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Density-functional calculations for III-V nitrides using the local-density approximation
and the generalized gradient approximation

C. Stampfl* and C. G. Van de Walle
Xerox Palo Alto Research Center, 3333 Coyote Hill Road, Palo Alto, California 94304

~Received 7 October 1998!

We have performed density-functional calculations for III-V nitrides using the pseudopotential plane-wave
method where thed states of the Ga and In atoms are included as valence states. Results obtained using both
the local-density approximation~LDA ! and the generalized gradient approximation~GGA! for the exchange-
correlation functional are compared. Bulk properties, including lattice constants, bulk moduli and derivatives,
cohesive energies, and band structures are reported for AlN, GaN, and InN in zinc-blende and wurtzite
structures. We also report calculations for some of the bulk phases of the constituent elements. The perfor-
mance of our pseudopotentials and various convergence tests are discussed. We find that the GGA yields
improved physical properties for bulk Al, N2 , and bulk AlN compared to the LDA. For GaN and InN,
essentially no improvement is found: the LDA exhibits overbinding, but the GGA shows a tendency for
underbinding. The degree of underbinding and the overestimate of the lattice constant as obtained within the
GGA increases on going from GaN to InN. Band structures are found to be very similar within the LDA and
GGA. For the III-V nitrides, the GGA therefore does not offer any significant advantages; in particular, no
improvement is found with respect to the band-gap problem.@S0163-1829~99!06107-X#
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I. INTRODUCTION

The group-III nitrides~AlN, GaN, InN, and their alloys!
have attracted much attention in recent years due to t
great potential for technological applications~see e.g., Refs
1–5, and references therein!. In the wurtzite~ground-state!
structure, AlN, GaN, and InN have direct energy band g
of 6.2, 3.4, and 1.9 eV, respectively,3 ranging from the ultra-
violet ~UV! to the visible regions of the spectrum. This im
plies that the AlxGa12xInN alloy system can be used to fab
ricate optical devices operating at wavelengths ranging fr
red into the UV. In addition, AlN and GaN have a hig
melting point, a high thermal conductivity, and a large bu
modulus.6 These properties, as well as the wide band ga
are closely related to their strong~ionic and covalent! bond-
ing. These materials can therefore be used for sh
wavelength light-emitting diodes~LED’s! laser diodes, and
optical detectors, as well as for high-temperature, hi
power, and high-frequency devices. Bright and highly e
cient blue7 and green8 LEDs are already commercially avai
able, and diode lasers have been reported, emitting in
blue-violet range initially under pulsed conditions9 and sub-
sequently under continuous operation.10

In order to help understand and control the materials
device properties, theoretical studies can be most valuabl
growing number of first-principles calculations have be
performed for these materials over the past few years. M
of these calculations are based on density-functional the
employing the local-density approximation~LDA !, either in
an all-electron formalism or using the pseudopotential pla
wave approach. A number of studies have also been ca
out usingab initio Hartree-Fock methods; however, the
methods are much more computationally demanding than
LDA, and they significantly overestimate the band gap. I
well known that the LDA leads to an underestimate of t
PRB 590163-1829/99/59~8!/5521~15!/$15.00
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band gaps in semiconductors,11,12 as well as to overbinding
An additional problem for GaN and InN is that the LD
predicts that the Ga 3d and In 4d states overlap with the N
2s band forming two sets of bands.6 Recent experiments
have shown, however, that the 3d bands of GaN lie severa
eV below the N 2s band.13–17 The same problems may b
expected for InN. This has been explained as being du
neglect in the LDA of a combination of self-interaction an
final-state screening effects.13

Use of the generalized gradient approximation~GGA! in
density-functional-theory calculations is currently receivi
increasing attention as a possible improvement over
LDA. The GGA has generally been found to improve t
description of total energies, ionization energies, electron
finities of atoms, atomization energies of molecules,18–20and
properties of solids.21–24 Improvements have also been r
ported for adsorption energies of adparticles on surfaces25,26

and for reaction energies.27,28 Furthermore, the GGA has
been shown to be crucial in obtaining activation energ
consistent with experiment for H2 dissociation.29,30The rela-
tive stability of structural phases also appears to be be
described for magnetic31 and nonmagnetic systems.32,33 Re-
cent studies by Dufek and co-workers34,35 for transition-
metal oxides reported a significant improvement in the ba
structure when using the GGA. In an earlier publicatio
however, Leung, Chan, and Harmon31 reported no significant
change in the band structure between LDA and GGA res
for the same materials. Thus the effect of the GGA on
band structure is still unclear.

Given the large ionicity and wide band gap of the
nitrides, it is important to investigate the effects that t
GGA may have on the electronic structure, in particul
whether it would lead to an improvement in the band g
Since the GGA affects binding energies in other syste
one may also expect a difference in defect formation en
5521 ©1999 The American Physical Society
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5522 PRB 59C. STAMPFL AND C. G. VAN de WALLE
gies depending on the LDA or GGA treatment; the issue
defect formation is of prime interest in the nitrides.36,37 As a
first step, we have performed a comprehensive study of
bulk materials in the present work. To our knowledge th
has only been one published calculation for the group
nitrides employing the GGA~Ref. 38!: in that work only
selected lattice constants were reported.

Only a few of the published calculations have gone
yond the LDA: for wurtzite and zinc-blende AlN,39 and for
wurtzite39 and zinc-blende GaN~Refs. 39–41! using aGW
approach, and for wurtzite and zinc-blende GaN us
simple quasiparticle schemes.42 The calculations employing
the GW approximation to the quasiparticle self-ener
showed its effects not only on the band gaps but also on
position of the N 2s band and the bandwidth. Quasipartic
calculations essentially overcome the underestimate of
band gap as obtained using the LDA, and yield band str
tures in much better agreement with experiment; they
however, time consuming and do not, as yet, produce s
consistent total-energy values. TheGW calculations for GaN
also did not include thed states as valence states, but trea
them as part of the pseudopotential core. For complete
we mention two other recently introduced approaches
aim to obtain an improved electronic structure of wide-ba
gap semiconductors:~i! the use of self-interaction- an
relaxation-corrected pseudopotentials,43 and~ii ! a scheme in-
volving generalization of the LDA known as the ‘‘screen
exchange’’ method.38,44

In the present study we perform density-functional-the
calculations for AlN, GaN, and InN, using the pseudopote
tial plane-wave method and treating the Ga and Ind states as
valence, where we employed both the LDA and GGA for t
exchange-correlation functional. We report lattice consta
bulk moduli and derivatives, cohesive energies, and b
structures for AlN, GaN, and InN in the zinc-blende a
wurtzite structures. We also present results for some of
bulk phases of the constituent elements.

Before undertaking extensive calculations for a new s
tem, it is mandatory to perform various tests to assess
quality of the calculations and to establish acceptable b
sets. Comprehensive information about the performance
accuracy of our pseudopotentials is provided here, includ
an investigation of ghost states,45 logarithmic derivatives,
and transferability.46 We compare our results with exper
ment where possible, and with other first-principles calcu
tions, where we have made an effort to collect as many
possible of theab initio results.

