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Ab initio lattice dynamics of BN and AlN: Covalent versus ionic forces

Krystian Karch and Friedhelm Bechstedt
Friedrich-Schiller-Universita¨t, Institut für Festkörpertheorie und Theoretische Optik, Max-Wien-Platz 1, D-07743 Jena, Germany
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We report first-principles calculations of the structural, lattice-dynamical, and dielectric properties for zinc-
blende and wurtzite BN and AlN. The ground-state properties, i.e., the lattice constants, the bulk moduli, the
ionicity factors of the chemical bonds, and the elastic constants, are calculated using a plane-wave-
pseudopotential method within the density-functional theory. A linear-response approach to the density-
functional theory is used to derive the Born effective charges, the high-frequency dielectric constants, and the
phonon frequencies and eigenvectors. The different behavior of the structural and lattice-dynamical properties
of BN and AlN is discussed in terms of the different ionicities, strengths of the covalent bonds, and the atomic
masses. Our results are in excellent agreement with the experimental data available.@S0163-1829~97!06736-2#
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I. INTRODUCTION

Among the III-V semiconductors the nitrides~BN, AlN,
and GaN! have attracted both scientific and technologi
interest in recent years. This is due to the fascinating m
chanical properties of their zinc-blende and/or wurtz
phases, such as hardness, high melting point, high the
conductivity, large bulk moduli, etc., making them useful f
protective coatings. Furthermore, the electronic propert
characterized by large band gaps and relatively low dielec
constants, indicate potential device applications in ultravio
optics and high-temperature microelectronics. These
standing properties are mainly related to the specific role
the nitrogen atoms. The smallness of the nitrogen ato
gives rise to the formation of short bonds, which leads
significantly smaller lattice constants~by 20–40%! than in
other III-V semiconductors like GaAs or InAs.

Boron and nitrogen lie on both sides of carbon in t
periodic table and their average mass is almost the sam
the mass of carbon. Therefore, the physical, mechanical,
chemical properties of BN compounds are expected to
close to those of the carbon polymorphs. At ambient con
tions, BN crystallizes usually in a hexagonal structure wit
two-layer stacking sequence that is analogous to tha
graphite, but a rhombohedral form with a three-layer sta
ing also exists.1 The denser zinc-blende and wurtzite phas
of BN that are similar to cubic and hexagonal diamond
thermodynamically stable at high pressure and h
temperature.2 The number of bilayers of cations and anion
defining the translational symmetry parallel to the cu
@111# or hexagonal@0001# direction, varies from 3 to 2. Con
sequently, the cubic~hexagonal! zinc-blende ~wurtzite!
structure is denoted by 3C (2H).

The more ionic compound AlN, which is generally r
ported to be nonpolymorphous, crystallizes at ambient c
dition in the wurtzite structure.3 However, several works re
port the occurrence of a metastable zinc-blende polytyp
AlN.4 Because of the reactivity of AlN, high-purity sourc
material and an oxygen-free environment are required
grow AlN crystals of good quality. Therefore, AlN is not
particular easy material to study experimentally and m
researchers in the field have concentrated on GaN. The
560163-1829/97/56~12!/7404~12!/$10.00
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sition of the aluminum and the nitrogen atom in the perio
table indicates that the physical properties of AlN should
similar to those of SiC.

In this paper we present an extensiveab initio study of the
ground-state~lattice constants, internal cell parameters, bu
moduli!, lattice-dynamical~phonon frequencies and eigen
vectors!, and dielectric properties~Born effective charges
and dielectric constants! of BN and AlN semiconductors in
both wurtzite and zinc-blende structures. We focus our att
tion on the differences in the bonding properties betwe
these phases as well as on the contributions of the cat
boron and aluminum to the ionic/covalent character of
bonds in the considered compounds. The paper is organ
as follows. In Sec. II we briefly review the theoretic
method used. In Sec. III the results of our calculations
presented and discussed. Finally, conclusions are give
Sec. IV.

II. COMPUTATIONAL DETAILS

Our calculations are performed using the plane-wa
pseudopotential approach within the framework of t
density-functional theory~DFT!. Electronic exchange and
correlation energies are calculated within the the loc
density approximation~LDA ! using a standard form for the
exchange-correlation potential.5 Electron-ion interactions are
evaluated using nonlocal, norm-conserving pseudopoten
generated using the scheme proposed by Troullier
Martins.6 We paid particular attention to the choice of th
reference configuration for the excited atomicd states. The
Troullier and Martins procedure yields soft-core pseudo
tentials that greatly reduce the number of plane wa
needed to achieve convergence in the calculated propert7

The summation over the Brillouin zone~BZ! is done using
sets of Chadi-Cohen special points.8 Since the crystal struc
tures considered here are semiconducting convergenc
reached using 12~10! special points in the irreducible wedg
of BZ of the wurtzite~zinc-blende! structure.

The ground-state properties of the zinc-blende~wurtzite!
structure are obtained by minimization of the total ener
with respect to the unit-cell volumeV ~lattice constantsa
andc and the internal parametersu). For the wurtzite struc-
7404 © 1997 The American Physical Society
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FIG. 1. Calculated total energies per molecu
for BN ~a! and AlN ~b! versus reduced volume
The solid~dotted! line indicates the total energy
of the wurtzite~zinc-blende! structure.
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ture this minimization has been performed by a two-s
procedure. For a given unit-cell volumeV5A3a2c/2, the
total energy was minimized with respect toc/a andu. This
step was repeated for other volumes near the experime
equilibrium one. The theoretical equilibrium volumeV0, the
static bulk modulus at zero pressureB0, and the first-order
pressure derivative of the bulk modulusB08 have been finally
determined by fitting the calculated static total energies a
function of volume to the Vinet equation of state.9 The
lattice-dynamical properties, i.e., phonon frequencies
eigenvectors, are calculated within the framework of the s
consistent density-functional perturbation theo
~DFPT!.10–13 DFPT also allows the calculation of the high
frequency dielectric tensore` and of the Born effective
charge tensorZB for each inequivalent atom in the unit ce
These quantities are necessary for the nonanalytic part o
dynamical matrix of the polar semiconductors BN and Al

The single-particle electronic eigenfunctions solving t
Kohn-Sham equations of the DFT-LDA are expanded
terms of plane waves. Because the nitrogen core does
possessp states,p-like valence electrons are strongly loca
p

tal

a

d
f-

he
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ot

ized in the core region. Hence, thep component of the non-
local nitrogen pseudopotential is relatively deep in the c
region and the plane-wave expansion requires a high kine
energy cutoff for good convergence. In the present wo
plane waves up to 50 Ry are used for the calculation of
structural and dynamical properties of AlN ensuring the co
vergence of the calculated phonon frequencies to withi
cm21. Because of the lack ofp-core states in boron and th
smaller unit-cell volume of BN than of AlN the same quali
of convergence for the dynamical properties of BN
reached using the cutoff energy of 60 Ry.

