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Ab initio study of phonons in hexagonal GaN

K. Parlinski* and Y. Kawazoe
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 methAd. 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 fhgoint are compared with Raman and infrared measurements, phenom-
enological models and othab 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.
[S0163-182699)08643-9

The GaN crystal is currently being actively investigated in  The optimized supercell of 2H-GaN provides the follow-
view of its potential application for short-wavelength elec-ing lattice constants expressed in Cartesian coordinate sys-
troluminescence devices and high-temperature, high-powetem: a=(a,,0,0), b=(—a0/2,\/§/2a0,0), c=(0,0cy),
and high-frequency electronics. The GaN is a basic materiakhere a;=3.1328 A andcy,=5.1078 A. The fractional
for realization of light-emitting diodes and lasers in blue andpositions of atoms are: G&él/3, 2/3, 0 and N:(1/3, 2/3,u),

UV region. The knowledge of lattice dynamics and phononwhereu=0.3770. As seen from Table | these structural data
characteristics helps to understand the mechanism of thge in good agreement with other calculath$and with
photon emission process used in design of an efficient pharystallographic measuremerits:?

tonic material. The 2H-GaN crystallizes in the hexagonal Within the direct methotf the phonons are found from
wurtzite structure with the space gro#6;mc(Cg,). Sev-  the Hellmann-Feynman forces computed using optimized su-
eral attempts have been made to calculate the phonon dispgrercell with displaced atoms one at the time. The phonon
sion curves for 2H-GaN. Phenomenological motiélseport  frequency is computed correctly either when the potential
results determined by fitting model parameters to experimerinteraction ceases out within the supercell size, or, indepen-
tal data. Up to now theab initio phonon calculations are dent of the potential range, when the phonon wave vector is
available only for zone-centd? wave vector. These calcu- commensurate with the supercell size, and the supercell
lations have used either a mixed basis methadJinear shape guaranties complete list of neighbors of each coordi-
muffin-tin orbital methof’, or a density-functional theory nation shell, such that the dynamical matrix conserves its
with a linear-response approatfio our best knowledgab symmetry. Unfortunately, for 2H-GaN one cannot find a su-
initio calculations of the phonon dispersion relations for 2H-percell shape, which fulfils both requirements. The symmetry
GaN have not yet been performed. Moreover, this informaof the selected rhombohedral supercell breaks the twofold
tion is also not provided by inelastic neutron scattering measymmetry axis 2, and lowers the 2H-GaN space group
surements because of the absence of sufficiently large GaNg;mc to P31c(C3,). Thus, the preserdb initio calcula-
single crystals. For completness, however, we add that eptions are carried on within thB31c symmetry.

taxy of thin GaN film has demonstrated existence of the cu- The phonon dispersion relations are determined using the
bic zinc-blendeF43m structure, for whichab initio phonon  direct method® and PHONON program'® For that the
dispersion relations are available from the linear responsklellmann-Feynman forces are computed for six independent
method® displacements, along andy andz for Ga and N atoms, as

The goal of thisab initio study is to obtain the phonon required by the rhombohedral supercell. The displacement
dispersion relations and phonon density of states for 2Hamplitude is 0.8 A . Each displacement generatex 43
GaN, using the direct method approach. Hieinitio calcu- =144 components, hence six displacements give 864 data of
lations of 2H-GaN are performed using the pseudopotentiaHellmann-Feynman forces. Next, the symmetry of so-called
method within the local-density approximation, as imple-
mented in the ViennaAb initio Simulation Package

. . ; TABLE |. Structural parameters of hexagonal 2H-GaN.
(VASP),%1% and with ultrasoft pseudopotentials provided P g

with VASP. The pseudopotentials for Ga and N atoms are alA] ClA ] u
representingd's?p*f° and s?p3d° electron configurations,

respectively. A plane-wave basis set with 348-eV cutoff isPresent calc. 3.133 5.108 0.377
used to expand the electronic wave functions at special Calc® 3.143 5.111 0.377
points generated by a>22x 2 Monkhurst-Pack scheme. We Calc® 3.146 5.125 0.377
have used a rhombohedral supercell with 48 atoms, and witBalc’ 3.170 5.135 0.379
basis vectors defined as=2a+c, bs=2b+c, and ¢,= Explt 3.189 5.185

—2a—2b+c, wherea,b,c are the primitive translation vec- Exp? 3.160 5.122

tors of the hexagonal unit cell.
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TABLE Il. Comparison of the phonon frequencigis THz] at theIl” point of optical modes of hexagonal

