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Properties of strained wurtzite GaN and AlN: Ab initio studies

J.-M. Wagner and F. Bechstedt
Institut für Festkörpertheorie und Theoretische Optik, Friedrich-Schiller-Universita¨t, 07743 Jena, Germany
~Received 30 November 2001; revised manuscript received 4 March 2002; published 10 September 2002!

The structural, dielectric, lattice-dynamical, and electronic properties of biaxially and uniaxially strained
group-III nitrides are studiedab initio using a pseudopotential-plane-wave method. A linear-response approach
to the density-functional theory is used to calculate the dielectric constants, the dynamical effective charges,
and the phonon frequencies. For a given strain the atomic coordinates are determined from the equilibrium
condition. The elastic properties of GaN and AlN are characterized in terms of ratios of the elastic stiffness
constants, which allow for a critical comparison with literature data; unreliable ones are pointed out. Electronic
as well as phonon deformation potentials and the respective strain and stress coefficients are determined. We
show that the quasicubic approximation does not hold for the electronic interband deformation potentials of
GaN but for those of AlN. Seeming discrepancies between experimental and theoretical results can be widely
resolved using suitable parameters and correct stress-strain relations. We find that the stress obtained from
biaxial-strain-induced shifts of the high-frequencyE2 phonon or excitonic transitions should be higher than
determined by other authors.
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I. INTRODUCTION

An important problem in growing GaN and AlN layers o
crystalline substrates like, e.g., sapphire, SiC, ZnO, Si
GaAs, is related to the large lattice mismatch and the dif
ence in the thermal-expansion coefficients between epita
layer and substrate. They can cause large biaxial stress
the epitaxial layers. For instance, such a stress is comp
sive for hexagonal GaN grown on sapphire, or tensile
GaN on 6H-SiC.1–3 The situation is more complex in th
case of GaN/AlN heterostructures or superlattices, whe
mutual influence of the different material layers may occur4,5

Whereas investigations of strain effects have been wid
reported for the electronic and optical properties,2–4,6–9much
less is known about their influence on the lattice-dynam
properties and the electron-phonon interaction. The Fro¨hlich
coupling of longitudinal-optical~LO! phonons to electrons i
governed both by the high-frequency and the static dielec
constant.10 According to the Lyddane-Sachs-Teller relatio
the latter is related to the former by the zone-center L
phonon and transverse-optical~TO! phonon frequency. There
were only a few Raman studies of the optical phonons un
biaxial strain which are accompanied by a determination
the phonon deformation potentials in GaN~Refs. 7 and 11!
@without covering theE1(LO) mode# or of the strain and
stress coefficient for the high-frequencyE2 mode of GaN
~Refs. 12–14! and AlN,15 by the investigation of carrier con
centrations in GaN,16 or by the study of stress and strain
the vicinity of cracks in AlN.17

Shifted phonon frequencies are straightforward signatu
of the strain state of a layer. The shift coefficients are co
monly also used to infer the stress state from Raman exp
ments, especially from micro-Raman investigations.18 Be-
sides the use of a reference value for the unshifted pho
frequencies, this requires a knowledge of the elastic pro
ties of the material under consideration. On the other ha
there are still considerable uncertainties concerning the
ues of the elastic constants and of related quantities for
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wurtzite nitrides. Moreover, there is a variety of contrad
tory data for the stress coefficient of the high-frequencyE2
mode of GaN. Therefore, a consistent description of the e
tic properties and of the strain and stress dependence o
phonon frequencies as well as of the dielectric properties
wurtzite GaN and AlN is highly desirable.

In this paper, we presentab initio studies of the influence
of biaxial and of uniaxial strain on the atomic structure
well as on the accompanying physical properties of wurtz
GaN and AlN as examples of group-III nitrides. Biaxi
strain is considered due to lattice mismatch or thermal st
during epitaxial growth, whereas uniaxial strain could be
consequence of an applied external uniaxial pressure.
focus on the elastic properties of wurtzite GaN and AlN
describing the relaxation behavior of their lattices subjec
to these symmetry-conserving strains through character
ratios of the elastic constants, which we determine from
explicit treatment of these strain cases. Furthermore, for
strained crystals we calculate the dielectric constants,
Born effective charges, and the zone-center phonon frequ
cies. The internal-strain effects are explicitly taken into a
count. The energies of the lowest conduction band and
highest valence bands are calculated to obtain the strain
pendence of the interband transitions. The calculatio
methods are described in Sec. II, whereas the results
discussed in Sec. III. Finally, in Sec. IV a brief summary
given.

II. CALCULATIONAL METHODS

A. Numerical approach

The numerical computations are performed in the fram
work of the density-functional theory~DFT! within the local-
density approximation~LDA !. Explicitly, a pseudopotential-
plane-wave code is used. Details of the method may
found in Refs. 19 and 20. The electron-electron interactio
described by the Perdew-Zunger interpolation.21 The valence
electron-ion interaction is treated byab initio norm-
©2002 The American Physical Society02-1
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conserving pseudopotentials. They are generated accor
to the scheme of Troullier and Martins.22 A nonlinear core
correction~NLCC! is taken into account.23 In this way we
account for the effect of the semicore Ga 3d electrons. The
electronic eigenfunctions are expanded into plane wa
The soft-core pseudopotentials allow the restriction to a r
tively low cutoff energy of the plane-wave expansion. W
use 75 Ry, i.e., a slightly larger value than in previous c
culations of the unstrained nitrides.19,20 This is a conse-
quence of the high accuracy requirements for the determ
tion of the atomic coordinates in the ground state conside
differently strained crystals. The summation over the B
louin zone~BZ! is performed using sets of Chadi-Cohen sp
cial points.24 Convergence is reached for 12 points in t
irreducible wedge of the BZ of the considered hexago
crystal.

B. Strain and stress

The ground-state properties in the strain-free case are
tained by a minimization of the total energy with respect
the two lattice constantsc anda as well as the dimensionles
internal parameteru of the wurtzite structure. The equilib
rium parametersc055.111~4.929! Å, a053.145~3.084! Å,
and u050.3775 ~0.3825!, resulting for unstrained GaN
~AlN !, are used to define the actual strain tensors. As pe
bations we consider biaxial or uniaxial strain~or stress! with
an orientation parallel to thec axis of the crystal. The accom
panying deformations conserve theC6v

4 space-group symme
try. Consequently, the strain tensore is diagonal and pos
sesses the components

exx5eyy5~a2a0!/a0 , ~1a!

ezz5~c2c0!/c0 . ~1b!

The internal strain is defined by the variation (u2u0)/u0. In
the limit of small deviations from the equilibrium, Hooke
law gives the corresponding diagonal stress tensors with the
elements

sxx5syy5~C111C12!exx1C13ezz, ~2a!

szz52C13exx1C33ezz. ~2b!

In Eqs. ~2! four of the five independent stiffness constan
Ci j of the considered wurtzite crystal occur. The modific
tions of Eqs.~2! by the built-in electric field due to the spon
taneous and piezoelectric polarization are neglected bec
of their smallness.

In the general case of a uniaxial stress, the external fo
vanish in the plane perpendicular to the stress direction a
hence, there is an elastic relaxation of the lattice in t
plane. The ratio of the resulting in-plane strain to the def
mation along the stress direction is expressed by the Poi
ratio, which in the general case can be anisotropic. For
wurtzite lattice subjected to a uniaxial stressszz parallel to
the c axis, sxx5syy50 holds. Then Eqs.~2! give the rela-
tion exx52nezz, with the coefficient
11520
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C13

C111C12
, ~3!

i.e., the Poisson ratio for this case. We refer to the accom
nying deformation as uniaxial strain. To treat the uniax
case we keep the lattice constantc fixed, and determinea and
u by energy minimization. This is done for a set of valu
near c0 and, in the linear limit, the coefficientn follows
immediately. By definition, the uniaxial stress is related
the strain along the direction of the stress by the You
modulus. In the case under consideration, this readsszz
5Eezz, and the Young modulus is given by

E5C332
2C13

2

C111C12
. ~4!

A homogeneous biaxial stress in the plane perpendic
to thec axis of the wurtzite lattice is described by consta
forces in this plane,sxx5syy , and vanishing forces along
the c axis, szz50. Then Hooke’s law@Eqs. ~2!# gives a re-
lationship between the strain components,ezz52RBexx ,
with the coefficient

RB5
2C13

C33
. ~5!

Likewise, this deformation is also referred to as biax
strain. In order to determine the biaxial relaxation coefficie
RB, we choose lattice constantsa close to the equilibrium
one and, in each case, minimize the total energy of the
tem with respect to the second lattice constantc and the
internal parameteru to obtain the relaxed value ofc. The
in-plane stress is related to the in-plane strain by the bia
modulus. This readssxx5Yexx , and the biaxial modulus is
given in terms of the elastic stiffness constants as

Y5C111C122
2C13

2

C33
. ~6!

In some cases, a relation to the strain along thec axis is
useful, which obviously readssxx52(Y/RB)ezz. Since here
the Young modulus is related to the biaxial modulus via

E5
C33Y

C111C12
5

2n

RB
Y, ~7!

the former relation can also be expressed as

sxx52
1

2n
Eezz. ~8!

The last equation is also known to hold for elastically isot
pic media.25 Nevertheless, it is not restricted to that cas
since here it also holds for the wurtzite symmetry due to
special strain case under consideration.

Finally, in the case of hydrostatic pressurep the ~nonzero!
components of the stress tensor are equal,sxx5syy5szz
52p, and from Hooke’s law it follows thatezz5RHexx ,
with the ratio
2-2
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RH5
C111C1222C13

C332C13
. ~9!

