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Pressure dependence of the dielectric and lattice-dynamical properties of GaN and AlN

J.-M. Wagner and F. Bechstedt
Institut für Festkörpertheorie und Theoretische Optik, Friedrich-Schiller-Universita¨t, Max-Wien-Platz 1, D-07743 Jena, Germany

~Received 10 January 2000!

We presentab initio calculations of the structural, dielectric, and lattice-dynamical properties of zinc-blende
and wurtzite GaN and AlN under hydrostatic pressure, based on a plane-wave pseudopotential method within
the density-functional theory. The calculated volume dependence is related to pressure by means of the Vinet
equation of state. A linear-response approach to the density-functional theory is used to derive Born effective
charges, dielectric constants, and phonon frequencies. The static ionicities, the dynamic charges, and the
dielectric constants are found to decrease with pressure, whereas the phonon frequencies show an increasing
longitudinal-transverse splitting. The softening behavior of the low-frequencyE2 mode and of the correspond-
ing TA~L! mode is related to strengths of the covalent and ionic forces. Our results are in agreement with
recent Raman measurements.
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I. INTRODUCTION

Among the III-V semiconductors, the group-III nitride
AlN, GaN, and InN are currently actively investigated
view of their promising potential for short-wavelength ele
troluminescence devices.1 Under ambient conditions AlN
and GaN crystallize in the hexagonal wurtzite~2H! structure
with the space groupC6v

4 . However, recent epitaxy2–4 of thin
GaN and AlN films has been demonstrated also to resu
the cubic zinc-blende~3C! structure with the space grou
Td

2 .
Different types of epitaxy methods are used to depo

group-III nitride layers.1–5 Conventionalc-plane substrates
with a @0001# orientation are Al2O3 , 6H-SiC, or ZnO. Epil-
ayers are also grown onto ana-plane sapphire substrate
where the~0001! group-III nitride plane is parallel to the

(112̄0) plane of Al2O3. In the zinc-blende case@001#-
oriented GaAs and 3C-SiC substrates are used. In all the
cases the lattice constants of the nitrides and the subst
are quite different. However, although these epitaxies are
from the pseudomorphic growth mode, the strain is not co
pletely relaxed. Moreover, the different thermal expans
coefficients of epilayers and substrate may induce an a
tional strain during the temperature decrease a
deposition.5 In any case, strain, in particular biaxial strai
plays an important role for the properties of GaN and A
layers.6

The study of the characteristic phonon frequencies is
of the most important keys for the characterization of
strained materials.7 For a detailed characterization of th
strain relief the mode Gru¨neisen parameter and the phon
deformation potentials have to be known. This knowled
should be supplemented by that of the dependence of
effective ionic charges and the dielectric constants on
actual atomic structure. Hydrostatic pressure studies
helpful to derive these material parameters. Moreover,
man scattering measurements of zone-center phonon
quencies are now available for wurtzite GaN and AlN as w
as for zinc-blende GaN in the presence of hydrosta
pressure.8–11
PRB 620163-1829/2000/62~7!/4526~9!/$15.00
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In this paper we present extensiveab initio studies of
structural, dielectric, and lattice-dynamical properties of G
and AlN under hydrostatic pressure. Both polytypes,
wurtzite and zinc-blende structure, are considered. In Se
we briefly review the underlying computational methods.
the following section, the results obtained are discussed
compared with experimental data. Physical explanations
given for the calculated pressure dependences and the
larities as well as the differences of the properties of the t
nitrides. Finally, in Sec. IV, a brief summary is given.

II. COMPUTATIONAL METHOD

The calculations are performed using the plane-wa
pseudopotential approach within the framework of t
density-functional theory~DFT!. The exchange-correlation
energy of the electrons is described in the local-density
proximation ~LDA ! by the Perdew-Zunger interpolation.12

