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Properties of strained wurtzite GaN and AIN: Ab initio studies
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The structural, dielectric, lattice-dynamical, and electronic properties of biaxially and uniaxially strained
group-lll nitrides are studiedb 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 AIN 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 AIN. 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-frequenEy phonon or excitonic transitions should be higher than
determined by other authors.
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I. INTRODUCTION wurtzite nitrides. Moreover, there is a variety of contradic-
tory data for the stress coefficient of the high-frequekgy
An important problem in growing GaN and AIN layers on mode of GaN. Therefore, a consistent description of the elas-
crystalline substrates like, e.g., sapphire, SiC, ZnO, Si, ofic properties and of the strain and stress dependence of the
GaAs, is related to the large lattice mismatch and the differphonon frequencies as well as of the dielectric properties of
ence in the thermal-expansion coefficients between epitaxiavurtzite GaN and AIN is highly desirable.
layer and substrate. They can cause large biaxial stresses in In this paper, we preseab initio studies of the influence
the epitaxial layers. For instance, such a stress is compre8f biaxial and of uniaxial strain on the atomic structure as
sive for hexagonal GaN grown on sapphire, or tensile fowell as on the accompanying physical properties of wurtzite
GaN on 64-SiC1~3 The situation is more complex in the GaN and AIN as examples of group-lll nitrides. Biaxial
case of GaN/AIN heterostructures or superlattices, where 8train is considered due to lattice mismatch or thermal strain
mutual influence of the different material layers may oécur. during epitaxial growth, whereas uniaxial strain could be a
Whereas investigations of strain effects have been widelgonsequence of an applied external uniaxial pressure. We
reported for the electronic and optical properfie®~°much  focus on the elastic properties of wurtzite GaN and AIN by
less is known about their influence on the lattice-dynamicafescribing the relaxation behavior of their lattices subjected
properties and the electron-phonon interaction. Théliio  to these symmetry-conserving strains through characteristic
coupling of longitudinal-opticalLO) phonons to electrons is ratios of the elastic constants, which we determine from an
governed both by the high-frequency and the static dielectri€Xplicit treatment of these strain cases. Furthermore, for the
constant® According to the Lyddane-Sachs-Teller relation, Strained crystals we calculate the dielectric constants, the
the latter is related to the former by the zone-center LOBorn effective charges, and the zone-center phonon frequen-
phonon and transverse-opti¢aiO) phonon frequency. There cies. The internal-strain effects are explicitly taken into ac-
were only a few Raman studies of the optical phonons undegount. The energies of the lowest conduction band and the
biaxial strain which are accompanied by a determination ofighest valence bands are calculated to obtain the strain de-
the phonon deformation potentials in GdRefs. 7 and 11 pendence of the interband transitions. The calculational
[without covering theE;(LO) modd or of the strain and Methods are described in Sec. I, whereas the results are
stress coefficient for the high_frequenaé mode of GaN d?SCUSSEd in Sec. Ill. Finally, in Sec. IV a brief summary is
(Refs. 12—1%and AIN® by the investigation of carrier con- 9given.
centrations in GaN® or by the study of stress and strain in
the vicinity of cracks in AINY Il. CALCULATIONAL METHODS
Shifted phonon frequencies are straightforward signatures
of the strain state of a layer. The shift coefficients are com-
monly also used to infer the stress state from Raman experi- The numerical computations are performed in the frame-
ments, especially from micro-Raman investigatibh®8e-  work of the density-functional theopFT) within the local-
sides the use of a reference value for the unshifted phonotiensity approximatiofiLDA). Explicitly, a pseudopotential-
frequencies, this requires a knowledge of the elastic propeplane-wave code is used. Details of the method may be
ties of the material under consideration. On the other handpund in Refs. 19 and 20. The electron-electron interaction is
there are still considerable uncertainties concerning the vadescribed by the Perdew-Zunger interpolafibithe valence
ues of the elastic constants and of related quantities for thelectron-ion interaction is treated bwb initio norm-