However, in the explicit calculation of the elastic stiffne
constants we consider the sum (C111C12) as an independen
quantity, and make use of the relation of the elastic const
to the isothermal bulk modulus:

B05
~C111C12!C3322C13

2

C111C1212C3324C13
. ~10!

Equation~10! can be derived from Eqs.~2! and the~linear-
ized! relation2Dp/B05DV/V052exx1ezz, with the pres-
sure variationDp ~around p50 GPa), the correspondin
change in volumeDV, and the equilibrium volumeV0. Val-
ues for the bulk modulusB0 have been obtained26 by fitting
the Vinet equation of state27 to the calculated volume depen
dence of the total energy. Explicitly, we use the relations

Y5F21
1

2 S 1

n
24DRBGB0 ~11!

and

C135Y/S 1

n
2RBD ~12!

to obtain the absolute values of the elastic constants.

C. Dielectric and dynamical quantities

The dielectric properties, i.e., the dielectric constants
the dynamical charges, as well as the lattice-dynamical p
erties, i.e., the eigenfrequencies and eigenvectors of the
tice vibrations, are calculated in the framework of t
density-functional perturbation theory~DFPT! ~Ref. 28! for
resulting ‘‘equilibrium’’ geometriesc, a, and u at a given
biaxial or uniaxial strain defined by a parametere'(5exx
5eyy) or e uu (5ezz), respectively. Here a generalization
the DFPT ~Ref. 19! is used that takes into account th
NLCC. The DFPT allows a direct calculation of the hig
frequency dielectric tensor«` and the tensor of the Born
effective charges,ZB . Their combination gives the nonana
lytical contribution to the dynamical matrix due to long
range macroscopic electric fields. The tensor component
the static dielectric constant,«s , are derived from a genera
ized Lyddane-Sachs-Teller relation29

~«s!aa /~«`!aa5vLO
2 ~a!/vTO

2 ~a!. ~13!

A certain tensor component (a5x or z! is related to the
zone-center LO- and TO-phonon frequencies of the wurt
crystal belonging to the displacement directiona and, hence,
to a certain symmetryE1 or A1. The differences of the cor
responding frequency squares,

vLO
2 ~a!2vTO

2 ~a!5
e2~ZB* !aa

2

«0Vm
, ~14!

~ZB* !aa
2 5~ZB!aa

2 /~«`!aa , ~15!
11520
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are directly related to the tensor components of the squar
the ionic plasma frequency and, hence, to that of
screened Born effective charge, (ZB* )aa , with the reduced
massm of the cation-nitrogen pair, the effective volumeV
per pair, and the dielectric permittivity constant«0.30

In general, the resulting phonon frequencies of a strai
wurtzite crystal are shifted or split with respect to the stra
free values. In the linear strain limit these shifts and sp
tings are related to the strain tensore by31–33

Dv~A1!5a~A1!~exx1eyy!1b~A1!ezz, ~16a!

Dv~E1/2!5a~E1/2!~exx1eyy!1b~E1,2!ezz

6c~E1/2!A~exx2eyy!
214exy

2 ~16b!

in dependence on the mode symmetryj 5A1 or E1/2. The
non-Raman-activeB1 modes follow a similar relation as th
A1 modes. The coefficientsa( j ), b( j ), andc( j ) are the cor-
responding phonon deformation potentials per unit stra
Since here we are considering symmetry-conserving stra
the tensore is diagonal and only the deformation potentia
a( j ) and b( j ) are involved.34 They are determined directly
from the ab initio calculations by the following ‘‘artficial’’
deformation. While keeping one lattice constant fixed at
equilibrium value, the other one is slightly strained, and
internal parameteru is determined from energy minimiza
tion. For this artificial strain state, the phonon frequencies
calculated, and the differences to the ground-state values
mediately give the respective deformation potentials as lin
coefficients.

For the considered cases of biaxial and uniaxial strain
diagonal elements of the strain tensor,exx and ezz, are re-
lated to each other by the ratiosRB ~biaxial case! or n
~uniaxial case!. Consequently, one can relate the linear f
quency shift directly to the given biaxial straine' or uniaxial
straine uu . We write the shift as

Dv~ j !5K'/uu~ j !e'/uu . ~17!

The strain coefficientsK'/uu( j ) are related to the deformatio
potentials by K'( j )52a( j )2RBb( j ) and K uu( j )
522na( j )1b( j ) for all zone-center phonon mode
j 5A1~LO and TO!, E1~LO and TO!, E2~high and low!, and
B1~high and low!. However, we determine the values of th
strain coefficients directly from the calculated phonon f
quency shifts under biaxial and uniaxial strain. Furthermo
using the respective stress-strain relation, the freque
shifts ~17! can be related to the corresponding uniaxials uu or
biaxial s' stress parameter. Thereby, in the linear stress li
one obtains the coefficientsK̃'/uu( j ) giving the frequency
change per unit stress asK̃'( j )5K'( j )/Y and K̃ uu( j )
5K uu( j )/E.

D. Electronic structure

In the wurtzite case of GaN and AlN the lowest condu
tion ~c! band and the top of the valence (v) bands are situ-
2-3
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FIG. 1. Parameters of the atomic geometry vs the biaxial strain. GaN: solid line; AlN: dashed line. The lattice constantc ~a!, the ratio of
lattice constantsc/a ~b!, the normalized volumeV/V0 ~c!, the internal parameteru ~d!, the bond lengths~e!, and the bond angles~f! are
considered. The bonds along thec axis~nearly perpendicular to it! are labeled byi ('). The labela (b) denotes the angle between the bon
parallel to thec axis and~one of! the three bonds nearly perpendicular to it~between two bonds nearly perpendicular to thec axis!.
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ated at theG point in the BZ. Without spin-orbit interaction
they are related to ans-like G1c state and top-like G6v and
G1v states. The two latter states are separated by a cry
field splitting Dcr5«G6v

2«G1v
. Two energy gaps can be de

fined by EA/B5«G1c
2«G6v

and EC5«G1c
2«G1v

, according

to the optical transitionsG6v→G1c (A,B) and G1v→G1c
(C). In GaN,EA/B is the fundamental gap, whereas in AlN
is the C transition gap due to the negative crystal fie
splitting.35,36 The applied strain influences both the ener
gap and the crystal-field splitting. Without spin-orbit intera
tion the relevant energy levels are described by6

«G1c
~e!5«G1c

~0!1aczezz1acx~exx1eyy!, ~18a!

«G6v
~e!5«G6v

~0!1D1ezz1D2~exx1eyy!1D3ezz

1D4~exx1eyy!, ~18b!

«G1v
~e!5«G1v

~0!1D1ezz1D2~exx1eyy!. ~18c!

The electronic deformation potentialsacz , acx , D1, andD2
characterize the effect of both hydrostatic and uniaxial str
contributions to theA/B energy gap. The deformation pote
tials D3 andD4 are related to the strain-induced changes
the crystal-field splitting. As a consequence the gap ener
are given by37

EA/B~e!5EA/B~0!1a1ezz1a2~exx1eyy!1b1ezz

1b2~exx1eyy!, ~19a!

EC~e!5EA/B~0!1Dcr~0!1a1ezz1a2~exx1eyy!,
~19b!

with the deformation potentialsa15acz2D1 and a25acx
2D2 of the interband transitions. The quantitiesb152D3
andb252D4 are the deformation potentials of the crysta
field splitting. Its strain dependence is given as

Dcr~e!5Dcr~0!2b1ezz2b2~exx1eyy!. ~20!

Analogously to the phonon deformation potentials, the el
tronic ones are also determined from the ‘‘artificial’’ strai
11520
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mentioned above. Equations~19! also allow the definition of
the strain coefficients (]Ei /]e j )ue50 ( i 5A,B,C and j
5',i) of the optical transition energies for the cases of
axial and uniaxial strain, respectively. Again, these are de
mined directly from the corresponding strains. As for t
phonon frequency shifts, using the respective stress-st
relation these strain coefficients can be directly converted
the corresponding coefficients (]Ei /]s j )us50 per unit stress.

III. RESULTS AND DISCUSSION

A. Strained structures

Structural results of the total-energy optimizations a
presented in Figs. 1 and 2 for biaxial and uniaxial stra
respectively. As expected, due to the lattice relaxation~Pois-
son effect! one observes a decrease of thec ~a! lattice con-
stant with increasing tensile biaxial~uniaxial! strain. From
these relations we immediately obtain the coefficientsRB

andn, which are listed and compared with other theoreti
and experimental data~derived from the elastic stiffness con
stants! in Table I. In general, the behavior of GaN and AlN
rather similar. Although it is difficult to conclude for which
material the respective relaxation effect is more pronounc
it can be noticed that the effect of biaxial strain~as expressed
by the ratio RB) is larger than that of uniaxial strain~as
expressed byn) by a factor of about 2.6 for GaN and 2.9 fo
AlN.

Correspondingly, for both materials the change in volu
is much larger for biaxial than for uniaxial strain. The fra
tional volume changeDV/V052exx1ezz amounts to (2
2RB)e' in the biaxial case and to (122n)e uu in the uniaxial
one. The values of the prefactors are found exactly as
slope of the curves in Figs. 1~c! and 2~c!. The internal pa-
rameteru and, hence, the internal strain (u2u0)/u0 obvi-
ously show a different strain behavior than the lattice co
stants, which is nevertheless systematic: It always change
the opposite way to the ratio of the lattice constants. Asc/a
shrinks,u increases~and vice versa!, regardless of the strain
type ~uniaxial or biaxial!. The same behavior was also foun
under hydrostatic pressure.26 It corresponds to the tendenc
of the wurtzite lattice to be resistant to changes of its bo
2-4
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FIG. 2. Parameters of the atomic geometry vs the uniaxial strain. As in Fig. 1 but instead ofc the lattice constanta is studied in~a!.
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lengths, as pointed out by Wright.38 The linear strain coeffi-
cients are summarized in Table II. Again, they are not so v
different for the two nitrides considered.

