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Dynamics and polarization of group-Ill nitride lattices: A first-principles study
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We present a comprehensive picture of dynamical and electrostatic properties of boron, aluminum, gallium,
and indium nitride. Our investigations are basedfiost-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-Ill nitrides. Chemical trends are derived and related to the different strengths of covalent and ionic
bonding.

[. INTRODUCTION according to new rules recently formulat®dThey are im-
portant for the reduction of the numerical effort due to the
Among the IlI-V semiconductors the group-Ill nitrides lack of p electrons in the N and B cores and, in particular, the
have attracted both scientific and technological interest irireatment of the Ga@and In 4 electrons as valence elec-
recent years. The nitrides AIN, GaN, and InN are regarded aons. For both the wurtzite and zinc-blende phases struc-
promising wide-band-gap semiconductors for optoelectronidural, dynamical, and electrostatic properties are considered.
applications in the short-wavelength range as well as fofchemical trends are studied in detail.
high-temperature, high-power, and high-frequency electronic
devices. The fascinating mechanical and thermal properties Il. COMPUTATIONAL METHOD
of BN crystallizing in a zinc-blende structure, such as hard- . .
ness, high melting point, high thermal conductivity, and Our calculations are based on the DFT-LBABesides
large elastic moduli, make it useful for protective coatingsN€ valence electrons also the semicore Gaahd In 4
The outstanding properties of the nitrides are mainly relate@t@tes are explicitly considered. Their interaction with the
to the specific role of the nitrogen atoms. The smallness oftoMIC COres is treated by non-normconservaig initio
the N atoms gives rise to the formation of short bdnaith  Vanderbilt pseudopotentiafs. They allow a substantial po-

a large bond ionicity, tential softening also for first-row elements with the lack of
At ambient conditions, BN crystallizes usually in hexago- COre p electrons as well as for the attraction of shalldw
nal graphitelike structures with a two-bilayer stacking se-electrons?’ As a consequence of the optimization the plane-
quence. The denser zinc-blende and wurtzite phases of Byave expansion of the single-particle eigenfunctions may be

are thermodynamically stable at high pressure and higkestricted by an energy cutoff of 22(BN), 14.4(AIN), 16.2
temperaturé. The number of bilayers of cations and anions (GaN, and 15.5 Ry(InN). The cutoffs have been carefully
parallel to the cubi¢111] or hexagonal0001] direction var-  tested and successfully applied to the properties of bulk zinc-
ies from 3 to 2. Consequently, the culfitexagonal zinc-  Plende nitrides and their cleavage surfa%?e_lﬂ the BN case
blende (wurtzite) structure is denoted by G (2H). The slightly _harder pseudopotentials are use_d in order to avoid an
more ionic compounds AIN, GaN, and InN crystallize in the unphysmal strong overlap of wave functions due to the small
wurtzite structure at ambient conditiohgdowever, several lattice constant. The many-body electron-electron interaction
papers report the occurrence of the metasta@epdlytype 1S _descrlbed by the Ceperley-Alder functlo_nal as param-
of AIN.® Also thin films of AIN, GaN, and InN with zinc- €trized by Perdew and Zung& The k-space integrals are
blende structure have been grown epitaxi&ffy. approximated by sums over 1#inc-blendg or 12 (wurtzite)
Considerable progress of the theoretical description of théPecial points of the Chadi-Cohen typevithin the irreduc-
bulk nitrides has been achieved in recent years. In particulaft!e part of the Brillouin zongBZ). Our calculations employ
ab initio density-functional theoryDFT) calculations in the the conjugate-gradient method to minimize the total energy.

framework of the local-density approximatidhDA) have ~ EXplicily ‘we “use the Viennaab initio simulation

contributed to a reasonable picture of the structural, elegpackage”

tronic, vibronic, and elastic properti@s'® Unfortunately, a

fully consistent picture is still lacking. For example, despite [ll. RESULTS AND DISCUSSION

several years of theoretical research, there aramdnitio

calculations of the lattice vibrations in InN. The mechanism

and the most important contributions to the spontaneous po- The ground-state properties in the pressure-free case are

larization in wurtzite nitrides are not fully understood. obtained considering the minimum of the total energy with
In this paper, we present results for the static and vibratrespect to the cell volume. Whereas in the zinc-blende case

ing lattices of the group-III nitrides BN, AIN, GaN, and InN. the volume is directly related to the cubic lattice constat

The used non-normconserving pseudopotentials are softenéar wurtzite the volume is determined by the two lattice con-

A. Structural properties
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TABLE |. Structural parameters of zinc-blende and wurtzite group-Ill nitrides. Other calculated values
(Refs. 10 and 1pand experimental dat@econd value, taken from the data collections in Refs. 10 apdr&2
given in parentheses.

