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Dynamics and polarization of group-III nitride lattices: A first-principles study

F. Bechstedt, Ulrike Grossner, and J. Furthmu¨ller
Institut für Festkörpertheorie und Theoretische Optik Friedrich-Schiller-Universita¨t, Max-Wien-Platz 1, D-07743 Jena, Germany

~Received 10 May 1999; revised manuscript received 20 September 1999!

We present a comprehensive picture of dynamical and electrostatic properties of boron, aluminum, gallium,
and indium nitride. Our investigations are based onfirst-principlescalculations within the density-functional
theory and the local-density approximation. Starting from a careful investigation of the structure of the wurtzite
and zinc-blende polytypes, important properties of the nitride lattices are studied. Among them are the dy-
namical charges and the spontaneous polarization field. The phonon dispersion relations are presented for the
four group-III nitrides. Chemical trends are derived and related to the different strengths of covalent and ionic
bonding.
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I. INTRODUCTION

Among the III-V semiconductors the group-III nitride
have attracted both scientific and technological interes
recent years. The nitrides AlN, GaN, and InN are regarde
promising wide-band-gap semiconductors for optoelectro
applications in the short-wavelength range as well as
high-temperature, high-power, and high-frequency electro
devices. The fascinating mechanical and thermal prope
of BN crystallizing in a zinc-blende structure, such as ha
ness, high melting point, high thermal conductivity, a
large elastic moduli, make it useful for protective coatin
The outstanding properties of the nitrides are mainly rela
to the specific role of the nitrogen atoms. The smallness
the N atoms gives rise to the formation of short bonds1 with
a large bond ionicity.2

At ambient conditions, BN crystallizes usually in hexag
nal graphitelike structures with a two-bilayer stacking s
quence. The denser zinc-blende and wurtzite phases of
are thermodynamically stable at high pressure and h
temperature.3 The number of bilayers of cations and anio
parallel to the cubic@111# or hexagonal@0001# direction var-
ies from 3 to 2. Consequently, the cubic~hexagonal! zinc-
blende ~wurtzite! structure is denoted by 3C (2H). The
more ionic compounds AlN, GaN, and InN crystallize in t
wurtzite structure at ambient conditions.4 However, several
papers report the occurrence of the metastable 3C polytype
of AlN.5 Also thin films of AlN, GaN, and InN with zinc-
blende structure have been grown epitaxially.6–8

Considerable progress of the theoretical description of
bulk nitrides has been achieved in recent years. In particu
ab initio density-functional theory~DFT! calculations in the
framework of the local-density approximation~LDA ! have
contributed to a reasonable picture of the structural, e
tronic, vibronic, and elastic properties.9–19 Unfortunately, a
fully consistent picture is still lacking. For example, desp
several years of theoretical research, there are noab initio
calculations of the lattice vibrations in InN. The mechanis
and the most important contributions to the spontaneous
larization in wurtzite nitrides are not fully understood.

In this paper, we present results for the static and vib
ing lattices of the group-III nitrides BN, AlN, GaN, and InN
The used non-normconserving pseudopotentials are soft
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according to new rules recently formulated.20 They are im-
portant for the reduction of the numerical effort due to t
lack ofp electrons in the N and B cores and, in particular, t
treatment of the Ga 3d and In 4d electrons as valence elec
trons. For both the wurtzite and zinc-blende phases st
tural, dynamical, and electrostatic properties are conside
Chemical trends are studied in detail.

II. COMPUTATIONAL METHOD

Our calculations are based on the DFT-LDA.21 Besides
the valence electrons also the semicore Ga 3d and In 4d
states are explicitly considered. Their interaction with t
atomic cores is treated by non-normconservingab initio
Vanderbilt pseudopotentials.22 They allow a substantial po
tential softening also for first-row elements with the lack
core p electrons as well as for the attraction of shallowd
electrons.20 As a consequence of the optimization the plan
wave expansion of the single-particle eigenfunctions may
restricted by an energy cutoff of 22.1~BN!, 14.4~AlN !, 16.2
~GaN!, and 15.5 Ry~InN!. The cutoffs have been carefull
tested and successfully applied to the properties of bulk z
blende nitrides and their cleavage surfaces.23 In the BN case
slightly harder pseudopotentials are used in order to avoid
unphysical strong overlap of wave functions due to the sm
lattice constant. The many-body electron-electron interac
is described by the Ceperley-Alder functional as para
etrized by Perdew and Zunger.24 The k-space integrals are
approximated by sums over 10~zinc-blende! or 12 ~wurtzite!
special points of the Chadi-Cohen type25 within the irreduc-
ible part of the Brillouin zone~BZ!. Our calculations employ
the conjugate-gradient method to minimize the total ener
Explicitly we use the Vienna ab initio simulation
package.26,27