The paper is organized as follows. In Sec. II we give
brief description of the calculational method, and in Secs.
IV, V, and VI we report results for nitrogen~and the N2
dimer!, AlN ~and bulk Al!, GaN, and InN, respectively. Sec
tion VII discusses the stability of the zinc-blende and wur
ite structures, and Sec. VIII contains the conclusions.

II. CALCULATIONAL METHOD

We use density-functional-theory and the local dens
approximation47 as well as the generalized gradient appro
mation of Perdew et al.18 ~PWII! for the exchange-
correlation functional. The wave functions are expanded
plane-wave basis set, and we use an optimized tight-bind
f
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initialization scheme to improve the convergence of t
strong N 2p, Ga 3d, and In 4d potentials, which are in-
cluded as valence states. Details of the method and prog
can be found in Ref. 48.

We useab initio fully separable soft pseudopotentials cr
ated by the scheme of Troullier and Martins49 in which we
include the GGA in the creation of the respecti
pseudopotentials50,51 as well as in the self-consistent tota
energy calculations. This approach is to be distinguish
from the use of LDA pseudopotentials in an otherwise se
consistent GGA total energy calculation, i.e., where
exchange-correlation energy is treated in the GGA but
pseudopotentials are not~inconsistent treatment of the GGA
see Ref. 51!, or from apost-LDA treatment where the elec
tronic total energy is first minimized within the LDA an
then corrected perturbatively for the GGA exchang
correlation energy. In the present work the GGA is th
treated in a fully consistent way. Relativistic effects are tak
into account for the Ga and In atoms using weighted sp
averaged pseudopotentials. Specific details concerning
ergy cutoff andk-point sampling for the investigated sys
tems are described in the corresponding sections along
the results.

III. NITROGEN

Essential tests for the pseudopotential plane-wave me
involve the pseudopotential itself, e.g., logarithmic deriv
tives, ghost states, and transferability, as well as the phys
properties of the systems of interest. We tested a numbe
different nitrogen pseudopotentials, in particular, we var
the reference electronic configuration and the cutoff radiir c ,
and considered the inclusion or absence of the 3d scattering
channel. The LDA and GGA pseudopotentials that we
cided to use were based on best agreement with experim
results for the bond length, binding energy, and vibratio
frequencies of the N2 dimer, while still requiring a manage
able basis set for the total-energy calculations. These po
tials were generated in the non-spin-polarized ground-s
valence electronic configuration, 2s22p3, with cutoff radii
r c

s5r c
p51.37a0 . In the total-energy calculations we take th

2p channel as local. We found that including thed channel,
generated in the electronic configuration 2s22p33d0 or
2s12p1.753d0.25, resulted in bond lengths that were som
what too short, and binding energies and frequencies
were too large with respect to experiment, with the lat
electronic configuration yielding the largest deviations.52 In
this work we discuss mainly the GGA pseudopotentials,
we also performed analogous tests for all the LDA pseu
potentials; the quality of the results was similar in both cas

For computational efficiency it is convenient to transfor
the semilocal form of the pseudopotential operator into
fully separable nonlocal form as introduced by Kleinman a
Bylander.53 Transferable pseudopotentials should clos
preserve the all-electron atomic scattering properties as g
by the logarithmic derivatives at some radius outside the c
region over the range of valence energies relevant to che
cal bonding. In the left panel of Fig. 1 we show the logarit
mic derivatives of the all-electron radial wave function~solid
curve! and the pseudo-wave-functions~semilocal, dashed
line; separable, dot-dashed line! demonstrating the close
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PRB 59 5523DENSITY-FUNCTIONAL CALCULATIONS FOR III-V . . .
agreement of the pseudopotential and all-electron res
over the relevant energy range, and the apparent absen
‘‘ghost states.’’ When using the separable form, it is imp
tant to ensure that problems associated with ghost state
avoided. These states cannot always be easily identified
inspection of the logarithmic derivatives so we used
scheme of Gonze, Stumpf, and Scheffler45 as implemented in
the programFHIPP.50 For all pseudopotentials discussed
the present paper, we verified that no ghost states w
present. Figures 2~a! and 2~b! show, respectively, the ionic
pseudopotential, and the pseudoelectron and all-electron
dial wave functions. The N 2p potential is quite deep, result
ing in the need for a large plane-wave cutoff, as we will s
below. We also note that the ionic pseudopotential exhi
small short-ranged oscillations near the origin; we make
attempt to remove these, with the understanding that th
oscillations are largely filtered by means of the plane-wa
basis energy cutoff.50,51

Pseudopotentials are constructed so that they will rep
duce the all-electron calculation in the reference configu

FIG. 1. Logarithmic derivatives@d ln R(r )/dr , whereR(r ) is
the radial wave function# vs energyE of the all-electron radial wave
function ~solid curve! and the ~GGA! pseudo-wave-functions
~semilocal, dashed line; separable, dot-dashed line! for the nitrogen
atom ~left panel! and the aluminum atom~right panel!.

FIG. 2. Ionic GGA pseudopotential~a! and all-electron and
pseudopotential~dashed line! wave function~b! for the nitrogen
atom.~c! and ~d! Same as~a! and ~b! but for the aluminum atom.
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tion. However, the pseudopotentials should also yield ac
rate results in a wide range of atomic environments, i.e., t
should be transferable. In order to achieve this, it is nec
sary that the pseudopotential reproduces the all-electron
sults~total energy and eigenvalues! to within the accuracy of
the underlying frozen-core approximation, for different v
lence electron densities of the atom~e.g., excited atomic con
figurations! and over a desired energy range. We theref
test the transferability of the pseudopotential by monitor
the pseudo-atom ‘‘hardness’’ in a variety of electronic co
figurations. To do this we compare the change in ene
eigenvalues and excitation~neutral charge! and ionization
~positive charge! energies as a function of electron occup
tion as obtained using pseudopotential and all-electron
culations. In Fig. 3 we plot thedifferenceof these quantities
between the pseudopotential and all-electron results. In
left panel, emptying of the N 2p state is considered, and i
the right panel excitation~or electron transfer! of electrons
from the 2s into the 2p level. It can be seen that the eige
values and excitation energies of the pseudopotential d
increasingly from those of the all-electron potential for larg
deviations from the reference electronic configurati
(2s22p3). Given that we are considering rather large ioniz
tion and excitation energies~a maximum of 3.23 H and 0.85
H, respectively! the magnitude of the deviation is quit
small, indicating good transferability for normal physical a

FIG. 3. Deviations in the excitation energies (Epp-Eae, where
‘‘pp’’ stands for pseudopotential and ‘‘ae’’ for all electron! and
energy eigenvalues (D2s,D2p) of the nitrogen pseudoatom~GGA!
as a function of occupation compared to all-electron results w
respect to the ground-state configuration. The left panel shows
sults as a function of occupation of the 2p state~with a constant 2s
occupation of 2 electrons! and the right panel shows results as
function of electron transfer from the 2s to the 2p state~plotted
with respect to 2s occupation!.
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5524 PRB 59C. STAMPFL AND C. G. VAN de WALLE
plications. These results can be compared, for example
those in Refs. 46, 51, 54, and 55.