The rather strong internal strain effects dominate
variations of the bond lengths and bond angles@Figs. 1~e!,
1~f!, 2~e!, and 2~f!#. Interestingly, the lengthsduu5uc of the
bonds parallel to thec axis increase in both strain cases. T
effect is stronger for uniaxial strain. This follows the increa
of c directly. Moreover, even in the case of biaxial strain t
decrease of thec-lattice constant is accompanied by an i
crease of the bond lengths parallel to thec axis. The lengths

d'5A 1
3 a21( 1

2 2u)2c2 of the bonds nonparallel to thec axis
also increase with tensile biaxial strain, while in the uniax
case there is more or less a compensation of the variation
c, a, andu, resulting in almost constant bond lengths of th
kind. For certain strain values, all bond lengths of one ma
rial become equal. However, this does not result in id
tetrahedra, since the bond angles remain different.

The opposite behavior of the bond anglesa andb versus
biaxial or uniaxial strain is particularly interesting. There is
tendency for the reduction of the deformation of the bond
tetrahedra for compressive biaxial strain or tensile unia
strain. The angles approach the value 109.47° of the id
tetrahedron. However, again, the tetrahedra remain defor
because of unequal bond lengths. In the opposite directi
tensile biaxial strain and compressive uniaxial strain,
bonding zigzag chains perpendicular to thec axis are flat-
tened, i.e., the bonding tetrahedra are compressed alongc

axis by shrinking the vertical distance (1
2 2u)c of the X-N

layers (X5Ga,Al) toward a planar structure. The anglea
tends toward 90°, whereas the anglesb tend toward 120°.
This implies a tendency for dehybridization from idealsp3

hybrids towardsp2 andpz orbitals.

B. Elastic behavior and stiffness constants

For cubic crystals and for elastically isotropic materia
RB52n/(12n) holds. Due to their uniaxial crystal structur
the wurtzite nitrides should exhibit an anisotropic behav
and the comparison of the ratio 2n/(12n) with the actual
value ofRB provides information about the deviation of the
elastic properties from cubic behavior. From Table I it
obvious that for GaN, 2n/(12n) comes rather close toRB,
11520
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while for AlN there are significant differences. The deviatin
behavior of the two nitrides under consideration is also v
ible in the presence of hydrostatic pressure. From theRH

values of Table I it follows that, in this case, only GaN e
hibits an approximately homogeneous dilatation~i.e., a pro-
portional contraction! since RGaN

H '1.0, while for AlN the
compression is anisotropic (RAlN

H '1.2). This was observed
directly in high-pressure x-ray-diffraction experiments,56,57

and was also found inab initio calculations for hydrostatic
pressure.26,58,59 Therefore, the quality of calculations an
measurements of elastic stiffness constants of wurtzite G
and AlN can be easily characterized by the dimensionl
quantities RB, n, 2n/(12n), and RH. For instance, in
the case of GaN it appears that reliable values are c
to RB50.50 . . . 0.56, n50.20 . . . 0.21, 2n/(12n)
50.49 . . . 0.54, andRH'1.0. The situation is less clear fo
AlN, since the deviations between the results are larg
Nevertheless, the values can be expected to lie in
range RB50.5 . . . 0.6, n50.18 . . . 0.21, 2n/(12n)
50.45 . . . 0.53, andRH*1.2.

The reason for these differences between GaN and
can be traced back to the elastic stiffness constants, w
are also listed in Table I. Our results are in excellent agr
ment with otherab initio calculations.38 This holds in par-
ticular for AlN. In the case of GaN, the stiffness constan
calculated within our method are slightly larger, mainly d
to the relatively small value ofRB. The agreement with re
cently measured values44–47 is reasonable for both nitrides
Therefore, since in our case all quantities arise from the sa
type of DFT calculations, the derived elastic constants r
resent a reliable basis for the extraction of phonon and e
tronic deformation potentials. There is also satisfying agr
ment with another recent calculation,39 although the
presentedC33 value for GaN stands out. Nevertheless, co
sidering the mentioned ratios of the stiffness constantsRB,
RH, andn, the results of this calculation also provide a re
sonable description of the elastic properties of the wurtz
nitrides. This also holds in part for those of the semi-ab initio
calculation for AlN,40 except for the too largeC111C12 and
the somewhat larger moduliB0 , E, andY. On the other hand
the calculated results of Ref. 41, which are obatined us
the full-potential linear muffin-tin-orbital ~FP-LMTO!
method, show too large aC111C12 for GaN ~therefore, the
2-5
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TABLE I. Elastic stiffness constants~in GPa! as well as related moduli and coefficients~see the text!
compared with results of other~semi-! ab initio calculationsa–f and measurementsg–s. Underlined values for
the bulk modulus are obtained directly from total-energy calculations, all other ones are derived fro
elastic stiffness constants using Eq.~10!. The experimental values from Refs. 50 and 51 are not dire
measured but are derived from fits to other published data and, therefore, are given in parenthes
experimental values from Ref. 49 are recommended values ‘‘based on the average of con
measurementsg,i,j,r,s ’’ and, therefore, are given in braces.

RB n
2n

12n
RH Y E B0 C111C12 C13 C33

GaN
present 0.502 0.202 0.506 0.99 463 373 207 515 104 414
calc.a 0.509 0.205 0.516 0.98 450 363 202 502 103 40
calc.b 0.553 0.212 0.538 1.04 432 332 197 490 104 37
calc.d 0.510 0.185 0.454 1.16 489 355 207 540 100 39
calc.e 0.269 0.119 0.269 1.00 523 461 201 540 64 476
exper.g 0.533 0.198 0.494 1.11 479 356 210 535 106 39
exper.i 0.564 0.212 0.538 1.07 458 343 208 520 110 39
exper.j,k 0.598 0.228 0.591 1.02 432 329 204 500 114 38
exper.l $0.504% $0.190% $0.469% $1.10% $467% $352% $201% $516% $98% $389%
exper.n ~0.593! ~0.222! ~0.570! ~1.06! ~376! ~281! ~175! ~433! ~96! ~324!
exper.p 1.18 0.371 1.18 1.01 239 150 195 426 158 267
exper.q 1.09 0.212 0.538 3.25 413 161 173 537 114 209
exper.r 0.416 0.156 0.370 1.15 481 362 192 514 80.4 38
exper.s 0.413 0.156 0.370 1.15 481 362 192 514 80.0 38

AlN
present 0.611 0.210 0.532 1.21 469 322 210 538 113 370
calc.a 0.579 0.203 0.509 1.20 470 329 207 533 108 37
calc.b 0.585 0.207 0.522 1.17 474 337 212 540 112 38
calc.c 0.567 0.189 0.466 1.30 547 365 240 613 116 409
calc.d 0.665 0.236 0.618 1.11 454 322 218 538 127 38
calc.f 0.665 0.257 0.692 0.94 410 317 209 494 127 38
exper.h 0.509 0.177 0.430 1.25 510 354 210 560 99 389
exper.i 0.513 0.182 0.445 1.21 499 354 209 550 100 39
exper.m ~0.608! ~0.233! ~0.608! ~1.00! ~441! ~339! ~211! ~514! ~120! ~395!
exper.n ~0.714! ~0.235! ~0.614! ~1.25! ~496! ~326! ~237! ~596! ~140! ~392!
exper.o 0.608 0.255 0.685 0.84 397 334 201 470 120 39

aReference 38. kReference 48, values for epitaxial layers.
bReference 39. lReference 49.
cReference 40. mReference 50.
dReference 41. nReference 51.
eReference 42, transformed from values forb-GaN. oReference 52.
fReference 43. pReference 53.
gReference 44. qReference 54.
hReference 45. rReference 55.
iReference 46. sReference 48, values for bulk samples.
jReference 47.
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correspondingRH is also too large! and a slightly too large a
C13 for AlN ~so thatRB is somewhat too large andRH some-
what too small!. The FP-LMTO data that were transforme
from zinc-blende GaN~Ref. 42! without taking into account
lattice relaxation effects suffer from a too smallC13, which
gives rise to a very small value ofRB. The low-cutoff-energy
calculations of Ref. 43 for AlN, which accidentally give re
sults similar to those of Ref. 41, result in too small
11520
C111C12, so thatRH is even smaller than 1.0. From th
preceding discussion it follows that the latter results41–43

should be used with caution.
Considering the experimental results, it can be notic

that although the elastic ratios are reasonable for the fi
values of Ref. 51 in the case of GaN, the moduli and stiffn
constants are too small. The converse applies to AlN, wh
the moduli and stiffness constants of Ref. 51 compare w
2-6
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TABLE II. Calculated strain-free valuesX0 and linear strain coefficients (1/X0)(]X/]e'/uu)0 of param-
eters of atomic geometry (X5c,a,c/a,u,duu andd'); absolute lengths are in Å.

GaN AlN
X X0 e' e uu X0 e' e uu

c 5.111 20.502 1.000 4.929 20.611 1.000
a 3.145 1.000 20.202 3.084 1.000 20.210

c/a 1.6252 21.507 1.199 1.5982 21.621 1.209
u 0.37747 0.694 20.551 0.38245 0.805 20.633
duu 1.929 0.193 0.448 1.885 0.188 0.368
d' 1.921 0.611 0.107 1.872 0.594 0.103
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with the other data presented, except for the too largeC13.
This causes theRB andn ratios likewise to be too large. Th
fitted values of Ref. 50 suffer from an underlying model f
a cubic crystal, which is not justified for AlN. The measur
ments of Ref. 52 gave too low a value forC111C12 of AlN,
which results inRH,1.0. For GaN, on the other hand, the
are several measurements which show deviations for si
elastic stiffness constants@too small aC13 ~Refs. 48 and 55!
and too small aC33 ~Ref. 54!# which cause significant error
in the corresponding elastic ratios, but there is also one s
results the use of which should be completely avoided~Ref.
53!. Unfortunately, this latter set of values has been p
lished in the Landolt-Bo¨rnstein data collection.

