
PHYSICAL REVIEW B, VOLUME 63, 165210
Structural, electronic, and effective-mass properties of silicon and zinc-blende group-III nitride
semiconductor compounds
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The electronic band structures of silicon and the zinc-blende-type III-N semiconductor compounds BN, AlN,
GaN, and InN are calculated by using the self-consistent full potential linear augmented plane wave method
within the local-density functional approximation. Lattice constant, bulk modulus, and cohesive energy are
obtained from full relativistic total-energy calculations for Si and for the nitrides. Band structures and total
density of states~DOS! are presented. The role played by relativistic effects on the bulk band structures and
DOS is discussed. In order to provide important band structure-derived properties, such as effective masses and
Luttinger parameters, theab initio band structure results are linked with effective-mass theory. Electron,
heavy-, light-, and split-off-hole effective masses, as well as spin-orbit splitting energies are extracted from the
band-structure calculations. By using the Luttinger-Kohn 636 effective-mass Hamiltonian we derive the
corresponding Luttinger parameters for the materials. A comparison with other available theoretical results and
experimental data is made.
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I. INTRODUCTION

The production of highly efficient blue and green ligh
emitting diodes and the development of laser diodes ope
ing in the blue-ultraviolet spectral regions have stimula
intensive studies of group-III nitride semiconduct
materials.1,2 The nitrides exhibit several interesting prope
ties, such as wide band gaps, high thermal conductivit
and hardness, which make them also useful for device ap
cations at high pressures and temperatures.3,4 Group-III
nitride-based heterostructures have been grown using
hexagonal~wurtzite! and cubic~zinc-blende! crystals. The
wurtzite phase of the III-N compounds constitutes the th
modynamically most stable configuration~with the exception
of BN!. Recently, with the significant progress in crys
growth and material processing technologies, AlN,5 GaN,6–10

InN,11 InGaN,12 and AlGaN~Ref. 13! epitaxial layers of cu-
bic, zinc-blende~ZB!-type have successfully been grow
According to the general trends of the material properties
III-V compound semiconductors, the metastable cubic~c-!
phase offers technological advantages compared to its w
ite ~w-! one, such as the ability to produce cleaved la
cavities and the ease to perform a controlled doping.4 More-
over, the common acceptor and donor levels seem to ap
with smaller ionization energies with respect to the ba
edges of the cubic materials. BN, the lightest of the III
compounds, is unique among the nitrides, which is m
stable in the ZB structure.

The already observed progress in the production of t
films of group-III nitrides has stimulated a great deal of th
oretical investigations aiming a deeper understanding of t
bulk electronic and structural properties. Not only GaN, Al
or InN epitaxial layers and their alloys have potential f
applications, but so do BN, BAlN, and BGaN layers.3,14,15

On the other hand, the pratical interest in realizing, e.g., Z
based GaN/AlGaN, and InGaN/GaN quantum wells for
0163-1829/2001/63~16!/165210~10!/$20.00 63 1652
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ture wide-energy band-gap device concepts faces the nee
reliable information also on band structure-derived quanti
such as effective masses and/or Luttinger parameters.
lack of these informations, particularly for the c-phase of t
compounds has been recently raised by us.16

Some theoretical attempts to provide effective-mass
rameters of III-N’s have been carried out for c-GaN a
AlN, and w-GaN and InN through empirical pseudopotent
calculations,17,18 and for w-AlN and w- and c-GaN by using
the ab initio full potential linear augmented plane wav
~FLAPW! method.19,20The inclusion of spin-orbit interaction
effects in the bulk band-structure calculations has been c
sidered in various works,17–19,21,22although in some of them
these effects are taken into account through empirical par
eters adjusted to give the values obtained from fir
principles calculations.17,18,23,24Due to the fact that the spin
orbit interaction and other relativistic effects, i.e., Darw
and mass-velocity corrections, are important in the desc
tion of the nitride electronic properties, particularly for tho
involving the heavier elements Ga and In, we analyze
role played by these effects also in the band structure.
BN, there are no reports on effective masses and Luttin
parameters, so far.