Parameter BN AIN GaN InN
ag (A) 3.60 4.34 4.46 4.97
(3.58, 3.61% (4.34, 4.38 (4.46, 4.5 (4.93, 4.98
B, (Mbar) 4.01 2.09 1.83 1.33
(3.52, 3.69-4.6b (2.07, 2.02 (1.87,1.90 (1.40, 1.37
aA) 2.52 3.08 3.15 3.53
(2.508, 2.55 (3.08, 3.110 (3.16, 3.190 (3.50, 3.544
cla 1.655 1.607 1.631 1.632
(1.666, 1.648 (1.604, 1.601 (1.626, 1.62Y (1.619, 1.6138
u 0.3741 0.3824 0.3815 0.3780
(0.3713,) (0.3814, 0.3821 (0.3770, 0.377D (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

stantsa andc. However, there is a third structural degree of (DFPT).?° Effective ion charges and phonon dispersion rela-
freedomu that characterizes the relative length of the group-tions have been calculated by Karch and co-workéfsor

[l N bonds parallel to thec axis. The equilibrium volume BN, AIN, and GaN using this theory. However, these authors
and the isothermal bulk modulus at zero pressByépllow  were unable to describe reasonably the lattice-dynamical
from a fit of the total energy as a function of volume to the properties of InN using the same type of normconserving
Murnaghan equation of staté The two other independent pseudopotentials. On the other hand, it is complicated to
structural parameters’a andu are obtained from a polyno- compine DFPT with non-normconserving  pseudo-
mial fit of the total energy. _ potentials®® However, such a combination is possible in the

The calculated values are listed in Table I. They are comyamework of a generalization of tha initio force constant

pared with results of other converged plane-wave CaICUI%ethod?l The success is shown in a recent paper for BN.

goni Iutsmgm nnor:rgc?trgetrwg%’lzpse\lljvdtlnlpoten)t(lalsrimofnt tlh%Ne follow the line of Refs. 31-33 in calculating directly the
achelet-nama ¢ ypP as wetll as experimenta 6nterat0mic force constant matrix. In the zinc-blende case we

data taken from the corresponding collections in Refs. 1 : . .

and 12. We observe an excellent agreement with previou%?ns"der ? 2<f2><2. Slljpertcell _cor:’;]alnmg 64 eTIto_mds. ThedeS-

theoretical values. This holds in particular for AIN and Gan Pfacement ot a singie atom in the Supercell INduces forces
ting on the surrounding atoms, which are calculated via the

However, this good agreement can be also stated in the cae%& I F h A di he foldi
of comparison with the experimental data. Overall, the lattice '¢"'ann- eynman theorem. According to the folding argu-

constants are only about 1% smaller than the measured vdpents one en_ds up with f_orce_ constants at s_,everal high-
ues. Such derivations are typical for well-converged DFT-SYMMetryk points in the Brillouin zone of the zinc-blende
LDA calculations. The discrepancies are even smaller in thgtructure. In order to thal_n complete dispersion relat.lons
zinc-blende case. Somewhat surprising is the excellent repr(f’ilong Tlghasymmetry directions the force-constant matrix is
duction of the bulk moduli by the theory, in particular in the 'm?l_rﬁo ate od i her simil he H
wurtzite case. The lattice constants and bulk moduli follow e method Is rat er simiiar to the Tozen-phonon
clear chemical trends with the size of the group-Ill atoms. method. It therefore describes the LO modes incorrectly. The

