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Optical and structural properties of III-V nitrides under pressure
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Self-consistent linear muon-tin-orbital band-structure calculations are used to investigate the
optical and structural properties of III-V semiconducting nitrides under hydrostatic pressure. The
pressure behavior of the energy band structures is discussed in the context of the postulated chemical
trends in III-V semiconductors. The regions in k space of dominant interband contributions to the
elements of structure in the dielectric functions are identified. The total-energy calculations suggest
that all the nitrides under pressure transform to the semiconducting rocksalt phase. The calculated
transition pressures are 21.6 GPa (InN), 51.8 GPa (GaN), 16.6 GPa (AlN), and 850 GPa (BN).
Experimental values that agree well with this have been found for the first three compounds. The
fact that GaN and AlN have such difFerent transition pressures in spite of their very similar ionicities
is explained by the presence of 3d states on Ga.

I. INTRODUCTION

The aim of this paper is to examine the physical prop-
erties of the III-V nitrides, GaN, Alw, InN, and BN, with
emphasis on their dependence on hydrostatic pressure.
The nitrides form a specific subgroup of the III-V com-
pounds characterized by high ionicity, very short bond
lengths, low compressibility, and high thermal conduc-
tivity. These properties make them interesting and very
useful. The III-V nitrides may, for example, find ap-
plication in blue-light-emitting diodes and lasers operat-
ing in the blue and ultraviolet regime. They may also
become important materials in high temperature diodes
and transistors. Since the properties of electronic devices
based on large-gap II-VI semiconductors tend to degrade
with time, more and more attention is paid to the III-V
nitrides. This is related to the fact that the formation
energy of defects in these materials is very high.

Many physical properties of semiconductors can be
scaled with material paraxneters such as atomic volume
and ionicity. The theory proposed by Van Vechteni was
based on this, and gave a qualitatively good classification
of a large number of tetrahedrally coordinated sernicon-
ductors. The analysis also includes pressure effects. It
is particularly interesting to investigate the pressure be-
havior of the nitrides, which are the most ionic sexnicon-
ductors in the III-V group and have a very small atomic
volume. By means of experiments and fIrst-principles
calculations it is possible to examine, over a wider pa-
rameter range, the chemical trends in the family of III-V
compounds as deduced kom models. The nitrides are
therefore also interesting to basic research.

We study here the optical and structural properties of
the III-V nitrides by means of band-structure and total-
energy calculations perforxned for diferent volumes and
crystal structures. The calculations were xnade by means
of the linear muffin-tin-orbital (LMTO) method in its

scalar-relativistic form in conjunction with the local den-
sity approximation (LDA) to the density-functional the-
ory. In the following sections the results of the calcu-
lations are presented and compared with experimental
data. In Sec. II the pressure dependence of the energy
band structure is presented and discussed in the context
of chemical trends. In Sec. III the band structures ob-
tained for different pressures are used to evaluate the
imaginary part of the dielectric function under pressure.
This function is directly related to the electronic band
structure and thus allows investigations of the effects of
external perturbations. A comparison with experimental
data is made. The high pressure phases are investigated
and discussed in Sec. IV. A summary of our results and
conclusions is given in Sec. V, which also contains further
discussions of the results. In particular, we there elabo-
rate on the role of the Ga Bd states in connection with
the pressure-induced structural transition.

II. PRESSURE DEPENDENCE
OF BAND STRUCTURES

The band structures of the III-V nitrides for several
crystal structures were calculated by means of the LMTO
method in its scalar-relativistic form, z in conjunction
with the local density approximation (LDA). Here we

applied the simplest version of the LMTO method, the
atomic-sphere approximation, (ASA)2 but the "combined
correction" terms2 were incorporated. The details of the
LDA-LMTO calculations for zinc-blende-type semicon-
ductors are given elsewhere. 3'4 The wurtzite structure,
in which GaN, A1N, and InN crystallize at ambient con-
ditions, is somewhat more coxnplicated for this kind of
calculation. The unit cell contains four "real" atoms and
four so-called "empty spheres. " ' The calculations were
optimized by the choice of equal atomic-sphere radii for
real atoms and diHerent values for two types of empty
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spheres. Earlier calculations of the electronic struc-
ture of GaAs, band o6'sets in semiconductor heterostruc-
tures, and structural properties of tin under pressure,
have demonstrated the effects of including the "semi-
core" d states as fully relaxed band states. Based on this
experience we found it necessary also in the present work
to include the Ga 3d and In 4d states as band states. This
is especially important for GaN, and we shall later (see
the discussion in Sec. V) discuss in more detail how the
Ga 3d states influence the pressure at which the B3 ~ 81
transition occurs. The calculations for wurtzite struc-

tures were performed under the assumption that the crys-
tal structure was "ideal, " meaning that the c/a ratio was
taken as equal to 1.633 and the internal bond-length pa-
rameter u was 3/8. Experimental c/a values are 1.627,
1.600, and 1.612 for GaN, AlN, and InN, respectively. X-
ray diffraction measurements have shown that u=0.377
for GaN and 0.3821 for AlN. A detailed structural opti-
mization was made earlier for AlN, and the structural
parameters obtained, c/a=1. 596, u=0.3820, agree very
well with the experimental values. The u parameter has,
to our knowledge, not yet been determined for InN, but
a theoretical value, u=0.380, was obtained by Yeh, Lu,
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FIG. 2. Band structures for InN (a), GaN (b), AIN (c),
and BN (d) in the zinc-blende structure.
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Froyen, and Zunger.
The LDA energy band structures of the nitrides for

three crystal structures, wurtzite, zinc-blende, and rock-
salt, are shown in Figs. 1—4. For the rocksalt phase we
include results corresponding to two diferent volumes,
one being the (theoretical) equilibrium volume, the other
being the volume at the transition pressure. The latter
volume is also as derived from the calculations (for InN,
GaN, and A1N the wurtzite~rocksalt, and for BN the
zinc-blende~rocksalt transition). The calculated band
gaps as well as their deformation potentials are summa-

rized in Tables I—III. Tables IV—VI below contain the co-
efficients for first- and second-order gap variations with
lattice constant and pressure.

Since the semiconductor band gaps derived from LDA
eigenvalues are too small, we performed, for InN, GaN,
and A1N, additional calculations where the gaps were ad-
justed by inclusion of some external potentials. These
results are listed in the column headed by "adjusted. "
It should be noted, however, that the experimental data
available are not sufficiently detailed to allow an accurate
determination of the parameters of the adjusting poten-
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FIG. 3. Band structures for InN (a), GaN (b), A1N (c),
and BN (d) in the rocksalt structure for the equilibrium lattice
constant.

FIG. 4. Band structures for InN (a), GaN (b), A1N (c),
and BN (d) in the rocksalt structure for the lattice constant
at which the phase transition to the roc%salt structure occurs.
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tials. Thus, although the minimum gaps are brought
close to experiments, the dispersion of the present ad-
justed band structures may not predict future experi-
ments very well. Our discussion of the nitride band struc-

tures and the optical properties will therefore mainly be
made in terms of the LDA-eigenvalue bands.