According to Table I the relationC111C12'C131C33
holds with good accuracy for GaN but not for AlN. In agre
ment with the relations that are fulfilled for GaN,RH'1.0
and 2n/(12n)'RB, the different elastic behavior of GaN
and AlN is mainly determined by the largerC111C12 value
of AlN, which is also the reason for its larger biaxial mod
lus Y. The value of the ratioRB/@2n/(12n)#5(C111C12
2C13)/C33 can serve as an estimate for a lower limit ofRH

if it is larger than 1.0~an upper limit if it is smaller than 1.0!.
Due to the quasicubic behavior, the relations between
elastic moduli for GaN can be approximated by simplifi
expressions. The biaxial modulus and the Young modulus
related to the bulk modulus viaY'3B0(12 1

2 RB)53B0(1
22n)/(12n) and E'3B0(12 1

2 RB)/(11 1
2 RB)53B0(1

22n). These two moduli are related to each other byE
'Y/(11 1

2 RB)5Y(12n). In each case, the conversion fa
tors can be expressed using either the biaxial relaxation
efficient or the Poisson ratio, which themselves are in t
case related to each other throughRB52n/(12n), as men-
tioned above. Table I shows that these relations are by
means valid for AlN.

In contrast to the experimentally and theoretically we
established results for the hydrostatic coefficientRH, there
are contradictory reports ondirect experimental results fo
the biaxial strain ratioRB of GaN. No values are reported fo
AlN. The measuredRGaN

B values 0.689~Ref. 60!, 0.48 ~Ref.
7!, 0.45 ~Ref. 2!, 0.43 ~Ref. 61!, and 0.38~Ref. 62; some-
times this value has been cited as the one for the Pois
ratio! show significant deviations among themselves. Ad
tionally, from the results obtained in Ref. 63, a value
0.386 can be extracted~which fits their data better than th
one from the literature which they used!, and from Fig. 1 of
11520
le

of

-

e

re

o-
is

o

on
i-
f

Ref. 64, a value of 0.45 can be obtained, if as strain-f
reference for the lattice constants the data from Leszczy
et al.65 are used. In addition, values of 0.457~Ref. 66! as
well as 0.400 and 0.384~both from Ref. 67! have been cal-
culated byfirst-principles methods. Except for the larges
ones, these data significantly underestimate the results li
in Table I. The discrepancies become even more obviou
these values are used to derive elastic constants unde
assumption of quasicubic behavior. The corresponding
ues for the Poisson ratio~except forRB50.689), according
to the relationn5RB/(21RB), are obtained in the rang
0.160–0.194. They again tend to be much smaller than th
given in Table I. The elastic constants that can be deri
from these data show the general trend thatC13 comes out
too small and all other values too large. Unfortunately,
the literature there are no reports on directly measu
values ofn.

The reasons for these deviations are not clear, but s
aspects may be mentioned. To determine the strain, a re
ence value has to be known which corresponds to a f
relaxed crystal and therefore represents the strain-free c
Generally, the lattice constants of GaN show unusually la
fluctuations,68 and it is difficult to determine the ‘‘true’’ un-
strained values.65 Here we mention that, strictly speaking, fo
the purpose of the investigation of elastic relaxation this r
erence value has to be understood as describing a crystafree
from external stress.Internal stress effects due to defec
substituent atoms, and free carriers can still be present
need not be corrected for, since in principle it is thesame
crystal which is considered in both stressed and stress-
states. The biaxial relaxation behavior manifests itself in
slope of thec versus thea lattice constant, independent o
their equilibrium values. It was shown that only if the biaxi
relaxation coefficientRB is extracted from themeasured
slope, the equilibrium value ofc/a is of minor numerical
influence.2 Since the equilibrium is in each case defined
the conditions50, the corresponding lattice constants m
vary between different samples. Therefore, ‘‘the’’ pair of re
erence valuesa0 , c0 of an ideal GaN crystal may not b
universally applicable. Nevertheless, usually such latt
constants are assumed to be independent of the doping l
the density of defects etc. Furthermore, the above-mentio
RGaN

B values were obtained from a comparison of differe
samples, not from one single crystal that was subjected
varying stress or strain states~as in the case of hydrostati
2-7



v

b
m

f
n

t
th

or
s
he
s
a

a

xia
in

-
fo

sor
aN

ial
e
to

n-
tric

by
on-
ss
ed.

r,
his

are

-
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pressure!. In contrast, the elastic stiffness constants ha
been measured for only one sample and can therefore
expected to be more reliable in representing the elastic
havior of the wurtzite nitrides. To resolve this problem, co
bined x-ray and uniaxial-pressure experiments are called
in order to directly observe the Poisson effect of GaN a
AlN single crystals.

C. Dynamic charge and dielectric constant

The Born and screened effective charges as well as
high-frequency and static dielectric constants behave ra
similarly for GaN ~Fig. 3! and AlN ~Fig. 4!, at least consid-
ering the sign of the linear strain coefficients for biaxial
uniaxial strain~Table III!. The most significant exception
concern thezz component of both the Born charge and t
static dielectric constant versus uniaxial strain. There i
monotonic increase with strain for GaN, whereas a decre
is observed for AlN. For uniaxial strain, thexx component of
the Born charge behaves in the opposite manner in GaN
AlN.

In the majority of cases, the quantities in Figs. 3 and
behave more or less differently versus biaxial and unia
strain. The main reason is the opposite effect of the stra
parallel and perpendicular to thec axis. For GaN, the com
ponents of the high-frequency dielectric constant nearly
low the behavior of the corresponding bond lengths~parallel

FIG. 3. Tensor components (xx, zz) of the Born~screened! ef-
fective chargeZB (ZB* ) and the high-frequency~static! dielectric
constant«` («s) of GaN vs strain. Solid line: biaxial straine' ;
dot-dashed line: uniaxial straine uu .
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and nearly perpendicular to thec axis!. The same trend holds
for AlN, but is much less pronounced. The in-plane ten
components of the screened effective charges of both G
and AlN are rather insensitive to both biaxial and uniax
strain. On the other hand, thezz components show opposit
trends with biaxial or uniaxial strain. For GaN, this is due
the opposite trends of («`)zz, whereas for AlN this origi-
nates from the behavior of (ZB)zz.

Apart from the in-plane components of the dielectric co
stants as functions of uniaxial strain, the other dielec
components in Figs. 3 and 4~right panels! as well as in Table
III ~lower part! indicate remarkable changes induced
strain. Outstanding examples are the static dielectric c
stants and («`

GaN)xx versus the biaxial strain. They posse
the largest strain coefficients of all quantities consider
Apart from («s)zz of AlN in the case of uniaxial distortions
the strain coefficients in Table III are positive. Howeve
some components exhibit a rather nonlinear behavior. T
holds in particular for («`)zz versus biaxial strain and («s)zz
versus uniaxial strain.

At vanishing strain, we calculate the values («`)xx
55.20 ~4.30!, («`)zz55.39 ~4.52!, («s)xx59.24 ~8.00!, and
(«s)zz510.35~9.56! for GaN ~AlN !, in close agreement with
experimental data. Available experimental values
(«s

GaN)xx59.5,69 9.28~Ref. 70! and («s
GaN)zz510.4,69 10.2,70

(«s
AlN)xx57.98,71 8.3 ~Ref. 72! and («s

AlN)zz59.18,71 8.9
~Ref. 72! as well as«s

AlN58.50~determined from a polycrys
talline sample!73; furthermore («`

GaN)xx55.35,69 5.29,70 5.14
~Ref. 74! and («`

GaN)zz55.31,74 as well as («`
AlN)xx54.68,73

FIG. 4. As in Fig. 3, but for AlN.
2-8
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TABLE III. Calculated strain-free valuesX0 as well as linear and quadratic strain coefficients (1/X0)
3(]X/]e'/uu)0 , (1/X0)(]2X/]e'/uu

2 )0 of tensor components of dielectric properties (X5ZB , ZB* , «` , «s ,
D«!. First value: linear coefficient; second value: quadratic coefficient.

GaN AlN
X X0 e' e uu X0 e' e uu

(ZB)xx 2.60 0.474 0.011 20.133 0.006 2.54 0.175 0.010 0.011 20.005
(ZB)zz 2.74 0.189 0.076 0.125 0.096 2.70 0.521 0.10620.319 0.098
(ZB* )xx 1.14 20.287 20.065 20.198 20.027 1.23 20.119 20.028 20.073 20.017
(ZB* )zz 1.18 0.157 20.031 20.536 0.016 1.27 0.441 0.036 20.519 0.034

(«`)xx 5.20 1.525 0.176 0.129 0.068 4.30 0.588 0.081 0.170 0.0
(«`)zz 5.39 0.062 0.214 1.309 0.184 4.52 0.160 0.140 0.399 0.1
(«s)xx 9.24 2.371 0.308 0.161 0.031 8.00 1.493 0.194 0.363 0.0
(«s)zz 10.35 1.158 0.093 1.287 0.432 9.56 2.159 0.30820.339 0.489
(D«)xx 4.04 3.460 0.240 0.201 20.008 3.70 2.544 0.162 0.588 20.007
(D«)zz 4.96 2.347 20.019 1.262 0.351 5.04 3.956 0.229 21.002 0.404
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4.64,75 4.4 ~Ref. 72! and («`
AlN)zz54.8.72 This agreement al-

lows a reliable discussion of the lattice contributions to
static polarizabilities of the group-III nitrides:

~D«!aa5~«s!aa2~«`!aa5
e2~ZB!aa

2

«0VmvTO
2 ~a!