In this paper, our aim is to present a systematic study
the structural and electronic properties of Si and of c-B
AlN, GaN, and InN by using theab initio self-consistent
FLAPW within the local-density functional~LDF! approach,
and to derive conduction- and valence-band effective mas
as well as the Luttinger parameters. Although there alre
exist several reports on effective-mass parameters from in
pendent groups in the literature, they are obtained from
ferent methods and/or only for some of the compoun
Thus, a detailed and consistent calculation of these par
eters for the whole series of nitrides will be very useful a
welcome.

We performed band-structure calculations for all the
©2001 The American Physical Society10-1
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TABLE I. Lattice constant~in Å! of cubic BN, AlN, GaN, and InN.

BN AlN GaN InN

Expt. 3.616a 4.38a,c 4.50b 4.98,d 4.97e

This work 3.63 4.40 4.552 5.03
Other calc. 3.59,f 3.615,g 4.32,f 4.342,i 4.36,h 4.46,f,i 4.43,h 4.92,f,h 4.932,i

3.62h 4.394,j 4.345k 4.59,j 4.464k 4.957,k 5.109j

aReference 4. gOrthogonalized LCAO within LDA from Ref. 39.
bReference 35. hLMTO-ASA within LDA from Ref. 40.
cReference 36. iPWPP within LDA from Ref. 41.
dReference 37. jPWPP within GGA from Ref. 22.
eReference 11. kFLMTO within LDA from Ref. 42.
fFLMTO within LDA from Ref. 38.
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trides, providing first accurate values for the lattice co
stants, bulk moduli, and cohesive energies that can als
compared with the available experimental data. Band st
tures and total density of states are also shown. Through
obtained dispersion relations along the high symmetry dir
tions of the Brillouin zone~BZ!, and focusing on the
valence-band maximum and the conduction-band minim
at G ~or at thek point corresponding to the absolute co
duction-band minimum for the indirect gap materials!, we
link the electronic band-structure calculation with the effe
tive-mass theory. For the valence-band fitting, a 636
Luttinger-Kohn Hamiltonian was used.25 Owing to the fact
that the conduction-band minimum atG is a nondegenerat
band, we adopted a parabolic model to derive elect
masses. For BN and AlN, as well as for Si, since the c
duction-band minimum does not occur at theG point, trans-
versal and longitudinal electron effective masses are prop
derived.

As silicon is a well-known semiconductor materia
widely investigated from both the experimental and theo
ical points of view, and due to the fact that Si constitutes
‘‘intermediate’’ material example~i.e., between the nitrides
and GaAs, the most studied compound among the III-V!,
concerning the importance of spin-orbit coupling effects,
also carried out calculations of the band structure of Si, a
prototype, evaluating its conduction- and valence-band ef
tive masses and corresponding Luttinger parameters.

The paper is organized as follows. In Sec. II we descr
theab initio FLAPW band-structure calculations and prese
the results for the structural and electronic properties. In S
III the 636 Luttinger-Kohn model used in the fitting of th
valence-band structures close to theG point is briefly de-
scribed. The results obtained for the effective masses
Luttinger parameters are also shown in this section. In S
IV we draw the conclusions.

II. AB INITIO FLAPW CALCULATIONS:
BAND-STRUCTURE RESULTS

The structural and electronic properties of Si and of
c-BN, AlN, GaN, and InN were obtained by means ofab
initio all electron self-consistent electronic structure calcu
tions through the FLAPW method.26,27 The local-density
16521
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functional theory is used. The electron gas data for
exchange-correlation potential were taken from Perd
Burke, and Ernzerhof, the so-called generalized gradient
proximation ~GGA!,28 unless mentioned otherwise. The
2s, 2p, the N 2s, 2p, the Al 3s, 3p, the Ga 3p, 3d, 4s, 4p,
and the In 4p, 4d, 5s, and 5p electrons were treated as pa
of the valence-band states. Particularly, the Ga 3d and In 4d
orbitals are known to play an important role in the corre
description of the energy bands since they hybridize stron
with N-2s states.19–21The inclusion of the Ga-3p and In-4p
orbitals, among the valence states, ensured that no char
left out of the atomic spheres. The separation energy betw
core and valence states was chosen differently in each c
pound in order to guarantee this condition. The cutoff an
lar momentum wasl 510 for wave functions andl 55 for
charge densities and potentials inside the spheres. Equa
ues were assumed for the muffin-tin sphere radii of b
atoms in each material, 1.46aB for BN, 1.8 aB for AlN and
GaN, 1.9aB for InN and Si, whereaB is the free electron
Bohr radius. The number ofk points used as input for the
determination of the self-consistent charge density was 3
which corresponded to 30k points in the irreducible symme
try wedge of the BZ. With these assumptions, the se
consistent energy bands were converged within 1025 eV and
the total energy within 1026 eV. The core electron state
were treated full relativistically, whereas the valence sta
were treated both nonrelativistic and semirelativistically, i
within a scalar-relativistic treatment29 or via a second varia-
tional method including spin-orbit coupling.30 In our full
relativistic calculations we perform first a self-consistent c
culation converging the total energy within the scala
relativistic approximation. Then, by using the converged p
tential, we perform a second self-consistent calculat
including the spin-orbit term and converging the total ene
again.

