, 11 hartrees for InP, 10.5
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FIG. 1. Valence charge density of In compounds in the (110}
plane. Units are e /a. u. ' and the contour step is 0.02e/a. u. '
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TABLE II. Calculated and experimental direct and indirect
band gaps (in eV) at zero pressure.

direct
&or

Calculation
indirect

Eoi,

Experiment
direct

InP
InAs
InSb

'Reference 2.
bReference 26.
'Reference 27.

1.42
0.36
0.39

1.51
1.35
1.18

1.82
1.21
0.75

1.393'
O.4105b
0.2352'

hartrees for InAs, and 9 hartrees for InSb. This corre-
sponds to 609 plane waves in the I point at the equilibri-
um lattice constant. The calculated total energies for
eight values of the lattice constant are then fitted to the
Birch equation of state' yielding the zero-pressure lattice
constant a, the bulk modulus 80, and its pressure deriva-
tive 80. The theoretical and experimental values are
given in Table I. The calculations agree with experiment
to within 2% for a, 6% for 80, and 8% for Bo

Figure 1 shows the contour maps of the valence charge
density in the (110)plane. It can clearly be seen that InN
is much more polar than InSb, i.e., the lighter the anion,

the more polar the crystal.
The pressure dependence of the direct (I » to I, ) and

two indirect (I » to X, and I » to L, ) band gaps have
been calculated up to second order in the pressure. The
direct and indirect band gap at zero pressure are given in
Table II and compared with the existing experimental re-
sults. Only these direct band gaps have been measured
for the three compounds which exist in the zinc-blende
structure under normal conditions (InP, InAs, InSb). Al-
though usually the band gaps are underestimated serious-
ly in the local-density approximation (LDA), here it turns
out that the agreement with experiment is quite good for
InP (1.42 versus 1.393 eV), only 12% too low for InAs
(0.36 versus 0.4105 eV), and even too high for InSb (0.39
versus 0.2352 eV). However, spin-orbit interactions have
been neglected in the present calculations, while it has
been shown by Cardona, Christensen, and Fasol that
the shift of the I » valence band amounts to 0.040 eV for
InP and to 0.266 eV for InSb. Since the lowest I

&
con-

duction band is not a8'ected by the spin orbit interaction,
the direct band gaps of InP and InSb given in Table II
should be reduced to 1.38 and 0.12 eV, respectively. The
smallest indirect band gap is from I » to X& for InP,
while for InAs and InSb it is from I'» to L~. Although
these values have not been measured, the experimental
indirect I » to X, band gap of InP can be determined

TABLE III. Calculated and experimental pressure coefFicients (b in eV/Mbar; c in eV/Mbar ) of the
direct and indirect band gaps.
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'Reference 2.
Reference 29.

'Reference 1.
Reference 4.
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from the crossover pressure as will be explained later.
This yields an experimental value of 2.41 eV to be com-
pared with the theoretical value of 1.51 eV, or of 1.47 eV
if the spin-orbit shift is subtracted.

Table III gives the first- and second-order coefficients
of the pressure, b and c, of the three band gaps from I"»
to I"

&, X& and I, Theoretically, the I gap as well as the
L gap increase sublinearly with pressure (b is positive but
c negative} for all four materials, while the X gap de-
creases superlinearly (b is negative but c positive). Com-
pared with the most recent experiment the theoretical
values of b and c are in agreement to within 4% (7.81
versus 7.5+0.2 eV/Mbar) and 12% ( —10.53 versus
—12+5 eV/Mbar). Also for InP the calculated values
agree better with the room-temperature measurements of
Ref. 1 than with the 20 K measurements of Ref. 2. In
general, as was also found in the Ga compounds, the first-
and second-order coefficients agree much better with the
experimental values than the zero-pressure band gap.

Figure 2 shows the pressure variation of the band gaps
I » to I &, X„and L

&
together with the measurements of

Ref. 1 (0}and of Ref. 2 (~ ), all plotted with respect to
the calculated direct band gap I » to I „denoted by
Eor(0), i.e.,