The pseudopotential should also yield accurate phys
properties of the N2 dimer. In Figs. 4~a!–4~d! we show, re-
spectively, the calculated bond length, binding energy, vib
tional frequency, and total energy as a function of the ene
cutoff Ecut. The equilibrium bond-length, vibrational fre
quency, and total energy are obtained using a third-or
polynomial fit to the total energy versus N2 bond-length
curve. Corrections to the theoretical values of the bind
energy for zero-point energies are not included; these
expected to be on the order of a few tenths of an eV. Ze
point energies are also not included in the cohesive ener
reported in subsequent sections.

Although the absolute value of the total energy is n
converged at 50 Ry, the other properties seem reason
well converged at this cutoff.Differencesof total energies
are known to converge notably faster than the absolute e
gies. Even a 40-Ry cutoff yields reasonable results, but
energy cutoffs lower than 40 Ry, the results exhibit a cl
lack of convergence.

Values of the calculated physical properties are listed
Table I ~obtained using a 15-bohr cubic supercell and
energy cutoff of 70 Ry with theG-point for the k-space
sampling!. The binding energy~defined here as a positiv
value! is obtained as the energy difference of twice the to
energy of a~spherical! N pseudoatom and the total energy
the N2 dimer. The spin-polarization energy of the atom
ground state of the free N atom is taken into account;
energy was calculated to be 2.893 eV using the LDA a
3.151 eV using the GGA~Ref. 62!; that of the free N2 dimer
is negligible. The present results agree well with previo
LDA and GGA calculations. Compared to the LDA resul
the GGA yields very similar, but slightly longer bon
lengths, slightly lower frequencies, and significantly sma
binding energies that are closer to experiment. Similar tre

FIG. 4. Convergence of the~a! bond length,~b! binding energy,
~c! frequency, and~d! total energy for N2 as a function of cutoff
energyEcut . Solid and dashed lines represent LDA and GGA
sults, respectively.
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have been reported for other small molecules~see, for ex-
ample, Ref. 19!.

IV. ALUMINUM NITRIDE

In this section we first discuss the performance of our
pseudopotential and calculations for bulk Al, and then d
scribe results for AlN in the zinc-blende and wurtzite stru
tures.

A. Al

For the Al pseudopotential we again use the non-sp
polarized electronic ground-state configuration to create
LDA and GGA pseudopotentials, i.e., 3s23p13d0. The cut-
off radii were taken to ber c

s51.80a0 , r c
p52.10a0 , and r c

d

52.00a0 . In the total-energy calculations the 3d channel is
taken as local. The right panel of Fig. 1 shows the logar
mic derivatives of the all-electron radial wave function~solid
curve! and the pseudo-wave-functions~semilocal, dashed
line; separable, dot-dashed line! for the Al atom, again show-
ing a close tracking to the all-electron results in the relev
energy range. At higher energies~above 0.5 H! notable de-
viations occur for thed channel, but this energy range is we
above that of interest in the present work. In Figs. 2~c! and
2~d! we show the ionic pseudopotential, and the pseudoe
tron and all-electron radial wave functions. The much sof
potential of the Al atom is apparent, as reflected by the s
nificantly faster convergence of the physical properties
bulk Al as a function of energy cutoff~see Fig. 5! as com-
pared to that of N2 ~Fig. 4!. Results of the transferability test
are collected in Table II; emptying of the valence electro
was considered here~positive ionization of the atom!. The

TABLE I. Calculated bond lengthb, frequencyn, and binding
energyEb for the N2 dimer. The particular functional used is en
closed in brackets; for the values taken from Ref. 19, the functi
als are separated into exchange and correlation. The exchange
corresponds to Slater~Ref. 56! ~S! or Becke ~Ref. 57! (B). For
correlation, either the LSD~local electron spin density! theory of
Vosko, Wilk, and Nusair~Ref. 58! ~VWN! or the gradient-corrected
functional of Lee, Yang, and Parr~LYP! ~Ref. 59! was used. PWII
~Ref. 18! is the GGA employed in the present work and PWI is t
earlier GGA of Perdew and Wang~Ref. 60!. Present values are
calculated with an energy cutoff of 70 Ry in a 15-bohr cubic sup
cell using one special point (G). Experimental values are include
for comparison.

LDA calculation b ~Å! n (cm21) Eb (eV)

Present 1.099 2384 11.587
Ref. 20 1.09 2380 11.6
Ref. 19 (S-VWN! 1.111 2401 11.16

GGA calculation b (Å) n (cm21) Eb (eV)

Present 1.105 2346 9.867
Ref. 61~PWII! 1.104 2332 10.243
Ref. 19 (B-LYP! 1.118 2337 10.03
Ref. 20~PWI! 1.10 2320 10.1
Ref. 20~PWII! 1.10 2330 10.3

Expt. ~taken from Ref. 20! 1.10 2360 9.9

-
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values in Table II are sufficiently small to indicate satisfa
tory transferability~see Refs. 46, 51, 54, and 55!.

In Fig. 5 the convergence of the physical properties
bulk Al is tested with respect to the energy cutoff. We o
tained the equilibrium geometry by computing the total e
ergy per atom in bulk, varying the lattice constant with
about 65% of the equilibrium value and using the Mu
naghan equation of state.63 From these data we also derive
the bulk modulus and its derivative. To calculate the co
sive energy~defined here as a positive value!, we take into
account the spin-polarization energy of the free Al ato
which is calculated to be 0.136 eV for the LDA and 0.1
eV for the GGA.62 At aboutEcut512 Ry the system may b
regarded as being satisfactorily converged, i.e., the dif
ences in the values of the lattice constant, cohesive ene
and bulk modulus obtained at 12 and 40 Ry are20.005 Å,
0.015 eV, and 0.014 Mbar, respectively, for the LDA, a
20.008 Å, 0.019 eV, and 0.022 Mbar, respectively, f
GGA. Our results indicate that the rates of convergence
the various physical properties are very similar for the LD
and GGA.

TABLE II. Eigenvalue differences (DE3s ,DE3p) and
ionization/excitation energy differences (DEion/exc) ~in eV! for the
aluminum atom between the pseudopotential~GGA! and all-
electron calculations for various electronic configurations with
spect to the ground-state configuration.