The valence electron-ion interaction is treated byab initio
norm-conserving pseudopotentials.13 However, there are a
least two problems. The common frozen-core approximat
breaks down for the Ga3d electrons in GaN due to the en
ergetical resonance of the Ga3d and N2s levels and the
overlap of 3d orbitals with the valence electron states. It h
been shown14 that important features of the shallowness
the Ga3d electrons can be treated already within the froze
core approximation, if the nonlinear core correctio
~NLCC! are taken into account according to Louie, Froye
and Cohen.15 The second problem arises from the lack ofp
electrons in the core of the nitrogen atoms. The small N c
usually requires a relatively high cutoff energy of the plan
wave expansion of the electron eigenfunctions. For that r
son we generate the Ga, Al, and N pseudopotentials acc
ing to the scheme of Troullier and Martins.13 The resulting
soft-core potentials allow a restriction of the cutoff energy
values of 75 Ry~2H-GaN and -AlN!, 80 Ry ~3C-GaN!, and
60 Ry ~3C-AlN !. The summation over the Brillouin zon
~BZ! is performed using sets of Chadi-Cohen spec
points.16 Convergence of the structural parameters~see be-
low! is reached for 12~19, 28! special points in the irreduc
ible wedge of the BZ of the wurtzite~zinc-blende AlN, GaN!
4526 ©2000 The American Physical Society
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structures. The values of both parameters, cutoff energy
number of special points, are higher than those used in
previously published phonon data of unstrained group
nitrides.14,17,18The improved accuracy was required to obta
structural results consistent with calculations of the effects
biaxial strain.19

The ground-state properties in the pressure-free case
obtained by minimization of the total energy with respect
the unit cell volumeV. Whereas in the zinc-blende case t
volume is directly related to the lattice constanta0, for the
wurtzite structure this minimization has to be performed b
two-step procedure due to three independent parameters
lattice constantsc anda and the internal cell parameteru that
determines the relative bond length between cation and
trogen atoms parallel to thec axis. For a given unit cell
volume V5A3a2c/2 the total energy is minimized with re
spect toc/a and u. In more detail, for a set ofc/a values
near equilibrium, first the internal parameteru is determined
for each fixedc/a. Then the equilibrium value forc/a is
obtained, and finally the equilibrium internal parameter
calculated. These steps are repeated for other volumes
the experimental equilibrium value. The theoretical equil
rium volume V0, the static bulk modulus at zero pressu
B0, and first-order pressure derivative of the bulk modulus
zero pressure,B08 , are determined by fitting the total energ
as a function of volume to the Vinet equation of state.20 The
finite hydrostatic pressure is simulated by choosing a se
of decreasing cell volumes. Since low temperatures are c
sidered, the pressurep is related to the first derivative of th
total energyE with respect to the volume byp52]E/]V.

The lattice-dynamical properties, i.e., eigenfrequenc
and eigenvectors of the lattice vibrations, are calcula
within the framework of the self-consistent densit
functional perturbation theory21 ~DFPT! for a given equilib-
rium geometry at finite pressure defined by a set of par
etersV, c/a, andu. The DFPT also allows the calculation o
the high-frequency dielectric tensor,«` , and the Born effec-
tive charge tensor,ZB , for each inequivalent atom in the un
cell. These quantities are necessary for the nonanalytic
of the dynamical matrix of polar semiconductors like Ga
and AlN. The DFPT is generalized to the inclusion
NLCC.14,17 In the case of the DFPT calculations, conve
gence is already reached at the kinetic-energy cutoff of
Ry ~50 Ry! for the wurtzite ~zinc-blende! structures. The
changes of the phonon frequencies with rising cutoff
typically 2 cm21 or less.

III. RESULTS AND DISCUSSION

A. Structural properties

Results of the total-energy minimizations are represen
in Figs. 1 and 2. Using the Vinet equation of state~EOS! the
relation between the normalized volume and hydrost
pressure~at zero temperature! is plotted in Fig. 1, togethe
with some experimental results.22–24 Only the low-pressure
2H and 3C structures are considered. The calculated EOS
the two AlN polytypes and the zinc-blende GaN are nea
identical. To obtain the same volume contraction a sligh
lower hydrostatic pressure has to be applied in the cas
wurtzite GaN, which we find to possess a lower bulk mod
lus ~207 GPa! in comparison to AlN~210 GPa!. There is an
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excellent agreement with the experimental data, which sh
larger deviations among themselves. The low-pressure st
tures of the nitrides considered here behave very similar w
respect to their EOS. Moreover, the difference in the EOS
the nitrides is much smaller than the discrepancy in the v
umes for a given pressure when the group-III nitrides
compared with a more common III-V compound, e.g., GaA
Its stronger variation of the volume with hydrostatic press
is in agreement with the weaker chemical bonding. The
hesive energy per bond is with 1.63 eV, much smaller th
the corresponding values of GaN~2.24 eV! and AlN ~2.88
eV!.25