Although the gaps are too small, their pressure coefB-
cients are usually considered to be well described within

TABLE I. Energy gaps in eV and deformation potentials a of the nitrides in the wurtzite struc-
ture. Our calculated gaps are given for two volumes, V,„~~ and Vth, the experimental and theoretical
equilibrium volumes, respectively. "Other results" includes experiments as well as theory. (The
gap value [2.34] given to GaN is discussed in the text. )

Present work
Gaps (eV)

Other
calculations

a (eV)
Experiment Present Other

work results

InN
F.-r.

I'„-K,
F„-M,
I'„-A,
F„-I,.
F„-H.
GaN
F„-F,

r -K.
I'„-M,
I' -A,
I' -I,
I'„-H,

LDA
&expt
0.26

5.25
4.09
2.62
3.66
5.42

2.45
[2.34]
5.45
5.09
4.59
4.67
6.73

0.43

5.26
4.34
2.81
3.79
5.66

2.64

5.44
5.17
4.77
4.75
6.85

adjusted

2.04

5.72
5.33
3.85
4.70
6.77

3.44

6.35
5.94
5.31
5.49
7.47

2.04, 1.02,
0.30(2.05)'
5.41(7.16)'
4.18(5.93)'

3.0, 2.71, 2.42(3.65)'
1.63,~2.76,"3.0'

5.74(6.97),' 4.57,s4.93"
5.22(6.45),'4.63,s5.02"

4.28, 5.00
3.99,~ 4.54"

6.62"

1.90) 2.05,'

3.50,~3.60,"
3.457 '

-4.1

-0.23
-5.4
-4.1
-2.8
-5.1

-7.8

0.36
-2.8

-3.4
-3.2

-3.3'

-11.5'

AlN

F„-r,

I'„-K,
F„-M
I'„-A,
F -L.
r.-a.

BN
F„-r,
F.-U,
I'„-K,
F„-M,
F„-A,
F„-L,
F„-H,

4.73

5.44
6.10
6.83
5.69
7.80

8.50
6.72
5.45
6.66
9.63
6.75
9.84

4.78

5.44
6.11
6.88
5.71
7.81

8.52
6.72
5.44
6.67
9.66
6.76
9.86

6.05

6.29
6.82
7.78
6.60
8.56

4.64, 4.56(6.28)'
3.09,~4.4

5.58(7.30),'4.36s
5.90(7.62),'4.93s

5 578
4.59~

7.14~

8.0, s8.89(11.0)'
5.81

5.70(7.8)'
6.65(8.7)'

6.28" -8.8

-0.6
-2.8
-8.8
-3.4
-3.5

-4.3
-3.7
1.4
-3.7
-9.8
-3.8
-8.0

1.2~

-1.5~

-7.0g

-1.6~

-1.6g

Model pseudopotential (Ref. 13).
OLCAO (Ref. 14).

'LMTO; values in parentheses, include band-gap correction (Ref. 15).
Absorption at 300 K (Ref. 16).

'Absorption at 300 K (Ref. 17).
P. Perlin, preliminary result, which requires further con6rmation.

sNonlocal pseudopotential (Ref. 18).
"Norm conserving pseudopotential (Ref. 19).
'Norm conserving pseudopotential (Ref. 20).
'Photoluminescence excitation spectra (Ref. 21).
"Reflectivity (Ref. 22).
'Absorption at 20 K (Ref. 23).

LCAO (Ref. 24).
"Absorption at 300 K (Ref. 25).
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the LDA. This statement re8ects experience obtained
from calculations on several compound semiconductors,
e.g. , as in Ref. 36, and is further supported by theory. s7 ss

A very recent calculation by Palummo et al. of gap cor-
rections using the GW method for cubic GaN indicates
that the LDA gap in that case is too small by -0.97 eV.
The same work also estimates the correction to the de-
formation potential (which is one-third of their2 linear
coeKcient aq) of the minimum gap at I'. Within the LDA
the deformation potential a is found to be —6.95 eV,
in good agreement with our value —7.4 eV (Table II). In-
clusion of the GR' correction yields a = —8.96 eV. This
may indicate that some precaution should be taken when
it is assumed in general that LDA errors do not show up
in the gap deformation potentials.

The gap values, 2.34 eV and 2.03 eV, given in square

brackets for GaN (Tables I and II) were obtained from
a calculation that uses the same potentials as the other
calculations, but where coupling to the low-lying (Ga 3d)
as well as to the high-lying (Ga 4d) d states were simulta-
neously taken into account. Caps given without brackets
were GaN and InN two-panel calculations obtained di-
rectly &om the upper-panel calculation, i.e., where the
coupling is to the higher d's only. (All two-panel calcula-
tions for GaN and InN do of course treat the low-lying d
states as relaxed band states, and their major inBuence
on the potential is thus taken into account. )

It follows that for GaN we find that the gap in the
wurtzite structure exceeds the value of the zinc-blende
phase by 2.34—2.03= 0.31 eV. This is slightly overesti-
mated because the band structure of wurtzite GaN was
calculated for the ideal structure. In the case of A1N

TABLE II. Energy gaps in eV and deformation potentials a of the nitrides in the zinc-blende
structure. Our calculated gaps are given for two volumes, V pt and Vth, the experimental and
theoretical equilibrium volumes, respectively. V„pt was taken to be the same as in the wurtzite
structure. "Other results" includes experiments as well as theory. (The gap value [2.03] given to
GaN is discussed in the text. )

Present work
Gaps (eV)

Other calculations Experiment
a (eV)

Present Other
work results

InN
r„-r.
I' -L,
r.-x.
GaN
F -F

r„-I,.
re-xc

A1N

r„-r.
F -L,
r.-x.

BN
r.-r.
I'„-L,
r„-x.

Vexpt

0.02
3.28
2.87

2.18
[2.03]
4.93
3.36

4.58
7.69
3.39

8.92
10.29
4.42

Vt

0.08
3.41
2.87

2.23

4.99
3.36

4.53
7.64
3.40

8.S3
10.33
4.42

-0.09(1.66)
3.37(5.12)
2.85(4.60)

2.01(3.24), 1.48
2.08,'2.65, 2.00'

4.81(6.04)
3.34(4.5?)

4.52(6.0)
7.65(9.15)
3.36(4.9)

8.84(11.0), 8.6,'"8.7'

10.21(12.3)
4.30(6.4), 4.2,"

8.5,"5.18'

3.52,'3.2

6.0, 6.4"
6.1

-2.2
-5.4
-0.12

-7.4

-7.7
-0.05

-9.0
„94
-0.37

-4.9
-11.0
-1.1

-6.95,"-8.96'

LMTO; values in parentheses include band-gap correction (Ref. 15).
Nonlocal pseudopotential (Ref. 18).