Configuration DE3s DE3p DEion/exc

3s2 3p1 0.00 0.00 0.00
3s2 3p0.5 0.0003 20.0005 0.0005
3s2 3p0 20.0002 20.0024 20.0054
3s1.53p0 0.0192 0.0023 0.0055
3s1.03p0 0.0792 0.0298 20.0304
3s0.53p0 0.3370 0.1997 20.1301
3s1.03p1.0 0.0295 0.0077 20.0087

FIG. 5. Convergence of the~a! lattice constant,~b! cohesive
energy,~c! bulk modulus, and~d! total energy for bulk Al as a
function of cutoff energyEcut . Solid and dashed lines represe
LDA and GGA results, respectively.
-

f
-
-

-

r-
y,

r
of

The calculated values obtained usingEcut540 Ry with
182 k points in the irreducible part of the Brillouin zone a
collected in Table III. It can be seen that good agreemen
obtained with other LDA and GGA calculations, all of whic
were calculated using the pseudopotential plane-w
method. Our GGA results show a 2.07% larger lattice c
stant, an 11.26% smaller bulk modulus, and a 0.619
smaller cohesive energy than our LDA results, and are
better agreement with experiment.

B. AlN

The ground-state structure of AlN is wurtzite, but AlN ha
also been reported to stabilize in the zinc-blende~cubic!
structure~see Ref. 6 and references therein!. The zinc-blende
and wurtzite structures are schematically depicted in F
6~a! and 6~b!. For the zinc-blende structure, determination
the theoretical equilibrium geometry is straightforward sin
there is just one lattice constanta with two atoms per unit

cell, one at (0,0,0) and the other at (1
4 , 1

4 , 1
4 )a, with unit

vectors a5(0,1
2 , 1

2 )a, b5( 1
2 ,0,12 )a, and c5( 1

2 , 1
2 ,0)a. For

wurtzite there are four atoms per hexagonal unit cell. W

the unit vectorsa5( 1
2 ,A3/2,0)a, b5( 1

2 ,2A3/2,0)a, andc
5(0,0,c/a)a, the positions of the atoms, in units ofa, b,

-

TABLE III. Lattice constanta, bulk modulusB and derivative
B8, and cohesive energyEc , of bulk Al. Present values were ob
tained using an energy cutoff of 40 Ry and 182k points. Experi-
mental results are included for comparison.

LDA calculation a (Å) B ~Mbar! B8 Ec ~eV!

Present 3.961 0.830 4.605 4.034
Ref. 51 3.97 0.83 4.09
Ref. 21 3.96 0.87 4.05
Ref. 22 3.93 0.877 4.14
Ref. 23 3.96 0.808 4.06

GGA calculation a ~Å! B ~Mbar! B8 Ec ~eV!

Present 4.042 0.744 4.417 3.415
Ref. 51 4.05 0.790 3.52
Ref. 21 4.04 0.79 3.09
Ref. 22 4.03 0.793 3.45
Ref. 23 4.03 0.720 3.51

Expt. ~Ref. 64! 4.05 0.773 3.39

FIG. 6. Schematic illustration of~a! the zinc-blende structure
and~b! the wurtzite structure. Larger and smaller spheres repre
cations and anions, respectively.
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5526 PRB 59C. STAMPFL AND C. G. VAN de WALLE
andc are (0,0,0) and (23 , 1
3 , 1

2 ) for atoms of the first type, and

(0,0,u) and (2
3 , 1

3 ,u1 1
2 ) for atoms of the second type, whe

u is the dimensionless internal parameter. For the id

wurtzite structure,c/a5A8
3 andu5 3

8 .
To determine the equilibrium geometry of the wurtz

phase, we optimize the independent parametersV ~volume of

FIG. 7. Convergence of the~a! lattice constant,~b! cohesive
energy,~c! bulk modulus, and~d! total energy for AlN in the zinc-
blende structure as a function of cutoff energyEcut . Solid and
dashed lines represent LDA and GGA results, respectively.
al

the unit cell!, c/a, and u as follows: In the first step, we
assume the ideal wurtzite structure and determine the e
librium volume by varying the lattice constanta. Then, keep-
ing the equilibrium volume fixed andu5 3

8 , the c/a ratio is
varied ~generally in the range of 1.593 to 1.663 in steps
0.01! to find the optimum value. At the newc/a ratio we
once again vary the lattice constanta, to determine the new
equilibrium volumeV8. Then, having foundc/a andV8, we
vary the internal parameteru ~generally from 0.365 to 0.390
in steps of 0.005! to minimize the total energy.

To check convergence of the calculations as a function
energy cutoffEcut we calculated the bulk properties of AlN
in the zinc-blende structure as a function ofEcut. The cohe-
sive energyEc is obtained as the difference between the to
energy of the bulk material,Etot

bulk ~per cation-anion pair!, and
that of the free atoms,Etot

atom. We choose to define this en
ergy as positive, i.e.,Ec52Etot

bulk1( iEtot
atom,i . The results are

shown in Fig. 7. A convergence behavior similar to that
the N2 dimer can be observed in that below 40 Ry the phy
cal quantities are poorly converged. These results reflect
fact that the N pseudopotential is dictating the rate of c
vergence for AlN.

In Tables IV and V, our calculated bulk properties of Al
in the zinc-blende and wurtzite structures are presented
compared with experiment and with other publishedab initio
calculations. These results were obtained using an en
cutoff of 80 Ry with ten and 24k points in the irreducible
part of the Brillouin zone, for the zinc-blende and wurtzi
structures, respectively. Calculations for the zinc-blen
structure with 60k points in the irreducible part of the Bril
louin zone showed almost identical results, as was the c
for GaN and InN.
plane-

or
TABLE IV. Lattice constanta, bulk modulusB and derivativeB8, cohesive energyEc , and band gapEg
G

of zinc-blende AlN, calculated at the theoretical lattice constant. Methods include pseudopotential
wave ~PPPW!, pseudopotential Gaussian basis~PP-GB!, all-electron~AE!, and Hartree-Fock~HF!. Present
values were obtained using an energy cutoff of 80 Ry and 10k points. Experimental results are included f
comparison.

Method LDA
calculation

a ~Å! B ~Mbar! B8 Ec ~eV! Eg
G ~eV!

PPPW Present 4.310 2.06 3.86 13.242 4.75
Ref. 65 4.342 2.07 4.35
Ref. 66 4.37 2.02 4.09
Ref. 67 4.34 2.14 3.3
Ref. 68 4.365
Ref. 69 4.421 1.95
Ref. 70 4.339 2.04 4.06 17.990 4.50

PP-GB Ref. 43 4.29

AE Ref. 71 4.32 2.03 3.2
Ref. 72 4.334 2.16
Ref. 38 4.345 2.07

HF Ref. 73 4.3742 2.18 10.88

Method GGA calculation a ~Å! B ~Mbar! B8 Ec ~eV! Eg
G ~eV!

PPPW Present 4.394 1.91 3.81 11.361 4.13
AE Ref. 38 4.40

Expt. ~Ref. 6! 4.37
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TABLE V. Lattice constantsa and c, c/a, internal parameteru, bulk modulusB and derivativeB8,
cohesive energyEc , and band gapEg

G of wurtzite AlN, calculated at the theoretical lattice constants. Meth
include pseudopotential plane-wave~PPPW!, pseudopotential Gaussian basis~PP-GB!, all-electron~AE!, and
Hartree-Fock~HF!. Present values were obtained using an energy cutoff of 80 Ry and 24k points. Experi-
mental values are included for comparison.