A. Numerical approach
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conserving pseudopotentials. They are generated according Cis

to the scheme of Troullier and Martik8 A nonlinear core V= o 3
correction(NLCC) is taken into accourft In this way we 1z

account for the effect of the semicore Gd 8lectrons. The i.e., the Poisson ratio for this case. We refer to the accompa-
electronic eigenfunctions are expanded into plane wavesying deformation as uniaxial strain. To treat the uniaxial
The soft-core pseudopotentials allow the restriction to a relacase we keep the lattice constariixed, and determina and
tively low cutoff energy of the plane-wave expansion. Weu by energy minimization. This is done for a set of values
use 75 Ry, i.e., a slightly larger value than in previous calnearc, and, in the linear limit, the coefficient follows
culations of the unstrained nitridé$?° This is a conse- immediately. By definition, the uniaxial stress is related to
guence of the high accuracy requirements for the determinahe strain along the direction of the stress by the Young
tion of the atomic coordinates in the ground state consideringnodulus. In the case under consideration, this reagls
differently strained crystals. The summation over the Bril-=Eg,,, and the Young modulus is given by

louin zone(BZ) is performed using sets of Chadi-Cohen spe-

cial points®* Convergence is reached for 12 points in the 2C§3
irreducible wedge of the BZ of the considered hexagonal E=Cg3— CutCo 4
crystal.

A homogeneous biaxial stress in the plane perpendicular
B. Strain and stress to the c axis of the wurtzite lattice is described by constant
forces in this planeg,,= oy, and vanishing forces along
he c axis, o,,=0. Then Hooke’s lawWEgs. (2)] gives a re-
lationship between the strain componenés,= —RBe,,,
with the coefficient

The ground-state properties in the strain-free case are o
tained by a minimization of the total energy with respect to
the two lattice constantsanda as well as the dimensionless
internal parameteu of the wurtzite structure. The equilib-
rium parameterg,=5.111(4.929 A, a,=3.145(3.089 A, oC
and u,=0.3775 (0.3825, resulting for unstrained GaN RB=""1
(AIN), are used to define the actual strain tensors. As pertur- Cas
bations we consider biaxial or uniaxial straor stresswith | jayise, this deformation is also referred to as biaxial
an orientation parallel to theaxis of the crystal. The accom-  gyain |n order to determine the biaxial relaxation coefficient
panying deformations conserve 0§, space-group symme- RB, we choose lattice constanésclose to the equilibrium
try. Consequently, the strain tenseris diagonal and pos- gne and, in each case, minimize the total energy of the sys-

®

sesses the components tem with respect to the second lattice constarand the
internal parameteu to obtain the relaxed value af. The
€xx= €yy=(a—ap)/ay, (18 in-plane stress is related to the in-plane strain by the biaxial
modulus. This reads = Ye,,, and the biaxial modulus is
€,,~(Cc—cgy)lcy. (1b)  given in terms of the elastic stiffness constants as
The internal strain is defined by the variatiam-ug)/ug. In 2c'f3
the limit of small deviations from the equilibrium, Hooke’s Y=Cut+Co~ = (6)
law gives the corresponding diagonal stress temsoith the 3
elements In some cases, a relation to the strain along ¢haxis is
useful, which obviously reads,,= — (Y/R®)e,,. Since here
Oxx=0yy=(C111 Cy1p) €xx+ C1z€,7, (28  the Young modulus is related to the biaxial modulus via
0,,=2C 1364+ Caz€yy. (2b) Cas¥ 2w @

