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Ab initio lattice dynamics of BN and AIN: Covalent versus ionic forces
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We report first-principles calculations of the structural, lattice-dynamical, and dielectric properties for zinc-
blende and wurtzite BN and AIN. 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 AIN 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 a@Rb&3-18207)06736-2

[. INTRODUCTION sition of the aluminum and the nitrogen atom in the periodic
table indicates that the physical properties of AIN should be
Among the Ill-V semiconductors the nitridéBN, AIN,  similar to those of SiC.
and GaN have attracted both scientific and technological In this paper we present an extensaeinitio study of the
interest in recent years. This is due to the fascinating meground-statelattice constants, internal cell parameters, bulk
chanical properties of their zinc-blende and/or wurtzitemoduli, lattice-dynamical(phonon frequencies and eigen-
phases, such as hardness, high melting point, high thermsgctors, and dielectric propertiesBorn effective charges
conductivity, large bulk moduli, etc., making them useful for and dielectric constant®f BN and AIN semiconductors in
protective coatings. Furthermore, the electronic propertied)0th wurtzite and zinc-blende structures. We focus our atten-
characterized by large band gaps and relatively low dielectrition on the differences in the bonding properties between
constants, indicate potential device applications in ultraviolethese phases as well as on the contributions of the cations
optics and high-temperature microelectronics. These outoron and aluminum to the ionic/covalent character of the
standing properties are mainly related to the specific role oponds in the considered compounds. The paper is organized
the nitrogen atoms. The smallness of the nitrogen atom8s follows. In Sec. Il we briefly review the theoretical
gives rise to the formation of short bonds, which leads tomethod used. In Sec. Il the results of our calculations are
significantly smaller lattice constantby 20—-40% than in  presented and discussed. Finally, conclusions are given in
other 111-V semiconductors like GaAs or InAs. Sec. IV.
Boron and nitrogen lie on both sides of carbon in the
periodic table and their average mass i§ almost the same as Il. COMPUTATIONAL DETAILS
the mass of carbon. Therefore, the physical, mechanical, and
chemical properties of BN compounds are expected to be Our calculations are performed using the plane-wave
close to those of the carbon polymorphs. At ambient condipseudopotential approach within the framework of the
tions, BN crystallizes usually in a hexagonal structure with adensity-functional theoryDFT). Electronic exchange and
two-layer stacking sequence that is analogous to that oforrelation energies are calculated within the the local-
graphite, but a rhombohedral form with a three-layer stackdensity approximatiofLDA) using a standard form for the
ing also exists. The denser zinc-blende and wurtzite phasesexchange-correlation potentfaElectron-ion interactions are
of BN that are similar to cubic and hexagonal diamond areevaluated using nonlocal, norm-conserving pseudopotentials
thermodynamically stable at high pressure and highgenerated using the scheme proposed by Troullier and
temperaturé.The number of bilayers of cations and anions, Martins® We paid particular attention to the choice of the
defining the translational symmetry parallel to the cubicreference configuration for the excited atondicstates. The
[111] or hexagona]0001] direction, varies from 3 to 2. Con- Troullier and Martins procedure yields soft-core pseudopo-
sequently, the cubic(hexagondl zinc-blende (wurtzite)  tentials that greatly reduce the number of plane waves
structure is denoted by@ (2H). needed to achieve convergence in the calculated propérties.
The more ionic compound AIN, which is generally re- The summation over the Brillouin zon®2Z) is done using
ported to be nonpolymorphous, crystallizes at ambient consets of Chadi-Cohen special poifitSince the crystal struc-
dition in the wurtzite structurd However, several works re- tures considered here are semiconducting convergence is
port the occurrence of a metastable zinc-blende polytype afeached using 1210) special points in the irreducible wedge
AIN.* Because of the reactivity of AIN, high-purity source of BZ of the wurtzite(zinc-blendg structure.
material and an oxygen-free environment are required to The ground-state properties of the zinc-blertdeirtzite)
grow AIN crystals of good quality. Therefore, AIN is not a structure are obtained by minimization of the total energy
particular easy material to study experimentally and mostwith respect to the unit-cell volum¥ (lattice constants
researchers in the field have concentrated on GaN. The pandc and the internal parameten. For the wurtzite struc-
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ture this minimization has been performed by a two-stepzed in the core region. Hence, tipecomponent of the non-
procedure. For a given unit-cell volumé=/3a’c/2, the local nitrogen pseudopotential is relatively deep in the core
total energy was minimized with respectdta andu. This  region and the plane-wave expansion requires a high kinetic-
step was repeated for other volumes near the experimentahergy cutoff for good convergence. In the present work,
equilibrium one. The theoretical equilibrium volurivg, the  plane waves up to 50 Ry are used for the calculation of the
static bulk modulus at zero pressuBg, and the first-order structural and dynamical properties of AIN ensuring the con-
pressure derivative of the bulk modulB§ have been finally ~vergence of the calculated phonon frequencies to within 3
determined by fitting the calculated static total energies as M~ '. Because of the lack qf-core states in boron and the
function of volume to the Vinet equation of stdteThe  smaller unit-cell volume of BN than of AIN the same quality
lattice-dynamical properties, i.e., phonon frequencies an@f convergence for the dynamical properties of BN is
eigenvectors, are calculated within the framework of the selffeached using the cutoff energy of 60 Ry.
consistent density-functional perturbation theory
(DFPT).2°-13DFPT also allows the calculation of the high- lll. RESULTS AND DISCUSSION
frequency dielectric tensoe,, and of the Born effective
charge tensoZ B for each inequivalent atom in the unit cell.
These quantities are necessary for the nonanalytic part of the The calculated ground-state energies plotted as functions
dynamical matrix of the polar semiconductors BN and AIN. of volume for 3T and 2H BN and AIN are shown in Fig. 1.
The single-particle electronic eigenfunctions solving theln Table I, the calculated structural, elastic, and cohesive
Kohn-Sham equations of the DFT-LDA are expanded inproperties as obtained from the Vinet EOS are compared
terms of plane waves. Because the nitrogen core does natith experimental values. The calculated structural proper-
possesp statesp-like valence electrons are strongly local- ties of both semiconductors are in good agreement with the