III. RESULTS AND DISCUSSION

A. Structural properties

The ground-state properties in the pressure-free case
obtained considering the minimum of the total energy w
respect to the cell volume. Whereas in the zinc-blende c
the volume is directly related to the cubic lattice constanta0,
for wurtzite the volume is determined by the two lattice co
8003 ©2000 The American Physical Society
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TABLE I. Structural parameters of zinc-blende and wurtzite group-III nitrides. Other calculated v
~Refs. 10 and 12! and experimental data~second value, taken from the data collections in Refs. 10 and 12! are
given in parentheses.

Parameter BN AlN GaN InN

a0 ~Å! 3.60 4.34 4.46 4.97
~3.58, 3.615! ~4.34, 4.38! ~4.46, 4.5! ~4.93, 4.98!

B0 ~Mbar! 4.01 2.09 1.83 1.33
~3.52, 3.69–4.65! ~2.07, 2.02! ~1.87, 1.90! ~1.40, 1.37!

a ~Å! 2.52 3.08 3.15 3.53
~2.508, 2.55! ~3.08, 3.110! ~3.16, 3.190! ~3.50, 3.544!

c/a 1.655 1.607 1.631 1.632
~1.666, 1.648! ~1.604, 1.601! ~1.626, 1.627! ~1.619, 1.613!

u 0.3741 0.3824 0.3815 0.3780
~0.3713, ! ~0.3814, 0.3821! ~0.3770, 0.3770! ~0.3784, !

B ~Mbar! 3.91 2.03 1.95 1.25
~4.12, ! ~2.05, 2.02! ~2.02, 1.95! ~1.39, 1.26!
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stantsa andc. However, there is a third structural degree
freedomu that characterizes the relative length of the grou
III N bonds parallel to thec axis. The equilibrium volume
and the isothermal bulk modulus at zero pressure,B, follow
from a fit of the total energy as a function of volume to t
Murnaghan equation of state.28 The two other independen
structural parametersc/a andu are obtained from a polyno
mial fit of the total energy.

The calculated values are listed in Table I. They are co
pared with results of other converged plane-wave calc
tions using normconserving pseudopotentials of
Bachelet-Hamann-Schlu¨ter type10,12 as well as experimenta
data taken from the corresponding collections in Refs.
and 12. We observe an excellent agreement with prev
theoretical values. This holds in particular for AlN and Ga
However, this good agreement can be also stated in the
of comparison with the experimental data. Overall, the latt
constants are only about 1% smaller than the measured
ues. Such derivations are typical for well-converged DF
LDA calculations. The discrepancies are even smaller in
zinc-blende case. Somewhat surprising is the excellent re
duction of the bulk moduli by the theory, in particular in th
wurtzite case. The lattice constants and bulk moduli foll
clear chemical trends with the size of the group-III atoms

These clear chemical trends are somewhat in contras
the dependencies of internal structural parametersu and the
ratio c/a of the unit cell of the hexagonal phases. For G
and InN the ratiosc/a approach the ideal valuec/a51.633.
The relative lengthu of the group-III N bond parallel to the
c axis is close to its ideal valueu50.375 only in the BN case
where the favorable structure corresponds to zinc blende.
the more ionic compounds theu values are larger, but de
crease more or less with rising bond ionicity. The cor
sponding values obtained as the charge-asymmetry co
cients g from ab initio electron density distributions areg
50.484~BN!, 0.794~AlN !, 0.780~GaN!, and 0.853~InN!.2