III. RESULTS AND DISCUSSION

A. Ground-state properties

The calculated ground-state energies plotted as funct
of volume for 3C and 2H BN and AlN are shown in Fig. 1.
In Table I, the calculated structural, elastic, and cohes
properties as obtained from the Vinet EOS are compa
with experimental values. The calculated structural prop
ties of both semiconductors are in good agreement with
lende
TABLE I. Comparison of calculated and measured structural properties of BN and AlN in zinc-b
and wurtzite phases: lattice constanta ~Å!, ratio c/a, internal parameteru, bulk modulusB0 ~Mbar! and its
pressure derivativeB08 , ionicity coefficientg, and total energy differenceDE ~meV/molecule! with respect to
the zinc-blende structure.

a c/a u B0 B08 g DE

3C BN Calc. 3.591 3.97 3.6 0.491
Calc.a 3.576 3.97 3.6
Calc.b 3.575 3.86
Expt.c 3.615 3.69 4.0

2H BN Calc. 2.531 1.657 0.3751 3.99 3.6 0.492 37
Calc.a 2.521 1.632 4.01 3.6 20
Expt. 2.553d 1.656d 4.10e

3C AlN Calc. 4.337 2.14 3.3 0.796
Calc.f 4.316 2.15 4.6
Expt.g 4.380

2H AlN Calc. 3.082 1.605 0.3816 2.15 3.6 0.794248
Calc.f 3.129 1.594 0.3825 1.95 3.7
Expt. 3.110h 1.601h 0.3821h 2.08i 6.3i

aReference 17.
bReference 18.
cReference 15.
dReference 14.
eReference 17.

fReference 30.
gReference 18.
hReference 16.
iReference 19.
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7406 56KRYSTIAN KARCH AND FRIEDHELM BECHSTEDT
room-temperature experimental data of Somaet al.14 and
Knittle et al.15 for BN and Schulzet al.16 for AlN. The static
bulk moduli of both materials are overestimated by t
theory, in case of BN by about 8% while for AlN the expe
mental value is exceeded by about 3%. The present de
mined value of the bulk modulus of BN is, however, in go
agreement with the recent results of Furthmu¨ller et al.20 and
of Rodriguez-Hernandezet al.21 Moreover, it has been re
cently shown22,23 that anharmonic corrections due to phon
vibrational energy may considerably reduce the value of
static bulk modulus, even atT50 K. The zero-point mo-
tional energy lowers the value of the static bulk modulus
diamond22 ~cubic silicon carbide23! by 3% ~2%!. One should
also notice that the experimental values of the bulk mod
are somehow uncertain due to the difficulty of growing hig
quality single crystals of III-V nitrides.

Despite the formal similarities of both materials, th
stable phase varies from zinc-blende~BN! to wurtzite~AlN !.
The energy loss~gain! calculated for the wurtzite BN~AlN !
with respect to the zinc-blende structure is withDE537 meV
(248 meV!, very close to the values calculated recently
other authors using plane-wave pseudopoten
methods.20,24,25 Previous calculations26–31 gave the same
trend, however, with a wide spread of values forDE. For a
given ANB82N compound the stability of the wurtzite struc
ture relative to the zinc-blende structure can also be
cussed in terms of the critical parameterD(c/a), defined as
the deviationD(c/a)5c/a2A8/3 of the ratioc/a from its
ideal value.32 The zinc-blende~wurtzite! structure prevails
whenD(c/a) is positive~negative!. Therefore, the value o
the calculated critical parameterD(c/a)510.024 for 2H
BN (20.029 for 2H AlN ! correlates well with the calculate
energy gainDE. Moreover, the critical parameterD(c/a) can
be related to the ionicity of a compound. In general,ANB82N

wurtzite compounds with relatively large negative values
D(c/a) exhibit strong ionic bonding properties.32 Thus AlN
is a more ionic compound than BN~see Table I!. Further-
more, the deviations from the ideal wurtzite structure of 2H
AlN suggest that this stable compound may exhibit a la
permanent macroscopic polarization, i.e., pyroelectric
Such a polarization may influence the interface propertie
2H AlN with its cubic 3C phase or with other semiconduc
tors as has been shown for the heterocrystalline combina
of 2H and 3C SiC ~Ref. 33! or for the band discontinuities
of AlN with GaN.25

Unlike the zinc-blende case, in the wurtzite structure th
are two different nearest-neighbor bonds: one along thc
direction with the bond lengthR(1)5uc and three equa
bonds forming hexagonal layers with the bond leng
R(2)5aA1/31(1/22u)2(c/a)2. For most stable wurtzite
type structuresc/a ratio and theu parameter are strongl
correlated; Ifc/a decreases, thenu increases in such a wa
that the inequivalent bond lengthsR(1) and R(2) are nearly
equal, however, the tetrahedral angles are distorted.
bond lengths R(1) and R(2) would be equal if
u5a2/(3c2)11/4. The so-estimated value of the internal p
rameteru of 2H AlN (0.3794) nearly agrees with the calcu
lated one (0.3816). In the case of 2H BN there is, however,
a larger deviation between the estimated value (0.3714)
the calculated one (0.3751), which is in fact almost the id
er-
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value (0.375). This finding can be attributed to the stro
covalentsp3 bonding of 2H BN, which preserves the idea
tetrahedral bond angles.

