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Phonons in zinc-blende and wurtzite phases of GaN, AlN, and BN
with the adiabatic bond-charge model
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The lattice dynamics of the zinc-blende and wurtzite phases of GaN, AlN, and BN is studied using the
adiabatic bond-charge model. The resulting phonon spectra for zinc-blende GaN and AlN compare very well
with ab initio calculations along symmetry directions. We discuss the effect of the internal parameteru on the
A1~LO! andE1~LO! modes. We also present the angle dependence of the zone-center optical-phonon modes in
the wurtzite phase. The anticrossing behavior of theA1 acoustic andE2 optical modes is also discussed.
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I. INTRODUCTION

Recently, the Group-III nitrides have been among
most widely studied semiconductors because of their imp
tant device applications. For example, these materials ca
used for short-wavelength electroluminescence devices
high-temperature, high-power, and high-frequency electr
ics. It is well known that many properties inherent to dev
performance, such as thermodynamic and transport pro
ties, are strongly dependent on the lattice-dynamical cha
teristics. The Group-III-N compounds exist in both zin
blende~ZB! and wurtzite~WZ! phases, and it is therefor
important to obtain a full understanding of the lattice dyna
ics of both phases.

In general, two widely used experimental techniques
study phonon modes in bulk solids are inelastic neutron s
tering and Raman scattering. Due to difficulty in prepari
large Group-III–N single crystals the inelastic neutron sc
tering technique has not yet been successfully applied.
first-order Raman-scattering technique provides informa
about selected phonon modes at the zone center. In con
second-order Raman scattering experiments can provide
formation regarding phonon modes throughout the Brillo
zone, but so far there is no report of the full vibration
spectrum using this technique. Measurements of zone-ce
and zone-boundary phonon modes, using the Raman sca
ing techniques, in ZB and WZ phases of GaN and AlN ha
been presented by several groups.1–11 Recently, the phonon
dispersion data in hexagonal AlN have been obtained w
inelastic x-ray scattering measurements.12

Theoretical investigations of the lattice dynamics of the
materials have been made by using a variety of metho
including a two parameter Keating model,13 a valence-force
model,8 the rigid-ion model,9 and ab initio calculations
within the frozen phonon approach,14–16 supercell
approach,17 and a linear-response approach.12,18–21While ab
initio calculations are computationally very demandin
other approaches lack physical clarity. On the other hand,
adiabatic bond-charge model is based upon a clear phy
appeal for the role played by valence electrons in tetra
drally bonded materials, and has successfully been applie
a number of Group-IV, III–V, and II–VI semiconductors,22
PRB 620163-1829/2000/62~8!/5028~8!/$15.00
e
r-
be
nd
-

er-
c-

-

o
t-

t-
he
n
st,

in-

l
ter
ter-
e

h

e
s,

,
e
al

e-
to

their surfaces,23 and superlattices.24 It is therefore expected
that this method can be successfully applied to the invest
tions of the lattice dynamics in the ZB and WZ phases
Group-III–N materials.

In this paper we present an adiabatic bond-charge mo
study of the lattice dynamics of GaN, AlN, and BN semico
ductors in both ZB and WZ structures. We provide a co
parison of the phonon spectra for the ZB and WZ phas
and test our results against Raman measurements and
ing ab initio calculations. The anisotropic behavior in th
vibrational characteristics of the WZ structure is studied
discussing the angular dependence of some zone-cente
tical modes. We also discuss the effect of internal param
u on theA1~LO! and E1~LO! frequencies. Finally, we dis
cuss the anticrossing behavior of theA1 acoustic andE2
optical modes.