These clear chemical trends are somewhat in contrast Hgng-range electr!c f|eI<_j IS not included. Kem al. sug-
the dependencies of internal structural paramateasd the gested to determine this field or, more strictly speaking, the

ratio c/a of the unit cell of the hexagonal phases. For GaNscreened Born io'n qharges that genelrate this field, from an
and InN the ratio/a approach the ideal valuga=1.633 artifact of the periodic boundary conditions. The false elec-

The relative lengthu of the group-Ill N bond parallel to the trostatic field occurring in the supercell_approach should b?
¢ axis is close to its ideal value=0.375 only in the BN case compensated to describe the reality. This allows the determi-
where the favorable structure corresponds to zinc blende. F&/ation of the screened Born charge’s= Zg/ ... that differ

the more ionic compounds the values are larger, but de- only in sign bgtween cation and anion. Using these cha_rges
crease more or less with rising bond ionicity. The corre-iN€ Nonanalytical long-range electric part of the dynamical

sponding values obtained as the charge-asymmetry coeffmatr!)(s3l IS co_nstructe;d and added to _the force constant
cients g from ab initio electron density distributions ag matrix> It is diagonalized and the resulting eigenvalues are

—0.484(BN), 0.794(AIN), 0.780(GaN), and 0.853InN).2 used to compute the phonon density of states by means of the
(BN) (AIN) (GaN AnN) linear-tetrahedron method and a®4gxid in the BZ.

The phonon frequencies resulting for the high-symmetry
points I', X, and L in the fcc BZ are listed in Table II.

The dielectric and lattice-dynamical properties can be calComplete dispersion relations are presented in Fig. 1. In the
culated using a combination of DFT and generalized recase of BN, AIN, and GaN we compare our data in Table Il
sponse theory, the density-functional perturbation theoryvith other first-principles calculations using the DFFRefs.

B. Dielectric and lattice-dynamical properties
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TABLE II. Phonon frequencies calculated at the high-symmetry paihtsX, L, K, and W for the
zinc-blende polytype of BN, AIN, GaN, and InN. In the caseskoand W the two splitted TO values are
given. Frequencies from DFP(Refs. 16 and 18(first value and experimental dat@econd valugare in
parentheses. All values are given in units of ¢m

Mode BN AIN GaN InN

I'to 1061 (1040, 1058 665 (662, 655) 567 (560, 552 5529 555) 467 (457)
I'o 1280(1285, 1308 890 (907, 902) 746 (750, 743 737% 7419 596 (588)

X1A 706 (707 341(340 197 (195 116
Xia 1018(1026 588 (590 351(353 231
Xt0 939(902 668 (674 623 (628 518
XLo 1154(1152 716 (734 695 (709 567
Lra 487 (489 226 (230 138 (139 78
Lia 982 (980 585 (582 349 (345 227
Lto 1009(981) 655 (656 587 (585 488
Lio 1149(1142 735 (750) 708 (720 573
Kra 675 320 187 108
877 436 254 155
Kia 904 534 321 212
Kto 930 652 610 543
987 671 654 506
Kio 1092 729 695 563
Wia 803 381 218 131
816 427 251 151
W, A 886 509 308 204
Wro 982 658 636 527
1009 677 646 541
W, o 1022 726 692 557
aDoll (Ref. 35.

PHarimaet al. (Ref. 36.
°H. Siegleet al. (Ref. 37.
dHarimaet al. (Ref. 6.
€Tabataet al. (Ref. 38.
MTabataet al. (Ref. 41).

16 and 18 and first-order Raman data for cubic epitaxial rials in the framework of the bond orbital modeWe trace
layers®3°-38 The agreement of the two differeb initio  this fact back to the strong ionic character of the bonding in
calculations for the acoustic phonon branches is excellenthe nitrides. The observed length dependence of the force
The maximum deviation amounts to 4 ¢t The deviations constant indicates that the underestimation of the lattice con-
in the frequency region of the optical branches are slightlystant by 1% gives rise to an increase of the optical phonon
larger. The main reason is related to the smaller screenddequency by 1.4%.

effective ion chargeZ* in the present calculations. We un- ~ The splitting of the LO and TO phonon modes Iatis
derestimate the zone-center LO-TO splittings by 21, 20, angoverned by the accompanying macroscopic electric field.
11 cm ! for BN, AIN, and GaN. The agreement of the fre- The corresponding screened charges of the ions are given
guencies calculated fdt phonons and the first-order Raman by*°

data measured for cubic epitaxial layers is also satisfactory

(cf. Table Il). The discrepancy in the case of the TO phonons Qou 172

is a result of the overestimation of the corresponding force Z*= 2[a{o(l“)—aﬁo(r‘)] (2
constants due to the LDA underestimation of the lattice con- 4me
stant.