The electronic charge density of BN and AlN differs co
siderably from that of other III-V semiconductors like GaA
or InP. This is apparent from the line plots of the valenc
charge density of both compounds along the@111# direction
shown in Fig. 2. The overall shape of the valence-cha
density suggests a highly ionic B1N 2 or Al 1N 2 bonding.
In order to characterize the degree of the ionic versus
covalent contribution to the bond the charge redistribut
Dr has been calculated with respect to the superposition
free-atom charge densities. The positive~negative! charge
redistribution can be identified with electron transfer in
bonding~antibonding! electronic states. Moreover, the ion
component of the bonding can be identified with the cha
transfer from the cation to the anion, while the deviation
the charge density from spherical symmetry indicates the
valent nature of the bonding. Although there is no visib
bond chargein the electronic charge density of BN and Al
as in the case of typical covalent III-V semiconductors, t
remarkable increase of the charge density along the b
direction indicates a strong covalent bonding that stabili
both crystals.

Recently, Garcia and Cohen introduced a first-princip
ionicity scale for binary cubicANB82N compounds.34 As this
ionicity approach is based on the ground-state valen
charge density, it describes thestatic ionicity of a compound.

FIG. 2. Line plots of the valence-charge density of 3C BN ~a!
and AlN ~b! along the@111# direction. The self-consistent electro
charge density is indicated by solid lines, the superposition of
atomic valence charges by dotted lines, and the difference betw
both by dashed lines.
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56 7407AB INITIO LATTICE DYNAMICS OF BN AND AlN: . . .
Within this approach the ionicity parameterg is defined in
terms of the symmetric/antisymmetric (r

S/A
) parts of the

charge density with respect to the bond center asg5AS
A
/S

S
,

where the integrated quantityS
S/A

51/V0*r
S/A

2 (r )dr mea-

sures the strength ofr
S/A

. For cubic structures this paramet

g is uniquely defined. In the wurtzite structure, howev
there are two different bondsR(1) andR(2). For this structure
the decomposition of the valence-charge density into s
metric and antisymmetric parts is proper only for theR(2)

bond center at which inversion maps cations into anions
vice versa.35 The different ionicities of the chemical bonds
AlN and BN can be already seen from the representation
the valence-charge density along the bond direction
shown in Fig. 2. In comparison to the B atom in BN th
probability to find valence electrons around the Al atom
AlN is much lower. The obtained static ionicity values of 3C
BN (g50.491) and 3C AlN ( g50.796) confirm this quali-
tative finding. The values of the ionicity parameterg for the
wurtzite structures of both semiconductors are almost id
tical to those of the zinc-blende structures~see Table I!. As
can be seen in Fig. 2, the significant part of the asymme
valence-charge density is already given by the superpos
of the atomic charges. The ionicity of both compounds
therefore, based on the intrinsic differences between
valence-charge densities of the constituent ions.

B. Elastic properties

The linear elastic constantsc are formally defined as
cab,gd5]sab /]hgd , where h denotes the applied strain
The fourth-rank tensorc possesses generally 21 independ
components. However, this number is greatly reduced w
taking into account the symmetry of the crystal. In the ca
of cubic crystals symmetry relations reduce the number
independent components to three:c115cxx,xx , c125cxx,yy ,
and c445cyz,yz . The elastic constantsc11 and c12 and the
unrelaxed constantc44

(0) have been calculated by computin
the components of the stress tensors for small applied te-
tragonal and trigonal strainsh ~less then 3%!, using the ap-
proach proposed by Nielson and Martin.36 The calculation of
the elastic constants directly from the total energy requ
more extensive calculations because the total energy di
ences between the strained and the unstrained configura
are only of the order of a few mRy.37 The unrelaxedc44

(0) and
the relaxed elastic constantc44 are related by

c445c44
~0!2

1

4a
mv

TO

2 ~G!z2, ~1!

where m is the reduced atomic mass,v
TO

(G) denotes the

transverse zone-center phonon frequency, andz is the
internal-strain parameter. The internal-strain parameterz that
describes the sublattice displacement due to the applied m
roscopic strainh is the only one independent component
the third-rank internal-strain tensorD for diamond and zinc-
blende structures.38 The internal-strain parameter can b
computed from the derivative of the strains with respect to
the displacementu of one atom in the unit cell,12
,
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z5
a

mv
TO

2 ~G!
S ]syz

]ux
D

h50

. ~2!

For this calculation the anion at the origin of the unit cell h
been kept fixed, while the cation at the tetrahedral position
one quarter of the body diagonal has been displaced a
the @111# direction. Such a displacement reduces the num
of symmetry operations from 24 to 6 but preserves the cu
symmetry of the lattice. A more detailed description of t
method used can be found in Refs. 12 and 39.

The theoretical values of the elastic constants and of
internal-strain parameters of 3C BN and AlN are summa-
rized in Table II. Experimental data for the elastic consta
are only available for 3C BN. Excellent agreement is ob
served for the elastic constants of BN with recent experim
tal data obtained from Brillouin scattering measurement40

Former data derived using semiempirical methods are fo
to be rather inaccurate.41,42 Our elastic constants of 3C BN
are also in good agreement with recent pseudopotential21 and
full-potential linear-muffin-tin-orbital ~LMTO! calcula-
tions.43 This holds also for the elastic constants of 3C AlN in
comparison with the Hartree-Fock44 and LMTO ~Ref. 43!
values. If we assume that the ions forming the crystal latt
are bound only by central forces, then additional relatio
the so-called Cauchy relations, exist between the elastic c
stants. For cubic crystals there is only one relation:c125c44.
It is evident from Table II that this equality holds neither f
3C BN nor for 3C AlN. However, this relation is more
strongly violated for BN (c12/c4451.75) than for AlN
(c12/c4451.51). The violation of the Cauchy condition ind
cates the presence of considerable noncentral forces ar
from the covalent bonding. This noncentral forces turns
to be stronger in BN than in AlN.