. ~21!

This expression follows from a combination of relatio
~13!, ~14!, and~15!. For nitrides the relative contribution o
the lattice to«s is unusually large~approximately 50%!, be-
ing about 1.5 times stronger than for SiC. Furthermore,
difference between thexx and zz components is strongly
enhanced for the static constant compared to the HF die
tric constant, i.e., the anisotropy is much larger for«s than
for «` . This is due to the different LO-TO splittings for th
A1 and theE1 phonon modes~see Sec. III D!. The variation
of the lattice polarizability for both directionsa5x andz is
relatively weak for uniaxial strain~cf. Table III!. However,
the linear coefficients for biaxial strain approach relative
large values as do already the coefficients of the dielec
constants themselves. That implies a remarkable increas
the lattice polarizability with rising values of tensile biaxi
strain.

D. Zone-center phonon frequencies

The strain dependence of the Raman frequencies
modes withA1 , E1, and E2 symmetry as well as of the
non-Raman activeB1 modes is plotted in Figs. 5~GaN! and
6 ~AlN !. TheA1(LO) andE1(TO) modes appear for phono
propagation parallel to thec axis, whereasE1(LO), A1(TO),
and E1(TO) are observable for propagation directions p
pendicular to thec axis. The nonpolarB1 andE2 modes do
not depend on the phonon propagation direction. There
general tendency in the strain dependence for all modes
der consideration except from the lowerE2 modes. With
rising compressive strain the mode frequencies increase.
effect has already been observed for hydrostatic pressu26

However, it also occurs for biaxial and uniaxial distortion
but with different strengths. In general, the strain variatio
11520
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are larger in the biaxial case compared to the uniaxial o
However, theA1(TO) andB1

low modes in AlN remain nearly
unaffected by uniaxial strain. Closer inspection reveals t
they even show a weakly nonlinear behavior.

In the hydrostatic limit the effect can be explained by
general shortening of the bonds and, as a consequ

FIG. 5. Zone-center phonon frequencies of GaN vs biaxial str
e' ~solid line! and uniaxial straine uu ~dot-dashed line!. In addition,
the LO-TO and anisotropy-related splittings are given.
2-9
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J.-M. WAGNER AND F. BECHSTEDT PHYSICAL REVIEW B66, 115202 ~2002!
thereof, an enlargement of the force constants. In the cas
biaxial strain, i.e., a reduction of thea-lattice constant ac-
companied by a smaller increase of thec-lattice constant, this
bond contraction occurs mainly for the three bonds nonp
allel to thec axis ~cf. Fig. 1!. Similarly, under compressive
uniaxial strain the bonds are also shortened, but in partic
the one parallel to thec axis ~cf. Fig. 2!. However, the
change in unit-cell volume that occurs along with the
bond-length variations is much larger in the case of biax
strain than for the uniaxial one, which partly accounts for
different magnitude of the frequency shifts.

The lowerE2 modes in Figs. 5 and 6 behave opposite
under biaxial and uniaxial strain. As under hydrostatic pr
sure, these modes are softened with rising compressive b
ial strain. However, in the presence of uniaxial strain
behavior of the lowerE2 modes is normal. The anomalou
variation of the lowerE2 frequencies with biaxial strain is
consequence of the interplay of several elastic and Coulo
contributions to the lattice vibrations in the case of the low
E2 mode.77 For GaN, the experimentally determined phon
deformation potentials7 confirm the positive sign of the biax
ial mode coefficient, i.e., the mode softening. Recently,
shift of this mode to higher energy under tensile biax
strain was also observed experimentally for AlN.15

The qualitatively similar effects of hydrostatic, biaxia
and uniaxial deformations on the zone-center phonon
quencies and the general shortenings of the bond len

FIG. 6. As in Fig. 5, but for AlN.
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raise a question concerning the role of the internal stra
According to Figs. 1 and 2 the internal parameteru exhibits
opposite behaviors for biaxial and uniaxial strain. F
phonons, Fig. 7 indicates a clear symmetry dependenc
the internal strain influence. Only theA1 andB1 modes fol-
low the general behavior discussed for Figs. 5 and 6. C
versely, theE1 andE2 modes decrease their frequencies w
increasing compressive internal strain. This is related to
fact that theA1 and B1 modes are accompanied by atom
displacements parallel to thec axis, whereas the correspond
ing E1 and E2 displacements point in the perpendicular d
rection. Therefore, the bond expansion parallel to thec axis
and the corresponding contraction of the other bonds h
different consequences.

The internal-strain dependences of the splittings of
polar optical phonon frequencies exhibit the opposite beh
ior. Whereas for the modes ofE1 symmetry the LO-TO split-
ting remains practically uninfluenced or decreases, in theA1
case this splitting increases with increasing tensile inter
strain. Additionally, from our computations we obtain th
the screened effective charges hardly vary with the inter
strain. Therefore, since the volume is fixed, according to
pression~14! the changes of the splitting are mainly relat
to the opposite tendencies of the corresponding sum of
quencies. The increase of the splittings between the
modes of different symmetry with increasing tensile intern
strain ~cf. Fig. 7! directly shows the increase of the elas
anisotropy in a unit cell. The anisotropy due to the mac
scopic, long-range electric field is of opposite effect co
pared to the elastic one, because theE1-A1 splitting is re-
duced for the LO modes compared to that for the TO mod
Since the anisotropy of the macroscopic electric field
pends only on the screened effective charges, it rem
practically unchanged. The slightly smaller slope of the d

FIG. 7. Zone-center phonon frequencies and their splittings
internal strain (u2u0)/u0. Left panels: GaN; right panels: AlN.
2-10
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TABLE IV. Linear coefficients per unit strain,K'/uu( j ) ~in cm21), or per unit stress,K̃',uu( j ) ~in cm21/GPa), of the zone-cente
vibrational modesj. The last two columns give values for the LO-TO splittings. The obtained biaxial coefficients are compare
experimental results~Refs. 7, 11–17, and 76!. In some measurements the biaxial strain coefficient was obtained relative to thec-axis strain
ezz and not to the in-plane straine' . For clarity, here we list the originally measured data and indicate the necessary conversion
additional factorRB. Where appropriate, the experimental coefficients are recalculated to correct for a wrong conversion formula or d
values of the elastic stiffness constants. The resulting numbers are given in parentheses. The values in braces are obtained fro
covers a wider strain range.e

E2
low B1

low A1(TO) E1(TO) E2
high B1

high A1(LO) E1(LO) LO–TO
A1 E1

GaN
K'( j ) 154 2527 2931 21139 21115 2836 2885 21198 46 259

268a 2641a 21314a 21258,a 2191 (2842)b

2693 (21214),b

22632RB (21395),c

22537RB (21345)d

K uu( j ) 224 2149 2443 2300 2418 2696 2618 2389 2175 289

K̃'( j ) 0.33 21.14 22.01 22.46 22.41 21.81 21.91 22.59 0.10 20.13

0.5a 21.4,a 22.8a 22.7a, 20.8 (21.8)b

23.0$22.1%e 23.9$23.3%,e

22.9 (22.5),b

24.2 (22.9),c

24.8 (22.8),d

22.4f

K̃ uu( j ) 20.06 240 21.19 20.80 21.12 21.87 21.67 21.04 20.47 20.24

AlN
K'( j ) 439 21047 21330 21208 21198 2738 21038 21233 292 225

24398RB (22239),g

21829h

K uu( j ) 2288 40 270 2391 2532 2516 2434 2442 2355 251

K̃'( j ) 0.94 22.23 22.84 22.58 22.55 21.57 22.21 22.63 0.62 20.05

26.3 (24.4),g

23.9h

K̃ uu( j ) 20.89 0.12 20.22 21.21 21.65 21.60 21.35 21.37 21.10 20.16

aReference 7. eReferences 16 and 76.
bReference 11. fReference 14.
cReference 12. gReference 15.
dReference 13. hReference 17.
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ference of the LO frequencies is due to the increasingA1
~LO-TO! splitting and, therefore, results from the overall d
crease of the frequencies of the modes withA1 symmetry, as
discussed above.

E. Phonon mode coefficients and deformation potentials

The linear strain coefficientsK'/uu( j ) ~in cm21) are listed
in Table IV. In addition, in this table the linear stress coe
cientsK̃'/uu( j ) per unit stress~i.e., in units of cm21/GPa! are
given. They are obtained from the strain coefficientsK'/uu( j )
using the calculated elastic stiffness constants presente
Table I. For GaN, these coefficients are compared with
perimental results forj 5E2

low , A1(TO), E1(TO), E2
high, and

A1(LO).7,11–14,76For AlN, there are two experimental resul
11520
-

in
-

for the E2
high mode15,17 only. For GaN, several experimenta

deformation potentials and stress coefficients exist for
mode. In general, good agreement is obtained with the c
ficients measured by Davydovet al.7 This holds not only for
E2

high but also for other modes, in particular forE1(TO). The
discrepancy concerning theA1(TO) mode will be discussed
below. For the stress coefficient of this mode, another exp
mental result76 shows very good agreement when a larger
of samples is used for fitting, which then covers a wid
strain range. The general trend that the calculated values
to be somewhat smaller than the experimental ones is c
sistent with the same trend which was previously obser
for the calculated hydrostatic pressure coefficients of
phonon modes,77 K̃H( j )5@]v( j )/]p#p50. Since the three
2-11
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independently calculated coefficients fulfill the relatio

K̃'( j )1K̃ uu( j )52K̃H( j ), the stress coefficients can be e
pected to be likewise smaller~approximately 20%!. It is not
clear whether this is a shortcoming of the calculation or d
to uncertainties in the experimental procedure.