In contrast to the similarity in the EOS, one knows f
GaN and AlN that the wurtzite structure changes over i
the cubic rocksalt structure (Oh

5 space group! at remarkably
different transition volumesVt ~and hence, pressures!. Cal-
culations gave the values ofVt50.81V0 (0.94V0) for GaN
~AlN !, corresponding to a transition pressure of 55.1 G
~12.9 GPa!.26,27Experimental results for GaN show a hyste
esis ~30 GPa for the downstroke and 50 GPa for t
upstroke28! or give 37 GPa~Ref. 23! and 52.2 GPa~Ref. 24!,
while for AlN the measured transition pressure is situa
between 14 and 16.5 GPa at about 1500 °C~Ref. 29! ~at 22.9
GPa for room temperature22!. This behavior is on the one
hand related to the much smaller total-energy difference
tween NaCl and 2H in AlN ~Ref. 27! compared with GaN
~Ref. 26! ~while the corresponding volume changes are co
parable!. On the other hand, in the case of wurtzite AlN th
ratio of the two lattice constantsc/a and the internal cell
parameteru differ remarkably from the ideal valuesA8/3
'1.633 and 0.375 and exhibit a drastic pressure varia
away from these values. This indicates that the AlN lattice
more susceptable to distortions already at small hydrost
pressure values.

The calculated ratio of the two lattice constantsc/a and
the internal cell parameteru are plotted versus hydrostati
pressure in Figs. 2~a! and 2~b!. In GaN the two quantities are
rather close to the ideal values. Their pressure dependen

FIG. 1. Normalized volume versus hydrostatic pressure acc
ing to the Vinet equation of state for GaN and AlN crystallizing
the two polytype structures 2H ~wurtzite! and 3C ~zinc blende!. The
theoretical cell volumeV0 at zero pressure is used for normaliz
tion. For comparison results for zinc-blende GaAs are also giv
Solid line: 3C-GaN; short-dotted line: 2H-GaN; dashed line:
3C-AlN; dotted line: 2H-AlN; thin solid line: GaAs. Experimental
results are plotted for 2H-AlN @open triangles~Ref. 22!# and for
2H-GaN @filled diamonds~Ref. 23!, filled circles~Ref. 24!#.



4528 PRB 62J.-M. WAGNER AND F. BECHSTEDT
FIG. 2. Structural parameters of wurtzite GaN and AlN under hydrostatic pressure. Solid lines: GaN; dashed lines: AlN.~a! Ratio of the
lattice constantsc/a versus pressure. Experimental results are plotted for 2H-AlN @open triangles~Ref. 22!# and for 2H-GaN @filled circles
~Ref. 24!#. ~b! Internal parameteru versus pressure.~c! Lengths of the two inequivalent bonds versus pressure. Labelinguu: bond along the
c axis;': bond ~nearly! perpendicular to it.~d! Bond angles versus pressure. Labelinga: angle between thec-axis and the bond~nearly!
perpendicular to it;b: angle between two bonds~nearly! perpendicular to thec axis.
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negligible. We find linear pressure coefficients
(]a

c/]p)p50524.731025 and (]u/]p)p505531026. In
the case of AlN, the situation is completely different. T
valuesc/a (u) are remarkably smaller~larger! than the ideal
values and decrease~increase! with rising hydrostatic pres-

sure, with a slope of (] c
a /]p)p50525.631024 and

(]u/]p)p5051.0831024. Our results forc/a are in reason-
able agreement with experimental studies of the lattice c
stants under pressure.22,24 For GaN, a nearly constantc/a
was concluded also from optical measurements of
crystal-field splitting under pressure.30 In previous
discussions18,31,32the findings for AlN have been traced bac
to the more pronounced trend to crystallize within the wur
ite structure. The difference (c/a2A8/3) is proportional to
the energy gain of 2H compared to 3C.33 It is accompanied
by deviations (u20.375). Assuming nearly equal bon
lengths parallel and perpendicular to thec axis@cf. Fig. 2~c!#,
the relationu' 1

4 1 1
3 (a/c)2 leads to an internal paramete

u. 3
8 , which increases asc/a decreases.