B. Dielectric and lattice-dynamical properties

The dielectric and lattice-dynamical properties can be c
culated using a combination of DFT and generalized
sponse theory, the density-functional perturbation the
f
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~DFPT!.29 Effective ion charges and phonon dispersion re
tions have been calculated by Karch and co-workers16,18 for
BN, AlN, and GaN using this theory. However, these auth
were unable to describe reasonably the lattice-dynam
properties of InN using the same type of normconserv
pseudopotentials. On the other hand, it is complicated
combine DFPT with non-normconserving pseud
potentials.30 However, such a combination is possible in t
framework of a generalization of theab initio force constant
method.31 The success is shown in a recent paper for B
We follow the line of Refs. 31–33 in calculating directly th
interatomic force constant matrix. In the zinc-blende case
consider a 23232 supercell containing 64 atoms. The di
placement of a single atom in the supercell induces for
acting on the surrounding atoms, which are calculated via
Hellmann-Feynman theorem. According to the folding arg
ments one ends up with force constants at several h
symmetryk points in the Brillouin zone of the zinc-blend
structure. In order to obtain complete dispersion relatio
along high-symmetry directions the force-constant matrix
interpolated.

The method is rather similar to the frozen-phon
method. It therefore describes the LO modes incorrectly. T
long-range electric field is not included. Kernet al.31 sug-
gested to determine this field or, more strictly speaking,
screened Born ion charges that generate this field, from
artifact of the periodic boundary conditions. The false ele
trostatic field occurring in the supercell approach should
compensated to describe the reality. This allows the dete
nation of the screened Born chargesZ* 5ZB /A«` that differ
only in sign between cation and anion. Using these char
the nonanalytical long-range electric part of the dynami
matrix34 is constructed and added to the force const
matrix.31 It is diagonalized and the resulting eigenvalues
used to compute the phonon density of states by means o
linear-tetrahedron method and a 453 grid in the BZ.

The phonon frequencies resulting for the high-symme
points G, X, and L in the fcc BZ are listed in Table II.
Complete dispersion relations are presented in Fig. 1. In
case of BN, AlN, and GaN we compare our data in Table
with other first-principles calculations using the DFPT~Refs.
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TABLE II. Phonon frequencies calculated at the high-symmetry pointsG, X, L, K, and W for the
zinc-blende polytype of BN, AlN, GaN, and InN. In the cases ofK and W the two splitted TO values are
given. Frequencies from DFPT~Refs. 16 and 18! ~first value! and experimental data~second value! are in
parentheses. All values are given in units of cm21.

Mode BN AlN GaN InN

GTO 1061 ~1040, 1055a! 665 ~662, 655b! 567 ~560, 552,c 552,d 555e! 467 ~457f!

GLO 1280 ~1285, 1305a! 890 ~907, 902b! 746 ~750, 743,c 737,d 741e! 596 ~588f!

XTA 706 ~707! 341 ~340! 197 ~195! 116
XLA 1018 ~1026! 588 ~590! 351 ~353! 231
XTO 939 ~902! 668 ~674! 623 ~628! 518
XLO 1154 ~1152! 716 ~734! 695 ~709! 567
LTA 487 ~489! 226 ~230! 138 ~139! 78
LLA 982 ~980! 585 ~582! 349 ~345! 227
LTO 1009 ~981! 655 ~656! 587 ~585! 488
LLO 1149 ~1142! 735 ~750! 708 ~720! 573
KTA 675 320 187 108

877 436 254 155
KLA 904 534 321 212
KTO 930 652 610 543

987 671 654 506
KLO 1092 729 695 563
WTA 803 381 218 131

816 427 251 151
WLA 886 509 308 204
WTO 982 658 636 527

1009 677 646 541
WLO 1022 726 692 557

aDoll ~Ref. 35!.
bHarimaet al. ~Ref. 36!.
cH. Siegleet al. ~Ref. 37!.
dHarimaet al. ~Ref. 6!.
eTabataet al. ~Ref. 38!.
fTabataet al. ~Ref. 41!.
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16 and 18! and first-order Raman data for cubic epitax
layers.6,35–38 The agreement of the two differentab initio
calculations for the acoustic phonon branches is excell
The maximum deviation amounts to 4 cm21. The deviations
in the frequency region of the optical branches are sligh
larger. The main reason is related to the smaller scree
effective ion chargesZ* in the present calculations. We un
derestimate the zone-center LO-TO splittings by 21, 20,
11 cm21 for BN, AlN, and GaN. The agreement of the fre
quencies calculated forG phonons and the first-order Rama
data measured for cubic epitaxial layers is also satisfac
~cf. Table II!. The discrepancy in the case of the TO phono
is a result of the overestimation of the corresponding fo
constants due to the LDA underestimation of the lattice c
stant.