Method LDA calculation a ~Å! c ~Å! c/a u B ~Mbar! B8 Ec ~eV! Eg
G ~eV!

PPPW Present 3.057 4.943 1.617 0.3802 2.09 5.58 13.286
Ref. 65 3.084 4.948 1.604 0.3814 2.05 4.
Ref. 66 3.09 5.006 1.62 0.378 1.99 4.4
Ref. 67 3.082 4.945 1.604 0.3821 2.15 3.63
Ref. 74 3.129 4.988 1.594 0.3825 1.95 3.74 3
Ref. 75 3.110 4.979 1.601 0.382 2.02
Ref. 68 3.099 4.997 1.612 0.381
Ref. 69 3.144 5.046 1.605 0.381 1.94
Ref. 70 3.077 4.981 1.619 0.380 2.071 3.82 18.032 4

PP-GB Ref. 43 3.05 4.89 1.603 0.382 4

AE Ref. 71 3.06 4.91 1.60 0.383 2.02 3.8
Ref. 72a 3.072 4.904 1.596 0.382 2.05 4.5
Ref. 38 3.091 4.952 1.602 0.381 2.12

HF Ref. 76b 3.117 4.982 1.598 0.3828 2.39 3.77 10.11
Ref. 76c 3.101 4.975 1.604 0.3817 2.39 4.19 11.09
Ref. 73 3.1002 4.9888 1.6092 0.3805
Ref. 77 3.114 4.984 1.6005 0.3824

Method GGA calculation a ~Å! c ~Å! c/a u B ~Mbar! B8 Ec ~eV! Eg
G ~eV!

PPPW Present 3.113 5.041 1.6193 0.3798 1.92 3.96 11.403
AE Ref. 38 3.135 5.022 1.602 0.381

Expt. ~Refs. 6, 71, and 73! 3.111 4.978 1.601 0.385 1.85–2.12 5.7–6.3 11.669 6

aThis result was obtained by optimizingc/a and u, but the equilibrium volume was taken to be that
experiment.

bAll-electron results.
cPseudopotential results.
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We sectioned the entries in Tables IV and V according
the calculational method for ease of comparison: pseudo
tential plane-wave, pseudopotential Gaussian basis,
electron, and Hartree-Fock methods. Table IV~zinc-blende
structure! shows that the lattice constants and bulk mod
agree fairly well for all calculation methods. The largest d
viation in lattice constant was reported in Ref. 69, where
obtained value was somewhat larger than the others. We
that for zinc-blende AlN the band gap is indirect; the entr
in Table IV correspond to the direct band gap atG.

From Table V~wurtzite structure! we can see that the HF
methods yield slightly larger lattice constants than the LD
results; this is a well-known effect. Table V shows no s
nificant difference in the results of the physical properties
the all-electron and pseudopotential methods for AlN. W
note that the cohesive energies obtained by Sattaet al.70 are
significantly larger than those of the present work~by 4.748
and 4.746 eV for the zinc-blende and wurtzite structur
respectively!. This is surprising since both Sattaet al.’s and
our approach takes spin-polarization of the free atoms
account. For GaN~Tables VII and VIII! and InN ~Tables X
and XI! the agreement is much closer~with results differing
by less than 0.36 eV!.
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We also calculated the heat of formationDH f of AlN in
the zinc-blende structure atEcut580 Ry to be 23.4 eV
~LDA ! and23.0 eV~GGA!. The heat of formation is calcu
lated as DH f5Etot

bulk AlN2Etot
bulk Al21/2Etot

N2 ~i.e., DH f is
negative for a stable structure!. The experimental value is
23.3 eV.6 The absolute value of the heat of formation of t
wurtzite structure will be larger by the zinc-blende/wurtz
energy difference, which we calculate to be'44 meV ~see
Table XII!.

Our lattice constants as obtained using the GGA are ab
1.95% and 1.83% larger than the LDA values, for the zin
blende and wurtzite structures, respectively. For the zi
blende structure the LDA result is 1.3% smaller than expe
ment, and the GGA result 0.55% larger. The values of
bulk moduli are also lower when calculated within the GG
about 8% smaller than the LDA results for both the zin
blende and wurtzite structures. The cohesive energies as
tained by the GGA are 1.881 eV~zinc blende! and 1.883 eV
~wurtzite! smaller than the LDA results, largely correctin
the overbinding of the LDA. The GGA values are therefo
in significantly better agreement with experiment, as was
case for bulk Al and the N2 dimer.
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In Fig. 8 the band structure of AlN in the zinc-blend
structure is displayed for calculations using the LDA~solid
curve! and GGA ~dashed curve!. The band structures ar
calculated at the appropriate theoretical equilibrium latt
constants for the LDA and GGA, respectively. We see t
the band structures are very similar, except that the band
at G for the GGA result is about 0.61 eV ('13%! smaller
than the LDA result. The conduction bands in the GGA c
culation are shifted down slightly in energy, but the shift
not constant and depends on thek point and energy. Sligh
differences are also seen in the valence bands: in this
the GGA bands lie higher in energy than those of the LD
leading to slightly reduced bandwidths. The differences
tween the LDA and GGA observed in Fig. 8 are primar
due to the larger lattice constant obtained using the G
compared to the LDA, i.e., to deformation-potential effec
If, instead, the experimental lattice constant is used, the
culated band gap for the zinc-blende structure is the sam
within 0.02 eV for the LDA and GGA.

The LDA band structure compares well with that report
in Ref. 6. The band structure for AlN in the wurtzite pha
~not shown! exhibits a qualitatively similar behavior: the d
rect band gap for the GGA result is found to be 0.49 e
('10%! smaller than the LDA result.

V. GALLIUM NITRIDE

As for AlN, the ground-state structure of GaN is wurtzit
Stabilization of the zinc-blende structure has been repo
for growth on~001! GaAs, cubic SiC, MgO, and~001!Si ~see
Ref. 1 and references therein!.

The LDA and GGA Ga pseudopotentials were genera
in the ground-state valence electronic configurat
3d104s24p1, with cutoff radii r c

s52.08,r c
p52.30, and r c

d

52.08. To avoid ghost states it was necessary to take ths
channel as local in the total-energy calculations. The
panel of Fig. 9 shows that the logarithmic derivatives disp

FIG. 8. Band structure of zinc-blende AlN as obtained using
LDA ~solid curve! and the GGA~dashed curve!, at the theoretical
lattice constants appropriate for the LDA and GGA.
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good scattering properties, as indicated by the close ag
ment of the all-electron and pseudopotential results in
relevant energy range. In Figs. 10~a! and 10~b! we show the
ionic pseudopotential and the pseudoelectron and all-elec
radial wave functions. The depth of the Ga 3d potential in-
dicates that a large energy cutoff is necessary to treat the
3d states, as we will see below.