The different pressure behavior of the axial ratioc/a in
GaN and AlN can also be expressed by the ratio of the c
responding components of the strain tensor,ezz/exx , which
we find to amount~in the low-pressure region! to 1.02 for
GaN and 1.23 for AlN. This ratio can be expressed by
elastic constants as

ezz

exx
5

C111C1222C13

C332C13
. ~1!

From values for the elastic constants,34 one finds that for
both materials the numerator of Eq.~1! has nearly the sam
value, whereas the denominator is larger for GaN than
for AlN. The reason for the decreasing value ofc/a for AlN
is therefore traced back to a different balance between
‘‘angular’’ elastic constantC13 and the ‘‘axial’’ oneC33 in
comparison with GaN. The latter is much larger in Ga
which is therefore able to sustain the stress in thez direction,
2p5szz52C13exx1C33ezz, already at smaller absolut
strain uezzu than in AlN.

As a consequence of the different variations ofc/a andu
in GaN and AlN, one has different lattice deformations und
pressure. In Figs. 2~c! and 2~d! the lengths of the inequiva
n-

e
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lent bonds and the angles between them are plotted ve
hydrostatic pressure. As can be expected from Figs. 2~a! and
2~b!, for GaN these quantities are close to those in an id
tetrahedron~equal bond lengths, identical bond angles
109.47 °). With rising hydrostatic pressure, indeed the bo
angles remain almost constant, i.e., besides the shrinkin
the bond lengths there is no remarkable change in the f
of the tetrahedral structure. In AlN the significant deviatio
from the ideal wurtzite structure are further enlarged un
pressure. Especially the difference between the bond an
increases in such a way that the zig-zag chains perpendic
to the c axis are flattened, i.e., the bonding tetrahedra
compressed along thec-axis by shrinking the vertical dis

tance (12 2u)c of the Al-N layers towards a planar structur
This implies a tendency for dehybridization from idealsp3

dangling bonds towardssp2 andpz orbitals.
The trend to crystallize within the wurtzite structure an

in particular, to have bond angles different from the ide
tetrahedron angles, has often been related to the large io
ity of the chemical bonds. We characterize the bond ionic
by the charge asymmetry coefficientg according to Garcia
and Cohen.35 It is plotted in Fig. 3 versus pressure for th
zinc-blende polytypes. We clearly observe a weak decre
of g with rising pressure independent of the nitride~slopes:
2331024 GPa21 for GaN, 2431024 GPa21 for AlN !.

FIG. 3. Charge asymmetry coefficientg versus hydrostatic pres
sure in the zinc-blende case. Solid line: GaN; dashed line: AlN
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FIG. 4. ~a! Born effective
charge and~b! high-frequency di-
electric constant versus hydro
static pressure for zinc-blend
GaN ~solid line! and AlN ~dashed
line!. ~c! Resulting screened effec
tive ion charge. Thin lines in~b!
represent expression~2!.
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This finding means that the logarithmic derivative ofg with
respect to the volume is positive. At least in the AlN ca
this behavior is seemingly in contrast to the increase of
deviations ofc/a andu from the values of the ideal wurtzit
structure, since this is usually related to an increasing b
ionicity. On the other hand, with rising pressure and decre
ing bond lengths the overlap of the valence electron w
functions increases. Consequently, the increasing probab
to find an electron also closer to the cation results in sma
values of the bond ionicity.

B. Dielectric properties

The long-range macroscopic electric field accompany
several atomic displacements in polar crystals is descr
by a nonanalytic contribution to the dynamical matrix,21 con-
sisting of the tensors of the Born effective chargesZB and of
the high-frequency dielectric constants« ` . They are also
calculated in the framework of the DFPT as a first step.
Figs. 4~a! and 4~b!, results for the cubic polytypes are pr
sented, where the tensors possess only one independent
ponent. For the wurtzite case the tensor components par
and perpendicular to thec axis are plotted in Fig. 5. Inde
pendent of the polytype and of the nitride the component
the two tensors under consideration decrease monotoni
with rising pressure, except for the (ZB) uu component of 2H-
AlN. The latter exhibits a saturation between 10 and 20 G
followed by a significant increase. This is likely due to t
mentioned dehybridization that accompanies the tetrahe
deformation. In general, the pressure~and hence, volume!
dependence is more pronounced for GaN because of
stronger covalent bonding in AlN.