The short-range contributiofi to the interatomic force With the unit cell volume{),. From the fit procedure we
constants follows the re|atia?~| estimateZ* =0.86, 1.16, 1.11, and 1.03 for BN, AIN, GaN,

and InN, respectively. These values are smaller than those
f:[2w$0(r)+wfo(r)]/3ﬂ, (1) calculated within the DFPTZ* =0.91, 1.21, and 1.14 for
BN, AIN, and GaN!®'8The fit procedure contains a general
wherepu is the reduced mass. A fit to the four nitrides undertendency for an underestimation of the charges in compari-
consideration gives the dependence f=38.74  son to the direct calculation. The nonmonotonous behavior
x10° N/m/(ay/A )27 on the lattice constant. This depen- with respect to the static bond ionicitymay be related to
dence is somewhat weaker than predicted for covalent matéhe Born effective charge, e.g., within the simplifying bond-
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orbital pictureZg=4g—1+2g(1—g), and the dependence
of the dielectric constant,,— 1~ (1—g?).! Whereas the pic-
ture of the Raman modes of BN, AIN, and GaN is rather
complete(cf., e.g., Refs. 16 and 18this is not the case for
InN. The agreement between theory and experifiésisat-
isfying. The overestimation of the theoretical values corre-
sponds nearly to the value that we have estimated because of
the underestimation of the lattice constant within DFT-LDA.
Other calculations using the linear muffin-tin orbital
(LMTO) and frozen-phonon methbticompletely fail with
TO(I') frequencies of 540 ci.

Our calculations can help to clarify the contradicting pic-
ture of the Raman modes for hexagonal InN, in particular
considering the fact that the point in the fcc BZ is folded
onto thel” point in the BZ of the M crystal. Consequently
the LO(L) and LA(L) can be identified as the upper and
lower B; modes and, respectively, TOY and TA(L) as the
upper and lowerE, modes. The corresponding values are
also listed in Table Il. That means, oab initio theory pre-
dicts a frequency of about 488 (78) cthfor the higher
(lower) E;, modes in M InN. According to the relations
between the zone-center optical phonons i@ and H
crystals of BN, AIN, and GaNRefs. 16 and 1Balso the
frequencies of thé&e; and A; modes of wurtzite InN may
be estimated. Assuming that the splittings of the TP(
and LO(") modes into theE; and A; phonons of the
wurtzite structure are more or less the same in GaN and InN,
we find 449 cm?! [A(TO)], 475 cm! [EL(TO)],

594 cm'! [A;(LO)], and 603 cm! [E;(LO)]. These
values are in close agreement with measured frequencies,
although the interpretation of the measurements becomes
complicated due to the nearly energetical overlap of the up-
per E, and A;(TO) modes'? The values 590596 and

491 (495) cm?! (Refs. 42 and 4Bfor the A;(LO) and the

E, phonon measured fork2-InN films do practically not
differ from the theoretical ones. However, also the values
574 [A.(LO)], 488 (E,), 475 [E4«(TO)], and

446 cm! [A(TO)] (Ref. 44 measured for nearly poly-
crystalline wurtzite InN approach the frequencies estimated
above. Measurements of four optical phonons at (@®
nated as loweE,), 400[donated a#\;(TO)], 490[donated
asE;(TO)], and 590 cm? (donated as uppéE,) (Ref. 45
complete the picture. In the light of our calculations the high-
est modes have to be identified Bs and A;(LO) modes,
whereas the physical origin of the two lower modes remains
unclear. Interpolation of the |n,GaN alloy reflectance
data gives a TO-like phonon energy of about 478 ¢ftf
which seems to be reasonable. However, the extrapolation of
the TO data to the LO phonon branch by the authors com-
pletely fails with a LO-like phonon frequency of about
694 cm . Altogether, we find also good agreement for the
zone-center phonons with results of very recent Raman
measurementt. The measured values are 598,(LO)],

586 [A;(LO)], 488 (higher E,), 475[E{(TO)],

447 [A(TO)], and 87 cm? (lower E,).