= =Y,
o . CutCp, RB
In Egs. (2) four of the five independent stiffness constants
Cij of the considered wurtzite crystal occur. The modifica-the former relation can also be expressed as
tions of Eqs.(2) by the built-in electric field due to the spon-
taneous and piezoelectric polarization are neglected because 1
of their smallness. Oxx= ~ 5, E€zz. (8)
In the general case of a uniaxial stress, the external forces
vanish in the plane perpendicular to the stress direction andihe last equation is also known to hold for elastically isotro-
hence, there is an elastic relaxation of the lattice in thipic media2® Nevertheless, it is not restricted to that case,
plane. The ratio of the resulting in-plane strain to the deforsince here it also holds for the wurtzite symmetry due to the
mation along the stress direction is expressed by the Poiss@pecial strain case under consideration.
ratio, which in the general case can be anisotropic. For the Finally, in the case of hydrostatic pressipréhe (nonzerg
wurtzite lattice subjected to a uniaxial stresgs, parallel to  components of the stress tensor are equal=o0,,=0,,
the ¢ axis, o= oyy=0 holds. Then Eqs(2) give the rela- =—p, and from Hooke’s law it follows that,,= R"e,y,
tion e,,= — ve,,, With the coefficient with the ratio
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are directly related to the tensor components of the square of
the ionic plasma frequency and, hence, to that of the
screened Born effective chargeZy(),., with the reduced

However, in the explicit calculation of the elastic stiffnessmassu of the cation-nitrogen pair, the effective volunve

constants we consider the su@,¢+ C,,) as an independent

per pair, and the dielectric permittivity constang.>°

quantity, and make use of the relation of the elastic constants In general, the resulting phonon frequencies of a strained

to the isothermal bulk modulus:

_ (C1+C1)Cay— 2C,
0 C11+ C12+ 2C33_ 4C13.

(10

Equation(10) can be derived from Eq$2) and the(linear-
ized relation —Ap/By=AV/Vy=2¢€,,+ €,,, With the pres-
sure variationAp (around p=0 GPa), the corresponding
change in volume&\V, and the equilibrium volum&,. Val-
ues for the bulk moduluB, have been obtainétiby fitting
the Vinet equation of statéto the calculated volume depen-
dence of the total energy. Explicitly, we use the relations

Y=|2 11 4|RB|B 11
=12+3515 0 (11)
and
1
Ci= Y/( — RB) (12

to obtain the absolute values of the elastic constants.

C. Dielectric and dynamical quantities

wurtzite crystal are shifted or split with respect to the strain-
free values. In the linear strain limit these shifts and split-
tings are related to the strain tensoby®'~33

A(J‘)(Al):a(Al)(exx'i_ ny)+b(A1) €22, (166)
Aw(Eyp)=a(Eyp)(ext 6yy) +Db(E1pe€,,
*c(Eqp) \/( Exx— Eyy)2+46>2<y (16b

in dependence on the mode symmejryA; or E4». The
non-Raman-activ®,; modes follow a similar relation as the
A1 modes. The coefficient(j), b(j), andc(j) are the cor-
responding phonon deformation potentials per unit strain.
Since here we are considering symmetry-conserving strains,
the tensore is diagonal and only the deformation potentials
a(j) andb(j) are involved® They are determined directly
from the ab initio calculations by the following “artficial”
deformation. While keeping one lattice constant fixed at its
equilibrium value, the other one is slightly strained, and the
internal parameteu is determined from energy minimiza-
tion. For this artificial strain state, the phonon frequencies are
calculated, and the differences to the ground-state values im-

The dielectric properties, i.e., the dielectric constants ananediately give the respective deformation potentials as linear

the dynamical charges, as well as the lattice-dynamical pro

erties, i.e., the eigenfrequencies and eigenvectors of the la
tice vibrations, are calculated in the framework of the

density-functional perturbation theofpFPT) (Ref. 28 for
resulting “equilibrium” geometriesc, a, andu at a given
biaxial or uniaxial strain defined by a parameten = e,y
=€yy) O €| (=€,,), respectively. Here a generalization of
the DFPT (Ref. 19 is used that takes into account the
NLCC. The DFPT allows a direct calculation of the high-
frequency dielectric tensot,, and the tensor of the Born
effective chargesZg. Their combination gives the nonana-
lytical contribution to the dynamical matrix due to long-

pqoefficients.