For the Born effective charge, we observe a weak va
tion with volume as characterized by the logarithmic deriv
tive (] lnZB /]lnV)V5V0

, which takes the values 0.149~3C-

GaN!, 0.074~3C-AlN !, 0.151 and 0.137 (uu and'2H-GaN),
0.022 and 0.086 (uu and'2H-AlN !. Previously, a value of
0.139 has been calculated for 3C-GaN.36 For not too large
pressure values, the decrease is almost linear. The c
sponding pressure coefficients (]ZB /]p)p50 are 21.8
31023 GPa21 (3C-GaN!, 2931024 GPa21 (3C-AlN !,
22.031023 GPa21 and 21.731023 GPa21 (uu and
'2H-GaN!, 2331024 GPa21 and21.031023 GPa21 (uu
and'2H-AlN !. Using (] ln«` /]p)p50523.831023 GPa21

and B05200 GPa an experimental value of (]ZB /]p)p50
5(22.460.5)31023 GPa21 has been derived for the pa
allel component of 2H-GaN.9

The pressure-induced reduction of the dynamical
charges indicates a charge redistribution from the nitro
,
e

d
s-
e
ity
r

g
d

n

om-
llel

f
lly

a,

on

he

-
-

re-

n
n

atoms to the gallium or aluminum atoms in comparison w
the pressure-free situation. Although this holds for atoms
ing displaced from their equilibrium positions, it follows th
same trend as already described for the static ionic cha
defined by the charge asymmetry coefficient~cf. Fig. 3!. The
dynamic and the static charges of the cubic polytypes
compared in Fig. 6~a!. The charge asymmetry coefficien
takes similar values, while the Born effective charge diffe
for GaN and AlN and, especially, covers different ranges
values. For AlN, which has the higher static ionicity, th
range is smaller than that for GaN. Interpreting the sta
charge asymmetry coefficientg as a bond polarizability, it
can be related to the dynamic charge byZB

model52 1
2 DZ

14g1 8
3 g(12g2), with DZ52 as the difference betwee

the number of valence electrons of group-III and

FIG. 5. Pressure dependence of the two independent te
components of the Born effective charge and the dielectric cons
Upper panels~a!: 2H-AlN; lower panels~b!: 2H-GaN. For compari-
son the 3C results are plotted as dashed lines. Thin lines in the ri
panels represent expression~2!.
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elements.25 For the nitrides considered here, theg values are
rather large, and therefore the use of the model formula le
to an overestimation of the dynamic charge as shown in
6~b!. For AlN, the difference is nearly constant, whereas
GaN it increases with pressure. Therefore, the pressure
pendence obtained from the model,]ZB

model/]p5(20/3
28g2)]g/]p, gives correctly that found for AlN, whereas
underestimates that for GaN.

The variation of the high-frequency dielectric consta
versus pressure in Figs. 4~b! and 5 ~right panels! shows a
significant nonlinear behavior already for not too large pr
sures. According to the bond-orbital model,25 the underlying
volume dependence may be described by

«`~V!511@«`~V0!21#

S V0

V
D 5/3

H 11CF S V0

V
D 4/3

21G J 3/2, ~2!

with a certain constantC. It is related by

C5
1

2 F B0

«`~V0!21 S 2
]«`

]p D
p50

1
5

3G
to the bulk modulusB0 and the linear pressure coefficien
We find the valuesC51.39 (3C-GaN!, 1.07 (3C-AlN !, 1.30
and 1.29 (uu and'2H-GaN!, as well as 1.05 and 1.08 (uu and
'2H-AlN !. With the relation~2! we obtain an excellent re
production of the low-pressure range for AlN~below 10
GPa!, whereas for GaN the approximation is applicable a
to slightly higher pressures~about 15 GPa!. This discrepancy
again follows the different transition pressures.

Very interesting is the behavior of the screened char
Z* 5ZB /A«` under pressure as presented for the zinc-ble
polytypes in Fig. 4~c!. There is nearly a compensation of th
pressure dependences of the dynamic ionic charge and
of the dielectric constant. As a net effect, the screened ch
increases slightly with increasing pressure. For AlN t
screened charge varies only in the rangeZ* '1.21– 1.22.
Due to the weaker covalent bonds in GaN the net pres

FIG. 6. ~a! Comparison of the Born effective charge with th
static charge asymmetry coefficient.~b! Difference of the model
effective charge~see text! and theab initio result for the Born
effective charge versus hydrostatic pressure. Solid line: 3C-GaN;
dashed line: 3C-AlN.
ds
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effect onZ* is more pronounced. There is a tendency fo
saturation for rather large pressures. For the hexagonal p
types one obtains an analogous behavior because of a si
pressure dependence, as can be seen from Fig. 5.