A. Ground-state properties

TABLE I. Comparison of calculated and measured structural properties of BN and AIN in zinc-blende
and wurtzite phases: lattice constantA), ratio c/a, internal parameteu, bulk modulusB, (Mbar) and its
pressure derivativB , ionicity coefficientg, and total energy differenc® (meV/moleculg with respect to
the zinc-blende structure.

a cla u By Bg g A€
3C BN Calc. 3.591 3.97 3.6 0.491
Calc.? 3.576 3.97 3.6
Calc.? 3.575 3.86
Expt.© 3.615 3.69 4.0
2H BN Calc. 2.531 1.657 0.3751 3.99 3.6 0.492 37
Calc.2 2.521 1.632 4,01 3.6 20
Expt. 2.558 1.656' 410
3C AIN Calc. 4.337 2.14 3.3 0.796
calc.f 4.316 2.15 46
Expt.? 4.380
2H AIN Calc. 3.082 1.605 0.3816 2.15 3.6 0.794-48
calc.f 3.129 1.594 0.3825 1.95 3.7
Expt. 3.116 1.601 0.3821 208 6.3
aReference 17. fReference 30.
bReference 18. 9Reference 18.
‘Reference 15. "Reference 16.
dreference 14. iReference 19.

®Reference 17.
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room-temperature experimental data of Sogtaall* and
Knittle et al1® for BN and Schulzt all® for AIN. The static

bulk moduli of both materials are overestimated by the (2)
theory, in case of BN by about 8% while for AIN the experi-
mental value is exceeded by about 3%. The present deter-o;:
mined value of the bulk modulus of BN is, however, in good ™
agreement with the recent results of Furthielet al?® and =
of Rodriguez-Hernandeet al?* Moreover, it has been re- =
a

cently showA?*?3that anharmonic corrections due to phonon
vibrational energy may considerably reduce the value of the
static bulk modulus, even &=0 K. The zero-point mo-
tional energy lowers the value of the static bulk modulus of
diamond? (cubic silicon carbid®) by 3% (2%). One should
also notice that the experimental values of the bulk moduli
are somehow uncertain due to the difficulty of growing high-
quality single crystals of IlI-V nitrides.

Despite the formal similarities of both materials, the
stable phase varies from zinc-blen@N) to wurtzite (AIN).
The energy los$gain calculated for the wurtzite BNAIN)
with respect to the zinc-blende structure is witi=37 meV
(—48 meV), very close to the values calculated recently by
other authors using plane-wave pseudopotential
methods’%?42% Previous calculatiof§ 3! gave the same
trend, however, with a wide spread of values Xf. For a

~~
o
~—

n(r) (e/4%)

given ANB8~N compound the stability of the wurtzite struc- -1 © i

ture relative to the zinc-blende structure can also be dis- [111] direction

cussed in terms of the critical parametefc/a), defined as

the deviationA(c/a)=c/a— \/8/3 of the ratioc/a from its FIG. 2. Line plots of the valence-charge density & BN (a)

ideal value® The zinc-blende(wurtzite) structure prevails and AN (b) along the[111] direction. The self-consistent electron
whenA(c/a) is positive (negative. Therefore, the value of charge density is indicated by solid lines, the superposition of the
the calculated critical parameter(c/a)=+0.024 for H atomic valence charges by dotted lines, and the difference between
BN (—0.029 for H AIN) correlates well with the calculated POt by dashed lines.

energy gain\&. Moreover, the critical parametér(c/a) LA value (0.375). This finding can be attributed to the strong
be related to the ionicity of a compound. In gene/diB covalentsp® bonding of H BN, which preserves the ideal
wurtzite compounds with relatively large negative values ofiatrahedral bond angles.
A(c/a) exhibit strong ionic bonding properti€§Thus AIN The electronic charge density of BN and AIN differs con-
is @ more ionic compound than Bl¢ee Table )l Further-  gjgeraply from that of other I1I-V semiconductors like GaAs
more, the deviations from the ideal wurtzite structure bf 2 ;. |np. This is apparent from the line plots of the valence-
AIN suggest that this stable compound may exhibit a 'arg%harge density of both compounds along 1] direction
permanent macroscopic polarization, i.e., pyroelectricity ghown in Fig. 2. The overall shape of the valence-charge
Such a polarization may influence the interface properties O(fjensity suggests a highly ionicBJ~ or Al *N~ bonding.
2H AIN with its cubic 3C phase or with other semiconduc- | order to characterize the degree of the ionic versus the
tors as has been shown for the heterocrystalline combinatiogy,yalent contribution to the bond the charge redistribution
of 2H and X S|C2:5(Ref. 33 or for the band discontinuities 5 , has been calculated with respect to the superposition of
of AIN with GaN. . _ free-atom charge densities. The positiregative charge
Unlike the zinc-blende case, in the wurtzite structure thergegjstribution can be identified with electron transfer into
are two different nearest-nelghb(l)r bonds: one alongathe ponging(antibonding electronic states. Moreover, the ionic
direction with the bond lengttR™=uc and three equal component of the bonding can be identified with the charge
bonds forming hexagonal layers with the bond lengthyansfer from the cation to the anion, while the deviation of
R®)=a1/3+(1/2—u)*(c/a)®. For most stable wurtzite- the charge density from spherical symmetry indicates the co-
type structuresc/a ratio and theu parameter are strongly valent nature of the bonding. Although there is no visible
correlated; Ifc/a decreases, them increases in such a way hond chargen the electronic charge density of BN and AIN
that the inequivalent bond lengti®®) and R®) are nearly  as in the case of typical covalent IlI-V semiconductors, the
equal, however, the tetrahedral angles are distorted. Th@markable increase of the charge density along the bond
bond lengths R® and R would be equal if direction indicates a strong covalent bonding that stabilizes
u=a?/(3c?)+ 1/4. The so-estimated value of the internal pa-both crystals.
rameteru of 2H AIN (0.3794) nearly agrees with the calcu-  Recently, Garcia and Cohen introduced a first-principles
lated one (0.3816). In the case dfiBN there is, however, ionicity scale for binary cubi&NB&~N compounds? As this
a larger deviation between the estimated value (0.3714) anidnicity approach is based on the ground-state valence-
the calculated one (0.3751), which is in fact almost the ideatharge density, it describes thticionicity of a compound.
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Within this approach the ionicity parametgris defined in TABLE Il. Values of the relaxed;; and unrelaxed elastic con-
terms of the symmetric/antisymmetrig () parts of the stantsc{?) (Mbar) and of the internal-strain parametgfor 3C BN