The phonon dispersion relations given in Fig. 1 allow the
extraction of the sound velocities in the nitrides. We do this
only for the phonon propagation in the&X direction. Along
this direction we have calculated the dynamical matrix ex-

FIG. 1. Calculated phonon dispersion curves of the zinc-blendéctly at threek points. For that reason the interpolation pro-
nitrides.

cedure should be of minor influence. For the transverse
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TABLE lll. Calculated elastic constantin GP3 for cubic nitrides. In the case of BN measured values
are also giver(Ref. 48.

Constant Ref. BN AIN GaN InN
C11 Present 853 314 297 185
13 837 298 282 182
16 812 294
17 304 293 187
Expt. 820
Cio Present 175 157 126 107
13 182 164 159 125
16 182 160
17 160 159 125
Expt. 190
Cus Present 497 200 154 80
13 493 187 142 79
16 464 189
17 193 155 86
Expt. 480

phonons we find the velocities,=11.86, 7.76, 4.96, and the TO phonons arise from the Brillouin zone center. As a
3.38x10° ms ! for BN, AIN, GaN, and InN, respectively. consequence of the nearly linear increase of the ratios
In the longitudinal case it follows that;=15.54, 9.7, 6.88, w1o(I")/wto(X) and wto(I')/wto(L) with decreasing cat-
and 5.16< 10° ms ! irrespectively. The sound velocities for ion mass, the frequencies of the zone-center TO phonons of
the propagation alonfl00] allows the direct determination BN (GaN, InN) are larger(smalley than those of the zone-
of the elastic stiffness constartg, andc,,. The third inde- boundary phonons. In contrast, the TO phonon branch of
pendent elastic constant, is derived from the relatiol®  AIN is nearly dispersionless, at least in tfheX direction.
=(cy1+2¢,,)/3! and the bulk moduli in Table I. The results Hence, the strongest contributions to the TO phonon density
are summarized in Table 1l and compared with other theoof states occur at the uppéower) boundary for BN and
retical results. Considering the different DFT-LDA methodsAIN (GaN and InN. The comparison of the phonon densities
and the different procedures for the calculations the agreeof states of AIN, GaN, and InN with measured oHé$ in-
ment of the three groups of theoretical results is excellentdicates that the main features are fairly well reproduced. This
This holds also for the comparison with experimental tfata holds for both the peak positions and the peak intensities.
available only for zinc-blende BN. Consequently, we con-The experimental DOS have been derived from Raman mea-
clude that the phonon dispersion relations in the frequencgurements of ion-implanted samples.
region of the acoustic phonons are reasonably described by
the usedab initio force-constant method.

Figure 2 shows the phonon density of statB®©9) of C. Polarization fields
BN, AN, GaN, and InN. One immediately finds the depen-  As materials with partially ionic bonds the group-IIl ni-
dence of the frequency gap between the acoustical and opfrides exhibit the piezoelectric effect. Piezoelectric polariza-
cal phonon branches on the material. This effect can be quitgon fields are induced for internal displacements of the
easily explained within the classical two-atomic linear chaingroyp-i11 atoms relative to the nitrogen atoms in an elemen-
where the frequency gap is given by zone-boundary vibragary cell. In the zinc-blende cas@y) this happens only for
tions with the nitrogen mas&ipper limip or the group-lll  ghear strains. For wurtzite crystals with lower symmetry
atom masslower limit): the larger the mass dlﬁereqce be- Cgv) piezoelectric polarization fields may be also induced
tween the wo atoms the larger the frequency gap is. In th diagonal strains. However, even in the equilibrium the

ca?e c|>f ?\N onebcan ?]bservetr?nt ?r\]’ erla_p of th_e %?Ousucal ?r:] wer-symmetry wurtzite polytypes are expected to possess
optical phonon branches so that there 1S no VisSible gap I gy, jnyingic polarization field, since the four tetrahedral