C. Vibrational frequencies

The pressure dependence of the LO and TO Raman
quencies is shown in Fig. 7 for the cubic polytypes 3C-GaN
~a! and 3C-AlN ~b!. In the lower part their differences ar
plotted. There is a monotonic increase from the zero-pres
values vLO(G)5750 ~907! cm21, vTO(G)5560 ~662!
cm21, and vLO(G)2vTO(G)5190 ~245! cm21 for GaN
~AlN ! ~Refs. 17 and 18! with rising hydrostatic pressure. In
the low-pressure region the calculations essentially rep
duce the Raman measurements for 3C-GaN.10,37The physics
of this behavior can be explained using a description w
elastic bond-stretching and bond-bending forces within
Keating model38 and, respectively, of the Coulomb forces b
an Ewald summation technique.39 The two characteristic
zone-center frequencies follow within this model as40

vLO/TO
2 ~G!5S 1

Mc
1

1

MN
D ~4a14b1cLO/TOf̂ ! ~3!

with the cation massMc , the nitrogen massMN , the radial
(a) and angular (b) force constant of the Keating mode
cLO52/3, cTO521/3, and the Coulomb force constant

f̂ 5
e2ZB

2

«0«`V
, ~4!

with the vacuum dielectric constant«0 and the volume of the
primitive cell V. The increase ofvLO(G) andvTO(G) mainly
follows the increase of the radial force constanta;1/dn

with decreasing bond lengthd but is modified by the increas
of the Coulomb force constant. The increase of the LO-
splittings of GaN and AlN in Fig. 7 is in contrast to th
behavior of most of the other III-V semiconductors includin

FIG. 7. Pressure dependence of the zone-center optical freq
cies for the zinc-blende polytypes~upper panels!. The difference of
the optical phonon frequencies are plotted in the lower panels.
experimental results~Ref. 10! are indicated by filled squares.
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TABLE I. Mode Grüneisen parameterg j for cubic GaN and AlN. Other calculated and experimen
values are also given. Besides values for zone-center modes also those of phonons at the zone bou~L
point! are listed for comparison with zone-center wurtzite modes.

Reference LO(G) TO(G) LO(G)-TO(G) LO~L! TO~L! LA ~L! TA~L!

GaN This work 1.02 1.19 0.5 1.05 1.23 0.92 20.49
Calc. 42 1.8
Calc. 43 1.52
Expt. 10 1.20 1.4 0.5

AlN This work 0.89 1.14 0.2 0.96 1.31 0.85 20.29
Calc. 42 1.5
Calc. 43 1.42
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BN.41 The reason is the net pressure effect discussed a
for the screened ion charge. The effect of the increase
ZB /A«` is enhanced by the effect of the 1/V factor in the
Coulomb force constant in Eq.~4!. Therefore, although the
LO-TO splitting of GaN and AlN increases, these materi
become less ionic with pressure, in contrast to SiC.31

The low-pressure behavior is dominated by the mo
Grüneisen parameter

g j52
] lnv j

] lnV U
V5V0

5B0

] lnv j

]p U
p50

~5!

for a phonon modej with the frequencyv j . Calculated and
measured values are collected in Table I for the cubic c
tals. The present calculation as well as the available line
muffin-tin-orbital ~LMTO! studies of the TO phonon42,43

give larger Gru¨neisen parameters for GaN in comparis
with AlN as a consequence of the stronger covalent bond
in AlN and, therefore, larger force constantsa1b. Thereby,
our plane-wave results underestimate the experimental G
values, whereas the LMTO treatments give too large a m
Grüneisen parametergTO. We mention that within the DFPT
approach the long-range electric field is correctly treated
cluding its nonanalytic behavior in the noncubic case. T
large experimental values may be related to the quality of
extremely thin cubic GaN layers, which makes a homo
neously strained material unlikely. Another source for t
discrepancy is the use of different bulk moduliB0 in the
determination of the Gru¨neisen parameters.

