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Ab initio study of phonons in hexagonal GaN
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Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Sendai 980-8577, Japan

~Received 5 August 1999!

Phonon dispersion relations for the hexagonal wurtzite phase of 2H-GaN are estimated using the local-
density approximation with ultrasoft pseudopotentials and plane-wave basis, calculating the Hellmann-
Feynman forces and applying the direct method.Ab initio calculations are performed on the rhombohedral
supercell, which lowers the crystal space group. We propose a method to restore the proper symmetry. The
calculated phonon frequencies at theG point are compared with Raman and infrared measurements, phenom-
enological models and otherab initio calculations, and a very good agreement is obtained. Phonon frequencies
at high-symmetry zone-boundary points and phonon density of states are deduced as well.
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The GaN crystal is currently being actively investigated
view of its potential application for short-wavelength ele
troluminescence devices and high-temperature, high-po
and high-frequency electronics. The GaN is a basic mate
for realization of light-emitting diodes and lasers in blue a
UV region. The knowledge of lattice dynamics and phon
characteristics helps to understand the mechanism of
photon emission process used in design of an efficient p
tonic material. The 2H-GaN crystallizes in the hexago
wurtzite structure with the space groupP63mc(C6v

4 ). Sev-
eral attempts have been made to calculate the phonon di
sion curves for 2H-GaN. Phenomenological models1–4 report
results determined by fitting model parameters to experim
tal data. Up to now theab initio phonon calculations are
available only for zone-centerG wave vector. These calcu
lations have used either a mixed basis method,5 a linear
muffin-tin orbital method6,7, or a density-functional theory
with a linear-response approach.8 To our best knowledgeab
initio calculations of the phonon dispersion relations for 2
GaN have not yet been performed. Moreover, this inform
tion is also not provided by inelastic neutron scattering m
surements because of the absence of sufficiently large
single crystals. For completness, however, we add that
taxy of thin GaN film has demonstrated existence of the
bic zinc-blendeF4̄3m structure, for whichab initio phonon
dispersion relations are available from the linear respo
method.8

The goal of thisab initio study is to obtain the phono
dispersion relations and phonon density of states for
GaN, using the direct method approach. Theab initio calcu-
lations of 2H-GaN are performed using the pseudopoten
method within the local-density approximation, as imp
mented in the ViennaAb initio Simulation Package
~VASP!,9,10 and with ultrasoft pseudopotentials provide
with VASP. The pseudopotentials for Ga and N atoms
representingd10s2p1f 0 and s2p3d0 electron configurations
respectively. A plane-wave basis set with 348-eV cutoff
used to expand the electronic wave functions at specik
points generated by a 23232 Monkhurst-Pack scheme. W
have used a rhombohedral supercell with 48 atoms, and
basis vectors defined asas52a1c, bs52b1c, and cs5
22a22b1c, wherea,b,c are the primitive translation vec
tors of the hexagonal unit cell.
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The optimized supercell of 2H-GaN provides the follow
ing lattice constants expressed in Cartesian coordinate
tem: a5(a0 ,0,0), b5(2a0/2,A3/2a0 ,0), c5(0,0,c0),
where a053.1328 Å andc055.1078 Å . The fractional
positions of atoms are: Ga:~1/3, 2/3, 0! and N:~1/3, 2/3,u),
whereu50.3770. As seen from Table I these structural d
are in good agreement with other calculations5,7,8 and with
crystallographic measurements.11,12

Within the direct method13 the phonons are found from
the Hellmann-Feynman forces computed using optimized
percell with displaced atoms one at the time. The phon
frequency is computed correctly either when the poten
interaction ceases out within the supercell size, or, indep
dent of the potential range, when the phonon wave vecto
commensurate with the supercell size, and the super
shape guaranties complete list of neighbors of each coo
nation shell, such that the dynamical matrix conserves
symmetry. Unfortunately, for 2H-GaN one cannot find a s
percell shape, which fulfils both requirements. The symme
of the selected rhombohedral supercell breaks the two
symmetry axis 2z , and lowers the 2H-GaN space grou
P63mc to P31c(C3v

4 ). Thus, the presentab initio calcula-
tions are carried on within theP31c symmetry.