A. Structural properties

The calculated total energies and pressures for severa
tice constants were fitted with the empirical Murnagh
equation of state31 to obtain equilibrium lattice constants an
bulk moduli. Table I shows the obtained lattice constanta for
all the ZB nitrides, whereas the values obtained for the b
0-2
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TABLE II. Bulk modulus ~in GPa! for cubic BN, AlN, GaN, and InN.

BN AlN GaN InN

Expt. 290-465a 207.966.3b 237631b 125.564.6b

This work 386 198 192 138
Other calc. 392–400,c 370,d 191,e 203,c 156,e 184,f 117,e 137,f

378f 215,f 207g 187,g 201c,h 139c,h

aReference 4. eReference 22.
bReference 43—values for the wurtzite phase. fReference 40.
cReference 38. gReference 41.
dReference 39. hReference 42.
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modulusB are depicted in Table II. These results are co
pared with the experimental data and previous calculatio
The values fora are in very good agreement with the me
sured values and with recent theoretical results obtai
from rigorous plane-wave pseudopotential~PWPP! and full
potential linear muffin-tin orbital~FLMTO! calculations. The
predicted theoretical values for the lattice constants are a
1% larger than the experimental ones. This is a consequ
of the use of GGA in the treatment of exchange-correlat
effects.32 If instead, the current local-density approximatio
~LDA ! is used, the values ofa are approximately 1–2 %
smaller than the experimental values. A detailed compari
between band-structure calculations for w- and c-AlN, Ga
and InN using LDA and GGA has recently been reported22

The values for the cohesive energy are displayed in Ta
III for the series of the group-III nitrides. The FLAPW cod
provides atomic energies within a full relativistic calcul
tion.33 This means that the total~bulk! and atomic energies
are calculated in a different way, the former by perturbat
theory. In order to have these quantities calculated in
same approximation, we applied a procedure suggeste
Ref. 34. We calculated the total energy of a fcc lattice for
N, B, Al, Ga, and In, converging it with respect to the latti
constant whose value was chosen as large as possible
total energy of such a lattice should correspond to the ato
energy calculated in the same approximation as the III-
and Si. Although the results should be independent of
muffin-tin radii, we used the same values as for the bin
compounds, except N, for which we have chosen 1.8aB .
16521
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We performed just a relativistic calculation, neglecting t
spin-orbit interaction since this procedure showed not to
fect much the total energy values. The separation ene
between the core and valence states was fixed at28.0 Ry in
order to adopt a common energy value for all the calcu
tions. In Table II we observe that the magnitude ofB in-
creases with the decrease of the cation mass confirming
BN is the hardest material, followed by AlN, GaN, and InN
The same behavior is observed for the cohesive energy
dicating that the B-N bond is stronger than Al-N and so o
which is also observed for the group-III arsenides.48

Table IV supplies the values ofa, B, and for the cohesive
energyEcoh , as obtained for silicon. Excellent agreeme
with experiment and also with other theoretical results
observed fora ~within less than 1%!, and surprisingly good
accordance between the calculated and measured value
the bulk modulus, since a measure of this is known to
difficult. The differences encountered between cohesive
ergies obtained from nonrelativistic and full relativistic ca
culations were less than 0.1 eV for Si, BN, and AlN, and
the order of 0.2 eV~1.6%! and 0.6 eV~5.7%! for GaN and
InN, respectively.