charge density with respect to the bond Centegas/SA/SS, and AIN.
where the integrated quantitﬁwz 1Nofp32/A(r)dr mea-
sures the strength (pJfS,A. For cubic structures this parameter

g is uniquely defined. In the wurtzite structure, however,
there are two different bond®®) andR(?). For this structure

the decomposition of the valence-charge density into sym-
metric and antisymmetric parts is proper only for tRE’
bond center at which inversion maps cations into anions and .
vice versa® The different ionicities of the chemical bonds in Calc. 837 182 493 495 010
AIN and BN can be already seen from the representation ofC AN Presefnt 294 160 189 233 057
the valence-charge density along the bond direction as Calc.. 348 168 135

shown in Fig. 2. In comparison to the B atom in BN the Calc® 304 152 199 230 060
probability to find valence electrons around the Al atom in
AIN is much lower. The obtained static ionicity values df 3
BN (g=0.491) and & AIN (g=0.796) confirm this quali-
tative finding. The values of the ionicity parametgfor the
v_vurtzite structures of_both semiconductors are almost idengLMTO, Kim et al. (Ref. 43.

tical to those of the zinc-blende structuresge Table)l As "Hartree-Fock, Ruizt al. (Ref. 44
can be seen in Fig. 2, the significant part of the asymmetric ' ' T
valence-charge density is already given by the superposition

of the atomic charges. The ionicity of both compounds is, [= a
therefore, based on the intrinsic differences between the _sz (T
valence-charge densities of the constituent ions. To

0
Ci1 Ci2 Casa c§? s

BN Present 8.12 182 464 466 0.07
Expt.2 820 190 4.80
Calc. 7.12 0.80 2.90
Calc.® 831 420 450
Calc.! 844 190 483 486 0.11

8Brillouin scattering, Grimsditctet al. (Ref. 40.
bSemiempirical, De VriegRef. 42.

‘Semiempirical, SokolovskiiRef. 41).
Ypseudopotential, Rodriguez-Hernangeal. (Ref. 21).

doy,
Ay

@

7=0

For this calculation the anion at the origin of the unit cell has
been kept fixed, while the cation at the tetrahedral position of
one quarter of the body diagonal has been displaced along
The linear elastic constants are formally defined as the[111] direction. Such a displacement reduces the number
Cap,ys=d045/dm,s5, Where n denotes the applied strain. of symmetry operations from 24 to 6 but preserves the cubic
The fourth-rank tensor possesses generally 21 independentsymmetry of the lattice. A more detailed description of the
components. However, this number is greatly reduced whemethod used can be found in Refs. 12 and 39.
taking into account the symmetry of the crystal. In the case The theoretical values of the elastic constants and of the
of cubic crystals symmetry relations reduce the number ofnternal-strain parameters ofC3BN and AIN are summa-
independent components to thrég;=Cyy xx, C12=Cxxyy: rized in Table Il. Experimental data for the elastic constants
and cg4=Cy,y,. The elastic constants;; and c;, and the are only available for @ BN. Excellent agreement is ob-
unrelaxed constart!y have been calculated by computing served for the elastic constants of BN with recent experimen-
the components of the stress tensofor small applied te- tal data obtained from Brillouin scattering measureméhts.
tragonal and trigonal straing (less then 3% using the ap- Former data derived using semiempirical methods are found
proach proposed by Nielson and MartfiiThe calculation of ~ to be rather inaccurafé:*> Our elastic constants ofG BN
the elastic constants directly from the total energy require@re also in good agreement with recent pseudopotéhiati
more extensive calculations because the total energy diffefull-potential linear-muffin-tin-orbital (LMTO) calcula-
ences between the strained and the unstrained configuratiofigns:* This holds also for the elastic constants @ AIN in
are only of the order of a few mR/.The unrelaxed!J) and ~ comparison with the Hartree-Fdtkand LMTO (Ref. 43
the relaxed elastic constaay, are related by values. If we assume that the ions forming the crystal lattice
are bound only by central forces, then additional relations,
the so-called Cauchy relations, exist between the elastic con-
1 stants. For cubic crystals there is only one relatmp= c,,.
Cas=Clay — - pwZ (1), @ Jtis evid i i i
432" %10 is evident from Table Il that this equality holds neither for
3C BN nor for 3C AIN. However, this relation is more
_ ) strongly violated for BN €1,/c4=1.75) than for AIN
where . is the reduced atomic mass, (I') denotes the (¢ ./c,,=1.51). The violation of the Cauchy condition indi-
transverse zone-center phonon frequency, d@nds the cates the presence of considerable noncentral forces arising
internal-strain parameter. The internal-strain paramgtbhat ~ from the covalent bonding. This noncentral forces turns out
describes the sublattice displacement due to the applied mat be stronger in BN than in AIN.
roscopic straing is the only one independent component of To the best of our knowledge, no experimental data for
the third-rank internal-strain tensdr for diamond and zinc- the internal-strain parameter of both semiconductors AIN
blende structure® The internal-strain parameter can be and BN are available. Although our calculated internal-strain
computed from the derivative of the strainwith respect to  parameters of @ BN and AIN are in good agreement with
the displacement of one atom in the unit cel? recent pseudopotentfaland LMTO (Ref. 43 calculations,