The short-range contributionf to the interatomic force
constants follows the relation39

f 5@2vTO
2 ~G!1vLO

2 ~G!#/3m, ~1!

wherem is the reduced mass. A fit to the four nitrides und
consideration gives the dependence f 538.74
31029 N/m/(a0 /Å ) 2.7 on the lattice constant. This depe
dence is somewhat weaker than predicted for covalent m
l
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rials in the framework of the bond orbital model.1 We trace
this fact back to the strong ionic character of the bonding
the nitrides. The observed length dependence of the fo
constant indicates that the underestimation of the lattice c
stant by 1% gives rise to an increase of the optical pho
frequency by 1.4%.

The splitting of the LO and TO phonon modes atG is
governed by the accompanying macroscopic electric fie
The corresponding screened charges of the ions are g
by40

Z* 5H V0m

4pe2
@vLO

2 ~G!2vTO
2 ~G!#J 1/2

~2!

with the unit cell volumeV0. From the fit procedure we
estimateZ* 50.86, 1.16, 1.11, and 1.03 for BN, AlN, GaN
and InN, respectively. These values are smaller than th
calculated within the DFPT,Z* 50.91, 1.21, and 1.14 for
BN, AlN, and GaN.16,18 The fit procedure contains a gener
tendency for an underestimation of the charges in comp
son to the direct calculation. The nonmonotonous beha
with respect to the static bond ionicityg may be related to
the Born effective charge, e.g., within the simplifying bon
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FIG. 1. Calculated phonon dispersion curves of the zinc-ble
nitrides.
orbital pictureZB54g211 8
3 g(12g), and the dependenc

of the dielectric constant«`21'(12g2).1 Whereas the pic-
ture of the Raman modes of BN, AlN, and GaN is rath
complete~cf., e.g., Refs. 16 and 18!, this is not the case for
InN. The agreement between theory and experiment41 is sat-
isfying. The overestimation of the theoretical values cor
sponds nearly to the value that we have estimated becau
the underestimation of the lattice constant within DFT-LD
Other calculations using the linear muffin-tin orbit
~LMTO! and frozen-phonon method13 completely fail with
TO(G) frequencies of 540 cm21.

Our calculations can help to clarify the contradicting p
ture of the Raman modes for hexagonal InN, in particu
considering the fact that theL point in the fcc BZ is folded
onto theG point in the BZ of the 2H crystal. Consequently
the LO(L) and LA(L) can be identified as the upper an
lower B1 modes and, respectively, TO(L) and TA(L) as the
upper and lowerE2 modes. The corresponding values a
also listed in Table II. That means, ourab initio theory pre-
dicts a frequency of about 488 (78) cm21 for the higher
~lower! E2 modes in 2H InN. According to the relations
between the zone-center optical phonons in 3C and 2H
crystals of BN, AlN, and GaN~Refs. 16 and 18! also the
frequencies of theE1 and A1 modes of wurtzite InN may
be estimated. Assuming that the splittings of the TO(G)
and LO(G) modes into theE1 and A1 phonons of the
wurtzite structure are more or less the same in GaN and I
we find 449 cm21 @A1(TO)#, 475 cm21 @E1(TO)#,
594 cm21 @A1(LO)#, and 603 cm21 @E1(LO)#. These
values are in close agreement with measured frequen
although the interpretation of the measurements beco
complicated due to the nearly energetical overlap of the
per E2 and A1(TO) modes.42 The values 590~596! and
491 (495) cm21 ~Refs. 42 and 43! for the A1(LO) and the
E2 phonon measured for 2H-InN films do practically not
differ from the theoretical ones. However, also the valu
574 @A1(LO)#, 488 (E2), 475 @E1(TO)#, and
446 cm21 @A1(TO)# ~Ref. 44! measured for nearly poly
crystalline wurtzite InN approach the frequencies estima
above. Measurements of four optical phonons at 190~do-
nated as lowerE2), 400 @donated asA1(TO)], 490 @donated
asE1(TO)], and 590 cm21 ~donated as upperE2) ~Ref. 45!
complete the picture. In the light of our calculations the hig
est modes have to be identified asE2 and A1(LO) modes,
whereas the physical origin of the two lower modes rema
unclear. Interpolation of the In12xGaxN alloy reflectance
data gives a TO-like phonon energy of about 478 cm21,46

which seems to be reasonable. However, the extrapolatio
the TO data to the LO phonon branch by the authors co
pletely fails with a LO-like phonon frequency of abou
694 cm21. Altogether, we find also good agreement for t
zone-center phonons with results of very recent Ram
measurements.47 The measured values are 593@E1(LO)#,
586 @A1(LO)#, 488 ~higher E2), 475 @E1(TO)#,
447 @A1(TO)#, and 87 cm21 ~lower E2).