II. THEORY

A. An adiabatic bond-charge model
for the zinc-blende structure

The adiabatic bond-charge model~BCM! is based on a
representation of the valence electron charge density
means of massless point charges~BC’s!, which are allowed
to move adiabatically following ionic displacement. Th
BC’s are located midway between neighboring atoms
homopolar covalent crystals with the valence charge den
showing strong maximum between two atoms. For Gro
III–V zinc-blende semiconductors, the BC’s are located b
tween two atoms, dividing the bond in the ratio 3:5. Thu
the bond charge is located atr 15r (11p)/2 from the cation
andr 25r (12p)/2 from the anion, withr as the bond length
between nearest-neighbor ions. For diamond structure s
conductors,p50 and for zinc-blende semiconductorsp
50.25. In the application of the BCM, the two ionic charg
in the primitive unit cell are assumed to be equal: these
taken asZ15Z2522Ze, whereZe is the bond charge. The
following interactions are considered:22

~a! Central short-range interactions: We consider a pair
potential f122 for the central interaction between neare
neighbor ions, and pair potentialsf121 and f222 for the
central interaction between second nearest-neighbor i
5028 ©2000 The American Physical Society
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TABLE I. BCM parameters for GaN, AlN, and BN, given in units ofe2/va , whereva is the unit cell
volume for the zinc-blende structure. Herei1 andi2 represent ions, with 1 for cation~Group-III element! and
2 for anion~N!.

i1-i2 i1-BC i2-BC BC-i1-BC BC-i2-BC i1-i1 i1-i1 i2-i2
f1229 f12BC9 f22BC9 B1 B2 f1219 f1218 /r 121 f2229 Z2/«

GaN 24.00 2.60 175.0 0.10 70.00 2.50 20.50 0.28 0.350
AlN 27.00 2.000 138.0 0.10 86.00 2.50 20.35 0.10 0.350
BN 16.00 5.50 960.0 1.00 60.00 1.20 0.15 1.80 0.29
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where 1 and 2 label the two types of ions. The interact
between nearest ion-BC pairs is considered via poten
f12BC andf22BC .

~b! Bond-bending interactions: Bond-bending interactions
are taken into account by using the Keating potential. A
two BC’s i , j , centered around a common ions, interact with
each other and with the ion via a Keating potential

Vbb
(s)5 1

2 Bs~Xs iXs j1as
2 !2/4as

2 , ~1!

whereBs are force constants,Xs i ,Xs j are the distance vec
tors between ionss (s51,2) and BC’si , j , and as

2 is the
equilibrium value of2Xs iXs j .

~c! Long-range interaction: Long-range interaction be
tween all particles are taken into account by using the Ew
lattice sum technique. This leads to a Coulomb dynam
matrix of size 18318, corresponding to a total of 6 charge
particles ~2 ions and 4 BC’s! in the primitive unit cell
(a,b5x,y,z):

Cab
C ~bb8;q!5

e2

va

Z2

« F 4CR 22CT

22CT
1 CS

G , ~2!

where CR , CT , CT
1 , and CS denote the ion-ion, ion-BC

BC-ion, and BC-BC Coulomb matrices, respectively,« is the
dielectric constant andva is the volume of the unit cell.

Considering the above interactions, the crystal energy
unit cell can be written in terms of the nearest-neighbor d
tancer as

E54f i 2 i14f12BC14f22BC112f121

112f22216@Vbb
1 1Vbb

2 #2am

4Z2e2

«r
, ~3!

wheream is the Madelung constant. Using the equilibriu
conditions

]E

]r U
r 5r 0

50

and

]E

]p
50,

and making the reasonable assumptions (11p)f12BC8 2(1
2p)f22BC8 50 andf1218 52f2228 , we can express
n
ls
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f1228 52
amZ2e2

«r o
2

,

f12BC8

r 1
5

2~12p!

~11p!

]am

]p

Z2e2

«

1

r 0
3

,

f22BC8

r 2
52

2~11p!

~12p!

]am

]p

Z2e2

«

1

r 0
3

. ~4!

The values ofam and ]am /]p are determined to be 4.77
and 2.764, respectively. Thus in the present application
the BCM, we consider a total of nine adjustable paramet
f1229 , f12BC9 , f1219 , f1218 , f2229 , f22BC9 , B1 , B2, and
Z2/«. The derivativesf8 and f9 are taken with respect to
the nearest-neighbor distancer and evaluated at the equilib
rium distancer 0. We choose these parameters to fit expe
mental LO and TO frequencies atG andab initio results at
the symmetry pointsK, X, andL. These parameters are liste
in Table I.