B. Elastic properties
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their absolute values are slightly smaller than the previously TABLE Ill. Calculated and experimental elastic consta@ts
calculated ones. The internal-strain parameter of BN{(Mbar) of wurtzite BN and AIN.
{=0.073, is much smaller than that of AllJ=0.568, indi-
cating again a quite different bonding in the considered semi- Cu Crp Ciz Gz Cu Cge
conductors. The small value dffor BN points out that in Presenf 944 149 083 1011 350 3.98
this material there is a large resistance against bond-bending Presenf 947 146 083 1011 347 401
distortions. Such an importance of bond-bending forces is Calct 987 143 070 1020 369 422
characteristic for systems with strong covalent bonding an%H AN Prese'nf’ 4'10 1'25 0'79 4 57 1'04 1'43
strongly localized charge-density-like diamolfdThe ex- b ' ' ' ' ' '
perimental (theoretical value of ¢ found for diamond is Preseﬂ‘, 385 150 079 457 108 1.18
0.125 (Ref. 45 [0.116 (Ref. 39]. In systems with weaker Expt. 345 125 120 395 1.18 1.10
bound electrons and with partially ionic/covalent bonding, EXpt'c 411 149 099 389 125 131
where lattice distortions are accompanied with relatively Calc'f 398 140 127 382 096 129
large charge density redistributions, larger values are ob- Calc. 464 149 116 409 128 148
served for{, g.g.,§=0.76 for GaAﬁG In order to corrobo- dCalculated from cubic elastic constants using transformation set
rate the obtained values ¢gfby an independent method we "0 ¢ 4o
computel from the derivative of the internal forces acting bCalculated from cubic elastic constants
on the atoms in the unit cell with respect to the applied ¢, Ref a9
uniform stress along thg111] direction™” Following this ¢ \i1o kim et al (Ref. 43
procedure, we derivefi=0.068 for X BN and{=0.567 for  dgace acoustic wave velocity, Tsubouehial. (Ref. 53.
3C AIN. Both results agree well with the values obtained egjjiouin scattering, McNeilet al. (Ref. 50.
from strain-displacement relati¢see Eq(2)] and, therefore, "Hartree-Fock, Ruizt al. (Ref. 44).
confirm the consistency of our calculations.

The elastic constants of the ideal wurtzite and zinc-blende JP
structures may be considered as correlated because the two eaﬁ(oo)=1+477—a, 3
structures are identical up to the second-nearest neighbors. dEg

Both crystal structures can be constructed from identical tetyhereP is the macroscopic electronic polarization induced

rahedral building blocks. A procedure for relating the elasticby the screened electric fieEl On the other hand, the tensor
constants of the zinc-blende to the wurtzite crystal based OB the Born effective charges

this structural similarity has been developed by Maffin.

using transformation set

Martin's procedure consists of applying a rotation of the vV P,
elastic tensor of the zinc-blende to the elastic tensor of the Zgﬁ(x)=g J0(%) 4
hexagonal structure. In addition, a correction term to this B

rotation due to the internal-strain effects has to be taken intgs a measure of the polarization induced by a displacement
account’® The details of this method have been recently dis-of the xth atom at vanishing electric field.

cussed by Kimet al*® A second independent set of equa- In Table IV we compare the calculated dielectric tensor
tions for the transformation of the elastic constants frome() of BN and AIN in the zinc-blende and wurtzite struc-
zinc-blende to hexagonal structure is given in Ref. 49. Outure with experimental values available. In case of cubic
results for the elastic constan®; of the wurtzite structure symmetrye(>) has a diagonal form and possesses only one
of BN and AIN obtained using the above-mentioned proceindependent component(=) = e,(®) = €,,() = €,{*).
dures are given in Table Ill. The agreement with the experifor the wurtzite structure(«) is composed of two indepen-

mental dat?’*' and with other first-principles calcula- dent components, one corresponding to the direction parallel
tions*3*4 is reasonable. However, it should be noticed thatq thec axis, €() = €,4), and the other being character-

both transformation procedures assume ideal wurtzite strugstic for the hexagonal plane perpendicular to thexis,
ture neglecting the relaxation of the lattice constants raticgl(oo):,fxx(w)zsyy(w)_ The average dielectric tensor
c/a and the internal parameter from their ideal values. €()=1/3 Tre() is also included in Table IV. Our theoret-
Therefore, the most discrepancies between the theoreticgly] results for e(») are in good agreement with
and the experimental values of the elastic constants may Q@(periment§?‘54 However, one should note that the experi-
traced back to the neglect of these structural relaxations. mental data available for the stable structures of BN and AIN
are scarce and may suffer from the relatively low quality of
the crystal samples. This concerns especially AIN where our
calculations underestimate the measured average dielectric
The interest in the macroscopic dielectric tens@r) and  tensor of 4 AIN.5354Previous computations on IV-1V ele-
the Born effective charge tensaf§(«) is motivated by the ment crystal¥’ as well as on IlI-V(Ref. 12 and 1I-VI (Ref.
study of the lattice dynamics of the polar semiconductors BN65) semiconductors show that the screening tends to be over-
and AIN. Contrary to the nonpolar IV-IV element crystals, estimated in theoretical calculations performed within the
atomic displacements in polar materials create dipoled,.DA approximation. Therefore, we guess that this unusual
which give rise to long-range force constants in real spac&DA underestimation of the dielectric tensor oH2AIN
and to the nonanalytic behavior of the dynamical matrix inwith respect to the measured data may be traced back to the
the limit g—0. The macroscopic dielectric tensefx) is  poor quality of H AIN samples used in the IR reflectivity
formally defined as measurements:>*