DOS”' T?r']s h?rllds ‘_’;"th the facts, tgatththe bolronfmass t')sbonds around one atom are no longer equivalent, so that
smatier than the :" r?gt]ﬁn Thass Iant tet_anfgu ar forees begyrtzite crystals represent pyroelectrics. Meanwhile, the in-
come more important than the €lectrostalic 1orces as a Cof,ance of such internal polarization fields has been observed

sequence of I(_)wer bond ioni_ci_ty ar_1d larger co_valent bondingvia the quantum-confined Stark effect in optical spectra of
Other interesting features visible in the density of states ar yered nitride systent&:5

the remarkable changes of the dispersion of the optica : ot
branches. There is a strong reduction of the LO dispersion The macroscopic polarization
from the stronger bonded nitrides BN and AIN to GaN and
InN. Also the dispersion of the TO phonon branches show a
clear chemical trend accompanied by the inversion of the =)
band dispersion. The strongest contributions to the density of

= Q_o Qodxxn(x) 3)
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7 Cem ) Explicitly we use supercells with 30111]- or [0001]-
oriented group-lll N bilayers®®® In other words,

FIG. 2. Phonon density of states of the zinc-blende nitrides.  (3C)4(2H)¢ superlattices are studied. The lattice constants
of the two polytypes differ in the plane perpendicular to the
is related to the electron densityx) by definition as electric € @Xis. Since the result should be independent of the cubic
dipole moment per unit volume. Unfortunately, for an infi- '€férence system, we choose as #Hattice constant of the
nite crystal without center of inversion symmetry the polar-30H system that of thel2 structure. Thec-lattice constant

ization in Eq. (3) is an ill-defined quantity? In order to  of the 3(H supercell is then given as ¢6- 18y/2a) with c as
eliminate the truncation and surface effects, we calculate thighe 2H lattice constant. The bonds parallel to thexis are
quantity in a supercell approach frofinst principlesas the ~fixed in the H regions by the internal-cell parametey
difference in the polarizatioA P in a cubic reference mate- Whereas these bond lengths in th€ 8egions are given by

rial and in the wurtzite structur®. By definition the polar- \/ga_ The resulting macroscopic potentidls,(z) are plot-
ization field should vanish in a real cubic crystal. For sym-ted in Fig. 3. The derived spontaneous polarizations are
metry reasons only the componentAP, is nonzero. In listed in Table IV. The results are compared with those of
explicit calculation3*~>® the spontaneous polarization in anotherab initio calculations, using the Berry phase ap-
wurtzite SiC heterocrystalline structures with supercells conproach to the polarization in solidé,and values calculated
sisting of both polytypes, @ and 2H, have been studied. within the bond-orbital modé.

The macroscopic polarization is related to a homogeneous For comparison with results of other calculatidhsve
electric field in each polytype region and, hence, to the grahave to stress that according to E4) only the macroscopic
dient of the spatially averaged total one-electron potential polarization measured in the presence of a depolarization
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TABLE IV. Calculated spontaneous polarizati®, (in units of 103 C/m?) for wurtzite group-IlI

nitrides.

Ref. BN AIN GaN InN
Present AP, ~0 —26 —-14 -6
Present P, ~ 0 —120 —74 —50
57 P, -81 -29 -32
Model P, -32 -51 -50 —-22

field E(Ref. 58 has been determined. Other authors call this . ) 3\2 81 1

polarization field the extrinsic oA or the longitudinal 9:-91~29(1-9%| | 5] " 622225 .2
53 : ; : 3a‘/c +u

one>” In order to determine the macroscopic polarizatiyn

for the vanishing depolarization fie?a,the polarization in- in a linear approximation. We mention that expressi@n

duced in the electronic system by the electric fields preserdiso defines the piezoelectric polarization field along zhe

in the 2H and 3C regions have to be taken into account. Thisaxis if the wurtzite structure is strained with new structural

effect is proportional to the electronic susceptibilitg..(  parameters, a, andu different from the equilibrium values
—1)/4r. For this intrinsic or transverse polarization field we ¢, a, andu. In linear order with respect to diagonal compo-

therefore obtain nents of the strain tensor, the polarization field is expressed
_ by the piezoelectric coefficientsz=c(JP,/dc);_. andes;
P,=¢.AP; B =a(P,lda);_,.