2H-GaN.
Reference E, B, A(TO) E.(TO) E, B, A,(LO) E,(LO)
Present calc. 426  10.14 16.04 16.70 16.91  20.69 22.00 22.31
Calc® 438  10.00 16.01 16.67 17.03  20.90
Calc® 4.50 9.89 16.10 16.64 16.73  20.30
Calc® 429  10.10 16.22 17.03 1735  21.58 22.48 22.69
Calc? 4.59 9.56 16.37 16.61 16.94  21.82 22.00 22.15
Calcl® 5.70 9.86 16.13 16.88 16.97  21.43
Exp2° 4.38 15.98 16.76 17.03 21.29 22.21
Exp2? 16.61 17.06 22.18
Exp?? 16.10 16.67 17.12 22.09
Exp?® 4.35 15.92 16.82 17.09 22.03 22.24
Exp2* 15.92 16.82 17.03 22.03 22.18
cummulant force constant$, following the P31c space 47762/V\/W{[k'Z*(M)]a[k'Z*(V)]B”k|2}
group, is established. These force constants depend on 190
independent parameters spread over 25 coordination shells, xexp{—2mig-[r(px) — r(v)]}

and are found from fitting them to the calculated Hellmann-
Feynman forces.
The values of the cummulant force constants diminish

with distance between involved atoms. The largest ones ar|(_a| Kis th ithin a Brilloui ith
the on-site force constantgero distance The longest dis- | €€:K IS the wave vector within a Brillouin zone with cen-

tance from the center of the supercell to an atom in latterai€r &t reciprocal lattice vect; V stays for the volume of the

direction is 5.4262 A and along the threefold symmetry axisPrimitive unit cell, M, , r,, are atomic masses and positions.
7.0331 A . A check of the value of the force constants showsThekgz is @ wave vector parallel o, and of the length from
that their largest elements at the surfaces of the supercell afeto the Brillouin zone surface. Strictly speeking the nonana-
at least two order of magnitude smaller than the on-site forcdytical term appears only a=0. However, many experi-
constants. Such a distance decrease of force constans is quitental results suggest that an extrapolation between zone
sufficient to get phonon frequencies at all wave vectors wittcenter LO mode and Brillouin zone boundary, where the
an appreciate accuracy. Moreover, the present rhombohedrebntribution from the macroscopic electric field disappears,
supercell provides correct phonon frequencies at commensigan be accepted. This behavior is guarantied by the last fac-
rate wave vectord™: (0,0,0), M: (0,1/2,0), (1/6,1/6,1/3), tor which is equal to 1 and O at the zone center and zone
and (1/3,1/3,1/3) and symmetry equivalent points, even, iboundary, respectively. This extrapolation can be performed
the force constants would not vanish within the range of themore properly if one could calculate phonon frequencies at
supercell. commensurate wave vector witttimes elongated supercell,
For theCg, point group the group theory predictslathe  and then extrapolate the LO branchkie0. Such procedure
following optic modes:A;(R,1)+2B;+E;(R,1)+2E,(R).  was used succesfully for MgO cryst&l.However, in the
The E modes are twofold degenerate, aRdand | denote case of GaN the elongated rhombohedral supercell becomes
Raman and infrared activity, respectively. Since GaN has #&o large for such treatment. Finally, we would like to un-
mixed ionic-covalent nature of chemical binding, the macro-derline that the nonanalytical term contributes only to
scopic electric field splits the infrared active modesand  A;(LO) and E;(LO) modes, whereas the remaining zone-
E; to transversé\,(TO), E;(TO) and longitudinal A(LO), center and zone-boundary modes are not altered by the ef-
E,(LO) components. The TO phonon frequencies are calcufective charges.
lated within the direct method. The LO modes depend on the First, the phonon dispersion relations were calculated di-
nonanalytical terni®%” which in turn depends on the effec- rectly from the rhombohedral supercell and they obeyed the
tive charge tensorg*. We find the values of the effective P31c symmetry. Therefore, majority of modes aloAg-H
charges in a semiempirical way by adjusting thg(LO), —L — A directions are split, in disagreement with the mode’s
E,(LO) phonon frequencies to the experimental of®se degeneracy required by the6;mc space group. The ob-
Table 1), and hence Z,,(Ga)=2Z,(Ga)=—Z,(N) served splittings are not large and do not exceed 0.7 THz.
=-2,,/(N)=1.12 andZ,(Ga)=—-Z,(N)=1.14. The val- The splittings occur since the calculated force constants do
ues calculated in Ref. 8 with density functional theory arenot obey the local symmetry ¢t6;mc structure. To rebuild
similar Z,,(Ga)=1.12 andZ,(Ga)=1.18. These effective the correct phonon degeneracy the force constant symmetry
charges are used to compute the LO phonon dispersiois restored in the following way. Denote ") and &)
curves by extrapolating them from tHe point to the Bril-  the force constant matrices between the same pair of atoms
louin zone boundary?*° Technically it is done by adding to in P6smc and P31c structures, respectively. Each X3)
the analytical dynamical matri®{”(k;uv), derived from  force constant matrix can be written as{2) column ma-

Hellmann-Feynman forces, the following nonanalytical con-trix, and then decoupled to ¢9p) symmetry dependent ma-
tribution: trix A, and (px1) column matrix? of p parameters?