Results of the transferability or ‘‘hardness’’ tests are c
lected in Table VI. Similar to our tests for the Al atom, w
consider emptying of the valence states in accord with
cationic nature of Ga in GaN. We also considered two
cited electronic configurations. Good transferability is o
served; these values can be compared with those reporte
Ref. 54 in which the transferability of a Ga pseudopoten
was also considered. In that work, however, the Ga 3d state
was included in the core. The authors of Ref. 54 found t
the partial core correction scheme79 substantially improved
the transferability, while without it the transferability was n
very satisfactory. A similar improvement when using t

e

FIG. 9. Logarithmic derivatives@d ln R(r )/dr , where R(r ) is
the radial wave function# vs energyE of the all-electron radial wave
function ~solid curve! and the ~GGA! pseudo-wave-functions
~semilocal, dashed line; separable, dot-dashed line! for the gallium
atom ~left panel! and the indium atom~right panel!.

FIG. 10. Ionic GGA pseudopotential~a! and all-electron and
pseudopotential~dashed line! wave function ~b! for the gallium
atom.~c! and ~d! Same as~a! and ~b! but for the indium atom.
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partial core correction has been reported for silicon.46 In the
present work we explicitly treat thed states as valence state
resulting in good transferability.

For zinc-blende GaN we calculated the lattice consta
cohesive energy, bulk modulus, and total energy as a fu
tion of energy cutoffEcut. Figure 11 shows that a cutoff of a
least 60 Ry is required to yield satisfactory results; the val
of the bulk properties obtained using a 50-Ry cutoff are s
significantly different from those at 60 Ry and higher.

In Tables VII and VIII the values of the various bul
properties are listed for the zinc-blende and wurtzite str
tures, as obtained using an 80-Ry cutoff and ten and 2k

TABLE VI. Eigenvalue differences (DE3d ,DE4s ,DE4p) and
ionization/excitation energy differences (DEion/exc) for the gallium
atom ~in eV! between pseudopotential~GGA! and all-electron cal-
culations for various electronic configurations with respect to
ground-state configuration.

Configuration DE3d DE4s DE4p DEion/exc

3d104s24p1 0.00 0.00 0.00 0.00
3d104s24p0.5 0.0090 0.0013 0.0003 0.0003
3d104s24p0.0 0.0163 0.0024 0.0003 0.0005
3d104s1.54p0 20.0317 20.0003 20.0003 0.0008
3d104s1.04p0 20.1013 20.0102 20.0049 0.0043
3d104s0.54p0 20.2005 20.0315 20.0155 0.0158
3d104s1.04p1.0 20.0807 20.0017 0.0013 0.0014
3d104s1.04p2.0 20.0870 20.0022 0.0015 0.0022
t,
c-

s
ll

-

points in the irreducible part of the Brillouin zone, respe
tively. For calculating the cohesive energy we again take i
account the spin-polarization energy of the constituent
oms. For the Ga atom the values are 0.133 eV for the L
and 0.182 eV for the GGA.62 We find that the lattice constan

e

FIG. 11. Convergence of the~a! lattice constant,~b! cohesive
energy, ~c! bulk modulus, and~d! total energy, for GaN in the
zinc-blende structure as a function of cutoff energyEcut . Solid and
dashed lines represent LDA and GGA results, respectively.
tential

e

TABLE VII. Lattice constanta, bulk modulusB and derivativeB8, cohesive energyEc , and band gapEg
G

of bulk zinc-blende GaN, calculated at the theoretical lattice constant. Methods include pseudopo
plane-wave~PPPW!, pseudopotential Gaussian basis~PP-GB!, all-electron~AE!, and Hartree-Fock~HF!.
Present values were obtained using an energy cutoff of 80 Ry and 10k points. Experimental values ar
included for comparison.

Method LDA calculation a ~Å! B ~Mbar! B8 Ec ~eV! Eg
G ~eV!

PPPW (3d) Present 4.518 1.91 4.14 10.179 1.60
Ref. 65 4.460 1.87 1.89
Ref. 41 4.524 2.06 3.7 10.53
Ref. 70 4.519 2.00 4.15 10.536 2.00

PP-GB Ref. 43 4.45 1.60

PPPW~no 3d) Ref. 66 4.51 1.92 2.15
Ref. 68 4.364
Ref. 69 4.446 1.95
Ref. 78 4.30 2.51 2.76

AE Ref. 71 4.46 2.01 3.9
Ref. 80 4.466 1.98 10.88 2.0
Ref. 38 4.464 1.99

HF Ref. 73 4.5215 2.54 8.358
Ref. 81 4.510 2.30 3.6

Method GGA calculation a ~Å! B ~Mbar! B8 Ec ~eV! Eg
G ~eV!

PPPW (3d) Present 4.590 1.56 4.25 8.253 1.28
AE Ref. 38 4.570

Expt. ~Refs. 6, 71, and 82! 4.50, 4.531 1.90 3.45,3.21
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TABLE VIII. Lattice constantsa, c, andc/a, internal parameteru, bulk modulusB and derivativeB8, cohesive energyEc , and band gap
Eg

G of bulk wurtzite GaN, calculated at the theoretical lattice constants. Methods include pseudopotential plane-wave~PPPW!, pseudopo-
tential Gaussian basis~PP-GB!, all-electron~AE!, and Hartree-Fock~HF!. Present values were obtained using an energy cutoff of 80 Ry
24 k points. Experimental values are included for comparison.

Method LDA calculation a ~Å! c ~Å! c/a u B ~Mbar! B8 Ec ~eV! Eg
G ~eV!

PPPW (3d) Present 3.193 5.218 1.634 0.376 10.187 1.76
Ref. 65 3.162 5.142 1.626 0.377 2.02 2.04
Ref. 41 3.19 5.228 1.639 0.375 2.03 4.2 10.77
Ref. 70 3.196 5.222 1.634 0.375 2.13 4.50 10.547 2.13

PP-GB Ref. 43 3.15 5.13 1.628 0.372 1.70

PPPW Ref. 66 3.2 5.216 1.63 0.376 1.91 2.29
~no 3d) Ref. 68 3.095 5.000 1.633 0.378

Ref. 74 3.126 5.119
Ref. 75 3.160 5.126 1.622 0.377 1.95
Ref. 54 3.043 4.972 1.634 0.375 2.4 8.187 3.0
Ref. 69 3.146 5.125 1.629 0.377 1.95

AE Ref. 71 3.17 5.13 1.62 0.379 2.07 4.5
Ref. 38 3.160 5.138 1.626 0.377 1.99

HF Ref. 73 3.2011 5.1970 1.6235 0.3775
Ref. 81 3.199 5.176 1.618 0.380 2.51 2.7

Method GGA calculation a ~Å! c ~Å! c/a u B ~Mbar! B8 Ec ~eV! Eg
G ~eV!