To the best of our knowledge, no experimental data
the internal-strain parameter of both semiconductors A
and BN are available. Although our calculated internal-str
parameters of 3C BN and AlN are in good agreement wit
recent pseudopotential21 and LMTO ~Ref. 43! calculations,

TABLE II. Values of the relaxedci j and unrelaxed elastic con
stantsc44

(0) ~Mbar! and of the internal-strain parameterz for 3C BN
and AlN.

c11 c12 c44 c44
(0) z

3C BN Present 8.12 1.82 4.64 4.66 0.07
Expt.a 8.20 1.90 4.80
Calc.b 7.12 0.80 2.90
Calc.c 8.31 4.20 4.50
Calc.d 8.44 1.90 4.83 4.86 0.11
Calc.e 8.37 1.82 4.93 4.95 0.10

3C AlN Present 2.94 1.60 1.89 2.33 0.57
Calc.f 3.48 1.68 1.35
Calc.e 3.04 1.52 1.99 2.30 0.60

aBrillouin scattering, Grimsditchet al. ~Ref. 40!.
bSemiempirical, De Vries~Ref. 42!.
cSemiempirical, Sokolovskii~Ref. 41!.
dPseudopotential, Rodriguez-Hernandezet al. ~Ref. 21!.
eLMTO, Kim et al. ~Ref. 43!.
fHartree-Fock, Ruizet al. ~Ref. 44!.



s
N

m

di

an

r
g

el
o

e
g

ied

ed

nd

o
te
ti
o

.
he
th
hi
in
is
a-
om

u

ce
er
-
ha
ru
ti

tic
y
.

BN
ls,
le
ac
in

ed
r

nt

or
-

bic
ne

-
allel
r-

r
-

ri-
lN
of
our
ctric
-

ver-
he
ual

the

set

set

7408 56KRYSTIAN KARCH AND FRIEDHELM BECHSTEDT
their absolute values are slightly smaller than the previou
calculated ones. The internal-strain parameter of B
z50.073, is much smaller than that of AlN,z50.568, indi-
cating again a quite different bonding in the considered se
conductors. The small value ofz for BN points out that in
this material there is a large resistance against bond-ben
distortions. Such an importance of bond-bending forces
characteristic for systems with strong covalent bonding
strongly localized charge-density-like diamond.12 The ex-
perimental ~theoretical! value of z found for diamond is
0.125 ~Ref. 45! @0.116 ~Ref. 39!#. In systems with weake
bound electrons and with partially ionic/covalent bondin
where lattice distortions are accompanied with relativ
large charge density redistributions, larger values are
served forz, e.g.,z50.76 for GaAs.46 In order to corrobo-
rate the obtained values ofz by an independent method w
computez from the derivative of the internal forces actin
on the atoms in the unit cell with respect to the appl
uniform stress along the@111# direction.47 Following this
procedure, we derivedz50.068 for 3C BN andz50.567 for
3C AlN. Both results agree well with the values obtain
from strain-displacement relation@see Eq.~2!# and, therefore,
confirm the consistency of our calculations.

The elastic constants of the ideal wurtzite and zinc-ble
structures may be considered as correlated because the
structures are identical up to the second-nearest neighb
Both crystal structures can be constructed from identical
rahedral building blocks. A procedure for relating the elas
constants of the zinc-blende to the wurtzite crystal based
this structural similarity has been developed by Martin48

Martin’s procedure consists of applying a rotation of t
elastic tensor of the zinc-blende to the elastic tensor of
hexagonal structure. In addition, a correction term to t
rotation due to the internal-strain effects has to be taken
account.48 The details of this method have been recently d
cussed by Kimet al.43 A second independent set of equ
tions for the transformation of the elastic constants fr
zinc-blende to hexagonal structure is given in Ref. 49. O
results for the elastic constantsCi j of the wurtzite structure
of BN and AlN obtained using the above-mentioned pro
dures are given in Table III. The agreement with the exp
mental data50,51 and with other first-principles calcula
tions43,44 is reasonable. However, it should be noticed t
both transformation procedures assume ideal wurtzite st
ture neglecting the relaxation of the lattice constants ra
c/a and the internal parameteru from their ideal values.
Therefore, the most discrepancies between the theore
and the experimental values of the elastic constants ma
traced back to the neglect of these structural relaxations

C. Dielectric properties

The interest in the macroscopic dielectric tensore(`) and
the Born effective charge tensorsZB(k) is motivated by the
study of the lattice dynamics of the polar semiconductors
and AlN. Contrary to the nonpolar IV-IV element crysta
atomic displacements in polar materials create dipo
which give rise to long-range force constants in real sp
and to the nonanalytic behavior of the dynamical matrix
the limit q→0. The macroscopic dielectric tensore(`) is
formally defined as
ly
,
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]Pa

]Eb
, ~3!

whereP is the macroscopic electronic polarization induc
by the screened electric fieldE. On the other hand, the tenso
of the Born effective charges

Zab
B ~k!5

V

e

]Pa

]ub~k!
~4!

is a measure of the polarization induced by a displacemeu
of the kth atom at vanishing electric field.

In Table IV we compare the calculated dielectric tens
e(`) of BN and AlN in the zinc-blende and wurtzite struc
ture with experimental values available. In case of cu
symmetrye(`) has a diagonal form and possesses only o
independent componente(`)5exx(`)5eyy(`)5ezz(`).
For the wurtzite structuree(`) is composed of two indepen
dent components, one corresponding to the direction par
to thec axis,e uu(`)5ezz(`), and the other being characte
istic for the hexagonal plane perpendicular to thec axis,
e'(`)5exx(`)5eyy(`). The average dielectric tenso
e(`)51/3 Tre(`) is also included in Table IV. Our theoret
ical results for e(`) are in good agreement with
experiments.52–54 However, one should note that the expe
mental data available for the stable structures of BN and A
are scarce and may suffer from the relatively low quality
the crystal samples. This concerns especially AlN where
calculations underestimate the measured average diele
tensor of 2H AlN.53,54 Previous computations on IV-IV ele
ment crystals10 as well as on III-V~Ref. 12! and II-VI ~Ref.
55! semiconductors show that the screening tends to be o
estimated in theoretical calculations performed within t
LDA approximation. Therefore, we guess that this unus
LDA underestimation of the dielectric tensor of 2H AlN
with respect to the measured data may be traced back to
poor quality of 2H AlN samples used in the IR reflectivity
measurements.53,54

TABLE III. Calculated and experimental elastic constantsCi j

~Mbar! of wurtzite BN and AlN.