;. For the considered cases of biaxial and uniaxial strain the
diagonal elements of the strain tensey, and €,,, are re-
lated to each other by the ratid®® (biaxial case or v
(uniaxial casg Consequently, one can relate the linear fre-
quency shift directly to the given biaxial straén or uniaxial
straine||. We write the shift as

Aw(j):KLIH(J-)QIH- 17

The strain coefficient& , () are related to the deformation
potentials by K, (j)=2a(j)—R®b(j) and Ky (1)

range macroscopic electric fields. The tensor components of —2va(j)+b(j) for all zone-center phonon modes

the static dielectric constantg, are derived from a general-
ized Lyddane-Sachs-Teller relatfdn

(£8) war! (£) aa= 0lo( @) Wi a). (13

A certain tensor componentr&x or z) is related to the

j=A4(LO and TO, E4(LO and TO, E,(high and low, and

B (high and low. However, we determine the values of the
strain coefficients directly from the calculated phonon fre-
quency shifts under biaxial and uniaxial strain. Furthermore,
using the respective stress-strain relation, the frequency
shifts (17) can be related to the corresponding uniaxiglor

zone-center LO- and TO-phonon frequencies of the wurtzitgyiayial & stress parameter. Thereby, in the linear stress limit

crystal belonging to the displacement directioiand, hence,
to a certain symmetn,; or A;. The differences of the cor-
responding frequency squares,

e%(Z%)2,
wEo(a)— w%o(a)=ﬁ. (14
(ZE ia:(ZB)ia/(Sm)aaa (15)

one obtains the coefficiemEl,H(j) giving the frequency

change per unit stress ak, (j)=K, (j)/Y and K(j)
IKH(j)/E.

D. Electronic structure

In the wurtzite case of GaN and AIN the lowest conduc-
tion (c) band and the top of the valence)(bands are situ-
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FIG. 1. Parameters of the atomic geometry vs the biaxial strain. GaN: solid line; AIN: dashed line. The lattice cofastdné ratio of
lattice constants/a (b), the normalized volum&/V, (c), the internal parameter (d), the bond lengthse), and the bond angled) are
considered. The bonds along thaxis (nearly perpendicular to)iare labeled by (L). The labele (8) denotes the angle between the bond
parallel to thec axis and(one oj the three bonds nearly perpendicular t¢hbietween two bonds nearly perpendicular to ¢hexis).

ated at thd™ point in the BZ. Without spin-orbit interaction mentioned above. Equatio$9) also allow the definition of
they are related to aslike I'; state and tq-like I'g, and  the strain coefficients JdE;/de;)|—o (i=A,B,C and j
I',, states. The two latter states are separated by a crystat L ,||) of the optical transition energies for the cases of bi-
field splitting Ag;=er, —er, . Two energy gaps can be de- axial and uniaxial strain, respectively. Again, these are deter-
fined by Epp=er. —er. and Ec=epr. —er. , according Mined directly from the corresponding strains. As for the
lc e b phonon frequency shifts, using the respective stress-strain
relation these strain coefficients can be directly converted to
the corresponding coefficients&; / do)| ,— o per unit stress.

to the optical transitiond’g,—1"y. (A,B) and I'j,— I

(C). In GaN,E,z is the fundamental gap, whereas in AIN it
is the C transition gap due to the negative crystal field
splitting 3% The applied strain influences both the energy

gap and the crystal-field splitting. Without spin-orbit interac- Ill. RESULTS AND DISCUSSION

tion the relevant energy levels are describefl by A. Strained structures
er, (€)=ep, (0)+acE,,+ac(exteyy), (183 Structural results of the total-energy optimizations are
1 1 presented in Figs. 1 and 2 for biaxial and uniaxial strain,
er, (€)=er, (0)+ D€+ Dol exct &)+ Daeyy respectively. As expected, due to the lattice relaxatiois-
v v son effect one observes a decrease of thé) lattice con-
+D 4 exxt €yy), (18h stant with increasing tensile biaxi@liniaxia) strain. From