C. Dielectric properties
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TABLE IV. Macroscopic dielectric tensog() and Born effective chargg® of BN and AIN in zinc-
blende and wurtzite structures. The present calculatios(®) includes local-field corrections.

€ () g (=) €(») Ae(=) z" z{ zB AZB
3C BN Present  4.54 4.54 4.54 1.93 1.93 1.93
Expt. 4.46 1.98
Calc.¢ 3.86 3.86 3.86
Calc.@ 4.14 4.14 4.14
Calc.® 4.56 4.56 4.56
2H BN Present  4.50 4.67 4.56 0.037 186 1.96 1.89  0.053
Calc.® 4.16 4.18 4.17 0.004
Calc.¢ 4.19 4.06 414 —0.031
Calc.® 4.51 4.69 4.57 0.039
Calc.f 3.98 4.23 4.07 0.061
3C AIN Present 4.46 4.46 4.46 2.56 2.56 2.56
Calc.¢ 3.90 3.90 3.90
Calc.© 4.61 4.61 4.61
2H AIN Present  4.38 4.61 4.46 0.052 253 2.69 258  0.062
Expt. 4.84 257
Expt." 4.68
Calc.¢ 3.91 3.77 3.86 —0.036
Calc.® 4.42 4.70 4.51 0.062
Calc.f 3.88 5.06 4.27 0.276

3R spectra, Eremetst al. (Ref. 52.

bFirst-order Raman spectra, Sanjugbal. (Ref. 63.

COLCAO (without local-field corrections Xu et al. (Ref. 29.
dLMTO (without local-field corrections Christenseret al. (Ref. 57).
®Pseudopotentiglwith local-field corrections Chenet al. (Ref. 58.
fOLCAO (without local-field corrections Xu et al. (Ref. 56.

9R reflectivity, Collinset al. (Ref. 53.

MR reflectivity, Akasakiet al. (Ref. 54.

The degree of the anisotropy ef«) for the wurtzite  oscillator strengths, and the procedure used for the calcula-
structure can be estimated from the difference betweetion of (o) via the Kramers-Kronig transformation from the
€)(») and e, (): Ae(*)=[€ ()~ €, ()]/e(). For the optical spectrum. Moreover, both procedures neglgact the in-
analysis of the reflectivity data oft2 AIN, Collins etal®®  fluence of the local-field effects on the dielectric tensor
and Akasakiet a|_54 assumed an isotropy of the dielectric which, as shown, lower the value of the dielectric constants

tensor. Hence, the degree of the uniaxial anisotropyfer) by about 10-15%. Our calculations ef>) for BN and
of 2H AIN implied by the wurtzite structure has not been AIN in both zinc-blende and wurtzite structures are, on the

experimentally resolved. To the best of our knowledge, ndther hand, consistent with the LDA pseudopotential calcu-
experimental data exist far(<) of 2H BN. The calculated lations of Cherpt al. using a scissors operator for the energy
ratio AAN e(xc)/ABN(0) = 1.405 indicates that the wurtzite ©f thﬁ conduction t:and5§.f he high.f olectri
structure of AIN exhibits higher dielectric anisotropy than The average values of the high- requency d.'e ectric ten-
the wurtzite structure of BN. Comparing our calculated data>0rse(>) of BN and A”\_I fpr both wurtzite and zinc-blende
of e(>) with those computed by the orthogonalized linegrStructures are rather similar; they differ by less than 2%.
combination of atomic orbitalé€OLCAO) (Refs. 29,56 and Therefore, both semiconductors exhibit similar electronic
e : i | f their diff I i
LMTO (Ref. 57 method we see that these procedures g|vezgfcﬁ3:’;€izl,g‘;gg‘%gsz or%evchzltr sglr firseirr:t ﬁn%?;roné;n b;lend
systematically too small values. The OLCAO procedure, al> olained b irp p 9 b 9 o
though very efficient for the calculation of the structural owever, explained by compensation etfects etween-t €av-
properties, seems not to be elaborated enough for accura@age band gaggy and the plasma frequeney, . According
calculations of optical spectra. FoH2BN this procedure to the Penn formula for the dielectric constant the large av-
yields two quite different sets of the dielectric tenstt2®  eraged energy gap in BN, which is approximately related to
whereas for BI AIN the calculated large anisotropy theE; transition energy in the optical spectra, is counterbal-
Ae()=0.276 is too excessivl.The OLACO method pre- anced by the high value of the plasma frequency. The ratio
dicts such disproportionately large anisotropieg@*) also  fiw,/Eg4 has practically the same value for BN as for AL
for other wurtzite crystals SiC, GaN, InN, ZnO, and ZnS. In  The (transversp Born effective charg&®(«) represents
case of the LMTO method the underestimatioref) may the charge of thecth ion interacting with the macroscopic
be traced back to the used atomic-sphere approximatiomlectric field.ZB(«) is also referred to adynamic effective
where the choice of the atomic-sphere radius influences thehargeas distinct from thestatic effective chargthat results
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from the static transfer of the electron charge density from