C11 C12 C13 C33 C44 C66

2H BN Presenta 9.44 1.49 0.83 10.11 3.50 3.98
Presentb 9.47 1.46 0.83 10.11 3.47 4.01
Calc.c 9.87 1.43 0.70 10.20 3.69 4.22

2H AlN Presenta 4.10 1.25 0.79 4.57 1.04 1.43
Presentb 3.85 1.50 0.79 4.57 1.08 1.18
Expt.d 3.45 1.25 1.20 3.95 1.18 1.10
Expt.e 4.11 1.49 0.99 3.89 1.25 1.31
Calc.c 3.98 1.40 1.27 3.82 0.96 1.29
Calc.f 4.64 1.49 1.16 4.09 1.28 1.48

aCalculated from cubic elastic constants using transformation
from Ref. 48.

bCalculated from cubic elastic constants using transformation
from Ref. 49.

cLMTO, Kim et al. ~Ref. 43!.
dSurface acoustic wave velocity, Tsubouchiet al. ~Ref. 51!.
eBrillouin scattering, McNeilet al. ~Ref. 50!.
fHartree-Fock, Ruizet al. ~Ref. 44!.
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TABLE IV. Macroscopic dielectric tensore(`) and Born effective chargeZB of BN and AlN in zinc-
blende and wurtzite structures. The present calculation ofe(`) includes local-field corrections.

e'(`) e uu(`) e(`) De(`) Z'
B Zuu

B ZB DZB

3C BN Present 4.54 4.54 4.54 1.93 1.93 1.93
Expt. 4.46a 1.98b

Calc.c 3.86 3.86 3.86
Calc.d 4.14 4.14 4.14
Calc.e 4.56 4.56 4.56

2H BN Present 4.50 4.67 4.56 0.037 1.86 1.96 1.89 0.05
Calc.c 4.16 4.18 4.17 0.004
Calc.d 4.19 4.06 4.14 20.031
Calc.e 4.51 4.69 4.57 0.039
Calc.f 3.98 4.23 4.07 0.061

3C AlN Present 4.46 4.46 4.46 2.56 2.56 2.56
Calc.d 3.90 3.90 3.90
Calc.e 4.61 4.61 4.61

2H AlN Present 4.38 4.61 4.46 0.052 2.53 2.69 2.58 0.06
Expt. 4.84g 2.57b

Expt.h 4.68
Calc.d 3.91 3.77 3.86 20.036
Calc.e 4.42 4.70 4.51 0.062
Calc.f 3.88 5.06 4.27 0.276

aIR spectra, Eremetset al. ~Ref. 52!.
bFirst-order Raman spectra, Sanjurjoet al. ~Ref. 63!.
cOLCAO ~without local-field corrections!, Xu et al. ~Ref. 29!.
dLMTO ~without local-field corrections!, Christensenet al. ~Ref. 57!.
ePseudopotential~with local-field corrections!, Chenet al. ~Ref. 58!.
fOLCAO ~without local-field corrections!, Xu et al. ~Ref. 56!.
gIR reflectivity, Collinset al. ~Ref. 53!.
hIR reflectivity, Akasakiet al. ~Ref. 54!.
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The degree of the anisotropy ofe(`) for the wurtzite
structure can be estimated from the difference betw
e uu(`) ande'(`): De(`)5@e uu(`)2e'(`)#/e(`). For the
analysis of the reflectivity data of 2H AlN, Collins et al.53

and Akasakiet al.54 assumed an isotropy of the dielectr
tensor. Hence, the degree of the uniaxial anisotropy fore(`)
of 2H AlN implied by the wurtzite structure has not bee
experimentally resolved. To the best of our knowledge,
experimental data exist fore(`) of 2H BN. The calculated
ratio DAlNe(`)/DBNe(`)51.405 indicates that the wurtzit
structure of AlN exhibits higher dielectric anisotropy tha
the wurtzite structure of BN. Comparing our calculated d
of e(`) with those computed by the orthogonalized line
combination of atomic orbitals~OLCAO! ~Refs. 29,56! and
LMTO ~Ref. 57! method we see that these procedures g
systematically too small values. The OLCAO procedure,
though very efficient for the calculation of the structur
properties, seems not to be elaborated enough for accu
calculations of optical spectra. For 2H BN this procedure
yields two quite different sets of the dielectric tensors,29,56

whereas for 2H AlN the calculated large anisotrop
De(`)50.276 is too excessive.56 The OLACO method pre-
dicts such disproportionately large anisotropies ofe(`) also
for other wurtzite crystals SiC, GaN, InN, ZnO, and ZnS.
case of the LMTO method the underestimation ofe(`) may
be traced back to the used atomic-sphere approxima
where the choice of the atomic-sphere radius influences
n

o

a
r

e
l-
l
ate

n,
he

oscillator strengths, and the procedure used for the calc
tion of e(`) via the Kramers-Kronig transformation from th
optical spectrum. Moreover, both procedures neglect the
fluence of the local-field effects on the dielectric tens
which, as shown, lower the value of the dielectric consta
by about 10–15 %. Our calculations ofe(`) for BN and
AlN in both zinc-blende and wurtzite structures are, on t
other hand, consistent with the LDA pseudopotential cal
lations of Chenet al. using a scissors operator for the ener
of the conduction bands.58

The average values of the high-frequency dielectric t
sorse(`) of BN and AlN for both wurtzite and zinc-blend
structures are rather similar; they differ by less than 2
Therefore, both semiconductors exhibit similar electro
screening regardless of their different electronic ba
structures.21,57,59 This somewhat surprising finding can b
however, explained by compensation effects between the
erage band gapĒg and the plasma frequencyvp . According
to the Penn formula for the dielectric constant the large
eraged energy gap in BN, which is approximately related
theE2 transition energy in the optical spectra, is counterb
anced by the high value of the plasma frequency. The r
\vp / Ēg has practically the same value for BN as for AlN.60

The ~transverse! Born effective chargeZB(k) represents
the charge of thekth ion interacting with the macroscopi
electric field.ZB(k) is also referred to asdynamic effective
chargeas distinct from thestatic effective chargethat results
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from the static transfer of the electron charge density fr
the cation to the anion when a crystal is formed.61 We note
that the translational invariance of the crystal~the charge
neutrality condition! imposes an important relationship b
tween the components of the tensor of the Born effec
charges that is known as the acoustic sum ru
(kZab