B. Electronic Properties

For the theoretical value of the lattice parameter, we c
culated the corresponding band structure along the m
symmetry directions of the BZ. Figures 1–4 depict the ba
structures and total density of states~DOS! for the series of
es
TABLE III. Cohesive energy per pair~in eV! for cubic BN, AlN, GaN, and InN. Values in parenthes
correspond to those obtained from nonrelativistic calculations.

BN AlN GaN InN

Expt. 13.36a 11.52a 8.96a 7.72a

This work 17.39~17.40! 14.81~14.85! 12.01~12.24! 10.39~10.97!
Other calc. 14.3d 11.36,e 10.88f 8.25,e 8.35,f 6.85,e 6.99f

10.64,b 12.00c

aReference 45 for the wurtzite phase.
bReference 46—Pseudopotential within LDA including GW corrections.
cFLAPW within LDA from Ref. 20.
dReference 47—Ab initio pseudopotential within LDA.
eReference 22—PWPP within GGA.
fReference 44—Self-consistent Hartree-Fock including configuration interaction.
0-3
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L. E. RAMOS et al. PHYSICAL REVIEW B 63 165210
nitrides. We show results obtained from nonrelativistic c
culations in comparison to relativistic ones, the latter inclu
ing spin-orbit interaction. The minimum energy gap w
found at theG point for InN and GaN, at theX-point for AlN
and BN, and at 85% of theG X line ~nearX point! for Si. The
band structure and the total DOS for Si are shown in Fig
The band-gap widths are underestimated, as a consequ
of the LDF approximation. Particularly for InN, a negativ
value (20.48 eV with a full relativistic calculation! for the
band gap was found. Table V shows the calculated fun
mental band-gap energies, as well as valence-band width

FIG. 1. Band structure and total DOS of zinc-blende BN. T
zero of energy was placed at the top of the valence band.
relativistic calculations~solid line!; nonrelativistic calculations
~dashed line!. The labels of the energy levels are ascribed accord
to the single symmetry point group of the crystal.

TABLE IV. Lattice parameter,a ~in Å), bulk modulus,B ~in
GPa!, and cohesive energy per pair,Ecoh ~in eV! for Si.

Si a B Ecoh

Expt. 5.43a 99b 9.28b

This work 5.47 89 10.80~10.84!e

Other calc. 5.45,c 5.42d 95,c 115d 10.8d

aReferences 48 and 51.
bReference 45.
cReference 49—FLAPW within LDA.
dReference 50—EXX~exact exchange method!.
eIn parenthesis the value from a nonrelativistic calculation.
16521
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the series of nitrides, comparing results obtained without
with relativistic effects taken into account. While for BN an
AlN the relativistic effects are responsible for changes in
band-gap energies by less than 1%, for GaN and InN,
inclusion of relativistic corrections are increasingly more im
portant.Ab initio calculations for InN that include also sel
interaction energy corrections or a more exact treatmen
exchange effects have shown to improve the results for
energies, although they are still far from the experimen
value.52,53 The trend in the valence-band widths is affect
by the dispersion of the 3d ~Ga!- and 4d ~In!-orbitals de-
rived states, which lie close to the bottom of the valen
band. As expected from a simple atomic energy picture,
d-s mixture is stronger for InN giving rise to a larger ban
dispersion at the valence-band bottom. These overall fi
ings are consistent with several band-structure calculat
reported previously.19–22,34,55,56

Due to the spin-orbit interaction, we can see a spin-or
splitting energyDso of the G15 state at the valence-ban
maximum into fourfold degenerateG8 and twofold degener-
ateG7 states. Table VI shows the calculated results and m
sured values, when available, of spin-orbit splitting energ
Dso . The calculated values ofDso for AlN are as small as
those for GaN. In general, the magnitude of the spin-o
coupling is not sensitive to the structural parameters, an
increases with atomic number.48 Since in group-III nitrides,
the top of the valence band is originated mainly fro
p-orbitals of nitrogen, with a small mixture ofd character,
Dso is very small compared to other III-V compounds. Th

ll

g

FIG. 2. Band structure and total DOS of zinc-blende AlN. T
zero of energy, meaning of the lines, and labels ascribed to
levels are according to Fig. 1.
0-4
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STRUCTURAL, ELECTRONIC, AND EFFECTIVE-MASS . . . PHYSICAL REVIEW B 63 165210
FIG. 3. Band structure and total DOS of zinc-blende GaN. T
zero of energy, meaning of the lines, and labels ascribed to
levels are according to Fig. 1.