The phonon dispersion relations given in Fig. 1 allow t
extraction of the sound velocities in the nitrides. We do t
only for the phonon propagation in theGX direction. Along
this direction we have calculated the dynamical matrix e
actly at threek points. For that reason the interpolation pr
cedure should be of minor influence. For the transve
e
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TABLE III. Calculated elastic constants~in GPa! for cubic nitrides. In the case of BN measured valu
are also given~Ref. 48!.

Constant Ref. BN AlN GaN InN

c11 Present 853 314 297 185
13 837 298 282 182
16 812 294
17 304 293 187

Expt. 820
c12 Present 175 157 126 107

13 182 164 159 125
16 182 160
17 160 159 125

Expt. 190
c44 Present 497 200 154 80

13 493 187 142 79
16 464 189
17 193 155 86

Expt. 480
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phonons we find the velocitiesv t511.86, 7.76, 4.96, and
3.383103 ms21 for BN, AlN, GaN, and InN, respectively
In the longitudinal case it follows thatv l515.54, 9.7, 6.88,
and 5.163103 ms21 irrespectively. The sound velocities fo
the propagation along@100# allows the direct determination
of the elastic stiffness constantsc11 andc44. The third inde-
pendent elastic constantc12 is derived from the relationB
5(c1112c12)/3

1 and the bulk moduli in Table I. The result
are summarized in Table III and compared with other th
retical results. Considering the different DFT-LDA metho
and the different procedures for the calculations the ag
ment of the three groups of theoretical results is excelle
This holds also for the comparison with experimental dat48

available only for zinc-blende BN. Consequently, we co
clude that the phonon dispersion relations in the freque
region of the acoustic phonons are reasonably describe
the usedab initio force-constant method.

Figure 2 shows the phonon density of states~DOS! of
BN, AlN, GaN, and InN. One immediately finds the depe
dence of the frequency gap between the acoustical and
cal phonon branches on the material. This effect can be q
easily explained within the classical two-atomic linear ch
where the frequency gap is given by zone-boundary vib
tions with the nitrogen mass~upper limit! or the group-III
atom mass~lower limit!: the larger the mass difference b
tween the two atoms the larger the frequency gap is. In
case of BN one can observe an overlap of the acoustical
optical phonon branches so that there is no visible gap in
DOS. This holds with the facts, that the boron mass
smaller than the nitrogen mass and the angular forces
come more important than the electrostatic forces as a
sequence of lower bond ionicity and larger covalent bondi
Other interesting features visible in the density of states
the remarkable changes of the dispersion of the opt
branches. There is a strong reduction of the LO dispers
from the stronger bonded nitrides BN and AlN to GaN a
InN. Also the dispersion of the TO phonon branches sho
clear chemical trend accompanied by the inversion of
band dispersion. The strongest contributions to the densit
-
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the TO phonons arise from the Brillouin zone center. As
consequence of the nearly linear increase of the ra
vTO(G)/vTO(X) and vTO(G)/vTO(L) with decreasing cat-
ion mass, the frequencies of the zone-center TO phonon
BN ~GaN, InN! are larger~smaller! than those of the zone
boundary phonons. In contrast, the TO phonon branch
AlN is nearly dispersionless, at least in theGX direction.
Hence, the strongest contributions to the TO phonon den
of states occur at the upper~lower! boundary for BN and
AlN ~GaN and InN!. The comparison of the phonon densiti
of states of AlN, GaN, and InN with measured ones47,49 in-
dicates that the main features are fairly well reproduced. T
holds for both the peak positions and the peak intensit
The experimental DOS have been derived from Raman m
surements of ion-implanted samples.