Eo(p) —Ear(0) =bp+cp

where Eo(p ) is the calculated band gap (I,~ to I,, X, , or

L, ) at pressure p. The experiments in Refs. 1 and 2 were
performed, respectively, up to 100 and 120 kbar, whereas
it should be noted that in the present work the pressure
coefficients are determined by calculating the gaps from
Eq. (1) up to 250 kbar. As could be expected from the
values of the direct gap and the first- and second-order
coefficients (Tables II and III), the agreement of the
theoretical curve and the data points is quite good. The
I gap increases with pressure, while the X gap starts de-
creasing from zero pressure since b is negative. The
crossing point of the X curve with the I curve gives the
transition pressure at which InP goes over from a direct-
band-gap to an indirect-band-gap semiconductor (see
Table VI). The value of this crossover pressure is 9.9
kbar, while experimentally 104+1 kbar (see Ref. 1} is
found. From this experimental value, and with the ex-
perimental first- and second-order pressure coefficients
from Ref. 1, the indirect band gap I » to X& can be deter-
mined to be 2.41 eV, which has to be compared with the
theoretical value of 1.51 eV. The much smaller difference
between Eo„and Eox theoretically (1.42 eV versus 1.51
eV) than experimentally (1.39 eV versus 2.41 eV) implies
that the theoretical crossover pressure differs consider-
ably from the experimental value. If in Eq. (1) the
theoretical values of Eoz, b, and c together with the ex-
perimental value of 2.41 eV for Eog are used, a transition
pressure of 101 kbar is found.

Furthermore, based on the difference between the
theoretical and experimental crossover pressures an esti-

08

TABLE IV. Calculated and experimental pressure
coefficients (b* in eV/Mbar; c in eV/Mbar ) of the direct and
indirect band gaps.
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FIG. 2. Indirect and direct band gaps of InP (curves labeled
I, X, and L ), compared with the experimental results of Ref. 1

(~) and Ref. 2 (0). The origin refers to the calculated direct
band Eo at zero pressure.
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TABLE V. Calculated and experimental values of the hydro-
static deformation potential aD (in eV).

TABLE VI. Crossover pressures from direct to indirect band

gap at X and L (in kbar).

InP
InAs
InSb

'Reference 1.
References 5 and 21.

'References 24 and 31.

Calculation

5.949
5.921
6.526

Experiment

6.35+0.05"
6.60b

6.39+0.18'

InP
InAs
InSb

To X point

9.9
100.4
52.8

To I. point

116.2
83.2
45.5

E (0)=E (0)+E"'(0) (2)

with

mate can be made of the difference between the X& and
I

&
level due to the self-energy corrections with respect to

the LDA calculation. Since the correct band gap is equal
to the LDA gap plus corrections due to relativistic and
self-energy effects,

with d cores) is not completly accurate due to the fact
that all core states (including the d states) were frozen.
All electron calculations show that this introduces errors
in the band energies as large as 0.2 eV. Whether these er-
rors are strongly k and/or pressure dependent is not clear
at the moment. For InP no calculations of self-energy
corrections have as yet been made.

Another way of representing the pressure variation is
through the equation

I 2

E"'(0)=E"'(0)+E (0) (3)
Eo(p) —Ear(0)=b' +c'

a a

where bz, cz and bz, cx are the experimental pressure
coefficients for, respectively, the I » to I

&
and I » to X&

gaps. On the other hand, one can also write

Ecor(p} Ecor(p) (Eexgr Eel ) (ELDA ELDA
) (5)

if one identifies the correct band gap with the experimen-
tal one. Since both gaps refer to the top of the valence
band one has that

Ecor(0) Ecor(p) Ecor(p) Ecor(p)

If one assumes that the relativistic corrections for the
lowest conduction band are negligible, the right-hand-
side difference of Eq. (6) is solely due to the self-energy
corrections (SEC) with respect to the LDA calculation.
For the experimental transition pressure of 104 kbar the
right-hand side of Eq. (4) yields

EsEc(Q) EsEc(Q) —
Q 93 eV

one obtains from Eq. (1) at the transition pressure pr

Ecor(p} Ecor(p) ELDA(p} ELDA(p)+(b b )p

where ha =a —a and a~ and a are the lattice constants
at pressure p and at zero pressure. The coefficients b'
and c' are given in Table IV. In the case of InP a super-
linear behavior of the direct band gap is found in contrast
to the linear behavior reported in Ref. 1.

The hydrostatic deformation potentials defined as

E
aD =80

dp
(10)
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are given in Table V. The agreement with the experimen-
tal values is better than 10%.

In summary, ab initio calculations are presented of the
electronic properties of the In compounds in the zinc-
blende structure. The lattice constant, bulk modulus, and
its first and second pressure derivatives are determined
from the total energy of the system. The first- and
second-order pressure derivatives of the main band gaps
are calculated as well as the hydrostatic deformation po-
tentials and the crossover pressures from direct- to
indirect-band-gap material.

while from the right-hand side of Eq. (5) one obtains

EsEc(()) EsEc(Q) —() 93 eV

This means that in the case of InP the self-energy correc-
tions to the lowest LDA conduction band are more k
dependent than in the case of GaAs where a similar
analysis yields the values of 0.24 eV [from Eq. (4}] and
0.17 eV [from Eq. (5}]. One must keep in mind, however,
that the pseudopotential for In (and in general for atoms
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