FIG. 4. Band structure and total DOS of zinc-blende InN. T
zero of energy, meaning of the lines, and labels ascribed to
levels are according to Fig. 1.
16521
same trend has been predicted by previous LAPW-LDA c
culations performed on AlN, GaN, and InN.21 However,
when comparing the absolute values ofDso with the results
of future experiments, we have to take into consideration
fact that the mixing between thed-states of the cation and th
p-states of N is strongly overestimated in the local dens
approximation, although we expect the trend is preserve

Luttinger parameters in thek•p Hamiltonians are usually
determined by fitting experimental data of valence-ba
spectra. Unfortunately, owing to long difficulty in growin
high-quality crystals, no information is currently availab
from experiments in group-III nitrides. Then, first-principle

e
e

e

FIG. 5. Band structure and total DOS of Si. The zero of ener
meaning of the lines, and labels ascribed to the levels are accor
to Fig. 1.

TABLE V. Fundamental band gap energiesEg and full valence
bandwidths,DEv ~in eV! as obtained from FLAPW calculations fo
Si, BN, AlN, GaN, and InN. The results for nonrelativistic and fu
relativistic calculations are shown.

Nonrelat. Full relat.

Eg DEv Eg DEv

Si 0.63 11.75 0.60 11.81
BN 4.47 20.08 4.45 20.11
AlN 3.31 14.83 3.31 14.87
GaN 1.72 15.57 1.53 15.69
InN 20.11 15.22 20.48 14.79
0-5
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TABLE VI. Spin-orbit splitting energyDso ~in meV! for cubic Si, BN, AlN, GaN, and InN.

Si BN AlN GaN InN

Dso 44a 47g 21g 19b,e 20d 19g 15b 17c,f 20d 19e 13g 6b 3g

aReference 48—expt. value. eReference 56—FLMTO method.
bReference 21—FLAPW method. fReference 57—empirical pseudopotential method.
cReference 54—expt. value. gThis work.
dReference 55—FLAPW method.
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band-structure calculations can assist in determining th
important parameters and in understanding the up
valence-band spectra of these materials. In order to calcu
the Luttinger parameters for silicon and for the nitrides,
first provide values for effective masses, and from them
will derive Luttinger parameters.

III. DERIVATION OF EFFECTIVE-MASS PARAMETERS

A. Effective-mass approximation

The use of the effective-mass Hamiltonian for zinc-blen
semiconductors will be briefly described in this section. T
Hamiltonian depends on the approximations that are mad
simplify its most general form. We adopt the effective-ma
Hamiltonian derived by Luttinger-Kohn~LK ! ~Ref. 58! using
the k•p method. In general, the linear terms with respect
wave vectork that are nonzero in the presence of symme
16521
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inversion ~case of Si! are neglected. Considering only th
quadratic terms with respect tok, we may construct the LK
Hamiltonian for the top of the valence-band states. In
presence of the spin-orbit interaction, theG15 state is decom-
posed into theG7 andG8 states. We neglected the couplin
between the conduction and valence-band states.

The eigenvalues of the (636) LK Hamiltonian are re-
quired as functions of wave-vectork in parabolic approxi-
mation. Such calculations have been previously perform
by us for GaAs~Ref. 59! and Si~Ref. 60!. To derive these
functions, the LK Hamiltonian must be specified. The to
Hamiltonian is composed by thek•p part Hk•p , and the
spin-orbit interactionHso . Using the statesu jmj& that corre-
spond to the fourG8 heavy- and light-hole valence-ban

statesu 3
2 m3/2&, with m3/256 3

2 ,6 1
2 , and the twoG7 split-off

valence-band statesu 1
2 m1/2&, with m1/256 1

2 the total Hamil-
tonian matrix^ jmj uHk•p1Hsou j 8mj8& is written as
¨

Q S R 0
i

A2
S 2 iA2R

S* T 0 R 2
i

A2
~Q2T! iA3

2
S

R* 0 T 2S 2 iA3

2
S* 2

i

A2
~Q2T!