PPPW (3d) Present 3.245 5.296 1.632 0.3762 1.72 5.11 8.265 1.45

Expt. ~Refs. 6, 71, 82. and 73 3.180,3.192 5.166 1.624 0.375 1.88-2.45 3.2 4.3 9.058 3.65, 3.44
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in the GGA is 1.59% and 1.63% larger than in the LDA f
the zinc-blende and wurtzite structures, respectively. Co
spondingly, the bulk modulus is smaller by 18% for zi
blende and 15% for wurtzite. For the zinc-blende struct
we find that the LDA yields a slightly larger lattice consta
than experiment~by 0.4%!, while that of the GGA is 2%

FIG. 12. Band structure of zinc-blende GaN as obtained us
the LDA ~solid curve! and the GGA~dashed curve!, at the theoret-
ical lattice constants appropriate for the LDA and GGA.
e-

e

larger. In this case the LDA all-electron results yield latti
constants about 0.8% smaller than experiment. The cohe
energies, similarly to what we found for AlN, are also si
nificantly smaller using the GGA as compared to the LD
by 1.926 and 1.923 eV for the zinc-blende and wurtz
structures, respectively. The GGA cohesive energies ar
slightly better agreement with experiment than the LDA v
ues, but indicate an underbinding as opposed to
overbinding of the LDA. It appears therefore that the GG
does not bring about a significant improvement over
LDA for GaN.

In Fig. 12 the zinc-blende band structure of GaN is d
played as calculated using the LDA~solid curve! and the

TABLE IX. Eigenvalue differences (DE4d ,DE5s ,DE5p) and
excitation energy differences (DEion/exc) for the indium atom~in
eV! between pseudopotential~GGA! and all-electron calculations
for various electronic configurations with respect to the grou
state configuration.

Configuration DE4d DE5s DE5p DEion/exc

4d105s25p1 0.00 0.00 0.00 0.00
4d105s25p0.5 0.0142 0.0012 0.0002 0.0055
4d105s25p0.0 0.0334 0.0024 0.0003 0.0013
4d105s1.55p0 0.0533 0.0080 0.0024 0.0003
4d105s1.05p0 0.0754 0.0185 0.0079 20.0041
4d105s0.55p0 0.0996 0.0388 0.0221 20.0152
4d105s1.05p1.0 0.0272 0.0091 0.0039 20.0014
4d105s1.05p2.0 20.0053 0.0037 0.0016 0.0000
g
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GGA ~dashed curve!, at the respective theoretical lattice co
stants. As in the case of AlN, the band structures look ra
similar. The band gap is about 0.33 eV ('20%) smaller for
the GGA as compared to the LDA. Similar results are o
tained for the wurtzite structure~not shown!: the GGA yields
a band gap approximately 0.31 eV ('18%) smaller than the
LDA. This, as mentioned earlier, can be primarily attribut
to the larger GGA lattice constant.

FIG. 13. Convergence of the~a! lattice constant,~b! cohesive
energy,~c! bulk modulus, and~d! total energy, for InN in the zinc-
blende structure as a function of cutoff energyEcut . Solid and
dashed lines represent LDA and GGA results, respectively.
er

-

VI. INDIUM NITRIDE

Indium nitride is perhaps the least studied of the group
nitrides. The equilibrium crystal structure is wurtzite but t
zinc-blende structure also has been reported to form.6 Similar
to the Ga pseudopotential construction, we created the L
and GGA pseudopotentials for In assuming the ground-s
valence electronic configuration 4d105s25p1 with cutoff ra-
dii r c

s52.08a0 , r c
p52.30a0 , and r c

d52.08a0 . For the total-
energy calculations we again find it necessary to take ths
channel as local to avoid ghost states. The right panel of
9 contains the logarithmic derivatives of the GGA In pote
tial. They appear similar to those of Ga, and display go
scattering properties. In Figs. 10~c! and 10~d! we show, re-
spectively, the ionic pseudopotential, and the pseudoelec
and all-electron radial wave functions. It can be noted t
the In 4d potential is shallower than that of Ga 3d and
deeper than that of N. Results of the transferability tests
the pseudopotential are given in Table IX. Again, good b
havior is seen.

The convergence of lattice constant, cohesive ene
bulk modulus, and total energy as a function of cutoff ene
Ecut for the zinc-blende structure is given in Fig. 13. We fin
that the properties of InN converge slightly faster than
GaN, but an energy cutoff ofEcut550 Ry or more is re-
quired. The values at 40 Ry cutoff are still notably differe
from those at 50 Ry and higher.

In Tables X and XI the structural parameters, bulk mod
and derivatives, cohesive energies, and band gaps are g
for the zinc-blende and wurtzite structures as calculated
the present work and as taken from other publications.
used an 80-Ry cutoff and ten and 24k points in the irreduc-
ible part of the Brillouin zone for the zinc-blende and wurt
e-wave

or
TABLE X. Lattice constanta, bulk modulusB and derivativeB8, cohesive energyEc , and band gapEg
G

of zinc-blende InN calculated at the theoretical lattice constant. Methods include pseudopotential plan
~PPPW!, pseudopotential Gaussian basis~PP-GB!, all-electron~AE!, and Hartree-Fock~HF!. Present values
were obtained using an energy cutoff of 80 Ry and 10k points. Experimental values are included f
comparison.

Method LDA calculation a ~Å! B ~Mbar! B8 Ec ~eV! Eg
G ~eV!

PPPW (3d) Present 5.004 1.40 4.38 8.676 20.40
Ref. 65 4.932 1.40 20.35
Ref. 70 4.974 1.49 4.41 8.779

PP-GB Ref. 43 4.97

PPPW~no 3d) Ref. 66 5.01 1.58 0.16
Ref. 68 4.983

AE Feibelman~from Ref. 65! 4.953 1.44 20.20
Ref. 71 4.92 1.39 4.4
Ref. 83 4.929 1.38
Ref. 38 4.957 1.41

HF Ref. 73 4.9870 1.59 6.990

Method GGA calculation a ~Å! B ~Mbar! B8 Ec ~eV! Eg
G ~eV!

PPPW (3d) Present 5.109 1.1696 4.4305 6.855 20.55
AE Ref. 38 5.06

Expt. ~Ref. 6! 4.98 1.37
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TABLE XI. Lattice constantsa, c, andc/a, internal parameteru, bulk modulusB and derivativeB8, cohesive energyEc , and band gap
Eg

G of wurtzite InN, calculated at the theoretical lattice constants. Methods include pseudopotential plane-wave~PPPW!, pseudopotential
Gaussian basis~PP-GB!, all-electron~AE!, and Hartree-Fock~HF!. Present values were obtained using an energy cutoff of 80 Ry andk
points. Experimental values are included for comparison.

Method LDA calculation a ~Å! c ~Å! c/a u B ~Mbar! B8 Ec ~eV! Eg
G ~eV!