X (1/2)(1+ cosm|k|/|kgz])-
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T K M r A H L A TABLE lIl. Calculated phonon fregenci¢s THz] of modes in
o5k ool [12e| o0l 004 ot (1125 [0.0152] - hexagonal 2_H-Gal_\l at th K, A, HandL pomts_of t_he B_rllloum
Lol EdlO)a o) L2 zone. The dimensionality of mode degeneracy is given in brackets.
'_\/__/_ \ /. ] Phonons aM point are commensurate with the rhombohedral su-
20 F _—/31_ > percell.
/ \_EE/
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] 417 (d)  6.37 (M) 3.35(dd) 477 (A) 5.33 ()

/-\ 575 (1d) 6.42 (d) 6.94 (d) 7.58 () 5.36 (&)
—~

= | 5.97 (Id)  7.90 (1d) 17.69 (4) 9.74 () 10.32 (Z)

FREQUENCY (THz)

K
NN

[~~——]
5L % £ > 7.36 (1d) 8.69 () 19.29 (A) 17.29 () 18.03 ()
9.17 (1d) 17.74 (2) 20.02 () 18.11 ()
P ] 9.50 (1d) 19.00 (1d) 20.23 (&) 21.53 ()
% 173 172 0 1/2/0 173 1/2 0 17.24 (d) 19.06 ()
WAVE VECTOR { 17.40 (d) 20.55 (M)
18.31 (1d)

FIG. 1. Phonon dispersion relations of 2H-GaN crystal calcu-19.02 (1d)
lated from rhombohedral supercell with force constants adapted tgq 19 (d)
the P6smc space group symmetry. 20.93 (1d)

(I)EQX”:AQXF,)«PEBX”, wherei=H or L, and usually the _ _
number of parametens, =p,,. From the crystal structures do not differ much from those calculated directly from the
and space groups one findgd ™ and AL matrices rhombohedral supercell. One has the impression that the
uniquely. The direct method with rhombohedral supercelPhonon dispersion curves of 2H-GaN in Fig. 1 follow from
provides the force constan®@). Thus, we increase the a0 average of phonon dispersion curves calculated directly
symmetry ofd® to symmetry ofdH) ’firstly by solving from rhombohedral supercell. It is, however, important to
with respect toP") the overdetermined linear system of average them in the above indicated way, which guaranties
equations®V =AM .pH and secondly by generating the correct degeneracy of the phonon modes.
symmetry adapted force constants from equatibf In Table Il the zone-center phonon frequencies are com-
Z A(H) . pH) : - pared with otherb initio calculationg®®+*and experimen-
A7 PR, The solution of the overdetermined system of al data?’~2*They show an overall good agreement. In Table
equations is done by a singular value decomposition metho

which provides simultaneously the best least-square fit. W | Wwe give the_ phqnon frequenme; at all high-symmetry
have determined all force constaé™) of 2H-GaN crystal points in the Brillouin zone. We remind that the wave vec-
from the rhombohedral supercell dafé") using the above tors atl” andM points are commensurate with the rhombo-

described procedure, and the modifications are found to bléedral supercell. For completeness of the lattice dynamics
' we show in Fig. 2 the total and partial phonon density of

not large.

The rhombohedral supercell generates another problem.
Namely, some coordination shells, which touch the supercell 0.025 ' C
surfaces contain smaller number of atoms than really present 0.020 F Ga ]
in the crystal. For example, Ga atoms at the distance 5.4243 0.015f ]
A from the supercell center form a coordination shell with 6 0.010 | ]
atoms, instead of 12 like in the bulk crystal. In such a case 0.005 | . ]
we regenerate the lost force constants by equadif 0.000 L L2 ]
=AM.PM™ and renormalize all elements of these force — T

. ) : o 0.04F ] .

constants to the new total number of neighbors in a given w L N ] :
coordination shell. In the above example, 6 missing force < 003F T
constants were added to the neighbor list, and the values of @ 0.02 P
elements of all 12 force constants were devided by two. This 5 001k L/AN
procedure preserves the translational-rotational invariance C 000 et AN
conditions, and restores tHe6;mc symmetry of 2H-GaN g ' . : . :
dynamical matrix. w 020 ]

In Fig. 1, we show the phonon dispersion relations calcu- 0.15 .
lated with the force constants adapted®®;mc symmetry, 010k ]
and with effective charge<,,(Ga)=1.12 and Z,,(Ga) 005l ]
=1.14. The coordinates of high-symmetry poin@ L ;
=(q;,9,,03) are given in terms of reciprocal lattice con- 000 = 5 20
stantsQ=qlgl+ngz+qgg?,. The (gl,gzl,gg) can be ex- FREQUENCY (THz)
pressed in Cartesian coordinates as g;
=(0.3192,0.1843,0.0) A, g,=(0.0,0.3686,0.0) A%, FIG. 2. Partial phonon density of Ga and N atoms alrrmdz

0;=(0.0,0.0,0.1958) Al These phonon dispersion curves directions, and total density of states of 2H-GaN.
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states for Ga and N atoms inandz directions. The spectra bohedral supercell. Due to periodic bondary conditions this
are normalized to 1 and 1/12 for total and partial density ofsupercell imposes a field that breaks the symmetry of the
states, respectively. wurzite structure. The symmetry is reestablished by symme-

In conclusion, we have presentet initio calculations of Y controlled renormalization of force constants.
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