The phonon dispersion relations are determined using
direct method14 and PHONON program.15 For that the
Hellmann-Feynman forces are computed for six independ
displacements, alongx andy andz for Ga and N atoms, as
required by the rhombohedral supercell. The displacem
amplitude is 0.03 Å . Each displacement generates 3348
5144 components, hence six displacements give 864 da
Hellmann-Feynman forces. Next, the symmetry of so-cal

TABLE I. Structural parameters of hexagonal 2H-GaN.

a @Å # c @Å # u

Present calc. 3.133 5.108 0.377
Calc.8 3.143 5.111 0.377
Calc.5 3.146 5.125 0.377
Calc.7 3.170 5.135 0.379
Exp.11 3.189 5.185
Exp.12 3.160 5.122
15 511 ©1999 The American Physical Society
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TABLE II. Comparison of the phonon frequencies@in THz# at theG point of optical modes of hexagona
2H-GaN.

Reference E2 B1 A1(TO) E1(TO) E2 B1 A1(LO) E1(LO)

Present calc. 4.26 10.14 16.04 16.70 16.91 20.69 22.00 22.3
Calc.5 4.38 10.00 16.01 16.67 17.03 20.90
Calc.6 4.50 9.89 16.10 16.64 16.73 20.30
Calc.8 4.29 10.10 16.22 17.03 17.35 21.58 22.48 22.69
Calc.4 4.59 9.56 16.37 16.61 16.94 21.82 22.00 22.15
Calc.19 5.70 9.86 16.13 16.88 16.97 21.43
Exp.20 4.38 15.98 16.76 17.03 21.29 22.21
Exp.21 16.61 17.06 22.18
Exp.22 16.10 16.67 17.12 22.09
Exp.23 4.35 15.92 16.82 17.09 22.03 22.24
Exp.24 15.92 16.82 17.03 22.03 22.18
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cummulant force constants,14 following the P31c space
group, is established. These force constants depend on
independent parameters spread over 25 coordination sh
and are found from fitting them to the calculated Hellman
Feynman forces.

The values of the cummulant force constants dimin
with distance between involved atoms. The largest ones
the on-site force constants~zero distance!. The longest dis-
tance from the center of the supercell to an atom in latte
direction is 5.4262 Å and along the threefold symmetry a
7.0334 Å . A check of the value of the force constants sho
that their largest elements at the surfaces of the supercel
at least two order of magnitude smaller than the on-site fo
constants. Such a distance decrease of force constans is
sufficient to get phonon frequencies at all wave vectors w
an appreciate accuracy. Moreover, the present rhombohe
supercell provides correct phonon frequencies at comme
rate wave vectorsG: (0,0,0), M: (0,1/2,0), (1/6,1/6,1/3),
and (1/3,1/3,1/3) and symmetry equivalent points, even
the force constants would not vanish within the range of
supercell.

For theC6v point group the group theory predicts atG the
following optic modes:A1(R,I )12B11E1(R,I )12E2(R).
The E modes are twofold degenerate, andR and I denote
Raman and infrared activity, respectively. Since GaN ha
mixed ionic-covalent nature of chemical binding, the mac
scopic electric field splits the infrared active modesA1 and
E1 to transverseA1(TO), E1(TO) and longitudinal A1(LO),
E1(LO) components. The TO phonon frequencies are ca
lated within the direct method. The LO modes depend on
nonanalytical term,16,17 which in turn depends on the effec
tive charge tensorsZ* . We find the values of the effective
charges in a semiempirical way by adjusting theA1(LO),
E1(LO) phonon frequencies to the experimental ones~see
Table II!, and hence Zxx(Ga)5Zyy(Ga)52Zxx(N)
52Zyy(N)51.12 andZzz(Ga)52Zzz(N)51.14. The val-
ues calculated in Ref. 8 with density functional theory a
similar Zxx(Ga)51.12 andZzz(Ga)51.18. These effective
charges are used to compute the LO phonon disper
curves by extrapolating them from theG point to the Bril-
louin zone boundary.18,15 Technically it is done by adding to
the analytical dynamical matrixDa,b