The pressure dependence of all zone-center modes in
wurtzite crystals is plotted in Fig. 8~2H-GaN! and Fig. 9
~2H-AlN !. More in detail, the Raman-active modesE1(LO),
A1(LO), upperE2 ~twofold degenerate!, E1(TO), A1(TO),
and lowerE2 ~twofold degenerate! are shown together with
the two silentB1 modes. The Raman frequencies at ze
pressure are 757~924!, 748~898!, 576~667!, 568~677!, 540
~618!, 142 ~241! cm21 for 2H-GaN ~2H-AlN !. Generally,
with the exception of the lowerE2 modes, the phonon fre
quencies increase with rising pressure for reasons that
already been discussed in the zinc-blende case. The a
ment with the pressure dependences found experimenta
reasonable. It is remarkably improved considering
LO-TO splittings in the lower panels of Figs. 8 and 9. Wi
the exception of those of the lowerE2 modes, the mode
Grüneisen parameters in Table II are positive. They
rather close to the value discussed in the zinc-blende c
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This also holds for the fact that the GaN values are larg
except for the upperE2 mode, where the Gru¨neisen param-
eter is slightly larger for AlN. One set of experimental valu
for 2H-AlN ~Ref. 44! seems to fall off the common trend an
should be used with care, especially since the authors do
confirm these results in a subsequent work.45 The anomalous
behavior of the lowerE2 modes will be discussed below.

Over the whole pressure range plotted in Figs. 8 and
there is a remarkable difference between 2H-GaN and 2H-
AlN concerning theA1 and theB1 modes. They show a
significant drop in their pressure sensitivity for AlN, or eve
a saturationlike behavior. The excitation of these mode
accompanied by atomic displacements along thec axis. Con-
sequently, the high-pressure behavior is related to the st
tural changes as discussed for the internal parameteru. In

FIG. 8. Pressure dependence of the zone-center optical freq
cies for the wurtzite GaN~upper panel!. Difference frequencies of
LO and TO phonons of the same symmetry~lower panel!. Experi-
mental results~Ref. 10! are included~filled diamonds,A1 modes;
open circles,E2 modes; filled squares,E1 mode!.
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fact, a phonon calculation with an unchanged smaller va
of u that keeps the AlN lattice closer to the ideal tetrahed
geometry results in an increase of theA1 andB1 frequencies
and a lowering of theE1 and theE2 mode frequencies.19 As
a precursor of the saturation, the different pressure dep
dence of theA1-E1 pair of the LO and the TO modes i
noticeable already at low pressures, indicating the increa
anisotropy of 2H-AlN with rising pressure.

Similar to the cubic crystals, the ionicity of the wurtzi
structure reveals itself in the splitting of the LO and T
modes. Because of the uniaxial crystal symmetry, for a qu
titative evaluation one has to take into account the differ
mode symmetries. It holds for the corresponding displa
ment directions46 (a5x,z) that

FIG. 9. Pressure dependence of the zone-center optical freq
cies for the wurtzite AlN~upper panel!. Difference frequencies o
LO and TO phonons of the same symmetry~lower panel!. Experi-
mental results~Ref. 11! are included~filled squares,E1 modes;
open circles,E2 modes; filled diamonds,A1 mode!.
e
l

n-

ng

n-
t
-

vLO
2 ~a!2vTO

2 ~a!5
2e2~ZB!aa

2

«0~«`!aaVm
, ~6!

with the reduced massm of an anion-cation pair. The in
creasing LO-TO splitting, which is observed theoretica
and experimentally for both nitrides~cf. the lower panels of
Figs. 8 and 9!, is therefore due to the pressure behavior of
corresponding components of the dynamic effective cha
tensor and of the dielectric constant, respectively, where
~parallel! z components apply to the modes withA1 symme-
try and the~perpendicular! x components to those withE1
symmetry. By comparison with the results for the cubic ca
in Fig. 5, one derives the same interpretation for the wurtz
case. The screening of the decreasing dynamic charge i
duced, and the increasing LO-TO splitting is not due to
increase in ionicity. Our results are in contrast to the exp
ments of Perlinet al.,9 who found a decreasing splitting o
theA1 modes in 2H-GaN. However, their LO and TO mode
were measured independently from two different samp
whereas the experimental results cited here were obta
from the same sample.10

For the lowerE2 modes of 2H-GaN and 2H-AlN we find
Grüneisen parameters that are negative or nearly zero in
liable agreement with the Raman measurements.10,11,44,45

Consequently theE2
low modes soften in the presence of h

drostatic pressure. At least two questions arise:~i! Why does
such a softening occur for theE2 modes?~ii ! Why is the
softening in AlN much weaker than that in GaN?