B. Extension of the model for the wurtzite structure

For the wurtzite structure, we have considered the id
value of the ratioc/ahex. The internal atomic structural pa
rameteru and the hexagonal lattice constantahex are taken
from experimental results for GaN and AlN25 and ab initio
results for BN.18 For this structure, the values of the param
eters f12BC9 , f1219 , f1218 , f2228 , f22BC9 , B1 , B2, and
Z2/« are considered to be the same as in the ZB struct
and we chose values off1229 by fitting the results for
E1~LO! and A1~LO! to experimental orab initio results. It
should be mentioned that in this structure,f1229 has two
values@f1229 (L) and f1229 (S)] for long and short bonds
respectively, as for values ofu. 3

8 the straight bond in the
@111# direction is slightly longer than the other thre

TABLE II. The lattice constant, internal parameteru, and addi-
tional force constantsf1229 (L) andf1229 (S) for the wurtzite phase
of GaN, AlN, and BN. The force constant parameters are in unit
e2/va

h , whereva
h is the unit cell volume for wurtzite structure.

ahex ~Å! u f1229 (L) f1229 (S)

GaN 3.190a 0.377a 46.14 48.00
AlN 3.110a 0.382a 48.22 56.14
BN 2.531b 0.3751b 28.08 30.48

aReference 25.
bReference 18.
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FIG. 1. Phonon-dispersion
curves and phonon density-of
states for GaN, AlN, and BN in
the zinc-blende structure. Ope
diamonds are taken fromab initio
calculations ~Refs. 18 and 19!
while filled circles are experimen
tal results from Ref. 7 for GaN
and Ref. 26 for BN.
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~slanted! bonds. Table II presents the values off1229 (L) and
f1229 ~S! together withahex andu.

III. RESULTS

A. Zinc-blende structure

Figure 1 displays the phonon spectrum and density
states for zinc-blende GaN, AlN, and BN. The calculat
results are shown by solid lines whileab initio18,19 and ex-
perimental results7,26 are shown by open diamonds and fille
circles, respectively. Along the symmetry directions, our
sults are in very good agreement with theab initio results.
f-
d

-

In accordance with the decrease in the cation mass,
zone-boundary frequencies and the zone-center optical
quencies increase for the sequence GaN–AlN–BN. Si
larly, in accordance with the increase in the anion/cat
mass ratio, the optical-acoustic band gap decreases fo
sequence GaN–AlN–BN. In fact, there is no optical-acous
band gap for BN. The different degree of mixture of th
ionic and covalent bondings in these materials results in
ferent amounts of LO-TO splitting as well as different di
persion characteristics of the LO and TO modes. Some s
ing features are:~i! flatness of the TO branch in AlN, leadin
to a very sharp peak in the density-of-states,~ii ! compared to



-

-

-

PRB 62 5031PHONONS IN ZINC-BLENDE AND WURZITE PHASES . . .
FIG. 2. Phonon-dispersion
curves and phonon density-of
states for GaN, AlN, and BN in
the wurtzite structure. Open dia
monds are taken fromab initio
calculations in Ref. 18, while
filled circles are experimental re
sults from Ref. 6 for GaN and
Ref. 2 for AlN.
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AlN and BN there is a shallower dispersion of the LO bran
in GaN, leading to a clear LO peak in the density-of-stat
and ~iii ! an upward dispersion of the TO branches in Ga
Finally, it is interesting to notice that, in both the acoustic
well as the optical frequency ranges, there is a gradual
velopment of sharp density-of-states with distinct longitu
nal and transverse peaks as we move along the sequ
BN–AlN–GaN. For example, while there is only a broa
feature in the acoustic range for BN, there are two disti
,
.
s
e-
-
nce

t

but small peaks for AlN, and there are at least two large a
sharply defined peaks for GaN.