these relations we immediately obtain the coefficieREs
er, (e)=er (0)+Di€e;+Do(ete,y). (189  andv, which are listed and compared with other theoretical
and experimental dat@erived from the elastic stiffness con-
The electronic deformation potentiads,, acx, D1, andD,  stantg in Table I. In general, the behavior of GaN and AIN is
characterize the effect of both hydrostatic and uniaxial straitather similar. Although it is difficult to conclude for which
contributions to theé\/B energy gap. The deformation poten- material the respective relaxation effect is more pronounced,
tials D; andD, are related to the strain-induced changes ofit can be noticed that the effect of biaxial stréirs expressed
the crystal-field splitting. As a consequence the gap energigsy the ratioR®) is larger than that of uniaxial straifas

are given by’ expressed by) by a factor of about 2.6 for GaN and 2.9 for
AIN.
Ea(€) =Eap(0) Tarez,+ a(exxt €yy) T b€z, Correspondingly, for both materials the change in volume
+ Dol €0t €yy), (199 is much larger for biaxial than for uniaxial strain. The frac-
i tional volume changeAV/Vy=2e,,+€,, amounts to (2
Ec(€)=Enp(0)+A(0)+a;6,,+ 856+ €yy), —RB)¢, in the biaxial case and to (12 v) €| in the uniaxial

(19b) one. The values of the prefactors are found exactly as the
) ) ) slope of the curves in Figs.(d and Zc). The internal pa-
with the deformation potentiala; =a.,~D; and @;=acx  rameteru and, hence, the internal straini+ ug)/ug obvi-
—D of the interband transitions. The quantities=—Ds  q,5ly show a different strain behavior than the lattice con-
a}nd b2='—' D, are thg deformation pqten'tlals of the crystal- stants, which is nevertheless systematic: It always changes in
field splitting. Its strain dependence is given as the opposite way to the ratio of the lattice constantsc/es
_ _ _ shrinks,u increasegand vice versg regardless of the strain
Acl €)= Acl0)=brezz— byt €yy). (20 type (uniaxial or biaxial. The same behavior was also found
Analogously to the phonon deformation potentials, the elecunder hydrostatic pressuf®lt corresponds to the tendency
tronic ones are also determined from the “artificial” strains of the wurtzite lattice to be resistant to changes of its bond
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FIG. 2. Parameters of the atomic geometry vs the uniaxial strain. As in Fig. 1 but insteddeofattice constard is studied in(a).

lengths, as pointed out by Wrigft.The linear strain coeffi- while for AIN there are significant differences. The deviating
cients are summarized in Table Il. Again, they are not so venpehavior of the two nitrides under consideration is also vis-
different for the two nitrides considered. ible in the presence of hydrostatic pressure. From RHe
The rather strong internal strain effects dominate thesalues of Table I it follows that, in this case, only GaN ex-
variations of the bond lengths and bond andlefgs. X&),  hibits an approximately homogeneous dilatatioe., a pro-
1(f), 2(¢), and 2f)]. Interestingly, the lengthd=uc of the  portional contraction since RE,\~1.0, while for AIN the

bonds parallel to the axis increase in both strain cases. Thecompression is anisotropicRl~1.2). This was observed

effect is stronger for uniaxial strain. This follows the increase ,. L . . . 7
of ¢ directly. Moreover, even in the case of biaxial strain thed'rec'[Iy in high-pressure x-ray-diffraction experimerfs,

decrease of the-lattice constant is accompanied by an in- and was Gag,'g‘ggf"””d I|b initio calculations for hydrostatic
crease of the bond lengths parallel to thaxis. The lengths pressuré>***° Therefore, the quality of calculations and