0 R* 2S* Q 2 iA2R* 2
i

A2
S*

2
i

A2
S*

i

A2
~Q2T! iA3

2
S iA2R

1

2
~Q1T!2Dso 0

iA2R* 2 iA3

2
S*

i

A2
~Q2T!

i

A2
S 0

1

2
~Q1T!2Dso

©
, ~1!
where

Q52
\2

2m
@~g11g2!~kx

21ky
2!1~g122g2!kz

2#,

T52
\2

2m
@~g12g2!~kx

21ky
2!1~g112g2!kz

2#,
S5 i
\2

m
A3g3~kx2 iky!kz ,

R52
\2

2m
A3@g2~kx

22ky
2!22ig3kxky#, ~2!
0-6
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TABLE VII. Effective masses for electrons (e), heavy-holes~hh!, light-holes~lh! and spin-orbit split-
holes~so! ~in units of the free electron massm) in ~100!, ~110!, and~111! directions for cubic Si, BN, AlN,
and GaN.

Ref. me mhh
(100) mlh

(100) mhh
(111) mlh

(111) mhh
(110) mlh

(110) mso

Si
This work 0.96 (ml), 0.16 (mt) 0.26 0.18 0.67 0.13 0.54 0.14 0.22

g 0.92 (ml), 0.19 (mt) 0.23
h 0.46 0.17 0.56 0.16 0.53 0.16
i 0.43 0.19 0.27 0.43 0.24

BN
This work 0.94 (ml), 0.23 (mt) 0.53 0.51 1.26 0.33 1.09 0.35 0.51
AlN

a 0.21 (G), 1.02 0.35 2.85 0.30 2.16 0.31 0.51
0.53 (ml), 0.31 (mt)

c 0.30 (G) 1.39 0.44
e 0.19 (G) 1.20 0.33 6.03 0.49

This work 0.28 (G), 1.44 0.42 4.24 0.36 3.03 0.37 0.63
0.53 (ml), 1.95 (mt)

GaN
a 0.13 0.74 0.21 1.82 0.18 1.51 0.19 0.33
b 0.20 0.42 0.20
c 0.17 0.85 0.24
d 0.16 0.87 1.95 0.18 0.84 0.19
e 0.11 0.80 0.18 2.40 0.26
f 0.15

This work 0.14 0.86 0.21 2.09 0.19 1.65 0.19 0.3

aEmpirical pseudopotential calculations from Ref. 17.
bk•p calculations from Ref. 61—obtained fromg i parameters.
cFLAPW calculations from Ref. 55—obtained fromg i parameters.
dFLAPW method without spin-orbit interaction from Ref. 20.
eEmpirical pseudopotential calculations from Ref. 23.
fExpt. value from Ref. 62.
gReference 48—expt. values.
hReference 64—expt. values.
iReference 65—expt. values.
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m is the free electron mass, andg1 , g2, and g3 are the
~dimensionless! Luttinger parameters.

B. Effective masses and Luttinger parameters

As we are interested in obtaining the conduction- a
valence-band effective masses, we focus our attention on
electronic structure around the valence-band maximum
the conduction-band minimum at the center of the BZ, a
we will link these band structures with the effective-ma
theory. We calculated heavy-hole (mhh), light-hole (mlh),
and split-off-hole (mso) effective masses in~100!, ~110!, and
~111! directions, and the electron effective mass. In orde
calculate the conduction-band effective masses, we adop
parabolic band model at theG point for GaN, at theX point
for BN and AlN, and at the intermediate point of theG-X line
for Si. Since a negative value for the InN band gap is o
tained from theab initio FLAPW calculations within LDF
theory, it was not possible to derive reliable values for
effective masses.
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d
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d
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-
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For BN, AlN, and Si we calculated the transverse (mt)
and longitudinal (ml) electron masses at the conductio
band minimum. The isotropic electron effective mass atG
has been calculated for GaN. Although our FLAPW calcu
tions show that AlN is an indirect-gap material, we also c
culated the isotropic electron effective mass atG since it is
controverse whether AlN is a direct- or an indirect-g
material.35,36The hole effective masses were obtained by

TABLE VIII. Luttinger parametersg1 , g2, andg3 for Si.