(o) (k;mn), derived from
Hellmann-Feynman forces, the following nonanalytical co
tribution:
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4pe2/VAMmM n$@k•Z* ~m!#a@k•Z* ~n!#b /uku2%

3exp$22p ig•@r ~m! 2 r ~n!#%

3~1/2!~11cospuku/ukBZu!.

Here,k is the wave vector within a Brillouin zone with cen
ter at reciprocal lattice vectorg, V stays for the volume of the
primitive unit cell,Mm , rm are atomic masses and position
ThekBZ is a wave vector parallel tok, and of the length from
G to the Brillouin zone surface. Strictly speeking the nonan
lytical term appears only atk50. However, many experi-
mental results suggest that an extrapolation between z
center LO mode and Brillouin zone boundary, where t
contribution from the macroscopic electric field disappea
can be accepted. This behavior is guarantied by the last
tor which is equal to 1 and 0 at the zone center and z
boundary, respectively. This extrapolation can be perform
more properly if one could calculate phonon frequencies
commensurate wave vector withn times elongated supercel
and then extrapolate the LO branch tok50. Such procedure
was used succesfully for MgO crystal.16 However, in the
case of GaN the elongated rhombohedral supercell beco
too large for such treatment. Finally, we would like to u
derline that the nonanalytical term contributes only
A1(LO) and E1(LO) modes, whereas the remaining zon
center and zone-boundary modes are not altered by the
fective charges.

First, the phonon dispersion relations were calculated
rectly from the rhombohedral supercell and they obeyed
P31c symmetry. Therefore, majority of modes alongA2H
2L2A directions are split, in disagreement with the mode
degeneracy required by theP63mc space group. The ob
served splittings are not large and do not exceed 0.7 T
The splittings occur since the calculated force constants
not obey the local symmetry ofP63mc structure. To rebuild
the correct phonon degeneracy the force constant symm
is restored in the following way. Denote byF(H) and F(L)

the force constant matrices between the same pair of at
in P63mc and P31c structures, respectively. Each (333)
force constant matrix can be written as (931) column ma-
trix, and then decoupled to (93p) symmetry dependent ma
trix A, and (p31) column matrixP of p parameters:14
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F(931)
( i ) 5A (93p)

( i )
•P (p31)

( i ) , wherei 5H or L, and usually the
number of parameterspL>pH . From the crystal structure
and space groups one findsA (H) and A (L) matrices
uniquely. The direct method with rhombohedral superc
provides the force constantsF(L). Thus, we increase th
symmetry ofF(L) to symmetry ofF(H), firstly by solving
with respect toP (H) the overdetermined linear system
equationsF(L)5A (H)

•P (H), and secondly by generatin
symmetry adapted force constants from equationF(H)

5A (H)
•P (H). The solution of the overdetermined system

equations is done by a singular value decomposition meth
which provides simultaneously the best least-square fit.
have determined all force constantsF(H) of 2H-GaN crystal
from the rhombohedral supercell dataF(L) using the above
described procedure, and the modifications are found to
not large.

The rhombohedral supercell generates another prob
Namely, some coordination shells, which touch the super
surfaces contain smaller number of atoms than really pre
in the crystal. For example, Ga atoms at the distance 5.4
Å from the supercell center form a coordination shell with
atoms, instead of 12 like in the bulk crystal. In such a c
we regenerate the lost force constants by equationF(H)

5A (H)
•P (H), and renormalize all elements of these for

constants to the new total number of neighbors in a gi
coordination shell. In the above example, 6 missing fo
constants were added to the neighbor list, and the value
elements of all 12 force constants were devided by two. T
procedure preserves the translational-rotational invaria
conditions, and restores theP63mc symmetry of 2H-GaN
dynamical matrix.