the cation to the anion when a crystal is fornfédVe note

that the translational invariance of the crystitle charge a) - e

neutrality condition imposes an important relationship be-

tween the components of the tensor of the Born effective c4

charges that is known as the acoustic sum rule: GN I

3,Z55(k)=02 In the zinc-blende structure the tensor of -

the Born effective charges is isotropEEB(K)=ZB(K) Oap - 2.0

The acoustic sum rule requires that there is only one inde- I

pendent component and the effective charge of the cation L

and ion are equal with opposite signzB=Zz8(lIl) 1.6 — et

=—Z7B(V). Although there are four atoms in the unit cell of 1.5 —

the wurtzite structure the nonsymmorphic space gr@ép b)

with a screw along the axis enforces that only two of them

are independent. Furthermore, because of the charge neutral- 1.0}

ity condition we have to consider only one tensor of Born

effective charges with two independent components

Z8=23() =2;,(1) and Z{}=ZZ(Ill). . o 05
Values of the calculated Born effective charges, in units

of the electron charge, of@Gand 2H BN and AIN are listed

in Table IV. The calculated values agree well with the ex- 0.0 L

perimental data obtained from first-order Raman-scattering o 2 4 6 8 1

experiment$ In our calculations the acoustic sum rule is

fulfilled to better than 1% and represents, therefore, a strin- 9

gent benchmark for the accuracy of the computations. To the

best of our knowledge, no other first-principles calculations FIG. 3. (&) Calculated Born effective charg@ versus charge

of the Born effective charges for BN and AIN exist. It has asymmetry coefficientg for several IlI-V zinc-blgnde compounds.

been already noticed by Luckovslky al. that the values of The full circles plotted from the left to the right correspon_d to

the Born effective charges vary arou@i=2 % However, ~©2SP. AISb, InSb, GaAs, AlAs, BN, GaN, and Altb) Compari-

as can be seen in Fig(@ chemical trends between the Born S9N Of the screened chargé with the static ionicity coefficieng.
effective charges and the static ionicity coefficients for sev-The solid line is a guide to the eye.
eral IlI-V semiconductors are hardly visible. The situation
changes dramatically when instead of the Born effectivesion curves of BN and AIN. The energy scales are mainly
charge the screened effective chaftje=Z8/ \e(<) is con-  dominated by the different average masses of @\ and
sidered. The valueg* =0.91 for 3 BN andZ*=1.21 for  AIN (SiC). The dominant role of the first-row atoms for the
3C AIN follow the trend given by the static ionicities, rep- lattice dynamics of AIN and BN is visible in the wave-vector
resented by the charge asymmetry coefficiemts0.49 for  dispersion of the phonon branches, which in the case of BN
3C BN andg=0.80 for 3C AIN. As shown in Fig. 3o) a  are very similar to those of diamotfdand in the case of AIN
nearly linear relationship betweeft andg can be estab- to those of SiC"®’ In particular, the flatness of the TA
lished. ConsequentlyZ* represents a better scale for the branches over a large part of the BZ, which is typical for
dynamic bond ionicity thaZ®. other IlI-V compounds as phosphides, arsenides, anti-
monides, partially(AIN) or widely (BN) disappears. There-
fore, the pronounced peaks in the corresponding region of
The results for the phonon dispersion curves of BN andhe one-phonon DOS are lacking. This fact indicates the oc-
AIN binary semiconductors in the zinc-blende structure arecurrence of strong noncentral forces for the investigated
displayed in Fig. 4 along several high-symmetry lines to-compounds containing first-row elements. However, despite
gether with the corresponding one-phonon density of statethis similarity there are also several distinctions in the pho-
(DOS). For comparison the phonon frequencies and the oneion dispersion curves of BN and AIN due to the different
phonon DOS of the isoelectronic counterparts of BN andstrengths of the elastic forces and the degree of the ionicity
AIN from the fourth column of the periodic table, diamond of both semiconductors.
(C) and silicon carbid€SiC) are drawn. Very little is known Apart from the different magnitude of the LO-TO split-
about the vibrational properties ofC3BN for which only a  ting at the zone-center due to the macroscopic electric field
few infrared and first-order Raman experiments €3d§t:°¢  accompanying the polar longitudinal-optical-phonon modes,
The agreement between our computations and available ekoth semiconductors AIN and SiC exhibit roughly the same
periments is excellent for C and SiC. It gives confidence inspectra. This is evident in the one-phonon DOS of both semi-
our results in the case ofG3BN, where a direct comparison conductors, where the structures arising from the LO, TO,
with experiment is only possible for the zone-centsee LA, and TA branches can be clearly separated. Because of
Table V) and of 3C AIN, where no experimental data are the mass mismatch between aluminum and nitrogéiton
available. The present parameter-free calculations standnd carbop the optical branches, particularly the transverse
therefore, as reliable predictions for the full phonon disper-one, are flat. As a result not only the acoustic and optical

R ————r—————

7*

D. Vibrational properties
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phonons are separated by a gap from 591 to 654 cfor  modes belong to the same representation, strong intermixing

3C AIN (from 628 to 737 cm* for 3C SiC) but also the occurs near th& point. As a result the modes, which are not

transverse and the longitudinal optical phonon branches by allowed to cross, show conspicuous features in the vicinity

gap from 695 to 733 cm! for 3C AIN (from 784 to 827 of theK point. On the other hand, one interesting peculiarity

cm 1 for 3C SiC). of the phonon spectrum of diamond, the occurrence of over-
The clear separation order of the acoustic- and opticalbending of the LO-phonon motfe—i.e., regions in the Bril-

phonon branches does not occur in the one-phonon DOS d¢duin zone where the LO branch has higher frequency than at

BN and diamond, since there is a considerable overlap behe zone center—is not observed in BN.