'Norm conserving pseudopotential (Ref. 20).
Norm conserving pseudopotential (Ref. 19).

'Full potential LMTO (Ref. 26).
Cathodoluminescence at 53 K on epitaxial Blms (Ref. 27).
Absorption (Ref. 28).

"Pseudopotentials, LDA (Ref. 29).
'Pseudopotentials + G'W (Ref. 29).
'Nonlocal pseudopotential (Ref. 30).
"Pseudopotential with nonlocal exchange potential (Ref. 31).
'OLCAO (Ref. 14).

Emission spectra (Ref. 32).
"Ultraviolet absorption (Ref. 33).
Vacuum ultraviolet absorption (Ref. 34).
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TABLE III. The calculated energy gaps E~ of nitrides in the rocksalt structure for the equilib-
rium volume V,~ and for that one at which the phase transition occurs, Vz, and the corresponding
deformation potentials a in comparison with other calculations and experimental data ("Other
results" includes both experiment and theory).

Gaps (eV)
Present work Other calculations

Veq V,q

a (eV)
Present

work
Other
results

V,q
InN

r„-r,
I'„-L
I'„-X,
Z„-I',
GaN
r„-r,
r„-I,.
I'„-X,
Z„-X,

AlN
r„-r.
I' -L,
I'„-X,

BN
r„-r.
r -L.
r„-x.
Z„-X,

0.62
3.91
1.09
0.21

2.92
5.31
1.00
0.76

5.56
6.13
4.65

9.92
5.92
2.23
1.55

1.66
4.35
1.87
1.17

5.26
6.28
2.29
1.99

6.39
6.50
5.00

21.7
7.74
7.91
7.13

3.16, 2.5

1.01, 0.5

4.99
5.52
4.04

-9.2
-3.9
-7.0
-8.5

-12.9
-5.6
-7.2
-6.8

-13.2
-5.9
-5.8

-19.3
-2.6
-7.4
-7.2

-10.3
-4.3
-7.7
-9.5

-15.6
-6.1
-8.3
-7.9

-14.9
-6.6
2.3

-16.1
-2.3
4.1
44

-13.6
-5.4
-7.5

'Nonlocal pseudopotential (Ref. 18).
Norm conserving pseudopotential (Ref. 35).

we found'i that changing c/a and u from the ideal val-

ues to those resulting &om a total-energy optimization
(close to the observed values) causes a reduction of the
wurtzite-A1N gap at I' by 0.21 eV. Using, for GaN, the
experimental structural parameters given above leads to
a gap that is only 0.03 eV below the one obtained for the
ideal structure. This smaller shift reflects the fact that
for GaN the actual structure is closer to the ideal than is
the case for AlN. In InN the structural relaxation reduces
the gap at I' by 0.06 eV. When reading Table I, it should
be borne in mind that structural relaxations may change
the gaps by amounts that are typically of the order of
one-half to two-tenths of an eV. Thus, our best LDA gap
at I' for AlN is not the 4.73 eV given in Table I, but
rather 4.52 eV. Also the gap deformation potentials are
somewhat affected by structural relaxation. For AlN we

found, for the gap at I', a = —9.1 eV if the structure is
assumed to be ideal (Table I lists —8.8 eV, a value that
is slightly different due to technical details), but chang-
ing the atomic coordinates to their optimized values we
obtained a = —7.6 eV. In the cubic structures there are,
of course, no corrections to be made for structure relax-
ations.

The pressure behavior of the energy gaps has in gen-
eral a sublinear character (Tables IV—VI). The values
of the deformation potentials for the wurtzite and zinc-
blende structures vary usually between —3 and —10 eV.
Only for the I"„-E gaps in the wurtzite and the I'„-
X gaps in the zinc-blende structure is a weaker, and

almost linear, pressure dependence found. These gaps
have deformation potentials which are small in magni-
tude. The deformation potentials in the rocksalt phase
are large in magnitude, approaching the value of 19.3 eV
for BN at the I' point. The variation of the energy gap
with pressure, as calculated here and measured by Perlin
et a/. , is shown in Fig. 5 for GaN in the wurtzite struc-
ture. For the conventional III-V compounds the value of
the pressure coefficient of the direct gap at the I' point
varies from 100 to 150 meV/GPa. For all the nitrides
these coefficients are much smaller, ranging Rom 11 to
40 meV/GPa. This contradicts the empirical rule for-

mulated by Paul that pressure coefficients of electronic
band-to-band transitions should be the same for all III-V
compounds. Rather, it appears that the lattice constant
as well as the ionicity should be taken into account in

a description of the trends. We find that dEg/dP in-

creases with the lattice constant and decreases with ion-
icity. This behavior is illustrated in Fig. 6, where we

present the pressure coefficients for the III-V compounds
as a function of the ratio of lattice constant and ionic-
ity. The ionicities were estimated by Van Vechten and
the values for the nitrides are somewhat higher (0.4—0.6)
than typical values for other III-V semiconductors (0.2—

0.3). Our ionicity values were obtained as in Ref. 42.
The results, together with calculated and experimental
lattice constants are summarized in Table VII. The ion-

icities calculated here are higher than those obtained by
Van Vechten and much higher than ionicities of other III-



50 OPTICAL AND STRUCTURAL PROPERTIES OF III-V. . . 4403

TABLE IV. The coefffcients n, P, 7, and b for the nitrides
in the wurtsite structure related to E = E(ao) + a.(b,a/ao)
+P(b,a/ao) and E = E(O)+7P+bP, E being the relevant

gap and ao the equilibrium lattice constant.

a. (eV) P (eV) p (meV/GPa) b (meV/GPa )

TABLE VI. The coefficients o, P, p, and b for the
nitrides in the rocksalt structure related to E = E(uT)
+a(ba/aT) + P(ba/aT) and E = E(PT) + p(P —PT)
+b(P PT—),E being the relevant gap, aT the lattice constant
at the transition point, and PT the transition pressure.

InN
r„-r.
I'„-K,
r.-M.
r„-A.
r„-L.
I' -H,
GaN
r„-r,
r„-K,
r„-M
I' -A,
I'„-L,
r„-H.

A1N

r„-r.
I'„-K,
r.-M,
r.-A,
I'„-L,
r.-H.

BN
r„-r,
r -K,
r -M,
I'„-A,
r -L.
r„-e.

-12
-0.63
-16
-12
-8.5
-15

-23
1.1
-8.3
-21
-10
-10

-27
-1.8
-8.0
-26
-10
-11

-13
4.1
-11
-29
-11
-24

49
-11
-44
15

-6.5
-49

23
-16
-6.9
25

-7.6
-30

33
-10
-29
28

-3.8
-2.4

3.0
-30
-0.6
-45
-7.8
-18

33
1.9
43
33
23
41

39
-1.8
14
36
17
16

40
2.7
13
40
16
16

11
-3.5
9.4
25
9.7
21

-0.55
-0.08
-1.1
-0.87
-0.70
-1.6

-0.32
-0.03
-0.17
-0.30
-0.21
-0.16

-0.32
-0.05
-0.24
-0.33
-0.17
-0.17

-0.05
-0.00
-0.04
-0.12
-0.03
-0.06

a (eV) P (eV) p (meV/GPa) b (meV/GPa )
InN
r.-r.
r„-r..
r.-x.
z„-r,
GaN
r„-r.
r„-L,
r„-X,
E„-X,

A1N

r„-r,
l „-L,
r„-x.