with an effective electronic dielectric constant of the consid- The woab initio calcula_mons and our estimate in the
ered superlattice framework of t_he bond-orb|t_al .mo.del give rise to the same
order of magnitude of the intrinsic polarizatidof. Table
IV). The variation of the absolute numbers between the two
6) first-principles calculations is mainly a consequence of the
(doy+dzc) extreme accuracy of the structural optimization that is re-
] quired for such calculations. For instance, the large devia-
where the thicknesses; anddsc of the two polytype lay-  tions in the results for GaN may be related to the difference
ers and the components parallel to thaxis of their dielec- i the u parametersu=0.381 (present and u=0.376%"
tric tensorse?’ and ., have been introduced. From td  similar large deviations are observed witkih initio calcu-
initio calculations in Refs. 16, 18, and 58 we obsersye lations for wurtzite BeOP,=—16x10 3 C/n? (Ref. 57
= 4.59(BN), 4.52(AIN), 5.41(GaN), and 8.49InN). With  and P,=—-45x10"% C/nm?.5® Because of the accuracy
these values the polarization fields at zero electric field f0|-requirements for the atomic structure we are skeptica| of the
low. They are also given in Table IV. possibility of highly accurate calculations of the spontaneous
Interpreting the charge-symmetry coefficiegtsandg,  polarization fields. The accuracy of the determination of the
(Ref. 2 as the ionicities of the bonds parallel to thexis or  equilibrium atomic structure parameters within standard
with an angle of about 70° to theaxis, one has to deal with  DFT-LDA calculations is perhaps not sufficient enough. This
the bond dipoleg;,, =egy,, 7,, . The vectorsr,, are nearly  holds in particular for the determination of the internal-cell
tetrahedron vectors. In hexagonal Cartesian coordinates jfarametew, but also for the ratio of the lattice constamts
holds 7j=uc(0,0,1) and, for exampler, =[0,—a/+/3,(% anda.
—u)c]. The summation over the eight bonds pef Zinit
cell with the volume(), leads with Eq(3) to the expression IV. SUMMARY

—  (dyyeif+dsces)
fo= o R

In conclusion, we have presented well-convergbdnitio
2ec 3 studies of the group-lll nitrides crystallizing in zinc-blende
P,=- Q_[4gL(§_u)+(gL_gH)u]- (7) the group ; Y g n
0 and wurtzite structure. Optimal bulk geometries have been
calculated by total-energy minimzation. The Gd &nd In

There are two contributions to the spontaneous poIanzaﬂon semicore electrons have been explicitly treated as valence

field parallel to thec axis of 2H. They are related directly or )
indirectly to the deformation of the bonding tetrahedra in theelectrons. For that reason and because of the lagkedéc

. Lo . ) -~ " “rons in the N and B cores ultrasoft non-normconservin
wurtzite structure. This is evident for the first contribution 9

b —3 def ideal tetrahed Th dt seudopotentials have been used in the plane-wave-
pecausel=j detines an ideal tetranedron. 1he secon errTgseudopotential code. We have demonstrated that the plane-
is proportional to the different bond ionicities. The valggs

and g, are almost identical to thosg of the zinc-blende wave cutoff can be reduced to values below 20 Ry. The
L - resulting structural, lattice-dynamical, and polarization prop-
structures. For AIN Karch and Bechst¥tfound g, =g(1 g y P prop

B erties of the two polytypes of BN, AIN, GaN, and InN are
—0.0025) andgj=g(1+0.259). Nevertheless, the term ,yor close to the theoretical and experimental data avail-
(9. —g)) is non-negligible, in particular for nitrides with

able. Their trends with varying cation are clearly related to
and c/a close to the ideal value$ or \/é . This becomes the different strengths of covalent and ionic bonding.
obvious within the bond-orbital model. One derives Considering heterocrystalline structures with large super-
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cells including 30 group-Ill N bilayers, we have also calcu-ab initio calculations of phonons in InN have been presented.
lated the spontaneous polarization field in the wurtzite strucThey allow a unique picture of the Raman modes in this
ture. We observed an extreme sensitivity of the polarizatiormaterial.

on the equilibrium structure parameters. In addition, we have
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