B \/ﬁ _ measurements of elastic stiffness constants of wurtzite GaN
d, = V3a“+ (3 —u)“c” of the bonds nonparallel to theaxis g AN can be easily characterized by the dimensionless

also increase with tensile biaxial strain, while in the uniaxialqu(,mtmeS RE, », 2v/(1—»), and R". For instance, in
case there is more or less a compensation of the variations gfs case of GaN it appears that reliable values are close
¢, & andu, resulting in almost constant bond lengths of that;; RB—( 50 . . 0.56, »=020...021, 2/(1-v)

kind. For certain strain values, all bond lengths of one mate- 49 0.54, an@R"~1.0. The situation is less clear for

rial become equal. However, this does not result in idealy|\ since the deviations between the results are larger.

tetrahedra, since the bond angles remain different. Nevertheless, the values can be expected to lie in the
The opposite behavior of the bond angtesind 8 versus range RE=05...0.6, »=0.18...021, 2/(1—v)

biaxial or uniaxial strain is particularly interesting. Thereisa_n45 053 an®"=1.2.
tendency for the reduction of the deformation of the bonding e reason f’or these differences between GaN and AIN
tetrahedra for compressive biaxial strain or tensile uniaxial; pe traced back to the elastic stiffness constants, which
strain. The angles approach the value 109.47° of the idealq 5150 listed in Table I. Our results are in excellent agree-
tetrahedron. However, again, the tetrahedra remain deformefant with otherab initio calculations® This holds in par-
because of unequal bond lengths. In the opposite directiongcar for AIN. In the case of GaN, the stiffness constants
ten5|l_e b|6_1X|aI stra|r_1 and compressive unlax_lal strain, th&51culated within our method are slightly larger, mainly due
bonding zigzag chains perpendicular to thexis are flat- ¢4 the relatively small value oR®. The agreement with re-
tened, i.e., the bonding tetrahedra are compressed alomg th%ently measured valu¥s4 is reasonable for both nitrides.
axis by shrinking the vertical distancg { u)c of the X-N  Therefore, since in our case all quantities arise from the same
layers (X=Ga,Al) toward a planar structure. The angle type of DFT calculations, the derived elastic constants rep-
tends toward 90°, whereas the angfedend toward 120°. resent a reliable basis for the extraction of phonon and elec-
This implies a tendency for dehybridization from ideal®  tronic deformation potentials. There is also satisfying agree-
hybrids towards p? and p, orbitals. ment with another recent calculatidh, although the
presentedCs; value for GaN stands out. Nevertheless, con-
sidering the mentioned ratios of the stiffness const&¥s
RM, andv, the results of this calculation also provide a rea-
For cubic crystals and for elastically isotropic materials,sonable description of the elastic properties of the wurtzite
RB®=2v/(1— v) holds. Due to their uniaxial crystal structure, nitrides. This also holds in part for those of the sehiinitio
the wurtzite nitrides should exhibit an anisotropic behavior,calculation for AIN*® except for the too larg€,;+ C;, and
and the comparison of the ratiov1—v) with the actual the somewhat larger modi,, E, andY. On the other hand,
value ofR® provides information about the deviation of their the calculated results of Ref. 41, which are obatined using
elastic properties from cubic behavior. From Table | it isthe full-potential linear muffin-tin-orbital (FP-LMTO)
obvious that for GaN, 2/(1— ») comes rather close tB®,  method, show too large @,,+ C;, for GaN (therefore, the

B. Elastic behavior and stiffness constants
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TABLE I. Elastic stiffness constantén GPg as well as related moduli and coefficierisee the text
compared with results of othésemiy ab initio calculationg& " and measuremefits. Underlined values for
the bulk modulus are obtained directly from total-energy calculations, all other ones are derived from the
elastic stiffness constants using E40). The experimental values from Refs. 50 and 51 are not directly
measured but are derived from fits to other published data and, therefore, are given in parenthesis. The
experimental values from Ref. 49 are recommended values “based on the average of consistent
measuremenis!"*” and, therefore, are given in braces.