BN
r„-r.
I'„-L,
r„-x,
Z„-X,

-31
-13
-23
-29

-46
-18
-25
-24

-45
-20
6.9

-48
-7.0
12
13

55
1Q

42
35

74
23
39
38

91
27
150

62
-3.6
29
32

41
17
31
38

39
15
21
20

43
19

-6.6

5.9
0.85
-1.5
-1.6

-0.08
-0.10
-0.00
-0.12

-0.32
-0.16
-0.18
-0.17

-0.18
-0.09
0.19

-0.01
-0.00
0.01
0.01

V compounds. They are rather typical for II-VI semi-
conducting materials. Our values are very close to the
ionicities g derived by Garcia and Cohen.

III. DIELECTRIC FUNCTIONS

TABLE V. The coefffcients a. , P, p, and b for
the nitrides in the zinc-blende structure related to
E = E(ao)+a(ha/ao)+P(b/as) and E = E(0)+pP+bP,
E being the relevant gap and ao the equilibrium lattice con-
stant.

The complex dielectric functions e2(u) for III-V ni-
trides were calculated and the assignment of the critical
points to the band-structure energy differences at various
points of the Brillouin zone was made in comparison with

3.8

InN
r„-r,
r -L,
r.-x.
GaN
r.-r.
I'„-L,
I'„-X

AlN
r„-r.
I' -L
r„-x.

BN
r.-r.
I' -L
r„-x.

-6.6
-16

-0.37

42
21

-3.1

16
40

0.91

-Q.02
-0.36
-0.02

-22
-23

-0.14

22
30

-8.0

40
42

0.28

-0.38
-0.38
-0.03

-27
-28

37
31

-7.3

42
44
1.7

-0.34
-0.38
-0.03

-15
-33
-3.2

14
10

-3.2

13
29
2.8

-0.03
-0.32
-0.02

a (eV) P (eV) p (meV/GPa) b (meV/GPa )
3.7

~ 3.6
U

~ 3.5
Q)

LLI

3.4

33 I I i I I I i I I I I

—2 0 2 4 6 8
Pressure (GPa)

10

FIG. 5. Pressure dependence of the GaN energy gap show-
ing the typical sublinear character. Solid line: our LDA cal-
culations, but rigidly upshifted by 0.82 ev. The squares
represent experimental results (Ref. 39).
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200

lnSb
150 — GaSb

AIAs 0

small gaps), and local-field effects ' are not included.
Further, we use here the atomic-sphere approximation
(ASA), and this implies that the choice of the sphere ra-
dius ratio aÃects the amplitudes of the calculated spectra
somewhat. Our method of extracting the dielectric func-
tions is discussed in more detail elsewhere.

GaAs
GaP

100 — InAs

U fnP
cb

Z9
EZ 0

0 0
ZCI 0

50—
9I oo AIN

GaN
InN

'0
C3

I

10

a/f

0
I

15

BN

I

20 25

FIG. 6. Pressure coefficients of the direct gap of various
III-V compounds as a function of the ratio between their lat-
tice constant and ionicity f, Thre.e sets of ionicities were
used: Phillips ionicity (circles), ionicity values (g) as calcu-
lated by Garcia and Cohen (Ref. 41) (open squares), and our
calculated ionicities (triangles).

some existing data. The Brillouin zones of the wurtzite
and zinc-blende lattices, with the points of high sym-
metry indicated, are shown in Fig. 7. The calculated
imaginary parts of the dielectric functions for photon en-
ergy up to 20 eV are shown in Figs. 8—11 below. For the
wurtzite structure the dielectric functions are resolved
into two components, s2 „(v) which is the average of the
spectra for polarizations along the z and the y directions,
and e'2, (u) which corresponds to the polarization vector
being parallel to the z direction (c axis). The averaged
function e2(&u)= (s2~ + s2s + c2, )/3 is also included. In
Tables VIII—XI below the calculated critical-point energy
gaps as well as more extended regions giving the domi-
nant contributions to elements of structure in the dielec-
tric functions are given. For some compounds (InN, BN)
comparison with experimental data and other calcula-
tions is made. Below, the more detailed discussion of
optical spectra is presented.

Considering the calculations one should bear in mind
that they employ LDA one-particle band structures (too

A. InN

The characteristics of the major elements of structure
in the c2(~) spectrum as calculated from direct interband
transitions in (wurtzite) InN are given in Table VIII. Fig-
ure 8 shows the s2 spectra calculated for the wurtzite
(two polarizations and averaged) and for the zinc-blende
structure. An assignment is suggested of structure el-
ements found &om experiment. Also, the Table VIII
enables a comparison to the pseudopotential calculations
by Foley and Tansley. The experimental imaginary part
of the dielectric function was obtained from reHectance
spectra of single-crystalline InN by the Kramers-Kronig
analysis. The two spectra (our calculated and the exper-
imental) are presented in Fig. 8(c). The intensity of the
theoretical peaks is much higher than of those in the ex-
perimental trace. This is a general feature of all theoret-
ical spectra derived in the single-particle scheme. The
calculated s2(u) function begins with an Mo-type tran-
sition at I', corresponding to the main energy gap. Our
calculated onset energy (0.26 eV, Table I) is much smaller
than the experimental gap (2.2 eV) due to the LDA. The
shoulder at 3.75 eV corresponds to the one at 4.0 eV in
the experimental spectrum and to the one near 4 eV ob-
tained from the pseudopotential calculations. The iden-
tification is the same, mainly I's„-I's, (using the label-
ing of transitions given in Ref. 49, i.e., numbering bands
from below in energy, 4,5-+10 transitions at I'). The
main peak is divided into two components at 4.61 and
4.73 eV, and experimentally it is found at 5 eV photon
energy. The pseudopotential calculations give the values
4.8 eV and 5.1 eV with assignment to transitions at the I'
point (I's„-I's„ I's„-I's, ) (see Fig. 4 of Ref. 49). A more
detailed study of possible transitions and their matrix
elements indicates that these two peaks originate in the
region near a Z point close to I' and are due to transi-
tions from band 4 to 10. So the second peak is indeed
close to I' s„-I's, . Next, there are two peaks (5.26 and
5.63 eV) with obvious counterparts in the experimental
spectrum. A small feature in the pseudopotential calcu-
lations at 5.6 eV assigned to the U point is probably what
we find as a shoulder at 5.85 eV, but which we assign to

TABLE VII. The calculated and experimental lattice constants and ionicities. For wurtzite
structures we give the efFective cubic lattice constant de6ned through a,s ——~3a c. The Phillips
ionicity values are from Ref. 1.