In Fig. 1, we show the phonon dispersion relations cal
lated with the force constants adapted toP63mc symmetry,
and with effective chargesZxx(Ga)51.12 and Zzz(Ga)
51.14. The coordinates of high-symmetry pointsQ
5(q1 ,q2 ,q3) are given in terms of reciprocal lattice con
stants Q5q1g11q2g21q3g3. The (g1 ,g2 ,g3) can be ex-
pressed in Cartesian coordinates as g1
5(0.3192,0.1843,0.0) Å21, g25(0.0,0.3686,0.0) Å21,
g35(0.0,0.0,0.1958) Å21. These phonon dispersion curve

FIG. 1. Phonon dispersion relations of 2H-GaN crystal cal
lated from rhombohedral supercell with force constants adapte
the P63mc space group symmetry.
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do not differ much from those calculated directly from th
rhombohedral supercell. One has the impression that
phonon dispersion curves of 2H-GaN in Fig. 1 follow fro
an average of phonon dispersion curves calculated dire
from rhombohedral supercell. It is, however, important
average them in the above indicated way, which guaran
the correct degeneracy of the phonon modes.

In Table II the zone-center phonon frequencies are co
pared with otherab initio calculations5,6,8,4,19and experimen-
tal data.20–24They show an overall good agreement. In Tab
III we give the phonon frequencies at all high-symme
points in the Brillouin zone. We remind that the wave ve
tors atG andM points are commensurate with the rhomb
hedral supercell. For completeness of the lattice dynam
we show in Fig. 2 the total and partial phonon density

-
to

TABLE III. Calculated phonon freqencies@in THz# of modes in
hexagonal 2H-GaN at theM, K, A, H andL points of the Brillouin
zone. The dimensionality of mode degeneracy is given in brack
Phonons atM point are commensurate with the rhombohedral
percell.

M K A H L

4.17 (1d) 6.37 (2d) 3.35 (4d) 4.77 (2d) 5.33 (2d)
5.75 (1d) 6.42 (1d) 6.94 (2d) 7.58 (2d) 5.36 (2d)
5.97 (1d) 7.90 (1d) 17.69 (4d) 9.74 (2d) 10.32 (2d)
7.36 (1d) 8.69 (2d) 19.29 (2d) 17.29 (2d) 18.03 (2d)
9.17 (1d) 17.74 (2d) 20.02 (2d) 18.11 (2d)
9.50 (1d) 19.00 (1d) 20.23 (2d) 21.53 (2d)

17.24 (1d) 19.06 (2d)
17.40 (1d) 20.55 (1d)
18.31 (1d)
19.02 (1d)
20.19 (1d)
20.93 (1d)

FIG. 2. Partial phonon density of Ga and N atoms alongx andz
directions, and total density of states of 2H-GaN.
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states for Ga and N atoms inx andz directions. The spectra
are normalized to 1 and 1/12 for total and partial density
states, respectively.

In conclusion, we have presentedab initio calculations of
structural and lattice dynamical properties of GaN in hexa
nal wurtzite structure. The results for the lattice consta
and Raman frequencies are in good agreement with exp
mental data and previous calculations. The direct met
could have been used because of the selection of the rh
of

o-
ts

eri-
od
m-

bohedral supercell. Due to periodic bondary conditions t
supercell imposes a field that breaks the symmetry of
wurzite structure. The symmetry is reestablished by symm
try controlled renormalization of force constants.

One of us~K.P.! would like to express his thanks to th
staff of the Institute of Materials Research, Tohoku Unive
sity, for their great hospitality and assistance during his s
This work was partially supported by the State Committee
Scientific Research~KBN!, Grant No. 2 PO3B 004 14.
s

ys.

g,

lz-

d

-

*On leave from the Institute of Nuclear Physics, ul. Rad
ikowskiego 152, 31-342 Cracow, Poland.