B. Wurtzite structure

The phonon dispersion curves and density-of-states
GaN, AlN, and BN in the wurtzite structure are shown
Fig. 2. Our results are in good agreement with experime
results for GaN6 and AlN.2,12 A comparison of presently cal
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TABLE III. The calculated zone center frequencies for wurtzite GaN, AlN, and BN and their compa
with experiments and available theoretical calculations. Units are cm21.

E2
1 B1

1 A1~TO! E1~TO! E2
2 B1

2 A1~LO! E1~LO!

GaN This work 137 339 546 555 592 717 732 741
Calc.a 146 335 534 556 560 697
Calc.b 150 330 537 555 558 677
Calc.c 143 337 541 568 579 720 748 757
Calc.d 153 318 545 553 564 726 733 738
Calc.e 185 526 544 566 557 584
Calc.f 142 338 534 556 563 689 733 743
Exp.g 146 532 558 567 709 740
Exp.h 553 568 738
Exp.i 145 533 561 570 735 742
Exp.j 530 561 567 734 739
Exp.d 144 534 560 569 737 744

AlN This work 215 557 640 668 652 764 883 922
Calc.b 236 553 629 649 631 717
Calc.k 619 677 893 918
Calc.l 610 710
Calc.e 247 636 612 679 672 645
Exp.m 252 614 673 660 893 916
Exp.n 241 607 660 924
Exp.i 610 670 913
Exp.d 248 614 673 660 894 917

BN This work 447 918 988 1024 948 1179 1258 1286
Calc.k 1006 1053 1258 1285

aReference 28. hReference 4.
bReference 14. iReference 6.
cReference 19. jReference 7.
dReference 9. kReference 18.
eReference 16. lReference 15.
fReference 17. mReference 2.
gReference 1. nReference 3.
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culated results with available experimental and a fewab ini-
tio results at theG point is made in Table III. We also com
pare, in Table IV, our results for GaN at the symmetry poi
M, K, andA with a recentab initio work.17 In this structure
there are four atoms per unit cell, resulting in three acou
and nine optical frequencies for anyq point. The lowest
three optical branches are found to be in the acoustic ra
The other six optical branches are well separated from
acoustic as well as lower-lying optical branches for GaN a
AlN. Thus there is an optical-optical gap in the phonon sp
trum of GaN and AlN in the WZ structure, as opposed to
optical-acoustic gap in the ZB structure. There is no cl
gap in the spectrum for BN, due to similarity of B and
masses.

The symmetry of atomic displacements at various sy
metry points in the Brillouin zone for the WZ structure wi
space groupC6v

4 can be worked out by using group theore
ical analysis.27 Accordingly, atomic vibrations at theG point
have the representations 13A1123B1113E1123E2.
OneA1 and bothE1 are both Raman and infrared active, t
E2 modes are only Raman active, whileB1 modes are silent
s
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TABLE IV. The calculated phonon frequencies for wurtzi
GaN at theM, K, andA points and their comparison with theab
initio calculations~Ref. 17!. The mode degeneracy is indicated
parentheses. Units are cm21.

At M point At K point At A point

This work Ab initio This work Ab initio This work Ab initio
139(1d) 139(1d) 213(2d) 212(2d) 108(4d) 112(4d)
177(1d) 191(1d) 235(1d) 213(1d) 235(1d) 231(1d)
192(1d) 199(1d) 267(2d) 263(1d) 572(4d) 589(4d)
249(1d) 245(1d) 279(1d) 289(2d) 726(2d) 642(2d)
309(1d) 305(1d) 620(2d) 591(2d)
320(1d) 316(1d) 620(2d) 633(1d)
592(1d) 574(1d) 670(2d) 640(2d)
596(1d) 579(1d) 677(1d) 684(1d)
621(1d) 609(1d)
645(1d) 633(1d)
688(1d) 672(1d)
716(1d) 697(1d)
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FIG. 3. Angular dependence of the optical-phonon modes in the wurtzite phase of AlN, GaN, and BN atG, with u as the angle between
the c axis andq→0.
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As a result of the anisotropy in the WZ structure, the tra
verse and longitudinal optical modes with representationsA1
and E1 show an angular dependence forq→0. Also, as a
result of symmetry, at theA point in the Brillouin zone,
longitudinal and transverse phonon modes become two-
fourfold degenerate, respectively, thus resulting in only fo
distinct phonon frequencies.