C. Polarization fields

As materials with partially ionic bonds the group-III n
trides exhibit the piezoelectric effect. Piezoelectric polariz
tion fields are induced for internal displacements of t
group-III atoms relative to the nitrogen atoms in an elem
tary cell. In the zinc-blende case (Td

2) this happens only for
shear strains. For wurtzite crystals with lower symme
(C6v

4 ) piezoelectric polarization fields may be also induc
by diagonal strains. However, even in the equilibrium t
lower-symmetry wurtzite polytypes are expected to poss
an intrinsic polarization field, since the four tetrahed
bonds around one atom are no longer equivalent, so
wurtzite crystals represent pyroelectrics. Meanwhile, the
fluence of such internal polarization fields has been obser
via the quantum-confined Stark effect in optical spectra
layered nitride systems.50,51

The macroscopic polarization

P5
e

V0
E

V0

dxxn~x! ~3!
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is related to the electron densityn(x) by definition as electric
dipole moment per unit volume. Unfortunately, for an in
nite crystal without center of inversion symmetry the pol
ization in Eq. ~3! is an ill-defined quantity.52 In order to
eliminate the truncation and surface effects, we calculate
quantity in a supercell approach fromfirst principlesas the
difference in the polarizationDP in a cubic reference mate
rial and in the wurtzite structure.53 By definition the polar-
ization field should vanish in a real cubic crystal. For sy
metry reasons only thez componentDPz is nonzero. In
explicit calculations54–56 the spontaneous polarization
wurtzite SiC heterocrystalline structures with supercells c
sisting of both polytypes, 3C and 2H, have been studied
The macroscopic polarization is related to a homogene
electric field in each polytype region and, hence, to the g
dient of the spatially averaged total one-electron potentia

FIG. 2. Phonon density of states of the zinc-blende nitrides
-

is

-

-

us
-

DPz52
1

4p
DEz52

1

4p F d

dz
V̄tot~z!U2H2

d

dz
V̄tot~z!U

3C
G .

~4!

The total potentialVtot occurring in the Kohn-Sham equa
tions of the DFT-LDA is averaged over thexy plane perpen-
dicular to thec axis.

Explicitly we use supercells with 30@111#- or @0001#-
oriented group-III N bilayers.55,56 In other words,
(3C)6(2H)6 superlattices are studied. The lattice consta
of the two polytypes differ in the plane perpendicular to t
c axis. Since the result should be independent of the cu
reference system, we choose as thea-lattice constant of the
30H system that of the 2H structure. Thec-lattice constant

of the 30H supercell is then given as (6c118A2
3 a) with c as

the 2H lattice constant. The bonds parallel to thec axis are
fixed in the 2H regions by the internal-cell parameteru,
whereas these bond lengths in the 3C regions are given by
A 3

8 a. The resulting macroscopic potentialsV̄tot(z) are plot-
ted in Fig. 3. The derived spontaneous polarizations
listed in Table IV. The results are compared with those
anotherab initio calculations, using the Berry phase a
proach to the polarization in solids,57 and values calculated
within the bond-orbital model.1

For comparison with results of other calculations57 we
have to stress that according to Eq.~4! only the macroscopic
polarization measured in the presence of a depolariza

FIG. 3. Structure for a (3C)6(2H)6 cell and averaged total one
electron potentials. The vertical lines separate cubic and hexag
stacking regions.
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TABLE IV. Calculated spontaneous polarizationPz ~in units of 1023 C/m2) for wurtzite group-III
nitrides.

Ref. BN AlN GaN InN

Present DPz ' 0 226 214 26
Present Pz ' 0 2120 274 250
57 Pz 281 229 232
Model Pz 232 251 250 222
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field Ē ~Ref. 58! has been determined. Other authors call t
polarization field the extrinsic one54 or the longitudinal
one.53 In order to determine the macroscopic polarizationPz
for the vanishing depolarization field,58 the polarization in-
duced in the electronic system by the electric fields pres
in the 2H and 3C regions have to be taken into account. Th
effect is proportional to the electronic susceptibility («̄`

21)/4p. For this intrinsic or transverse polarization field w
therefore obtain

Pz5 «̄`DPz ~5!

with an effective electronic dielectric constant of the cons
ered superlattice

«̄`5
~d2H«`

zz1d3C«`!

~d2H1d3C!
, ~6!

where the thicknessesd2H andd3C of the two polytype lay-
ers and the components parallel to thec axis of their dielec-
tric tensors«`

zz and «` have been introduced. From theab

initio calculations in Refs. 16, 18, and 58 we observe«̄`

5 4.59 ~BN!, 4.52~AlN !, 5.41~GaN!, and 8.49~InN!. With
these values the polarization fields at zero electric field
low. They are also given in Table IV.

