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Lattice dynamics of GaN: Effects of 3l electrons
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We perform first-principles calculations of structural, dielectric, and lattice-dynamical properties of cubic
GaN. The equilibrium structure is obtained using the plane-wave pseudopotential approach within the density-
functional theory and local-density approximation. The dielectric and vibrational properties are computed
within the density-functional perturbation theory. The effect of the @aekctrons is treated by taking into
account the nonlinear core corrections for the exchange and correlation energy. The importahelecir8ns
for the bonding strength is determined, and their influence on the dielectric and dynamical properties of GaN
is analyzed and discussd®&0163-182¢07)00231-2

The group-Ill nitrides AIN, GaN, and InN are regarded aslocalized 3 wave functions within the plane-wave pseudo-
promising wide-band gap semiconductors for optoelectronipotential approach is rather extensifeOn the other hand,
applications in the short-wavelength range as well as fothe significant overlap of the Gad3electrons with the Ga
high-temperature, high-power, and high-frequency electronigalence states can be treated within the frozen-core approxi-
devices. In particular, GaN is a basic material for the realmation, if the nonlinear core correctiaNLCC) of Louie,
ization of light-emitting diodes and lasers in the blue andFroyen, and Cohéflis taken into account. The NLCC both
UV range of the spectrum. Under ambient conditions, GaNenhances the transferability of pseudopotentials and reduces
crystallizes in the wurtzité2H) structure. However, in the considerably the computational effort. Wright and NefSon
past few years molecular-beam epitaxy techniques have eBhowed that the structural and electronic properties of GaN
abled the growth of GaN films of zinc-blend€3C)  can be correctly described within the plane-wave pseudopo-
structure’ ~_ tential method and the NLCC approach. Moreover, the

In the 3C and 2H structures each atom of one kind is Ny cc approach of shallowt electrons of group-Il atoms has
tetrahedrally surrounded by four atoms of the other klnd;been already successfully applied to the description of the

both phases have the same nearest-neighbor shell, the fi | I f : : -
. . . S the lattice-d I t f
difference occurs with the second neighbors. Therefore, th -}\bjfilgr?wpizn\/(\jlzﬁ as of the lattice-dynamical properties o

physical properties of both structures are quite similar, bu In this reoort we present a first-principles studv of the
the zinc-blende nitrides are expected to show improved elec- P P P P y

tronic properties due to the reduced phonon scattéring.‘c'truc'[ur"’_II properties, i'?" I_attice const_ant bu!k modulus
Moreover, the zinc-blende phase is hoped to be more am&os ar?d its pressure der|v§t|\&),_0f the dielectric, i.e., Born
nable to doping than the wurtzite phase, since all of the lil-veffective chargez® and dielectric constant.., and of the
compounds which can be efficiently doped are cubic. Therelattice-dynamical properties, i.e., the phonon frequencies, of
fore, it is meaningful to characterize theoretically the physi-3C GaN. The ground-state properties are obtained within the
cal properties of 8 GaN. local-density approximation(LDA) by minimizing the
Despite the technological interest in GaN, little is known static total energy using the Vinet equation of stiteor
about its lattice dynamics from the theoretical point of view.the exchange-correlation potential the parametrization of
Moreover, phonons are important as elementary excitationBerdew and Zunger is usédThe Ga and N pseudopoten-
for standard characterization of the sample quality by meansals are generated according to the scheme of Troullier
of first-order Raman spectroscopy. Accurate first- and Marting® including the NLCC for the 8 states of Ga.
principles calculations have been performed only for nonpoThe basic quantities in lattice dynamics, i.e., the harmonic
lar zone-center phonons using either a mixed-Basisthe  interatomic force constants are computed within density-
linear muffin-tin orbital (LMTO) method'*® within the  functional perturbation theoly generalized to the
frozen-phonon approach. A particular problem of first-framework of NLCC!® The plane-wave expansion of the
principles calculations concerns the semicore @aelec-  electronic wave functions is limited by an energy cutoff
trons. The Ga 8 shell in GaN is not as inert as in the other of 60 Ry to ensure the convergence of the phonon frequen-
Ga compounds and affects both the electronic and structurales to within 3 cm 1. The Brillouin zone(BZ) summations
properties:* The breakdown of the frozen-core approxima-are performed using a set of 28 Chadi-Cohen special
tion for the Ga 3 states is related to the energetical reso-points?°
nance of Ga 8 and N 3 levels'! and the significant overlap The resulting values of the equilibrium structural param-
of Ga 3l with the Ga 4 and 4 charge density? The com-  eters and of the dielectric quantities are reported in Table I.
putational effort for an accurate description of the stronglyTo characterize the accompanying lattice-dynamical proper
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TABLE I. Ground-state, dielectric, and dynamical properties 6f GaN. The experimental data f&,
By, ande., have been taken from those of thel Z3aN.

a(®) B, (Mban) B ZB €. € oo (MY wro(em™h)

Calc? 4.44 2.07 3.94 2.65 5.41 9.70 750 560

CalcP 4.29 2.34 4.09 2.60 4.90 8.98 803 593
Calc® 687 481
Calc? 4.46 2.01 3.90 603

Expt. 4.49(Ref. 22 2.37(Ref. 279 4.3 (Ref. 27 5.29(Ref. 4 741 (Ref. 4 555 (Ref. 4

1.88 (Ref. 23 3.2 (Ref. 23 5.35(Ref. 25 740 (Ref. 5 555(Ref. 5

743 (Ref. © 552 (Ref.