B (k)50.62 In the zinc-blende structure the tensor
the Born effective charges is isotropic:Zab

B (k)5ZB(k)dab .
The acoustic sum rule requires that there is only one in
pendent component and the effective charge of the ca
and ion are equal with opposite sign:ZB5ZB(III)
52ZB(V). Although there are four atoms in the unit cell o
the wurtzite structure the nonsymmorphic space groupC6v

4

with a screw along thec axis enforces that only two of them
are independent. Furthermore, because of the charge ne
ity condition we have to consider only one tensor of Bo
effective charges with two independent compone
Z'

B5Zxx
B (III) 5Zyy

B (III) and Zuu
B5Zzz

B (III).
Values of the calculated Born effective charges, in un

of the electron charge, of 3C and 2H BN and AlN are listed
in Table IV. The calculated values agree well with the e
perimental data obtained from first-order Raman-scatte
experiments.63 In our calculations the acoustic sum rule
fulfilled to better than 1% and represents, therefore, a st
gent benchmark for the accuracy of the computations. To
best of our knowledge, no other first-principles calculatio
of the Born effective charges for BN and AlN exist. It ha
been already noticed by Luckovskyet al. that the values of
the Born effective charges vary aroundZB52.64 However,
as can be seen in Fig. 3~a! chemical trends between the Bo
effective charges and the static ionicity coefficients for s
eral III-V semiconductors are hardly visible. The situati
changes dramatically when instead of the Born effect
charge the screened effective chargeZ* 5ZB/Ae(`) is con-
sidered. The valuesZ* 50.91 for 3C BN andZ* 51.21 for
3C AlN follow the trend given by the static ionicities, rep
resented by the charge asymmetry coefficientsg50.49 for
3C BN and g50.80 for 3C AlN. As shown in Fig. 3~b! a
nearly linear relationship betweenZ* and g can be estab-
lished. Consequently,Z* represents a better scale for th
dynamic bond ionicity thanZB.

D. Vibrational properties

The results for the phonon dispersion curves of BN a
AlN binary semiconductors in the zinc-blende structure
displayed in Fig. 4 along several high-symmetry lines
gether with the corresponding one-phonon density of st
~DOS!. For comparison the phonon frequencies and the o
phonon DOS of the isoelectronic counterparts of BN a
AlN from the fourth column of the periodic table, diamon
~C! and silicon carbide~SiC! are drawn. Very little is known
about the vibrational properties of 3C BN for which only a
few infrared and first-order Raman experiments exist.63,65,66

The agreement between our computations and available
periments is excellent for C and SiC. It gives confidence
our results in the case of 3C BN, where a direct compariso
with experiment is only possible for the zone-center~see
Table V! and of 3C AlN, where no experimental data ar
available. The present parameter-free calculations st
therefore, as reliable predictions for the full phonon disp
e
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sion curves of BN and AlN. The energy scales are mai
dominated by the different average masses of BN~C! and
AlN ~SiC!. The dominant role of the first-row atoms for th
lattice dynamics of AlN and BN is visible in the wave-vect
dispersion of the phonon branches, which in the case of
are very similar to those of diamond12 and in the case of AlN
to those of SiC.47,67 In particular, the flatness of the TA
branches over a large part of the BZ, which is typical f
other III-V compounds as phosphides, arsenides, a
monides, partially~AlN ! or widely ~BN! disappears. There
fore, the pronounced peaks in the corresponding region
the one-phonon DOS are lacking. This fact indicates the
currence of strong noncentral forces for the investiga
compounds containing first-row elements. However, des
this similarity there are also several distinctions in the ph
non dispersion curves of BN and AlN due to the differe
strengths of the elastic forces and the degree of the ioni
of both semiconductors.

Apart from the different magnitude of the LO-TO spli
ting at the zone-center due to the macroscopic electric fi
accompanying the polar longitudinal-optical-phonon mod
both semiconductors AlN and SiC exhibit roughly the sa
spectra. This is evident in the one-phonon DOS of both se
conductors, where the structures arising from the LO, T
LA, and TA branches can be clearly separated. Becaus
the mass mismatch between aluminum and nitrogen~silicon
and carbon!, the optical branches, particularly the transve
one, are flat. As a result not only the acoustic and opt

FIG. 3. ~a! Calculated Born effective chargesZB versus charge
asymmetry coefficientsg for several III-V zinc-blende compounds
The full circles plotted from the left to the right correspond
GaSb, AlSb, InSb, GaAs, AlAs, BN, GaN, and AlN.~b! Compari-
son of the screened chargeZ* with the static ionicity coefficientg.
The solid line is a guide to the eye.
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FIG. 4. Calculated phonon dispersion curv
and the phonon density of states~DOS! for 3C
BN and 3C AlN. For comparison the phonon fre
quencies and the DOS of the isoelectronic cou
terparts diamond and 3C SiC are shown. Experi-
mental data from Ref. 63 are denoted b
diamonds.
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phonons are separated by a gap from 591 to 654 cm21 for
3C AlN ~from 628 to 737 cm21 for 3C SiC! but also the
transverse and the longitudinal optical phonon branches
gap from 695 to 733 cm21 for 3C AlN ~from 784 to 827
cm21 for 3C SiC!.

The clear separation order of the acoustic- and opti
phonon branches does not occur in the one-phonon DO
BN and diamond, since there is a considerable overlap
tween the LO-, TO-, and LA-phonon branches. This en
getical overlap is caused by the~almost! identical masses o
both atoms in the unit cell of diamond~BN!. Although, there
is a nonvanishing LO-TO splitting at the zone center, wh
is related to its partial ionic bonding, the phonon spectrum
BN, particularly considering the TO-, LA-, and TA-phono
branches, is quite similar to that of diamond. For t
phonons propagating along theS ~@110#! direction an inter-
esting feature can be found in the phonon dispersion cu
of both compounds: the anticrossing behavior of the acou
and opticalS1 phonon branches. Because theS1 phonon
a

l-
of
e-
r-

h
f

es
ic

modes belong to the same representation, strong intermi
occurs near theK point. As a result the modes, which are n
allowed to cross, show conspicuous features in the vicin
of theK point. On the other hand, one interesting peculiar
of the phonon spectrum of diamond, the occurrence of ov
bending of the LO-phonon mode12—i.e., regions in the Bril-
louin zone where the LO branch has higher frequency tha
the zone center—is not observed in BN.