It is important to notice that the originally published e
perimental biaxial mode coefficients only seldom are the
rectly measured data. Either the published values are alre
converted to stress coefficients via elastic stiffne
constants,12,14,15,76or the mode coefficients have to be reco
structed from phonon deformation potentials17 which have
been obtained by means of additional mode pressure co
cients ~or Grüneisen parameters!, or both conversions hav
been made.7,11 Due to these varying procedures, addition
errors are introduced to the results. On the other hand, in
13 no such conversions were employed, and the strain c
ficient was given only with respect toezz, since the variation
of the lattice constantc is measured. For this result, a co
rection is necesssary due to another source of error tha
casionally occurs in the published values forK̃' , which con-
sists of the use of a wrong relation78 betweens' and ezz.
Furthermore, in Ref. 12 isotropic elastic moduli were unn
essarily extracted from the stiffness constants accordin
the Voigt average,79 which applies only for polycrystalline
samples that consist of crystallites having an arbitrary ori
tation. Therefore, we stress that the published values in
eral cases depend both on the parameter sets and the p
dure used for their extraction from the ‘‘raw’’ experiment
data. For instance, as the sets of experimental results fo
elastic constants from Ref. 51~cf. Table I! stand out both
with respect to the absolute values for elastic constant
GaN ~partially also for AlN! and with respect to the elasti
relaxation coefficients of AlN, their use for the evaluation
stress-strain factors should be avoided, although, incid
tally, Y has a reasonable value. Instead, if one employs
results of McNeilet al. ~Ref. 45! for the elastic constants, th
value of the mode coefficient for the high-frequencyE2
mode of AlN is considerably lowered.15 Still, the agreement
between experimental and theoretical results is not comp
Also, the result which can be extracted from the phon
deformation potentials of AlN given in Ref. 17 is conside
ably larger than the calculated one. Unfortunately, in the
ter paper no details about the derivation procedure of
phonon deformation potentials were given.

In several papers the measured frequency shift versus
c-axis strain,Dv/ezz, was given explicitly. Therefore, to
minimize the influence of additional errors we prefer to l
these original data in Table IV where possible. They
identified by the necessary conversion factorRB, which has
been added for consistency. In order to avoid the influenc
the use of different formulas and elastic constants, we h
partly recalculated the stress coefficients from the origina
measured data. To be consistent, measured elastic stif
constants have been used for both GaN~Ref. 44! and AlN.45

The reevaluation brings the experimental results rather c
to the calculated ones. This holds especially for the bia
strain coefficients and the accompanying stress coeffici
for the E2

high and A1(LO) modes of GaN. For these mode
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the agreement can be considered to be very good, taking
account the above-mentioned overall deviations. In gene
comparing the calculated and measured coefficients for G
and considering the uncertainties of the experimental res
and the variations among the different measurements,
agreement between theory and experiment in Table IV
satisfactory. The considerable lowering of the value of
stress coefficient of theE2

high mode of GaN due to the reca
culation implies that, by using the Raman shift of this mo
as a measure of the biaxial strain, up to now the accom
nying stress has been underestimated.

Sometimes, in the case of a biaxially strained crysta
relation of the frequency shift to the relative volume chan
Dv( j )52v0( j )g( j )DV/V0, is used as an approximation
with the phonon frequency in a strain-free situationv0( j )
and the mode Gru¨neisen parameterg( j ). This relation is
strictly valid only in the presence of hydrostatic pressu
and, therefore, its application to the case of biaxial strain
to be justified. This simply means the use ofK'8 ( j )5

2v0( j )g( j )(22RB) instead of K'( j )52a( j )2RBb( j ).
Since in terms of the phonon deformation potentials one
K'8 ( j )5@2a( j )1RHb( j )#(22RB)/(21RH), in general,
this ‘‘hydrostatic approximation’’ is only valid for those
modes where the deformation potentialsa( j ) and b( j ) are
~nearly! equal. The calculated phonon frequency in t
strain-free case and the deformation potentials are liste
Table V. The latter agree completely with the ones de
mined previously,34 which were derived from the strain co
efficients. Table V shows that for GaN the criterion of nea
equal values fora( j ) andb( j ) is fulfilled only for theE2

high,
holds approximately for theA1(TO) andE1(LO), but fails
for theE2

low , E1(TO), andA1(LO) modes. From the experi
mentally determined mode Gru¨neisen parameter77 g(E2

high)
51.50, the measured zero-pressure frequency77 v0(E2

high)
5567.0 cm21, and the elastic constants of Polianet al.44 a
numerical value ofK'8 (E2

high)521248 cm21 is obtained.
Again using the elastic constants from Ref. 44, this cor
sponds to a value of the stress coefficient
22.6 cm21/GPa, which indeed approaches the calcula
value given in Table IV. Previously, by using this approx
mation, a value of23024 cm21RB was obtained for the
biaxial strain coefficient of this mode.80 This is probably due
to a mode Gru¨neisen parameter which is too large, since
was derived using a bulk modulus of 245 GPa.81

A more general interpretation of the strain effects on
phonon frequencies is possible in all cases of symme
conserving strains. With respect to the in-plane strain co
ponent, the strain tensor can be expressed ase
5exx diag(1,1,R), whereR can take any required value. Fo
the special cases of hydrostatic pressure, biaxial strain,
uniaxial strain, it equalsRH, 2RB, and21/n, respectively.
Any strain of this type can be decomposed into an isotro
~accounting for the volume change! and a pure shear com
ponent~without change of the volume!, e5eiso1esh, with e
5e iso diag(1,1,1)1esh diag(1,1,22). The relative volume
change is given byDV/V053e iso. Since the trace of the
2-12
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TABLE V. Phonon deformation potentialsa( j ) andb( j ) ~in cm21) for GaN and AlN. Additionally, the
resulting isotropic and shear deformation potentials,K iso( j )52a( j )1b( j ) andKsh( j )52@a( j )2b( j )#, are
given. The mode frequenciesv( j ) ~in cm21) calculated in the strain-free case are also listed.

E2
low B1

low A1(TO) E1(TO) E2
high B1

high A1(LO) E1(LO)

GaN
v( j ) 142 337 540 568 576 713 748 757
a( j ) 75 2334 2640 2717 2742 2661 2664 2775
b( j ) 4 2275 2695 2591 2715 2941 2881 2703
K iso( j ) 154 2943 21975 22025 22199 22263 22209 22253
Ksh( j ) 142 2118 110 2252 254 560 434 2144

AlN
v( j ) 241 552 618 677 667 738 898 924
a( j ) 149 2580 2776 2835 2881 2601 2739 2867
b( j ) 2223 2197 2394 2744 2906 2757 2737 2808
K iso( j ) 75 21357 21946 22414 22668 21959 22215 22542
Ksh( j ) 744 2766 2764 2182 50 312 24 2118
th
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shear deformation matrix vanishes, the decomposition
unique only up to an arbitrary factor that determines
magnitude of the shear deformation parameter,esh. For the
decomposition chosen here, the isotropic and the shear
formation parameter are given bye iso5exx(21R)/3 and
esh5exx(12R)/3. Correspondingly, any linear phonon fr
quency shift can be expressed asDv5(Dv) iso1(Dv)sh,
with (Dv) iso5(2a1b)e iso and (Dv)sh52(a2b)esh. The
corresponding phonon deformation potentials for the iso
pic and shear deformation are thereforeK iso( j )52a( j )
1b( j ) andKsh( j )52@a( j )2b( j )#. They are given in Table
V. Due to the mentioned indeterminateness of the value
the shear deformation parameter, the value of the shea
formation potential of the phonon frequency,Ksh, is unique
only up to a common factor.

Whereas the isotropic deformation potentials are rat
similar for GaN and AlN and, except for theE2

low and B1
low

modes, take values of similar magnitude, the shear defor
tion potentials show significant differences, both betwe
GaN and AlN and among their modes. A systematic tren
hard to find. For both materials, the shear deformation
tential of theE2

high mode is rather small, whereas that of t
B1

high mode is rather large. For bothE1 modes one has simila
values forKsh in GaN and AlN, with that of the LO mode
being smaller than that of the TO mode. On the other ha
some modes show the opposite behavior in GaN and A
Ksh@A1(LO)# is small in AlN but large in GaN, and the op
posite holds for theA1(TO) mode. Finally, theKsh values of
the E2

low and theB1
low mode are very large in AlN but below

average in GaN.
The three symmetry-conserving strains under consid

ation are completely different concerning their decompo
tion into isotropic and shear strain components. For b

nitrides e iso/exx521( 1
2 ) and esh/exx52( 1

2 ) nearly hold in
the case of uniaxial~biaxial! strain; furthermoree iso/exx51
in the case of hydrostatic pressure. However, in this case
value of esh/exx nearly vanishes for GaN but amounts
20.07 for AlN. Therefore, in the hydrostatic pressure ca
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the ratioesh/e iso is negligible only for GaN. This allows for
an interpretation of unusual strain behaviors of some of
phonon modes. First, we come back to the lowerE2 modes.
In AlN, the frequency of this mode shows a vanishing d
pendence on the hydrostatic pressure77 but a significant
variation with uniaxial and biaxial strain. The opposite b
havior is found in GaN, where the uniaxial and biaxial stra
dependences are rather weak, but in the case of hydros
pressure a distinct mode softening occurs. This stems f
the fact that, for GaN, due to the nearly vanishing sh
deformation under hydrostatic pressure,esh/exx50.003, only
the isotropic deformation potential is involved, whereas
AlN, due to the larger contribution of shear strain, there i
near cancellation of the influence of the isotropic and
shear deformation potential. The latter two potentials are
extremely different magnitudes in AlN, so that the frequen
shifts of this mode under uniaxial and biaxial strain a
dominated by the large shear deformation potential. In G
on the other hand, the isotropic and shear deformation po
tials are nearly equal, and there is a partial compensatio
their influence in the case of uniaxial strain and, due to th
smallness, only a weak effect for biaxial strain. Second,
consider theB1

low andA1(TO) modes of AlN, which remain
nearly unaffected by uniaxial strain. This behavior can
understood as a consequence of the very large shear d
mation potential of these modes which nearly cancels
influence of the isotropic deformation potential, since f
uniaxial strain the shear potential ‘‘counts twice.’’ This ca
cellation is almost complete for theB1

low mode, which there-
fore shows a nearly vanishing strain dependence, and
mains incomplete for theA1(TO) mode, where a very wea
strain dependence results.