According to the folding relationship between points
the zinc-blende and wurtzite Brillouin zones, the lowestE2
modes atG in wurtzite correspond to TA~L! modes of the
zinc-blende structure. This is confirmed by the fact that
Grüneisen parameter of the TA~L! modesgTA(L)520.5 and
20.3 for 3C-GaN and 3C-AlN, respectively, have the sam
sign and ordering as those of the correspondingE2 modes of
the wurtzite structures. In general, the softening of T
modes at the zone boundary under hydrostatic pressu
observed in several crystals,47 and hence the softening of th
E2

low modes is not surprising. The sign and the ordering
gTA(L) basically follow the explanation given for the pur
covalent material Si and diamond in terms of the interplay
bond-bending and bond-stretching forces.48 However, there
are modifications for GaN and AlN due to the ionic bondi
and the quite different atomic masses. Within the sim

n-
her
TABLE II. Mode Grüneisen parameterg j for the zone-center phonons in hexagonal GaN and AlN. Ot
calculated and experimental values are given for comparison.

Reference E1(LO) A1(LO) E2 ~high! E1(TO) A1(TO) E2 ~low!

GaN This work 0.99 0.98 1.28 1.19 1.21 20.35
Calc. 43 1.60 1.48 1.52 20.20
Expt. 10 1.20 1.50 1.41 1.51 20.4
Expt. 44 1.80 1.61 1.18 20.43

AlN This work 0.91 0.82 1.34 1.18 1.02 20.02
Calc. 43 1.66 1.48 1.50 20.28
Expt. 11 1.06 1.58 1.41 1.51 0.1
Expt. 41 1.0 1.0 1.6 1.6
Expt. 45 0.38; 0.4 1.26; 1.34 1.58; 1.68 '0
Expt. 44 1.65 2.38 1.48 '0
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model for the elastic and electrostatic forces between
placed atoms, which we have discussed above, one has i
limit MN!Mc and dominating radial force constants40

vTA(L)
2 '

1

Mc
~4a2c f̂ !

Ŝ

8a
~7!

with a constantc,1. Consequently, we expect that the pre
sure dependence of the lowerE2 mode is in addition influ-
ence by a sensitive balance of elastic forces and the Coul
forces, which enter expression~7! with opposite signs. This
may explain why the compensation of contributions of t
different force contributions is more complete in AlN com
pared to GaN with the resultugE2(low)

AlN u,ugE2(low)
GaN u.

IV. SUMMARY

In summary, we have presentedab initio calculations in
the framework of the DFPT for the pressure dependenc
structural, dielectric, and, in particular, lattice-dynamic
properties of the group-III nitrides, GaN and AlN, in cub
~zinc-blende! as well as hexagonal~wurtzite! crystal modifi-
cation. The results for the lattice constants, Born effect
charges, dielectric constants, and phonon frequencies a
well with experimental data and other DFT LDA calcul
tions. The equation of state and the pressure dependen
the wurtzite parametersc/a and u, as measured by high
pressure x-ray diffraction studies, can be widely explained
detailed analysis of the volume and pressure dependenc
rs
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the Born effective charges and the high-frequency electro
dielectric constants leads to the understanding why
LO-TO splitting in the nitrides increases with rising pressu
in contrast to the common III-V compounds. The comp
cated interplay of the pressure dependences of different
tributing quantities, effective charge, dielectric constant, a
volume, has to be considered.

The pressure dependences of all vibrational modes rel
to optical phonon branches are rather similar and indep
dent of the polytype of the nitride. The mode Gru¨neisen pa-
rameters are positive and of the same magnitude. Small
viations between GaN and AlN can be traced back to
stronger covalent bonding in AlN. In agreement with Ram
measurements, we observe negative but differing Gru¨neisen
parameters for the lowerE2 modes in the wurtzite structures
We give an explanation using the relation between the lo
E2 mode in 2H and the TA~L! phonons in 3C by folding
arguments. The weakness of the effect in AlN compared
GaN is found as a result of the stronger elastic forces in A
due to the stronger covalent bonds and of the weaker
crease of the Coulomb force constant.
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