8Present calculation including NLCC for the Gad &lectrons.

bpresent calculation with Gad3electrons treated as completely frozen in the core.
As in caseb but using the experimental lattice constant.

9Full-potential LMTO, Kimet al. (Ref. 9.

ties the zone-center optical phonon frequencies arelso to a substantial change of the transverse-optitat)
also given. The calculated values within the NLCC approaciphonon frequency at the zone center from the value of 593
are compared with experimental data and with resultem~?! to 560 cm L. The obtained TO-phonon frequency is
obtained by completely neglecting the Gal Zlectron  only slightly higher(by about 1% than the Raman scattering
effects. data?~® In order to estimate the pure volume effects on the
The data listed in Table | show that the inclusion of phonon spectra, we also calculated the zone-center phonon
NLCC considerably improves the theoretical results in com+{requencies using the experimental lattice constant and treat-
parison with the experimental data. The strong overestima;—ng the Ga @ electrons as completely frozen in the core. As
tion of the covalent GaN bonding is widely canceled. Inghown in Table I, the obtained values of the LO- and
particular, the underestimation of the lattice constant OfTO-phonon modes are too small. Therefore, the excellent
about 5% is reduced to 1%. Simultaneously the value of th%lgreement between the NLCC and experimental results
bulk modulus is remarkably reduced by about 13%. The 0bgzannot be explained by a mere expansion of the volume
served small discrepancy between the lattice parameter ol the unit cell but rather by a combination of the volume
tained from LDA calculation and from experiment is typical offects and contributions of Ga d3 charge density to
and remains, even if temperature effects are taken intghe exchange-correlation energy of the valence electrons.
aCCQU”E The experimental valu&s® of the bulk modulus  Thjg agreement indicates that the main contribution of the Ga
available for the wurtzite GaN scatter to a larger extent thagy glectrons to the structural and lattice-dynamical proper-
the theoretical ones using different approactiékhus, a dis- ies of GaN is correctly described by the NLCC approach.
tinct statement about the accuracy of the NLCC approach fofys, for the properties under consideration it is not neces-

this quantity is not possible. We note that the above degyyy 1 treat the Gadelectrons completely as valence elec-
scribed influence of the Gad3electrons is in good agree- ons.

ment with the full-potential LMTO findings of Fiorentini It is worth mentioning that the Gad3electrons contribu-

11,24 . . .
etal. _ _ tions reduces the value of the LO-TO splitting considerably
The Ga 3l electrons influence the Born effective chargefrom 210 cm* to 190 cm %, towards the experimental first-

ZB only slightly reducing its value by about 2%. On the other grder Raman data of 186 cm.4 185 cm 15 or 191
hand, the value of the dielectric constantdepends on the 3,16 Ag already shown for the value of the TO-phonon
volume and on the contribution of the Ga 8harge density frequency this remarkable decreads about 10% of the

to the exc_hange—correllgtion pot_ential. According to the Penp o_1o splitting is based on both volume and polarization
formula with €., — 1~V==, one might expect that the value of atfects of Ga @ electrons(see also Table)l

€, only increases by about 3% when the NLCC for the Ga
3d electrons is used. However, we observe an increage of

by about 10%. Obviously, the NLCC approximation im- 800 : 1
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proves considerably the exchange-correlation potential of the T
valence electrons and modifies, therefore, the electronic ﬁ T
electrons are treated as completely frozen in the core. The - |
calculated value o€, =5.41 slightly overestimates the mea- !

200 / ! —
5.35%° This overscreening is a well-known drawback of the i
LDA.~ The predicted static dielectric constaft=9.70 dif of X T 1 D03
ity of GaN is significantly larger than that of, e.g., BN, SiC,  FIG. 1. Calculated phonon dispersion curves and the phonon
or GaAs. density of states for @ GaN. Experimental first-order scattering

screening. These contributions are neglected whendthe i
sured dielectric constants oft2 GaN of 5.29(Ref. 4 or
fers by a factor of 1.8 frong,,. Thus, the lattice polarizabil-
The NLCC approximation of Gadelectrons gives rise data from Ref. 4 are denoted by diamonds.
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TABLE Il. Zone-boundary frequencies of GaN. The values in GaN AIN BN
parenthesis are obtained with Gd 8lectrons treated as completely 1.20 ] . 4 : : {
frozen in the core. )