The vibrational characteristics of the WZ structure exhi
some changes from those of the ZB structure. The dif
ences are linked to the differences in the two crystal str
tures. Although each atom is tetrahedrally bonded to f
neighbors of another species in both the ZB and WZ str
tures, the connectivity of covalent bonds is different in t
two structures. With reference to the middle of a straig
-

nd
r

t
r-
-
r
-

t

bond along@111#, one structure can be obtained by loca
rotating the other by 60°. This leads to a difference in t
connectivity of the second nearest neighbors in the two st
tures. The atomic coordinates within the primitive unit c
of the WZ structure are expressed in terms of an inter
parameteru, which in the nonideal case ofuÞ 3

8 leads to two
different bond lengths. Furthermore, some WZ materials
characterized by the ratioc/ahex which is different from the
ideal value ofA8/3. We, however, have considered the e
perimental value ofu and ahex, and the ideal ratioc/ahex

5A8/3.
As a result of the geometrical differences between the

structures, we observe a few changes in the phonon spec
and the density-of-states for the WZ phase compared w
FIG. 4. Dependence of theA1~LO! andE1~LO! modes on the internal parameteru of the wurtzite structure.
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FIG. 5. The anticrossing effect between theA1 acoustic andE2

optical modes along theG2K2M direction for the wurtzite struc-
ture.
the ZB phase.~i! As mentioned before, for the WZ phas
there is no clear acoustic-optical separation.~ii ! The extent of
the BZ in the WZ phase along the@111# direction is only half
of that in the ZB phase~i.e., GA in Fig. 2 is half as long as
GL in Fig. 1!. This leads to thefolding of the ZB dispersion
relation alongG2L, with the results atL in ZB appearing at
the G point in WZ. This is found to be the case within th
numerical accuracy of our calculations. The density-of-sta
for AlN in the WZ phase shows the development of a sm
but sharp, peak around 600 cm21, just below the large peak
which is also observed for the ZB phase.~iii ! The angular
variation of the optical modes forq→0, due to the aniso-
tropic nature of the WZ phase, is shown in Fig. 3. It is cle
that only theA1 andE1 modes show this behavior.~iv! The
separation between theE1~LO! andA1~LO! modes increases
as the internal geometrical parameteru increases further
from it ideal value of 0.375. This is shown in Fig. 4. Th
behavior can be readily understood in terms of the deve
ment of one long and three short bond lengths surround
each atom in the WZ structure with a nonideal value ofu.
Similar behavior has also been seen in theab initio work by
Wagner and Bechstedt.20 ~v! Along G2K2M in the Bril-
louin zone our results verify the anticrossing effect discus
in the work by Yuet al.9 between theA1 acoustic mode and
theE2 optical mode. As seen in Fig. 5 this effect takes pla
just beforeK along G2K for GaN and AlN, and almost a
the K point alongK2M for BN.

IV. SUMMARY

In this paper, we have applied an adiabatic bond-cha
model to study the lattice dynamics of GaN, AlN, and BN
the zinc-blende and wurtzite structures. Our calcula
phonon-dispersion curves for these materials are in v
good agreement with the zone-center Raman measurem
and availableab initio calculations. We have highlighted th
main differences in the phonon spectra and density-of-st
curves of these materials in the two phases. These inc
the angle dependence of optical-phonon modes, the effe
internal parameter on theA1~LO! and E1~LO! modes, and
the anticrossing effect between theA1 acoustic andE2 opti-
cal modes in the wurtzite structure.
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