2v

R v - RM Y E B, Cp+Ci, Cys Cas

GaN

present 0.502  0.202 0506 0.99 463 373 207 515 104 414
calc? 0509 0.205 0516 0.98 450 363 202 502 103 405
calc? 0553 0.212 0538 1.04 432 332 197 490 104 376
calcd 0510 0.185 0454 1.16 489 355 207 540 100 392
calc® 0.269 0.119 0269 1.00 523 461 201 540 64 476
exper? 0533 0.198 0494 111 479 356 210 535 106 398
exper. 0564 0.212 0538 1.07 458 343 208 520 110 390
experX 0598  0.228 0591  1.02 432 329 204 500 114 381

expel. {0504 {0.19¢ {0.469 {1.10 {467} {352 {201 {516 {98 {389
exper’ (0593 (0.222 (0570 (10§ (376 (281) (175 (433 (96) (324

exper? 1.18 0.371 1.18 1.01 239 150 195 426 158 267
exper? 1.09 0.212 0.538 3.25 413 161 173 537 114 209
exper. 0.416 0.156 0.370 1.15 481 362 192 514 80.4 387
exper? 0.413 0.156 0.370 1.15 481 362 192 514 80.0 387
AIN

present 0.611 0.210 0.532 1.21 469 322 210 538 113 370
calc? 0.579 0.203 0.509 1.20 470 329 207 533 108 373
calc? 0.585 0.207 0.522 1.17 474 337 212 540 112 383
calc’ 0.567 0.189 0.466 1.30 547 365 240 613 116 409
calc? 0.665 0.236 0.618 111 454 322 218 538 127 382
calc! 0.665 0.257 0.692 0.94 410 317 209 494 127 382
exper’ 0.509 0.177 0.430 1.25 510 354 210 560 99 389
exper. 0.513 0.182 0.445 121 499 354 209 550 100 390

exper™  (0.609 (0.233 (0.608 (1.00 (44) (339 (21) (5149 (120 (395
exper’  (0.714 (0.235 (0.614 (125 (496 (326 (237 (596 (140 (392

exper® 0.608 0.255 0.685 0.84 397 334 201 470 120 395
%Reference 38. KReference 48, values for epitaxial layers.
PReference 39. 'Reference 49.

‘Reference 40. "Reference 50.

dReference 41. "Reference 51.

*Reference 42, transformed from values fGaN. °Reference 52.

'Reference 43. PReference 53.

9Reference 44. 9Reference 54.

PReference 45. 'Reference 55.

iReference 46. SReference 48, values for bulk samples.

iReference 47.

correspondindR™ is also too largeand a slightly too large a C;;+Cy,, so thatR" is even smaller than 1.0. From the
C,3for AIN (so thatRE is somewhat too large aril’ some-  preceding discussion it follows that the latter regiiig®
what too sma)l. The FP-LMTO data that were transformed should be used with caution.

from zinc-blende GaNRef. 42 without taking into account Considering the experimental results, it can be noticed
lattice relaxation effects suffer from a too sm@l|;, which  that although the elastic ratios are reasonable for the fitted
gives rise to a very small value &2. The low-cutoff-energy  values of Ref. 51 in the case of GaN, the moduli and stiffness
calculations of Ref. 43 for AIN, which accidentally give re- constants are too small. The converse applies to AIN, where
sults similar to those of Ref. 41, result in too small athe moduli and stiffness constants of Ref. 51 compare well
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TABLE II. Calculated strain-free value, and linear strain coefficients (44)(dX/de, )0 of param-
eters of atomic geometryX(=c,a,c/a,u,d; andd, ); absolute lengths are in A