F. Electronic energies

The influence of both biaxial and uniaxial strain is al
investigated for the highest occupied electronic energy lev
G6v and G1v and the lowest unoccupied levelG1c . The re-
sulting energy gapsEi of the i 5A,B, andC optical transi-
2-13
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J.-M. WAGNER AND F. BECHSTEDT PHYSICAL REVIEW B66, 115202 ~2002!
tions as well as the strain-dependent crystal-field splitti
are plotted in Figs. 8~a! ~GaN! and 8~b! ~AlN !. For compari-
son, the behavior in the presence of hydrostatic pressu
shown in Fig. 9. The effect of the spin-orbit splitting is n
taken into account. However, its influence on the strain
pendence of the various electronic energies should be n
gible. The corresponding strain coefficients are derived
rectly from the slopes in Fig. 8 and are given in Table V
together with the volume deformation potentialsaV

i

5(V ]Ei /]V)0.
There is a completely different behavior of theA/B or C

transitions versus biaxial or uniaxial strain. TheC transition
shows a relatively larger variation, i.e., gap shrinkage w
tensile biaxial strain, than theA/B transitions, which in turn
are more sensitive to uniaxial strain. As a consequence
GaN the energetical ordering of theA/B and C transitions
changes at small tensile biaxial strain~approximately 0.1%!
due to the small crystal-field splitting in the strain-free ca
which we obtained asDcr

GaN(0)59.3 meV. This is in good
agreement with other calculations82 and with experimenta
findings,82,84provided that the assignment of theA, B, andC
transitions to a certain energy gap is made according to

FIG. 8. Differences of electronic energy levels at theG point of
~a! GaN and~b! AlN vs biaxial ~solid line! and uniaxial~dot-dashed
line! strain.

FIG. 9. As in Fig. 8 but for the case of hydrostatic pressure. T
energy differences are given vs the relative volume compress
Note the different scaling of the ordinates in~a! and ~b!.
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symmetry of the states which form the respective gap
similar crossing of the transition energies occurs for sm
compressive uniaxial strain. In AlN, theC energy gap
slightly increases with tensile uniaxial strain. Here the cro
ings are found only for large strains due to the large ze
strain value of the crystal-field splitting, which we calculat
to beDcr

AlN(0)52244 meV. Furthermore, it is interesting t
note that in AlN theA/B transition behaves nearly identica
under uniaxial and biaxial strain, whereas this is not the c
for GaN.

In contrast to the transition energies, the strain behavio
the crystal-field splitting is rather similar in GaN and AlN
As pointed out by Wei and Zunger,91 for biaxial strainDcr

mainly follows the changes of the structural parametersc/a
andu, with a more sensitive dependence on the latter. Her
is found that, independent of the strain type, the crystal-fi
splitting decreases with increasingu and with decreasing
c/a. The variation ofDcr is larger in AlN where the relative
change both ofu and ofc/a is larger than in GaN~cf. Table
II !. This also holds for the case of hydrostatic compress
whereu andc/a exhibit nearly no change in GaN, wherea
in AlN there is a remarkable increase~decrease! of u (c/a)
with rising pressure.26

The average values of the volume deformation potent
agree well with results of otherab initio calculations using
the linearized muffin-tin orbital~LMTO! method.41,83 The
same conclusion holds for the hydrostatic-pressure co
cients (]EA/B/C /]p)up5052aV

A/B/C/B0 given in Table VII.
There are several experimental values for GaN.86–88The or-
dering of their magnitude does not correspond to that of
respective volume deformation potentials~cf. Table VI!. This
is due to different values of the bulk modulus used. T
theoretical values tend to slightly underestimate the m
sured pressure coefficients. This may be related to the un
estimation of the fundamental gap within the DFT-LDA. Th
inclusion of quasiparticle corrections should somewhat
crease the absolute values of the deformation potentia83

The pressure dependence of the crystal-field splitting
found to be in good accordance with experiment. The va
obtained from the calculation, which is the difference b
tween the pressure coefficients of theA/B and theC gap, is
0.3 meV/GPa, and experimentally, a value of 0.4 meV/G
is found.87

The pressure coefficients can also be combined from
coefficients (]EA/B/C /]s'/uu)us50 per unit stress~also given
in Table VII!. The experimentally determined biaxial-stre
coefficients deserve special attention, since in some ca
the same errors were incorporated as discussed above fo
phonon coefficients. For example, in Ref. 78 two stress
efficients for the near-band-gap emission were given, wh
suffer from errors in the conversion factors and the conv
sion formula. Instead of227 meV/GPa, the value dete
mined from x-ray diffraction has to be216 meV/GPa, and
according to the corrected coefficient for theE2

high Raman
mode, the value determined from the Raman experiments
to be 29.1 meV/GPa instead of221 meV/GPa. Further
from Ref. 78 a relation follows between the shift of the l
minescence peak and the shift of theE2

high Raman mode of

e
n.
2-14
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TABLE VI. Strain coefficients and volume deformation potentials~in eV! of the band-gap energies fo
biaxial and uniaxial strain as well as for hydrostatic compression, respectively, in comparison with
directly determined experimental and theoretical values. Where necessary, the factorRB for conversion of
coefficients relative toezz to ones relative toexx is shown. Additionally, valuesaV for the average gap from
the literature are also listed.

]EA/B

]e'

]EC

]e'

]EA/B

]euu

]EC

]euu
aV

A/B aV
C aV

GaN
present 24.85 215.68 29.02 20.48 27.21 27.26
calc. 25.5a 213a 28,a 26.9,b 27.8c

exper. 28.2,a 28.56,d 29.22e 213,a 28.8,f 28.9,g 29.2h

28.7,i 27.2j, 29.4k 217.24d

212RB (26.4)l

217RB (29)m

AlN
present 27.73 221.58 29.50 1.58 29.70 28.60
calc. 29.0,b 28.8c

aReference 82~for the biaxial strain coefficient of the fReference 86.
crystal-field splitting, a calculated value of29 eV is gReference 87.
mentioned, however, it does not fit to the two values hReference 88.
for the gaps!. iReference 89.
bReference 41. jReference 90.
cReference 83. kReference 7.
dReference 84. lReference 64.
eReference 85. mReference 12.
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24.4 meV/7.4 cm2153.331023 eV cm. In contrast, in Ref.
12 a value of 6.631023 eV cm was reported. The latter pa
per gave a value for the biaxial-stress coefficient
227 meV/GPa, which has to be corrected for the used e
tic moduli to end up at219 meV/GPa. This seems to b
quite a reasonable value, since similar values, which are
from the above-mentioned errors, are reported in two ot
studies.7,89 Nevertheless, we have to conclude that the str
coefficient calculated for theA/B transition in GaN is too
low. On the other hand, the corrected values of the st
coefficients also show that, by using a luminescence s
the stress which accompanies the biaxial strain might h
been underestimated so far.

The deformation potentials of theA, B, andC electronic
transitions are listed in Table VIII. As mentioned in Sec. II
our results were obtained from calculations for ‘‘artificia
deformations. The agreement with the results of anot
first-principles calculation based on pseudopotentials66 is ex-
cellent for both GaN and AlN. This holds in particular for th
deformation potentials of the crystal-field splitting but al
for the deformation potentials that apply to strain in the pla
perpendicular to thec axis. The values obtained within
full-potential linearized-augmented-plane-wave method93,94

show the correct trend. However, the absolute values
different. This may be partly due to the elastic constants
have been used, since in a previous paper, where diffe
ones were chosen, the obtained deformation potentials w
larger.92 In the latter paper, however, it seems that the val
for b1 andb2 were interchanged. Much better agreemen
11520
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obtained with a FP-LMTO95 and a first-principles pseudopo
tential calculation.39 Unfortunately, the comparison with th
majority of the calculations is incomplete since only the d
formation potentialsD1–D4 for the valence bands are give
and not those for the conduction band. Therefore, no co
ment can be made concerning the transition-related defor
tion potentials.

The so-called quasicubic approximation for the electro
deformation potentials is defined by the relationsb1
'22b2 and a22a1'b1. We find that the first relation is
valid for GaN and not too bad for AlN, but the second o
does not hold for GaN at all, whereas for AlN it is sti
reasonable. This conclusion is confirmed by the results of
calculation presented in Ref. 66. The approximate validity
the quasicubic approximation in the AlN case is surprisin
since for the other properties studied, it has been found to
the more anisotropic material. Conversely, in the GaN cas
was not expected that the second relation is not applica
The reason for this is that the deformation potentials desc
the strain-relatedchangesof the electronic band structure
which are not necessarily related to the latter in the
strained case. Rather, the strain brings about signific
changes in the atomic geometry. Strong deformations of
bonding tetrahedra may induce remarkable deviations fr
the quasicubic character of the electronic states.