InN
GaN
A1N

BN

Lattice
Present work

4.92
4.43
4.36
3.62

constant (4)
Experiment

4.98
4.50
4.37
3.61

Present work
0.859
0.770
0.775
0.380

Ionicity
Ref. 41

0.853
0.778
0.754
0.484

Phillips
0.578
0.500
0.449
0.256
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FIG. 7. Brillouin zones of
the wurtzite and zinc-blende
lattices.

ZINC BLENDE WURTZITE

z~l'K (6+10) transitions. We relate peaks at 6.78 and
7.47 eV to small structures in the pseudopotential spec-
trum assigned also to transitions at the M and K points.
The highest peak, split into two components at 8.0 and
8.2 eV, corresponds in energy (and in intensity) to the
pseudopotential-spectrum peak at 8.1 eV, but the assign-
rnents are quite different. In our calculation the origin

is not (around) the I' point, but rather in the vicinity of
the 8 and K points. We assume the corresponding peak
in the experimental spectrum is either the one at 7.8 eV
or the peak at 8.8 eV. The peak around 8.9 eV seems
to correspond to the pseudopotential-spectrum peak at
9.2 eV (see Fig. 4 of Ref. 49), and maybe to the ex-
perimental one at 8.8 eV. At higher photon energies the

TABLE VIII. Peak positions (in eV) and the calculated origins of major contributions to struc-
ture in ss(~) for InN.

4.8, 5.1

5.63
5.6
6.5
7.35

5.85

6.78

7.47

7.8

8.8

8.1

9.2

8.00, 8.20

8.90) 9.02

9.31

9.71
9.92
10.20
10.33
10.45
10.69

11.14
11.55

Energy of optical structure (eV)
Experiment Calculations Our results

3.17
4.0 4 3.75

4.47
5.0 4.61, 4.73

5.26

Major contribution
Transition

A.: 5 m 9; 8 + 10
I'. 4, 5~ 10

region around 4: 5 ~ 10
—,'rZ, —,'I'K: 4-+ 10

-'AP 8-+93
—,'1T'. 6-+ 10
3I'K: 6-+ 10

M, rM: 6~10
K 8~9

4TS: 7 —+ 11
—',1K: 6~9

—,'AP, TS: 6-+ 12

~FM: 5~10
A: 8~12

—',rK: 6~11
—,'rK: 7+13
-I'K: 6 m 12
-rZ: 6 12
T: 8-+ 14

—,'AP: 8~15
A: 6m14

r, rw: 4, 5~ 12, 13;
7, 8 m 15, 16

r: 6, 7 ~ 15, 16
-I'M: 6 + 14

transitions
Energy (eV)

3.13
3.78
4.48

4.67, 4.87
5.28

5.53

5.84

6.66—6.80

7.43
7.99
8.17

8.96, 8.85—8.89

9.09
9.30
9.33
9.33

9.92
10.22
10.38

10.50—10.54
10.61—10.64

11.15
11.57

ReSectauce on single crystalline samples (Ref. 48).
Empirical pseudopotential (Ref. 49).
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transitions at the M point. The second group of peaks
(9—ll eV in GaN and 9—12 eV in A1N) is connected in
GaN with transitions at P and L', whereas in A1N transi-
tions in the vicinity of Z, P, and L give the major contri-
butions. The last group of peaks (up to 13.5 eV) comes
mainly from transitions at F, A., and M (GaN) and T,
M, and A (A1N) points of the Brillouin zone (BZ). Three
similar groups of peaks are more clearly seen in the spec-
tra for the zinc-blende structure.

C. BN

and OLCAO (Ref. 53)] is given in Table XI. The spectral
positions of the peaks in our spectra agree well in general
with other calculations, but our assignment to contribut-
ing interband transitions is entirely different from the
one proposed in Ref. 52. The onset energy of absorption
in our e2(ur) agrees with the value of the direct gap at
the F point. Small structures appearing at energies 9.9—
10.48 eV associated with 4~5 transitions at the b, and
Z' points, and also containing sm5 transitions close to
2I' —U', seem to correspond to the experimental peak at
8.9 eV.The main peak consists of two components (11.97

Our results for cubic BN are compared with exper-
imental data obtained by Osaka et al.s from the re-
flectance spectrum by Kramers-Kronig transformation,
and to the other theoretical results. s 's As is seen from
Fig. 11(d) there is a very good overall agreement be-
tween the two curves considering their shape, and it ap-
pears easy to identify corresponding peaks. But it is seen
that all the calculated peak positions are shifted towards
higher photon energies. This is very surprising since LDA
calculations generally understimate the band gaps, so we
would have expected a shift in the opposite direction. A
spectr»m very similar to ours was obtained by Xu and
Ching using an orthogonalized linear combination of
atomic orbitals (OLCAO) method. Their eq(u) spec-
tri~m is also shifted towards higher energies when com-
pared to experiment. Their calculations on large-gap in-
sulators indicate that the major peaks in the optical ab-
sorption curves are in good agreement with experiments,
even though the calculated main energy gaps are smaller
than those measured (Ref. 53 and references therein).
Detailed comparison of our calculated e2(u) with experi-
ment and other calculations [empirical pseudopotential

Energy of optical
structure (eV)

Major contribution transitions

5.57
6.04
6.33
6.96
7.30
7.88
8.23
8.51
9.61
9.88
11.27
11.55
11.78
12.08
12.37

Transition
F: 4, 5 m10

U: 8~9
4ML: Sm10
M: Sm10

S': 7, 8~9, 10
M, —,'ML: 6-+9

Z: 6 -+ 10, 0: 8 -+ 9
K 6 —+9
P: 7 —+11
L,- 8+11

-'FM: 7 m 13
—,'AH: 8 m 13

F 5m13 Sm14
M: Sw13

—,'FA: 8~15

Energy (eV)
5.55, 5.59

5.92
6.36
6.90
7.29

7.86, 7.94
8.22, 8.26

8.63
9.79
9.86
11.27
11.55

11.67, 11.66
12.08
12.38

TABLE IX. Peak positions (in eV) and the calculated ori-

gins of major contributions to structure in ez(u) for GaN.
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Energy of optical
structure (eV)

Major contribution transitions

Transition
-I'A: 8m9
-MI' 8 —+ 9

-AI: 7, 8 m 9, 10
R:7,8m9, 10, U': 6m10

M: 6-+10
vicinity of U' and M: 6 m 10

-ZR: 6 + 10
region around I: 8 + 11

region around L: 6, 7 -+ 12, 13
T, M, S/6FM: 8 -+ 13

A: 5, 6 m 13, 14; 7, 8 m 15, 16
T: 7 —+14

4: 7, 8 -+ 15, 16

Energy (eV)
6.42
6.56
7.15

7.86, 7.89
8.05

8.35, 8.37
9.35

10.05-10.11
11.22-11.27

12.24, 12.26, 12.36
12.74
12.80
13.45

6.35
6.50
7.10
7.92
8.08
8.37
9.35
10.08
11.27

12.20, 12.29, 12.37
12.74
12.86
13.43

and 12.25 eV) and is assigned to transitions from band 4
to 5 at Z and I points of the BZ. The experimental value
is 11.0 eV, whereas other calculated transition energies
are (much) higher. A shoulderlike structure in the ex-
perimental spectrum near 12.5 eV can be compared with
the small peak at 12.79 eV assigned to transitions from
band 4 to band 6 in a region close to L. The last peak in
the experimental spectrum is situated at higher energy
(16.4 eV) than the one calculated (14.8, 15.24 eV). It has

main contributions from b. and Z (4~6) transitions.