PPPW (3d) Present 3.544 5.762 1.626 0.377 1.40 6.03 8.694 20.27
Ref. 65 3.501 5.669 1.619 0.3784 1.39 20.04
Ref. 65 3.524 5.733 1.627 0.377 1.49 4.12 8.799

PP-GB Ref. 43 3.53 5.72 1.620 0.378 20.4

PPPW~no 3d) Ref. 66 3.55 5.787 1.63 0.375 1.62 0.16

AE Ref. 68 3.536 5.709 1.615 0.380
Ref. 71 3.53 5.54 1.57 0.388 1.46 3.4
Ref. 38 3.528 5.684 1.611 0.380 1.41

HF Ref. 73 3.5428 5.7287 1.6170 0.3784

GGA a ~Å! c ~Å! c/a u B ~Mbar! B8 Eb ~eV! Eg
G ~eV!

PPPW (3d) Present 3.614 5.884 1.628 0.377 1.161 7.33 6.872 20.37

Expt. ~Refs. 6, 71, and 73! 3.533 5.693 1.611 0.375 1.25 12.7 7.970 1.9
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ite structures, respectively. We included the spin-polariza
energy of the N and In atoms in obtaining the cohesive
ergy, where the values for the indium atom were calcula
to be 0.126 eV for the LDA and 0.168 eV for the GGA.62

The values of the~negative! band gaps atG, given in Tables
X and XI, were obtained by evaluating the band gap a
function of lattice constant, and extrapolating to the obtain
equilibrium lattice constant.

The heat of formation of InN is found to be quite sma
within the LDA, namely,20.103 eV~obtained using an en
ergy cutoff of 80 Ry!. Within the GGA, the value at 80 Ry i
found to be 0.394 eV~i.e., unstable!. Reported experimenta
values range from20.22 to21.49 eV.6 Growth of InN re-
quires low temperatures~around 650 °C) due to the therm
instability of InN which is consistent with the calculate
small values of the heat of formation.

We find that our lattice constants as obtained using
GGA are 2.10% and 1.95% larger than those obtained u
the LDA for the zinc-blende and wurtzite structures, resp
tively. With respect to experiment, the zinc-blende LDA a
GGA lattice constants are too large by 0.5% and 2.6%,
spectively. The bulk moduli as obtained using the GGA
about 16% smaller for zinc blende, and 17% smaller
wurtzite. The cohesive energies, similarly to what we fou
for AlN and GaN, are also notably smaller for the GGA~by
1.821 eV for zinc blende and 1.822 eV for wurtzite! as com-
pared to the LDA. We note that the LDA/GGAdifferencesin
cohesive energies are very similar for AlN, GaN, and InN

In comparison with experiment we see that, as for Ga
the GGA values are somewhat too small, whereas the L
values are too large. For InN the degree to which the G
underbinds is larger than for GaN. Thus we find the tende
of the LDA to overbind decreases on going from GaN
InN, while the tendency of the GGA to underbind~and over-
estimate the lattice constant! increases on going from GaN t
InN. The reason for this is at present unclear. It could
n
-
d

a
d

e
g
-

-
e
r
d

,
A
A
y

e

related to the pseudopotential treatment, for example, se
ing thef channel as local and allowing a nonlocal descripti
for each of thes, p, andd channels may improve the result
or it could be related to relativistic effects which increa
with atomic number. In these respects, consistent,all-
electroncalculations for the cohesive energies would be
formative.

In Fig. 14 the zinc-blende band structure is displayed
the LDA ~solid curve! and GGA~dashed curve! calculations,
at the theoretical lattice constants. In both cases InN is
tallic; neither exchange-correlation functional yields a po
tive band gap.

FIG. 14. Band structure of zinc-blende InN as obtained us
the LDA ~solid curve! and the GGA~dashed curve!, at the theoret-
ical lattice constants appropriate for the LDA and GGA.
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VII. ENERGY DIFFERENCE BETWEEN WURTZITE
AND ZINC BLENDE

From the calculations described above we obtain ene
differences between the wurtzite and zinc-blende structu
which are given in Table XII. They are compared to resu
of other first-principles calculations. We find a trend of d
creasing energy difference on going from AlN to InN
GaN; this trend is the same as that found in all the ot
studies. It can be seen, however, that there is consider
scatter in the magnitude~and in two cases, thesign! of the
energy differences. These values are obviously quite sm
and sensitive to the technical details and approximati
used in the various calculation methods. In spite of this, m
calculations~with the two noted exceptions! find that the
wurtzite structure is the ground-state configuration and

TABLE XII. Energy difference per cation-anion pair~in meV!
between the wurtzite and zinc-blende structures of the group
nitrides. A negative value indicates the wurtzite structure is m
stable.

Method Calculation AlN GaN InN

PPPW (3d) Present~LDA ! 243.7 28.4 221.4
Present~GGA! 241.6 211.6 217.3

Ref. 70 242 211 220

PPPW~no 3d) Ref. 69 237.4 211.6
Ref. 68 236.8 219.8 222.9
Ref. 74 221.2
Ref. 83 230
Ref. 54 117.7

HF Ref. 73a 297.9 235.4 262.6
Ref. 73b 281.6 227.2 240.8
Ref. 81 260

AE Ref. 72 286.6
Palummoet al. in Ref. 2 170

aElectron correlation energy contributions included.
bElectron correlation energy contributions omitted.
a

,

y
es
s
-

r
ble

ll,
s

st

e

zinc-blende structure is metastable, in accordance with
periment.

VIII. CONCLUSIONS

We have calculated various physical properties of A
GaN, and InN, in the zinc-blende and wurtzite structures
well as of the N2 dimer and bulk Al, using both the loca
density approximation and the generalized gradient appr
mation for the exchange-correlation functional. In additi
we have reported tests of our pseudopotentials and of
convergence of the total-energy calculations. For the II
nitrides we find that using the GGA the lattice constants
1.6–2.1 % larger, the bulk moduli 8–18 % smaller, and
cohesive energies approximately 14–20 % smaller, as c
pared to the LDA results. For AlN, N2 , and bulk Al, this
results in a significant improvement in the physical prop
ties obtained using the GGA. For GaN and InN, although
LDA/GGA deviations are very similar to those of AlN, th
GGA does not appear to bring about any essential impro
ment, when compared with experiment. The GGA exhibit
tendency to underbind for these materials, which increa
on going from GaN to InN. The underlying reason for this
unclear. The wurtzite/zinc-blende energy difference is fou
to be largest for AlN and smallest for GaN, with that of In
in between. In each case the wurtzite structure is the grou
state configuration, in agreement with experiment.

The band structures are found to be very similar in
LDA and GGA, when calculated at the experimental latt
constant. When calculated at the appropriate theoretical
tice constants, some differences are found, with a sma
band gap in the case of the GGA; this is essentially
deformation-potential effect. We conclude that for the III
nitrides the GGA does not offer any advantage with resp
to the band-gap problem.
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