For a comparison with measured data one should bea
mind that the experimental extraction of the deformation p
tentials, in addition to the use of certain assumptions,
quires a knowledge of many parameters, especially abou
2-15
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TABLE VII. Stress and pressure coefficients~in meV/GPa! which give the gap changes for biaxial an
uniaxial stress as well as for hydrostatic pressure, respectively. The values in parentheses are recalc
order to adjust for deviating formulas and/or values of the elastic stiffness constants. For comparison
for the average gap from the literature are also listed.

]EA/B

]s'

]EC

]s'

]EA/B

]suu

]EC

]suu

]EA/B

]p

]EC

]p

]Eg

]p

GaN
present 210.5 233.9 224.2 21.29 34.8 35.1
calc. 33,a 39b

exper. 227 (219)c 44,d 43,e

227 (216)f 39g

221 (29)h

220,i 219j

AlN
present 216.5 246.0 229.5 4.9 46.2 41.0
calc. 44,a 40b

aReference 41. gReference 88.
bReference 83. hReference 78, strain determination
cReference 12. from Raman measurements.
dReference 86. iReference 7.
eReference 87. jReference 89.
fReference 78, strain determination
from x-ray measurements.
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an
sample quality, the band structure close to the band gap,
the homogeneity of the strain. Also the elastic constants
reference values for the stress-free lattice constants, w
are required for the determination of the strain, play a cru
role, as discussed above. Furthermore, in many case
evaluation of the deformation potentials is possible only
der additional assumptions. Usually, a homogeneous bia
strain is assumed in the GaN layer, and the quasicubic
proximation for the deformation potentials is used. The la
holds for the results of Refs. 6,37,84,85, and 97–99. T
data of Ref. 96 were obtained by assuminga15a25aV . The
latter results were used both in Ref. 6~with the additional
assumption ofacx5acz5aV/2! and in Ref. 97~carefully dis-
cussing the influence of the different sets of elastic const
on the results!. In Ref. 98, findings of Refs. 85~experimen-
tal! and 93~calculated! have been used for the derivation
the results. The reinterpreted data of Refs. 6 and 97 sho
more realistic trend than the original ones. The agreem
with some of the experimental deformation potentials
GaN is reasonable,37,97,98except for the case ofa2, which is
somewhat larger in the experiment. This might be due to
utilization of the quasicubic approximation. In part, the a
solute values of the deformation potentials referring to
crystal-field splittings,b1 and b2, are somewhat overest
mated by the theory; the agreement with the more rec
results84,85,99is, however, rather good.

From the deformation potentials, also the strain coe
cients can again be obtained. This is particularly interes
in those cases where these values have not been give
plicitly. One has ]EA/B /]e'52RB(a11b1)12(a21b2)
and ]EC /]e'52RBa112a2. The resulting values are als
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listed in in Table VIII. A comparison with Table VI show
that our results, which were obtained from independent c
culations, completely agree with each other. Only for G
are experimental values available. The agreement with
calculated results is less satisfying than it was for the de
mation potentials. In general, there is a tendency for so
underestimation of the experimental results by the electro
structure calculations. On the other hand, in comparison w
the data given in Table VI, the experimental strain coe
cients also show discrepancies among themselves.

IV. SUMMARY

In summary, we have usedab initio density-functional
calculations to investigate structural, elastic, dielectric, vib
tional, and electronic properties of strained GaN and A
wurtzite crystals. The space-group-conserving biaxial a
uniaxial strains parallel to thec axis have been studied. W
observed that biaxial and uniaxial strains induce qualitativ
similar changes of the bond lengths. Nevertheless, the in
nal strain and the bond angles are found to exhibit oppo
tendencies with the two different strains. For slightly com
pressive biaxial strain, on the one hand, and for slightly t
sile uniaxial strain, on the other hand, we observed a t
dency for realization of bond angles corresponding to id
tetrahedra.

The different elastic behavior of GaN~quasicubic! and
AlN ~anisotropic!, as previously found under hydrostat
pressure, also follows from a comparison of the biaxial a
uniaxial strain-relaxation coefficientsRB andn. Conversely,
we demonstrated that the known physical behavior of
2-16
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TABLE VIII. Deformation potentials of theA,B, andC transition energies~in eV!. For comparison, the
resulting biaxial strain coefficients are also given. They are obtained using the following values forRB: For
the calculated ones, the respective theoretical result is used, but for all experimental ones, again the
Polianet al. ~Ref. 44! is employed. In addition, the zero-strain value of the crystal-field splitting~in meV! is
also shown.

a1 a2 b1 b2 Dcr(0)
]EA/B

]e'

]EC

]e'

GaN
present 24.09 28.87 27.02 3.65 9.3 24.86 215.69
calc.a 25.55 29.38 26.61 3.55 35.3 26.11 216.23
calc.b 22.92 5.84 72.9
calc.c 23.03 1.52 72.9
calc.d 22.99 1.63 72.1
calc.e 25.7 2.85 36
calc.f 25.80 3.25 50.4
exper.g 26.5 211.8 25.3 2.7 211.9 220.1
exper.h 28.16 28.16 21.44 0.72 10.0 29.76 211.97
exper.i 24.78 26.18 21.4 0.7 16 27.67 29.81
exper.j 25.32 210.23 24.91 2.46 10.0 210.09 217.62
exper.k 25.73 2.86 21
exper.l 28.82 4.41 22
exper.m 23.1 211.2 28.2 4.1 22 28.18 220.75
exper.n 27.2 3.6 10

AlN
present 23.39 211.81 29.42 4.02 2244 27.75 221.55
calc.a 24.38 212.48 29.18 4.10 2211 29.01 222.46
calc.c 24.46 2.23 258.5
calc.d 24.76 2.04 258.5
calc.e 29.6 4.8 2215
calc.f 28.84 3.92 2176

aReference 66~the original data of this paper refer hReference 96.
to the center of gravity of the valence bands iReference 6.
and have been recalculated!. jReference 97.

bReference 92. kReference 84.
cReference 93. lReference 85.
dReference 94. mReference 98.
eReference 95. nReference 99.
fReference 39.
gReference 37~in this paper, only a value for a
combination ofDcr(0) with spin-orbit-splitting
parameters is given!.
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elastic material~here: of GaN and AlN! under hydrostatic
pressure can be used as a test for the reliability of its ela
stiffness constants.

The linear strain coefficients of the dielectric consta
and dynamic charges are similar for biaxial and uniax
strain, at least from a qualitative point of view. A somewh
contrary behavior is shown by thexx (zz) component of the
Born charge tensor of GaN~AlN ! and thezz component of
the static dielectric constant of AlN versus the uniax
strain. We stated an enhanced anisotropy of the static die
tric constants compared with the high-frequency ones an
rather large sensitivity of the static dielectric constants w
respect to the biaxial strain.

The strain dependences of the zone-center phonon
11520
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quencies are rather similar for all mode symmetries and
dependent of the group-III atom. However, the mode f
quencies are much more sensitive to biaxial strain than
uniaxial one. The strain coefficients differ practically by
factor of 2. The only exception is represented by the low
E2 modes. A mode softening has been observed for bia
strain, while the lowerE2 modes exhibit a ‘‘normal’’ behav-
ior under uniaxial deformation, although the absolu
changes are small. Furthermore, the phonon frequency s
were described on the basis of a decomposition into con
butions stemming from an isotropic and a shear strain. T
corresponding deformation potentials show significant diff
ences between GaN and AlN. The unusual behavior of
lower E2 modes of both GaN and AlN as well as that of th
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lower B1 and theA1(TO) mode of AlN has been discussed
terms of only these two contributions.

The comparison of the calculated biaxial strain coe
cients of the zone-center phonon frequencies of GaN w
measured values shows reasonable agreement, wherea
the stress coefficients this holds only after a recalculation
the experimental data. In many cases, the latter have t
corrected for the elastic stiffness constants and conver
formulas employed. We noted that an appropriate definit
of the strain-free situation is important as well. The recal
lated coefficients give a reliable basis for a characteriza
of the strain and/or stress stage of GaN and AlN layers
by measuring the shift of the Raman frequencies. We poin
out that, since the biaxial stress coefficients are smaller t
previously reported, up to now the accompanying stress
been underestimated.

The fundamental optical transitions at the absorption e
of the wurtzite group-III nitrides areG6v→G1c (A/B) and
G1v→G1c (C). In general, their energies show the same t
dency versus biaxial or uniaxial strain: There is a gap w
ening for compressive strain and, hence, a gap shrinkage
tensile strain. However, the degree of the gap changes,
the strain coefficient, depends strongly on the transition
the strain type. In AlN theA/B transition behaves nearl
identical under uniaxial and biaxial strain, whereas this is
.
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the case for GaN. In general, theC transition gap is rather
insensitive to the applied uniaxial strain, but exhibits t
strongest variations in the case of biaxial strain. More or l
the opposite effect happens for theA/B transitions. The rea-
son for this is the opposite behavior of the crystal-field sp
ting versus biaxial or uniaxial strain. This opposite behav
represents the different dependence of theG6v andG1v levels
on increasing thec/a ratio and theu parameter. We found
that the electronic interband deformation potentials of G
do not fulfill the widely used quasicubic approximation i
stead the latter holds for AlN, in contrast to their oppos
elastic behavior.

Note added in proof.Recently, our attention was brough
to an experimental result by Saruaet al.who found a phonon
frequency shift of 3 cm21/GPa for theE2

high mode of AlN
under biaxial stress.100
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