The phonon dispersion curves of BN and AlN in th
wurtzite structure are plotted in Fig. 5 along theGA(D di-
rection! andGKM (T direction! lines. The four atoms in the
unit cell give rise to twelve phonon branches for a generaq
point. As can be seen in Fig. 5, this fact makes a deta
interpretation of the phonon dispersion curves for the wu
ite structure more complicated than for the zinc-blende str
ture. However, the group theoretical analysis of the phon
modes for a givenq point is very helpful and can simplify
the work exceedingly. The symmetry decomposition tells
for instance, that along theD direction there are twoD1 and



7412 56KRYSTIAN KARCH AND FRIEDHELM BECHSTEDT
TABLE V. Longitudinal and transverse zone-center phonon frequencies~in cm21) of BN and AlN in
wurtzite and zinc-blende structures.

2H 3C
E1~LO! A 1~LO! E1~TO! A 1~TO! LO TO

Present 1281 1258 1053 1006 1285 1040
Calc.a 1004
Calc.b 1063
Calc.c 1071

BN Expt.d 993
Expt.e 1305 1055
Expt. f 1304 1056
Expt.g 1232 1000
Expt.h 1305 1054

Present 918 893 677 619 907 662
Calc.i 649 629 652
Calc.j 650 601 648
Expt.k 913 670 610

AlN Expt. l 916 893 673 614
Expt.m 821 663 614
Expt.n 924 607
Expt.h 895 888 672 659
Expt. f 910 910 667 667

aPseudopotential, Wentzcovitchet al. ~Ref. 26!.
bPseudopotential, Fahy~Ref. 78!.
cPseudopotential, Rodriguez-Hernandezet al. ~Ref. 21!.
dIR spectra, Chrenko~Ref. 74!.
eFirst-order Raman spectra, Doll~Ref. 79!.
fFirst-order Raman spectra, Brafmanet al. ~Ref. 66!.
gFirst-order Raman spectra, Gelisseet al. ~Ref. 65!.
hFirst-order Raman spectra, Sanjurjoet al. ~Ref. 63!.
iLMTO, Gorczycaet al. ~Ref. 80!.
jMix-basis approach, Miwaet al. ~Ref. 77!.
kFirst-order Raman spectra, Filippidiset al. ~Ref. 70!.
lFirst-order Raman spectra, McNeilet al. ~Ref. 71!.
mFirst-order Raman and IR spectra, Carloneet al. ~Ref. 73!.
nFirst-order Raman spectra, Perlinet al. ~Ref. 72!.
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D6 longitudinal branches and two double degenerateD3
(2)

andD4
(2) transverse branches. At theA point the longitudinal

and transverse modes are two times and four times dege
ate ~23A1

(2) and 23A3
(4)), respectively. Therefore, at theA

point there are only four different frequencies to be cal
lated instead of 12 for a generalq point. Along theT direc-
tion the group theory is less helpful, since there are only t
different types of representations (T1 and T2) and both of
them are one dimensional. Hence along this particular di
tion the twelve phonon branches exhibiting a spaghetti
behavior have to be calculated. At theG point the group
theory predicts the decomposition of the phonon modes
the following representations: 13A1123B1113E1
123E2. The A1 and E1 phonon modes are both Rama
active and infrared active. TheE2 modes are only Rama
active and theB1 branches are silent. Therefore, according
the group theory, four Raman-active phonon modes are t
expected at the zone center. However, the group theory
not take into account the macroscopic electric field ass
ated with the motion of the longitudinal-optical-phonon v
er-

-

o

c-
e

to

be
es
i-

brations. TheA1 and E1 modes are each split into LO an
TO components, giving rise to a total of six Raman-act
phonon modes.

In uniaxial crystals, the phonon frequencies of these
traordinary modes are angle dependent.68,69 In Table V, the
calculated frequencies ofA1 andE1 modes are directly com
pared with the experimental data for both semiconduct
under consideration. Keeping in mind the accuracy of o
first-principles calculations of about 2%, the calculated f
quencies of 2H AlN agree well with the recent first-orde
Raman-scattering data of Filippidiset al.,70 McNeil et al.,71

and Perlinet al.72 The large scattering of the older data63,66,73

should be mainly traced back to the strained epitaxial lay
and their generally insufficient sample quality~see also Refs.
71 and 72!. In the case of BN only infrared and first-orde
Raman frequencies for the cubic and the graphitelike pha
have been measured.63,66,74–76The agreement of our DFPT
results with other first-principles frozen-phonon compu
tions for the nonpolar transverse modes is reasonable,
ticularly considering the variation of the frequencies due
the different lattice constants used.57,77
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56 7413AB INITIO LATTICE DYNAMICS OF BN AND AlN: . . .
According to Refs. 68 and 69, the uniaxial crystals can
divided into two different classes: class I, in which the ele
trostatic Coulomb forces dominate over the anisotropy of
short-range interatomic forces, and class II, in which the
teratomic forces dominate over the electrostatic forces
case of class I, the LO-TO splitting is more pronounced th
theA1-E1 splitting. The opposite holds for class II, where t
splitting between theA1 andE1 modes is much greater tha
the LO-TO frequency splitting. From Table V, we obser
that v„E1(LO)…2v„E1(TO)…5228 cm21 for 2H BN ~251
cm21 for 2H AlN ! and v„A1(LO)…2v„A1(TO)…5252
cm21 for 2H BN ~274 cm21 for 2H AlN !. The splitting
between the E1 and A1 modes amounts to
v„E1(LO)…2v„A1(LO)…523 cm21 for 2H BN ~25 cm21

for 2H AlN ! and v„E1(TO)…2v„A1(TO)…547 cm21 for
2H BN ~58 cm21 for 2H AlN !. Therefore, both semicon
ductors BN and AlN belong to crystals of class II. It is in
teresting to note that the anisotropy of the tensor of the B
effective chargesZB(k) and of the high-frequency dielectri
tensore(`) lowers the frequency of theE1(LO) mode from
1286 to 1281 cm21 for 2H BN ~from 924 to 918 cm21 for
2H AlN ! but raises the frequency of theA1(LO) mode from
1248 to 1258 cm21 for 2H BN ~from 882 to 893 cm21 for
2H AlN !. The frequencies of other zone-center phon
modes are not affected by the anisotropy ofZB(k) ande(`).
The ratio of@E1(TO)2A1(TO)#/E1(TO) may also be iden-
tified as a measure of crystal anisotropy for a given struct
i.e., wurtzite structure. This is indeed brought out by t
calculated ratios of 4.531022 for 2H BN and 8.631022 for
2H AlN in comparison with the calculated~measured81! ra-
tio 3.031022 ~3.631022) for 2H SiC, keeping in mind the