Ref. 66a 67 68b This work

g1 4.27 4.22 4.61 4.65
g2 0.32 0.39 0.39 0.44
g3 1.46 1.44 1.54 1.57

aObtained from A, B, and N parameters according to the relation
Ref. 51.

bObtained from A, B, and C parameters according to the relation
Ref. 51.
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TABLE IX. Luttinger parametersg1 , g2, andg3 for cubic BN, AlN, and GaN.

BN AlN GaN

Ref. This work 55 63b This work 17a 55 61 63b This work
g1 1.92 1.50 1.81 1.54 3.06 2.70 3.75 3.16 2.96
g2 0.02 0.39 0.50 0.42 0.85 0.76 0.69 1.21 0.90
g3 0.56 0.62 0.88 0.64 1.25 1.07 1.44 1.51 1.20

aExtracted from the masses according to expressions~3!.
bDirect calculation from semiempirical eigenfunctions.
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-III
Si,
re-
acy
ults
on
ni-
he
ting to a parabola the curves of energy versusk taken fromG
up to 0.5% along theGK, GX, andGL lines. The electron
effective masses were obtained in a similar way by calcu
ing the energy curves starting from the conduction-ba
minimum atG, X, or at the intermediate point~Si!.

Effective-mass values are listed in Table VII for Si, BN
AlN, and GaN. Since the effective mass of the split-off ba
does not show any relevant dependence onk direction, the
values depicted in Table VII formso are the isotropic ones

In order to obtain the expressions that relate the Luttin
parameters to the effective masses for holes, we have to
agonalize the LK matrix~1! and evaluate its six eigenvalue
There are three twofold spin-degenerate bands, the he
hole ~hh!, light-hole ~lh! and spin-orbit split-off-hole~so!
bands. Fixing a certain wave-vectork and neglecting nonpa
rabolic terms ink, the effective masses for the highes
symmetry directions may be defined in terms of the Luttin
parameters.51,60 One obtains

g15
1

2
@mlh

21~100!1mhh
21~100!#,

g25
1

4
@mlh

21~100!2mhh
21~100!#

g35
1

4
@mlh

21~111!2mhh
21~111!#. ~3!

By using the above equations and the obtained values fo
effective masses, we evaluated the Luttinger parametersg i ,
which are shown in Table VIII for Si.

The four parametersDso , g1 , g2, andg3 of the six-band
LK model are very important for calculations of other sy
tems, such as quantum wells and superlattices that need
parameters as inputs. While the spin-orbit splitting ene
for Si is well-knownDso544 meV48 there is a considerabl
number of different sets of Luttinger parameters in the lite
ture. In Table VIII we show some of them. One notices th
e
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despite few discrepancies, our values are in excellent ag
ment with the experimental data reported in Ref. 66 and w
previous calculations.67,68 Table IX depicts the Luttinger pa
rameters for cubic BN, AlN, and GaN. As we may observ
there are discrepancies between the different sets of pa
eters obtained by several authors. Particularly for Ga
which is by far the most studied nitride, our values for theg i
parameters compare fairly well with those obtained fro
other first-principles calculations.

IV. CONCLUSION

In this paper, we have presented structural and electro
properties of the III-N semiconductor compounds BN, Al
GaN, and InN, in the cubic phases, and of Silicon as
tained through first-principles calculations using the FLAP
method within the LDF-GGA approximation. The calculate
equilibrium lattice constants, bulk moduli, cohesive energi
and spin-orbit splitting energies were compared with tho
obtained through other methods and with experimental v
ues when available, and showed very good agreement. B
structure derived effective masses are provided for all m
rials, except InN, for reasons discussed. From the effec
masses, we evaluated the Luttinger parameters,g1 , g2, and
g3, thus providing sets of such parameters for the group
nitrides. The corresponding calculations performed for
for which there are several theoretical and experimental
sults, reveal excellent accordance, reinforcing the accur
of the results obtained for the nitrides. The present res
will be relevant and useful for theoretical investigations
quantum wells and superlattices derived from group-III
trides, which use the Luttinger-Kohn theory coupled with t
k•p method.
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