1M. J. Paisley, Z. Sitar, J. B. Posthill, and R. F. Davis, J. Vac. S
Technol. A7, 701 ~1989!.

2O. Brandt, H. Yang, B. Jenichen, Y. Suzuki, L. Da¨weritz, and K.
H. Ploog, Phys. Rev. B57, 15 360~1998!.

3H. Siegle, G. Kaczmarczyk, L. Filippidis, A. P. Litvinchuk, A.
Hoffmann, and C. Thomsen, Phys. Rev. B55, 7000~1997!.

4V. Yu. Davydov, Yu. E. Kitaev, I. N. Goncharuk, A. N. Smirnov
J. Graul, O. Semchinova, D. Uffmann, M. B. Smirnov, A. P
Mirgorodsky, and R. A. Evarestov, Phys. Rev. B58, 12 899
~1998!.

5K. Miwa and A. Fukumoto, Phys. Rev. B48, 7897~1993!.
6I. Gorczyca, N. E. Christensen, E. L. Peltzer y Blanca´, and C. O.

Rodriguez, Phys. Rev. B51, 11 936~1995!.
7K. Kim, W.R. Lambrecht, and B. Segall, Phys. Rev. B53, 16 310

~1996!.
8K. Karch, J. M. Wagner, and F. Bechstedt, Phys. Rev. B57, 7043

~1998!.
9G. Kresse and J. Hafner, Phys. Rev. B47, 558 ~1993!; ibid. 49,

14 251~1994!.
10G. Kresse and J. Furhmu¨ller, Softwave VASP, Vienna~1999!;

Phys. Rev. B54, 11 169 ~1996!; Comput. Mater. Sci.6, 15
~1996!.

11H. P. Maruska and J. J. Tietjen, Appl. Phys. Lett.15, 327~1969!.
12O. Lagerstedt and B. Monemar, Phys. Rev. B19, 3064~1979!.
13K. Parlinski, Z. Q. Li, and Y. Kawazoe, Phys. Rev. Lett.78, 4063

~1997!.
z-

ci.

,
.

14K. Parlinski, in Neutrons and Numerical Methods–N2M , 1998,
Grenoble, France, AIP Conf. Proc. No. 479, edited by M. R.
Johnson, G. J. Kearley, and H. G. Bu¨ttner ~AIP, New York,
1999!.

15K. Parlinski, SoftwavePHONON, 1999.
16K. Parlinski, J. Laz˙ewski, and Y. Kawazoe, J. Phys. Chem. Solid

~to be published!.
17R. M. Pick, M. H. Cohen, and R. M. Martin, Phys. Rev. B1, 910

~1970!; A. A. Maradudin, in Dynamical Properties of Solids,
edited by G. K. Horton and A. A. Maradudin~North-Holland,
Amsterdam, 1974!, Vol. 1, p. 3.

18K. Parlinski, Z. Q. Li, and Y. Kawazoe, Phys. Rev. B~to be
published!.

19J. Fritsch, O. F. Sankey, K. E. Schmidt, and J. B. Page, Ph
Rev. B57, 15 360~1998!.

20A. Cingolani, M. Ferrara, M. Lugara´, and G. Scamario, Solid
State Commun.11, 1351~1972!.

21M. Giehler, M. Ramsteiner, O. Brandt, H. Yang, and K. H. Ploo
Appl. Phys. Lett.67, 733 ~1995!.

22A. Tabata, R. Enderlein, J. R. Leite, S. W. da Silva, J. C. Ga
erani, D. Schikora, M. Kloidt, and K. Lischka, J. Appl. Phys.79,
4137 ~1996!.

23L. Filippidis, H. Siegle, A. Hoffmann, C. Thomsen, K. Karch, an
F. Bechstedt, Phys. Status Solidi B198, 621 ~1996!.

24A. Cros, R. Dimitrov, H. Ambacher, M. Stutzmann, S. Chris
tiansen, M. Albrecht, and H. P. Strunk, J. Cryst. Growth181,
197 ~1997!.