1/n(dn/dP), are given in comparison with results of
other calculations and experiments. In addition, Fig.
12 shows the pressure dependence of e(0). For all
compounds considered we have got negative values of
1/n(dn/dP). Our results do not confirm the ear-
lier predictionssr that 1/n(dn/dP) is negative for III-
V compounds, positive for II-VI, and nearly 0 for
GaN (—0.05x10 z Gpa ). Our value for GaN is
—0.19xl0 zGPa ~ and this is in very good agreement
with experimentss (—0.2x 10 Gpa ). Incidentally, all
experiments known to us measuring dn/dP of tetrahe-
drally coordinated semiconductors yield negative values.
The calculated values of s(0) agree rather well with ex-

periments, but they are systematically somewhat smaller.
Comparing our values with those calculated by the OL-
CAO method~4 we see that they have found substantially

D. Static dielectric constants

In Table XII, the values of the dielectric constants
e(0) and the pressure coefficients of refractive index,

2020 I I I I I I I I I I I I I I I I j I I

BN wurtzite BN wurtzite

b)15—

3
10

X
OJ

FIG. 11. Imaginary part of
the dielectric function of BN.
(a) Wurtzite structure, polar-
ization in the zy plane; (b)
wurtzite structure, polarization
along the z axis; (c) wurtzite
structure, average value over
the three Cartesian directions;
(d) zinc-blende structure; the
solid line indicates our calcu-
lated result, the broken line cor-
responds to experiment (Ref.
51).

I I j I I I I I
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'0 205 10 15
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20
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3 10-
CV

vj

10-

j
I

I
i

I

I
I

I
I

/
I

I I I i I0 I I I I0
5 10 15
PHOTON ENERGY %fn (eV)

20 5 10 15
PHOTON ENERGY fl(o (eV)

20

TABLE X. Peak positions (in eV) and the calculated origins of major contributions to structure
in sq(u) for A1N.
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TABLE XI. Peak positions (in eV) and the calculated origins of major contributions to structure
in sz(ru) for BN.

8.8

11.0
12.5
16.4

10.8, 10.7
12.7'

13.5) 12.6'
13.8'

15.1, 15.6'

Energy of optical structure
Experiment Calculations

8.4
10.1

(eV)
Our results

8.92
9.35

9.90, 10.20
10.48
11.21

11.97, 12.25
12.79

14.8, 15.24

Major contribution
Transition

r- 4~5
X- 4-+5

d, Z':4-+ 5
—,'I'U: 3-+ 5

U

Z, L: 4~5
I,:4~6

S,Z'. 4~6

transitions
Energy (eV)

8.92
9.34

9.88, 10.10
10.56
11.20

11.82, 12.20
12.53

14.75, 16.20

From reaectance spectrum by Kramers-Kronig transformation (Ref. 51).
Empirical pseudopotential (Ref. 52).

'OLCAO (Ref. 53).

TABLE XII. The calculated electronic dielectric constants s(0) and the pressure coefBcients
of refractive index, 1/n(dn/dp) in units of 10 GPa, for the nitrides in the wurtzite and
zinc-blende structures. For the wurtzite structure the components of s(0) are given in the no-
tation s = (e, + s„+s, )/3, e~ ——(s + s„)/2, s~~

= s, . "Other results" includes experiments as
well as theory.

InN

8g
~ll

1/n(dn/dp)
GaN

8g
~ll

1/n(dn/dp)
A]N

fg
~ll

1/n(dn/dp)

Present work

7.16
7.27
6.94
-0.43

4.68
4.71
4.62
-0.19

3.86
3.91
3.77
-0.18

Wurtzite
Calculations

7.390
8.061
7.054

9.530
11.159
8.716

4.272
5.063
3.876

Experiment

8.4

52' 57

-0.2

4.68'

Zinc-b]ende
Present work Other results

6.15

-0.39

4.78

-0.20

3.90

-0.18

BN

~ll

1/n(dn/dp)

4.14
4.19
4.06
-0.06

4.065, 4.17
4.232, 4.16
3.982, 4.18

4.14

-0.06

3.86, 4.5

OLCAO (Ref. 14).
From refractive index (Ref 54).

'From ref'ractive index (transmission and reBection) (Ref. 55).
From refractive index (interference method) (Ref. 39).

'Infrared re8ectivity at 300 K (Ref. 56).
OLCAO (Ref. 53).

~Reference 9.
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larger differences between s s and e, (higher degree of
anisotropy). The value given in Ref .14 for the dielectric
constant of GaN (S.53) is surprisingly large. Our value
is 4.68, and reported experimental values are between 5

IV. PRESSURE-INDUCED
STRUCTURAL PHASE TRANSITIONS

Certain rules derived &om observed trends con-
nected with pressure-induced structural transformations
in semiconductors show that less ionic III-V compounds
transform into the P-tin structure, whereas more ionic
III-V's and all II-VI compounds favor the rocksalt struc-
ture (Bl) at moderate pressures and then, at higher pres-
sures, change to other structures, e.g. , P-Sn. In view of
their high ionicities the nitrides are expected to trans-
form to the rocksalt structure when pressure is applied.

In our total-energy calculations we examine several
candidates for the high-pressure structures, rocksalt, P-
Sn, and CsC1 (B2). We also performed calculations for
the zinc-blende structure (B3) which is very close in en-
ergy to the wurtzite structure. The details concerning
the calculations for these structures are given elsewhere.
For each structure we calculated the total energy as a
function of volume. The results are summarized in Figs.
13(a)—13(d) for GaN, A1N, InN, and BN, respectively.
From the energy-volume relations for the given phase we
derived the T=O isotherm, the equilibrium volume, the
bulk modulus, and the enthalpy vs pressure. The phase
transition I~II occurs at the pressure at which the en-

Z'.