FIG. 5. Calculated phonon dispersion curves for 2H BN ~upper
panel! and 2H AlN ~lower panel!. Experimental first-order Raman
scattering data from Ref. 71 are denoted by diamonds.
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more pronounced structural anisotropy~the distortion of the
regular tetrahedra! of 2H BN and AlN ~see Table I! than of
2H SiC.13

Considering the axialc direction, the wurtzite and zinc
blende structures differ only in the stacking order of dou
layers of atoms.82 The sites of cations and anions in the un
cell of the wurtzite structure are not equivalent under prim
tive lattice translations, hence as discussed above there
twelve branches of the phonon spectrum in the BZ. Ho
ever, the screw displacements and glide reflections along
axial direction of the nonsymmorphic space groupC6v

4 result
in folding of the phonon modes along theGA line, the
equivalent direction to the stacking direction of the doub
layers of atoms in direct space. Therefore, the phonon mo
of the wurtzite structure along theGA direction can be di-
rectly compared with those of the zinc-blende structure alo
the equivalentGL direction using the scheme of the extend
Jones zone.83

The calculated phonon-dispersion curves of the zi
blende BN and AlN along theGL direction are plotted in
Fig. 6 and compared with the unfolded phononGA modes of
the wurtzite structures~solid lines! of both semiconductors
The labels at the bottom of the plot correspond to the wu
ite and those at the top to the zinc-blende structure. T
phonon branches of the wurtzite structure starting at
G(0) point ~zone center! go beyond theA point without
discontinuity to theG(2p/c) point at the edge of the larg
zone, which is the zone center of the next Brillouin zon
The wavelength of the phonon modes at theG(2p/c) point

FIG. 6. Calculated phonon modes~solid lines! in the extended
Jones zone for theGA direction of 2H BN ~upper panel! and 2H
AlN ~lower panel!. For comparison the phonon modes of 3C BN
and 3C AlN along theGL direction are plotted as dashed lines.



-

th
nc
x-
tie
e
s

in
a
it
er
d
th
th

te
th
en
2
se
ar
e
at

e

,

ef-
Ra-
en-
als
di-
ave
ute
ver,
ly
r
is

lN
i-
e
the
nd

ion
ity
uc-
s
the

for
the
Be

een
FA

7414 56KRYSTIAN KARCH AND FRIEDHELM BECHSTEDT
in the wurtzite structure isl52p/q5c. The two inequiva-
lent cations~anions! in the unit cell—each pair with a sepa
ration of c/2—vibrate out of phase. In contrast, in theG(0)
mode these inequivalent atoms vibrate in phase. The ra
similar course of the phonon-dispersion curves of the zi
blende and wurtzite structures of BN and AlN in the e
tended Jones zone is related to their structural similari
~see Table I!. However, the frequencies of the phonon mod
in both structures, particularly the longitudinal optic one
are not as close as in the case of SiC.47,84 Due to significant
deviation of the ratioc/a of 1.657 for 2H BN and 1.605 for
2H AlN from its ideal valueA8/3, the tetrahedra in the
wurtzite structure of BN and AlN are more distorted than
2H SiC. This structural distortion causes changes of the h
monic force constants of the different bonds of the wurtz
structure as compared to the zinc-blende structure. Th
fore, the phonon frequencies of the unfolded phonon mo
of the wurtzite structure, which describe the vibrations of
hexagonal double layers of atoms, depart from those of
equivalent modes of the zinc-blende structure. Another in
esting feature, which may be related to the distortion of
tetrahedra in the wurtzite structure, is the closing of the
ergy gap between the TO- and LO-phonon modes ofH
AlN. As shown in Fig. 5 there is a slight overlap of the
branches near the boundary of the hexagonal BZ, particul
in the neighborhood of theK point. The gap between th
acoustic and optical modes exists at least for both calcul
directionsGA andGKM .

IV. CONCLUSIONS

In conclusion, we have presentedab initio calculations of
ground-state, dielectric, and, in particular, of the lattic
n

hy

v.
er
-

s
s
,

r-
e
e-
es
e
e

r-
e
-

ly

ed

-

dynamical properties of the group-III nitrides, AlN and BN
in both cubic~zinc-blende! and hexagonal~wurtzite! crystal
modifications. The results for lattice constants, elastic co
ficients, Born effective charges, dielectric constants, and
man frequencies are in good agreement with the experim
tal data available. Despite the fact that both materi
considered belong to group-III nitrides, their static and
electric properties are rather different. These findings h
been explained in terms of different relative and absol
strengths of the ionic versus the covalent bonding. Moreo
the lattice dynamics of BN and AlN differs considerab
from that of other III-V semiconductors like GaAs, AlSb, o
GaP. It has been found that the phonon spectrum of BN
close to that of diamond and the phonon spectrum of A
close to that of SiC. This is a strong indication for the prom
nent role of the involved first-row element nitrogen for th
bonding properties of both semiconductors. Furthermore,
different course of the phonon dispersion curves of BN a
AlN cannot be explained by a simple mass approximat
but is rather due to the quite different degree of the ionic
and strength of the covalent bonding of these semicond
tors. Finally, the marked ionicity of the AlN bonding yield
to a pronounced structural and dielectric anisotropy of
wurtzite structure of AlN larger than that of 2H BN and SiC.
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