. Ve

q point TA LA TO LO :\X:/ 1.10 + ]
X 195 353 628 709 e
(219 (373 (665 (769 3

L 139 345 585 720 ~ 1.00 -
(157 (368 (618 (776 —~
N’

g 090} 1

The phonon dispersion curves of£3GaN along high- 3
symmetry lines of the BZ are displayed in Fig. 1 together ) . ) . ) . )
with the corresponding one-phonon density of stdlz99). 0.80 4 6 8 1 12

Since only few first-order Raman experiments have been per-
formed for this semiconductor the direct comparison with the ( /
experiment is only possible for the zone cen(see also my/ Mc
Table ). In view of the agreement between the theoretical
and experimental zone-center phonon frequencies the prese;gtanolr point of the BZ of BN, AIN. and GaN versus the square
pf"“‘f"meter'free calculations can be considered as reliable P80t of the ratio of the corre,spontljing cation and anion atomic
dictions for_the full phonon ba_nd structure o€35aN. _Due masses. The diamonds denote #heinitio results. The solid line is

to the relatively large mass difference between gallium anq)my a guide to the eye.

nitrogen atoms, the optical branches & &aN are rather

flat. Thus, as shown for_ the DOS, a gap not only separategar 1)1y compounds, the TA branches of GaN do not
:hesggo?ustlc:lang toptllcal—t[?]honl_og bragctr;](ém_lpo%haz show a pronounced flattening away from the zone cente
rgodes(.fror(;]mGG)G, 7 tl:) 6%25309 cn‘e11) Ir; oa:ger toecharz;Etec;ir;%n as indicated by the ratie»%o(X)/wiA(X)~3. This behavior

' : ' is a consequence of the increased strength of the central

the effect of thed electrons on the complete phonon forces versus the noncentral ones and, hence, of the ionic

spectra, the zone-boundary phonon modes atxhend L bonding

ggllnt tr hr?ve be?: | ?ITO frdzet(ra]rrir;:nt(ra]d tr?atlzg :lh?/vn?r? In conclusion, we have presented a detailed analysis of
ectrons as competely 1roze € core. AS sho structural, lattice dynamical, and dielectric properties 6f 3

Table Il the general trend is the same as for the zone-centeX \ - < obtained using the DFT and NLCC approach for the

phonon ~frequencies. The neglect of thed Zlectron shallow Ga @ electrons. The lattice constant, the high-

ﬁgeﬁt:ngggij?a?sr'O%\;etLeeStsm}ﬁggn ggtt/vgglr)w/ tﬁfet[]g gggn.l(_)arequency dielectric constant, and the zone-center phonon
d Piting requencies agree at a level of a few percent with the corre-

modes. : . : .
A very interesting feature has been found for the To_spondlng experimental data. This agreement gives us

: . . nfidence in the reliability of the approximation used, in
honon branch. The maximum of this branch is not located - . ;
gt the zone center as it is the case of BN, SiC, or GaAs, b articular for the phonon frequencies outside the
at the X point, the boundary of the BZ ,The ,wave-vec7tor oint where neutron scattering data do not exist and for the
dispersion of the TO mode resembles that of highly ioniCpredlcted static dielectric constant. We have found a

; . significant improvement in the description of various
crystals like NaCl, MgO, and ZnS. In Fig. 2 we present the ] . : ,
calculated values of the ratioro(X)/wro(I’) for the -V ground-state properties by the inclusion of thg &ectron

- ! effects using the NLCC approach. In particular, the bond
nitrides BN, AIN, and GaN as a function of the square ro.Otstrength is weakened and the interatomic distance between

Ihe nearest neighbors is increased. Moreover, the Ga 3
electrons affect the phonon frequencies and the static and
high-frequency dielectric constants. The considerably de-
Grease of the LO- and TO-phonon frequencies as well as of
the LO([')-TO(I") splitting cannot be explained by a simple
increase of the lattice constant but is rather due to both the
olume and the polarization contributions of the shallow Ga
d electrons.

)1/2

FIG. 2. Ratio of the transverse-optical-phonon frequencies at the

wto(X)/ w1o(T") lie very close to the straight line indicating
that the mass approximation is satisfactory fulfilled by the
considered phonon frequencies although the mas
approximation cannot be applied to the full phonon
spectra of these semiconductétsThis peculiarity can be
explained in terms of the covalent and ionic contribution to
the bonding of these materials. Whereas, the bonding of BI%
is strongly covalent, the ionic and covalent contributions to
the bonding of AIN are nearly of the same order. In the case  This work has been supported by the Deutsche
of GaN the ionic contribution slightly dominates over the Forschungsgemeinschaft under Contract No. Be 1346/8-2.
covalent one. This finding is supported by the trend of thePart of the numerical work has been performed on the
Born effective charge of these materiaB®(BN)=1.93, Cray-YMP of the KFA in Jlich. One of us (K.K.)
ZB(AIN) =2.56, andZ®(GaN)=2.65. Another support arises benefited from useful discussions with P. Pavone and D.
from the behavior of the TA branches in Fig. 1. In contrast toStrauch.
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