tween the LO-, TO-, and LA-phonon branches. This ener- The phonon dispersion curves of BN and AIN in the

getical overlap is caused by tli@lmos}) identical masses of wurtzite structure are plotted in Fig. 5 along thé (A di-

both atoms in the unit cell of diamor(@N). Although, there rection andI’KM (T direction lines. The four atoms in the

is a nonvanishing LO-TO splitting at the zone center, whichunit cell give rise to twelve phonon branches for a general

is related to its partial ionic bonding, the phonon spectrum opoint. As can be seen in Fig. 5, this fact makes a detailed

BN, particularly considering the TO-, LA-, and TA-phonon interpretation of the phonon dispersion curves for the wurtz-

branches, is quite similar to that of diamond. For theite structure more complicated than for the zinc-blende struc-

phonons propagating along tle ([110]) direction an inter- ture. However, the group theoretical analysis of the phonon

esting feature can be found in the phonon dispersion curvesiodes for a giverg point is very helpful and can simplify

of both compounds: the anticrossing behavior of the acoustithe work exceedingly. The symmetry decomposition tells us,

and opticalX; phonon branches. Because the phonon for instance, that along th& direction there are twd; and
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TABLE V. Longitudinal and transverse zone-center phonon frequeririesm ™) of BN and AIN in
wurtzite and zinc-blende structures.

2H 3C
E.(LO) A,(LO) E(TO) A (TO) LO TO

Present 1281 1258 1053 1006 1285 1040
Calc.? 1004
Calc.? 1063
Calc.¢ 1071

BN Expt. ¢ 993
Expt.© 1305 1055
Expt.f 1304 1056
Expt.9 1232 1000
Expt." 1305 1054
Present 918 893 677 619 907 662
Calc.! 649 629 652
Calc) 650 601 648
Expt. 913 670 610

AN Expt.' 916 893 673 614
Expt.™ 821 663 614
Expt." 924 607
Expt." 895 888 672 659
Expt.f 910 910 667 667

3Pseudopotential, Wentzcovitah al. (Ref. 26.
bPseudopotential, FahiRef. 78.

‘Pseudopotential, Rodriguez-Hernandezl. (Ref. 21).
4R spectra, ChrenkéRef. 74.

®First-order Raman spectra, DgRef. 79.
fFirst-order Raman spectra, Brafmanal. (Ref. 66.
9First-order Raman spectra, Gelissteal. (Ref. 65.
Prirst-order Raman spectra, Sanjugbal. (Ref. 63.
ILMTO, Gorczycaet al. (Ref. 80.

IMix-basis approach, Miwat al. (Ref. 77.
KFirst-order Raman spectra, Filippidis al. (Ref. 70.
IFirst-order Raman spectra, McNei al. (Ref. 7J).
MFirst-order Raman and IR spectra, Carlatel. (Ref. 73.
"First-order Raman spectra, Peréhal. (Ref. 72.

Ag longitudinal branches and two double degenera®)  brations. TheA; and E; modes are each split into LO and
andA{? transverse branches. At thepoint the longitudinal  TO components, giving rise to a total of six Raman-active
and transverse modes are two times and four times degendi’onon modes. .

(2) (4) . In uniaxial crystals, the phonon frequencies of these ex-
atg (2X A" and 2¢A37), re_spectlvely. Thergfore, at the traordinary modes are angle depend&if.In Table V, the
point _there are only four different _frequenues to b_e calcUg|culated frequencies @, andE, modes are directly com-
lated instead of 12 for a genemlpoint. Along theT direc-  nared with the experimental data for both semiconductors
different types of representation3’,(and T;) and both of first-principles calculations of about 2%, the calculated fre-
them are one dimensional. Hence along this particular direcquencies of #1 AIN agree well with the recent first-order
tion the twelve phonon branches exhibiting a spaghettilikeRaman-scattering data of Filippidét al,’® McNeil et al,”*
behavior have to be calculated. At tfie point the group and Perlinet al”? The large scattering of the older d%t&>"
theory predicts the decomposition of the phonon modes intahould be mainly traced back to the strained epitaxial layers
the following representations: XA;+2XB;+1XE;  and their generally insufficient sample qualisee also Refs.
+2XE,. The A; and E; phonon modes are both Raman 71 and 72. In the case of BN only infrared and first-order
active and infrared active. ThE, modes are only Raman Raman frequencies for the cubic and the graphitelike phases
active and thd; branches are silent. Therefore, according tohave been measur&8°"4-"5The agreement of our DFPT
the group theory, four Raman-active phonon modes are to besults with other first-principles frozen-phonon computa-
expected at the zone center. However, the group theory do¢i®ns for the nonpolar transverse modes is reasonable, par-
not take into account the macroscopic electric field associticularly considering the variation of the frequencies due to
ated with the motion of the longitudinal-optical-phonon vi- the different lattice constants usefd.’
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FIG. 5. Calculated phonon dispersion curves fét BN (upper
pane) and 2H AIN (lower panel. Experimental first-order Raman-
scattering data from Ref. 71 are denoted by diamonds.