Z'.
0o
o 5
CCl-o 4—
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Cl

I I I I I I I I

-40 -20 0 20 40 60 80 100 120 140
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FIG. 12. Pressure dependence of s(0) for the III-V nitrides
in the wurtzite structure. The calculated points are indicated
(open circles, InN; filled circles, GaN; filled triangles, AIN;
and open triangles, BN). The lines represent least-squares fits
to the calculations.

thalpy of phase I equals that of phase II. As is seen &om
Fig. 13, the phase transitions for all the nitrides occur
from the wurtzite (for BN from the zinc-blende) to the
rocksalt structure. In Table XIII calculated equilibrium
lattice constants, bulk moduli, and their pressure coef-
6cients are listed for nitrides in wurtzite, zinc-blende,
and rocksalt phases. Results of the calculated62 phase
transition parameters are given in Table XIV in compar-
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ison with other theoretical results as well as experimental
data. (Reference 62 uses some LMTO-specific concepts
which are all explained in Andersen's original paper. 2)

It follows from Table XIV that the phase transition
pressure varies considerably from one compound to an-
other. It is about three times higher for GaN than for
A1N, and extremely high for BN. It is surprising that
GaN and AlN, having very similar bond lengths, ion-
icity, and bulk modulus, dier so much regarding their
structural phase transition. The phase transition of GaN
is located at about 50 GPa whereas in AlN we observed
the transition at a considerably lower pressure —about

16 GPa. It was suggested by Chelikowskys4 that the
transition pressure from the tetrahedrally coordinated
structure (wurtzite, zinc-blende) to the rocksalt struc-
ture changes linearly with Phillips ionicity for the same
atomic volume. Our results do not agree with this predic-
tion (see Table VII). The situation seems better when we

use the ionicity scale postulated by Vogl and Majewski,
based on the atomic terms of anions and cations. We can
see that, in contrast to the Phillips scale, GaN and AlN
differ importantly in their ionicities, which is reflected in
their structural stability. It was suggested by Froyen and
Cohen that of two compounds of similar ionicity the

TABLE XIII. The calculated equilibrium lattice constants c, bulk moduli B, and the pressure
derivatives of the bulk moduli B' for the nitrides in the wurtzite, zinc-blende, and rocksalt struc-
tures. The a given for the wurtzite structures are the "effective lattice constants" (cf. Table VII).
For the rocksalt structure are also given (in parentheses) values corresponding to the volume to
which the phase transition occurs. "Other results" includes experiment and theory.

Present
work

Wurtzite
Other
calc.

Expt.
Zinc blende

Present Other
work results

Rocksalt
Present Other

work results
InN

a (A)
B (Gpa)

Bl
GaN
a (A)

4.922
125
8.1

4.433

B' 3.8

B (GPa) 200

166, 212'
3.40'

190, 203,'179,'
176,'240 g

2.92, 3.98'
3.93,'2.66

4.98
125.5
12.7

4.50

23? 245 "
195'
43

4.95
137
4.3

4.46

184

4.6

4.65(4.49)
154(251)

8.8

227(397)

3.64 4.0 3.69

4.419 4.54" 4.18(3.96) 4.098
4.22'

173' 223b

AlN
a (A)

B (GPa)

Bl

BN
a (A)

B (GPa)
B'

4.357
220

3.9

3.619

391
3.7

195 b2p? c,k

2051

3.74, 5.60'
3.98"

392'
6.38'

4.37
207.9

6 3m

390'
3.5

4.37
215

4.0

3.62

378
3.4

216'

3.615
3.768"
3.606

375,"367

4.06(3.99) 4.032
281(348) 270'

4.0

406(2750)
3.7

425

3.50(2.82) 3.493'

Reference 9.
Nonlocal pseudopotential (Ref. 18).

'OLCAO (Ref. 14).
X-ray difFraction (Ref. 58).

'Norm conserving pseudopotential (Ref. 35).
Norm conserving pseudopotential (Ref. 19).
Norm conserving pseudopotential (Ref. 20).

"Extended x-ray ane structure (EXAFS) (Ref. 23).
'From values of atomic displacements (Ref. 59).
'Transmission electron microscopy (Ref. 60).
"LCAO (Ref. 24).
Full-potential LMTO (Ref. 11).
X-ray difFraction (Ref. 61).

"Pseudopotential with nonlocal exchange potential (Ref. 31).
Nonlocal pseudopotential (Ref. 30).
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TABLE XIV. The calculated structural phase transition
(1-+2) pressures P, and relative volumes Vq/Vp and V2/Vo of
the two phases at the transition pressure. Vo is the experi-
mental equilibrium volume of phase 1 (wurtzite for InN, GaN,
and AlN, and zinc blende for BN).

InN
P, (GPa)

Vi/Vo
Vo/Vo

GaN
P, (Gpa)

V, /V,
Vg/Vp

AlN

P, (GPa)
Vj/Vp
V~/Vo

BN
P, (GPa)

Vi/Vo
Vg/Vp

Present work

21.6
0.85
0.72

51.8
0.81
0.69

16.6
0.93
0.76

850
0.51
0.47

Other
calculations

5.0

55
0.82
0.71

12.9,' 12.5
0.95'
0.77'

1 110"
0.45"
0.42"

Experiment

23.0,b 12.1'

52.2,' 47-50
0.86
0 73

22.9,' l4—16.5
0.93, 0.92~

0.74g

Norm conserving pseudopotential (Ref. 35).
Visual observation (Ref. 39).

'X-ray diffraction (Ref. 58).
EXAFS (Ref. 23); visual observation (Ref. 39).

'Nonlocal pseudopotential (Ref. 18).
Full-potential LMTO (Ref. 11).

IX-ray difFraction (Ref. 61).
"Nonlocal pseudopotential (Ref. 63).

V. DISCUSSION AND SUMMARY

It has been attempted here to give a rather comprehen-
sive presentation of the results that we have obtained so
far within the LDA for the III-V nitrides. %'hen these are
compared to experiments one should of course recall the
known deficiencies" of the LDA-eigenvalue spectrum.
But it is also important to observe that most quantities
are sensitive to structural data, especially to the volume.
Some samples used in experiments are grown on lattice-
mismatching substrates, and as a result the volume and

one with the larger average gap (as is indeed the case
for Al compounds) is the one that is more stable in the
rocksalt structure. But differences in structural stability
can also be related to the presence or absence of d-like
states in the constituent atoms, as was shown by Sasaki
et a/. As follows &om the discussion in Sec. V, we can
by means of the ASA pressure expressions demonstrate
that this is indeed the case. Finally it is worth noting that
the rocksalt phases, according to our calculations (even in
LDA), are semiconducting for all the nitrides considered.
This is interesting in view of the theory predicting the
metallic rocksalt phase for III-V compounds and a non-
metallic phase for II-VI compounds. Also, it follows &om
experiments that the observed high pressure phases of
GaN, A1N, and InN are nonmetallic.

strain state may not easily be specified. Such complica-
tions occur, for example, in the case of GaN in the zinc-
blende form. The experimental data of wurtzite GaN are
probably more reliable because in that case crystals of
good quality can be produced without evaporation onto
a substrate. Also, comparing different theoretical calcu-
lations it is essential that results for identical structures
and volumes are compared. This seems obvious, but one
should be aware, for example, that "equilibrium" in some
cases is taken to mean "theoretical equilibrium" and in
other "experimental equilibrium. "

The electronic band structure, its pressure dependence,
the dielectric functions, and pressure-induced structural
phase transitions have been calculated. By comparing
the pressure coeKcients of the gaps in several semicon-
ductors we find that trends in the dEg/dP values cannot
be established by considering them to depend only on
the bond lengths. The ionicities must be included also in
order to obtain a systematic description.