Interpreting the charge-symmetry coefficientsgi and g'

~Ref. 2! as the ionicities of the bonds parallel to thec axis or
with an angle of about 70° to thec axis, one has to deal with
the bond dipolespi /'5egi /'ti /' . The vectorsti /' are nearly
tetrahedron vectors. In hexagonal Cartesian coordinate

holds ti5uc(0,0,1) and, for example,t'5@0,2a/A3,(1
2

2u)c#. The summation over the eight bonds per 2H unit
cell with the volumeV0 leads with Eq.~3! to the expression

Pz52
2ec

V0
@4g'~ 3

82u!1~g'2gi!u#. ~7!

There are two contributions to the spontaneous polariza
field parallel to thec axis of 2H. They are related directly o
indirectly to the deformation of the bonding tetrahedra in
wurtzite structure. This is evident for the first contributio
becauseu5 3

8 defines an ideal tetrahedron. The second te
is proportional to the different bond ionicities. The valuesgi
and g' are almost identical to thoseg of the zinc-blende
structures. For AlN Karch and Bechstedt16 found g'5g(1
20.0025) and gi5g(110.259). Nevertheless, the term
(g'2gi) is non-negligible, in particular for nitrides withu

and c/a close to the ideal values38 or A 3
8 . This becomes

obvious within the bond-orbital model. One derives
s

nt

-

l-

it

n

e

g'2gi'
1
2 g~12g2!F S 3

u8D 2

2
81

64

1

3a2/c21u2G
in a linear approximation. We mention that expression~7!
also defines the piezoelectric polarization field along thz
axis if the wurtzite structure is strained with new structu
parametersc̃, ã, andũ different from the equilibrium values
c, a, andu. In linear order with respect to diagonal comp
nents of the strain tensor, the polarization field is expres
by the piezoelectric coefficientse335c(]Pz /] c̃) c̃5c ande31

5a(]Pz /]ã) ã5a .
The two ab initio calculations and our estimate in th

framework of the bond-orbital model give rise to the sam
order of magnitude of the intrinsic polarization~cf. Table
IV !. The variation of the absolute numbers between the
first-principles calculations is mainly a consequence of
extreme accuracy of the structural optimization that is
quired for such calculations. For instance, the large de
tions in the results for GaN may be related to the differen
in the u parameters,u50.381 ~present! and u50.376.57

Similar large deviations are observed withinab initio calcu-
lations for wurtzite BeO,Pz521631023 C/m2 ~Ref. 57!
and Pz524531023 C/m2.53 Because of the accurac
requirements for the atomic structure we are skeptical of
possibility of highly accurate calculations of the spontaneo
polarization fields. The accuracy of the determination of
equilibrium atomic structure parameters within standa
DFT-LDA calculations is perhaps not sufficient enough. Th
holds in particular for the determination of the internal-c
parameteru, but also for the ratio of the lattice constantsc
anda.

IV. SUMMARY

In conclusion, we have presented well-convergedab initio
studies of the group-III nitrides crystallizing in zinc-blend
and wurtzite structure. Optimal bulk geometries have be
calculated by total-energy minimzation. The Ga 3d and In
4d semicore electrons have been explicitly treated as vale
electrons. For that reason and because of the lack ofp elec-
trons in the N and B cores ultrasoft non-normconserv
pseudopotentials have been used in the plane-wa
pseudopotential code. We have demonstrated that the pl
wave cutoff can be reduced to values below 20 Ry. T
resulting structural, lattice-dynamical, and polarization pro
erties of the two polytypes of BN, AlN, GaN, and InN ar
rather close to the theoretical and experimental data av
able. Their trends with varying cation are clearly related
the different strengths of covalent and ionic bonding.

Considering heterocrystalline structures with large sup
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cells including 30 group-III N bilayers, we have also calc
lated the spontaneous polarization field in the wurtzite str
ture. We observed an extreme sensitivity of the polarizat
on the equilibrium structure parameters. In addition, we h
studied properties of the nitrides for displacements of
atoms from their equilibrium positions. The phonon freque
cies are in excellent agreement with other data availabl
the literature. This holds also for the elastic stiffness c
stants that have been derived from the sound velocities.
s

n
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ab initio calculations of phonons in InN have been present
They allow a unique picture of the Raman modes in t
material.
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