FIG. 6. Calculated phonon modésolid lines in the extended
Jones zone for thEA direction of 2H BN (upper paneland 2H
AIN (lower panel. For comparison the phonon modes o BN

According to Refs. 68 and 69, the uniaxial crystals can beand 3C AIN along thel'L direction are plotted as dashed lines.
divided into two different classes: class I, in which the elec-
trostatic Coulomb forces dominate over the anisotropy of thenore pronounced structural anisotroftite distortion of the
short-range interatomic forces, and class Il, in which the integular tetrahedjaof 2H BN and AIN (see Table)l than of
teratomic forces dominate over the electrostatic forces. I2H SiC1®
case of class I, the LO-TO splitting is more pronounced than Considering the axiat direction, the wurtzite and zinc-
theA,-E; splitting. The opposite holds for class Il, where the blende structures differ only in the stacking order of double
splitting between thé\; andE, modes is much greater than layers of atom&? The sites of cations and anions in the unit
the LO-TO frequency splitting. From Table V, we observecell of the wurtzite structure are not equivalent under primi-
that w(E;(LO))— w(E,(TO))=228 cm™ ! for 2H BN (251 tive lattice translations, hence as discussed above there are
cm~! for 2H AIN) and o(A;(LO))— w(A,(TO))=252 twelve branches of the phonon spectrum in the BZ. How-
cm ! for 2H BN (274 cm ! for 2H AIN). The splitting  ever, the screw displacements and glide reflections along the
between the E; and A; modes amounts to axial direction of the nonsymmorphic space grcﬁ@ result
w(E1(LO))— w(A1(LO))=23 cm ! for 2H BN (25 cm ! in folding of the phonon modes along tHeA line, the
for 2H AIN) and w(E{(TO))— w(A,(TO))=47 cm™? for equivalent direction to the stacking direction of the double
2H BN (58 cm™! for 2H AIN). Therefore, both semicon- layers of atoms in direct space. Therefore, the phonon modes
ductors BN and AIN belong to crystals of class Il. It is in- of the wurtzite structure along thEA direction can be di-
teresting to note that the anisotropy of the tensor of the Bormectly compared with those of the zinc-blende structure along
effective charge@®(«) and of the high-frequency dielectric the equivalent'L direction using the scheme of the extended
tensore() lowers the frequency of thg,(LO) mode from  Jones zon&3
1286 to 1281 cm* for 2H BN (from 924 to 918 cm'* for The calculated phonon-dispersion curves of the zinc-
2H AIN) but raises the frequency of ti#g (LO) mode from  blende BN and AIN along thd'L direction are plotted in
1248 to 1258 cm* for 2H BN (from 882 to 893 cm ! for  Fig. 6 and compared with the unfolded phoridA modes of
2H AIN). The frequencies of other zone-center phononthe wurtzite structuregsolid line9 of both semiconductors.
modes are not affected by the anisotropyZ8«) ande(«).  The labels at the bottom of the plot correspond to the wurtz-
The ratio of[E;(TO)—A;(TO)]J/E1(TO) may also be iden- ite and those at the top to the zinc-blende structure. The
tified as a measure of crystal anisotropy for a given structurgpghonon branches of the wurtzite structure starting at the
i.e., wurtzite structure. This is indeed brought out by thel’(0) point (zone center go beyond theA point without
calculated ratios of 48102 for 2H BN and 8.6< 10 2for  discontinuity to thel'(2#/c) point at the edge of the large
2H AIN in comparison with the calculate@neasuretf) ra-  zone, which is the zone center of the next Brillouin zone.
tio 3.0x 1072 (3.6x 10~ ?) for 2H SiC, keeping in mind the The wavelength of the phonon modes at Ih@x/c) point
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in the wurtzite structure i& =27/g=c. The two inequiva- dynamical properties of the group-Ill nitrides, AIN and BN,
lent cations(aniong in the unit cell—each pair with a sepa- in both cubic(zinc-blend¢ and hexagonalwurtzite) crystal
ration of c/2—vibrate out of phase. In contrast, in th¢0) modifications. The results for lattice constants, elastic coef-
mode these inequivalent atoms vibrate in phase. The rathéicients, Born effective charges, dielectric constants, and Ra-
similar course of the phonon-dispersion curves of the zincman frequencies are in good agreement with the experimen-
blende and wurtzite structures of BN and AIN in the ex-tal data available. Despite the fact that both materials
tended Jones zone is related to their structural similaritiesonsidered belong to group-Ill nitrides, their static and di-
(see Table)l However, the frequencies of the phonon modeselectric properties are rather different. These findings have
in both structures, particularly the longitudinal optic ones,been explained in terms of different relative and absolute
are not as close as in the case of $i&*Due to significant  strengths of the ionic versus the covalent bonding. Moreover,
deviation of the ratiac/a of 1.657 for H BN and 1.605 for the lattice dynamics of BN and AIN differs considerably
2H AIN from its ideal value \/8/3, the tetrahedra in the from that of other Ill-V semiconductors like GaAs, AlSb, or
wurtzite structure of BN and AIN are more distorted than inGaP. It has been found that the phonon spectrum of BN is
2H SiC. This structural distortion causes changes of the harclose to that of diamond and the phonon spectrum of AIN
monic force constants of the different bonds of the wurtziteclose to that of SiC. This is a strong indication for the promi-
structure as compared to the zinc-blende structure. Theréent role of the involved first-row element nitrogen for the
fore, the phonon frequencies of the unfolded phonon modeBonding properties of both semiconductors. Furthermore, the
of the wurtzite structure, which describe the vibrations of thedifferent course of the phonon dispersion curves of BN and
hexagonal double layers of atoms, depart from those of th&IN cannot be explained by a simple mass approximation
equivalent modes of the zinc-blende structure. Another interbut is rather due to the quite different degree of the ionicity
esting feature, which may be related to the distortion of theéand strength of the covalent bonding of these semiconduc-
tetrahedra in the wurtzite structure, is the closing of the entors. Finally, the marked ionicity of the AIN bonding yields
ergy gap between the TO- and LO-phonon modes f 2 to a pronounced structural and dielectric anisotropy of the
AIN. As shown in Fig. 5 there is a slight overlap of these wurtzite structure of AIN larger than that oH2BN and SiC.
branches near the boundary of the hexagonal BZ, particularly

in the neighborhood of th& point. The gap between the ACKNOWLEDGMENTS
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