The total-energy calculations suggest that all the ni-
trides (InN, GaN, AIN, and BN) under pressure trans-
form to the semiconducting rocksalt structure usually
predicted as a high pressure phase of II-VI compounds.
This result is a manifestation of the large ionicity of the
nitrides. Using the LMTO method in a version that does
not apply a downfolding technique, we have seen that,
in particular, the cases (GaN and InN) requiring calcu-
lations in two energy panels must be performed with a
proper choice of linearization energies for the upper-panel
cation d states. Improving this technical detail gave
structural transition pressures that differ &om our ear-
lier published values. Also we examined the effects on the
calculated fundamental gaps in GaN and InN of includ-
ing simultaneously coupling to the low-lying semicore d
states and to the high-lying empty d states.

Surprisingly, the values of the phase transition pres-
sure to the rocksalt structure are very difFerent for the
two otherwise quite similar compounds GaN and AlN.
The transition pressure for GaN is three times that of
AlN, and this may at first appear very peculiar since the
ionicities (see Table VII) are quite similar. In fact, the
ionicity of GaN may even be slightly higher ' than that
of AlN, and that would, according to observed trends,
suggest that the transition pressure in GaN should be a
bit lower than that of AlN. There have been suggestions
that differences in cation orbital energies could explain
the result, but such differences would manifest them-
selves in the ionicity values. According to our calcula-
tions (zinc-blende structure) the offsets between the sp
hybrid levels are 0.992 Ry and 0.948 Ry in GaN and
AlN, respectively. These are the ionic gap components
(the C's) in Phillips' complex gap. So neither these en-
ergies nor the ionicities would explain the fact that the
transition pressure is (much) higher in GaN. There must
therefore be a particular reason why the general trend is
so far from being applicable to comparison between these
two compounds. The puzzle is resolved by noting that
Ga has d states in the (semi)core (the 3d states) and Al
has not. For this reason the unoccupied d's (4d in Ga
and 3d in Al) lie much higher in Ga than in Al. Com-
paring calculations (taking the zinc-blende structure as
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an example) at the same (compressed) volumes (atomic-
sphere radius equal to 1.90 bohrs) we find that the center
[the energy where the logarithmic derivative equals —I—1
(Ref. 2)] of the Ga 4d states lies 4.9 Ry above the N p
center, whereas the separation between the Al 3d and N

p band centers is 1.6 Ry lower in AlN. The square-well
pseudopotentials (the V values ) of the cation d states
exhibit similar trends, 0.3 Ry in GaN and —1.64 Ry in
AlN. This means that the cation-d —anion-p hybridization
is stronger in A1N than in GaN. Simultaneously it implies
that the d partial pressures are very different in the two
cases. The actual calculation shows that the d compo-
nent of the pressure is rather large in magnitude and
negative in AlN, whereas it is small and positive in GaN.
These results can be understood from the energies above
in terms of the discussion of the "tail pressures" in Ref.
69 [see in particular Eq. (30b) in that paper: the pref-
actor has opposite signs in GaN and A1N]. This explains
why the equilibrium volume of A1N is smaller than that
of GaN, a result that would also be expected by stating
that the Ga atom is "larger" than Al. But we can under-
stand &om our detailed analysis that this hybridization
effect will increase under pressure, i.e., the difference in
strength between the d bonding in A1N and GaN becomes
more pronounced when the volumes are reduced. As a
consequence the rutio between the zero-pressure volume
in the rocksalt phase and the equilibrium volume of the
wurtzite phase, Vo(B1)/Vp(wur), is smaller in AlN than
in GaN. Our actual calculations (Table XIII) show that
this ratio is 0.809 for A1N and 0.838 for GaN, i.e., the or-
dering just anticipated. In view of this, we can then also
understand that the slope, disregarding sign, of the com-
mon tangent to the rocksalt and wurtzite total-energy
curves, when energies are plotted as functions of V/Vo,
is lower for AlN than for GaN. Thus, AlN must have the
lower transition pressure.

Most calculations of the wurtzite phases were per-
formed here by assuming that c/a and u have their ideal
values. It is realized, however, that a full structural re-
laxation can change some of the gaps by 0.05—0.2 eV. In
AlN the relaxation reduces the direct gap at I' by 0.21 eV,
in InN by 0.06 eV, and in GaN by only 0.05 eV. This has
some relevance to the discussion of differences between
gaps in the wurtzite and zinc-blende nitride phases.

For GaN we made an estimate of the "LDA gap er-
ror" using the Bechstedt —Del Sole approximation. This
correction is 1.3 eV. Recent GW calculations for zinc-
blende GaN show that the correction to the fundamen-
tal gap is 0.88 eV (experimental equilibrium volume) and
0.97 eV at the theoretical equilibrium volume. Using
our best LDA gaps (including structural relaxations) to-
gether with these GW calculations gives, if we take the
values at the experimental volume, Es = 3.0 (cubic) to

3.2 eV (hexagonal). These seem to be too low by = 0.2—
0.4 eV when compared to experiments.

The optical spectra were derived &om the LDA one-
electron band structures, but nevertheless we find static
dielectric constants which are (slightly) smaller than the
experimental values. This may appear somewhat sur-
prising since local-Geld effects, not included here, tend
to lower the values of s(0).4s 4s But, as pointed out pre-
viously, the accuracy of our calculated amplitudes is af-
fected by the use of the atomic-sphere approximation.
The intensities are influenced by how space is divided up
into "anion spheres" and "cation spheres". Corrections,
in line with the calculation of "combined corrections, "
can be made. In addition the way of treating semicore d
states also affects the s(0) values. Lambrechtri has re-
cently examined this for zinc-blende-type GaN, where he
finds that including the Ga 3d's in the basis instead of
the 4d states (and using the same potential) increases s
by 0.3. Although the dielectric functions which we have
presented here are derived from the LDA eigenvalues and
transition matrix elements, we believe that the analyses
identifying the origins of various elements of structure
in the spectra are useful for the interpretation of optical
experiments. To our surprise we found that for BN the
s2(ur) spectrum calculated within the LDA seems to be
upshifted in energy when compared to experiment. We
are not, at the present, able to produce spectra based on
band structures where adjusting potentials have been in-
cluded. In spite of the increasing amount of experimental
data on the properties of the III-V nitrides, the measure-
ments of major gaps are still not sufficiently detailed to
allow the determination of the parameters of such ex-
ternal potentials. A rigid shift of the conduction bands
relative to the valence bands does not yield the correct
dispersion. Also, for this very reason, we have not at-
tempted to calculate effective masses at the band-edge
extrema.
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