GaN AIN

X XO € E” XO € E”

c 5.111 —0.502 1.000 4.929 —0.611 1.000

a 3.145 1.000 —0.202 3.084 1.000 —0.210
c/a 1.6252 —1.507 1.199 1.5982 —1.621 1.209

u 0.37747 0.694 —0.551 0.38245 0.805 —0.633
d 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

with the other data presented, except for the too |&ge Ref. 64, a value of 0.45 can be obtained, if as strain-free
This causes thR® and v ratios likewise to be too large. The reference for the lattice constants the data from Leszczynski
fitted values of Ref. 50 suffer from an underlying model for et al®® are used. In addition, values of 0.4%Ref. 66 as
a cubic crystal, which is not justified for AIN. The measure-well as 0.400 and 0.38¢oth from Ref. 67 have been cal-
ments of Ref. 52 gave too low a value fG5,+Cy, of AIN,  culated byfirst-principles methods. Except for the largest
which results inRR™<1.0. For GaN, on the other hand, there ones, these data significantly underestimate the results listed
are several measurements which show deviations for singl@ Table I. The discrepancies become even more obvious if
elastic stiffness constanfgo small aCy; (Refs. 48 and 56 these values are used to derive elastic constants under the
and too small &3 (Ref. 54] which cause significant errors assumption of quasicubic behavior. The corresponding val-
in the corresponding elastic ratios, but there is also one set afes for the Poisson rati@xcept forRE=0.689), according
results the use of which should be completely avoitieef.  to the relationy=R®/(2+R®), are obtained in the range
53). Unfortunately, this latter set of values has been pub0.160-0.194. They again tend to be much smaller than those
lished in the Landolt-Bmstein data collection. given in Table |. The elastic constants that can be derived

According to Table | the relatiorC,;+C;,~Cy3+C33  from these data show the general trend 1Ba comes out
holds with good accuracy for GaN but not for AIN. In agree-too small and all other values too large. Unfortunately, in
ment with the relations that are fulfilled for GaR'~1.0  the literature there are no reports on directly measured
and 2v/(1—v)~RB, the different elastic behavior of GaN values ofv.
and AIN is mainly determined by the largé;,+ C,, value The reasons for these deviations are not clear, but some
of AIN, which is also the reason for its larger biaxial modu- aspects may be mentioned. To determine the strain, a refer-
lus Y. The value of the ratidR®/[2v/(1—v)]=(C;;+Cy1,  ence value has to be known which corresponds to a fully
—C13)/Cg3 can serve as an estimate for a lower limitRif  relaxed crystal and therefore represents the strain-free case.
if it is larger than 1.0an upper limit if it is smaller than 1)0  Generally, the lattice constants of GaN show unusually large
Due to the quasicubic behavior, the relations between th@iuctuations®® and it is difficult to determine the “true” un-
elastic moduli for GaN can be approximated by simplifiedstrained value$> Here we mention that, strictly speaking, for
expressions. The biaxial modulus and the Young modulus arghe purpose of the investigation of elastic relaxation this ref-
related to the bulk modulus vi¥~3By(1—3R®) =3B(1 erence value has to be understood as describing a cfyestal
—2v)/(1-v) and E=~3By(1—3R®)/(1+3RB®)=3By(1 from external stresslnternal stress effects due to defects,
—2v). These two moduli are related to each other by substituent atoms, and free carriers can still be present but
~Y/(1+3RB)=Y(1-). In each case, the conversion fac- need not be corrected for, since in principle it is t@mne
tors can be expressed using either the biaxial relaxation carystal which is considered in both stressed and stress-free
efficient or the Poisson ratio, which themselves are in thistates. The biaxial relaxation behavior manifests itself in the
case related to each other through=2v/(1—v), as men- slope of thec versus thea lattice constant, independent of
tioned above. Table | shows that these relations are by ntheir equilibrium values. It was shown that only if the biaxial
means valid for AIN. relaxation coefficientR® is extracted from themeasured

In contrast to the experimentally and theoretically well-slope the equilibrium value ofc/a is of minor numerical
established results for the hydrostatic coefficight, there  influence? Since the equilibrium is in each case defined by
are contradictory reports odirect experimental results for the conditiono=0, the corresponding lattice constants may
the biaxial strain rati®R® of GaN. No values are reported for vary between different samples. Therefore, “the” pair of ref-
AIN. The measuredREaN values 0.689Ref. 60, 0.48(Ref.  erence values,, c, of an ideal GaN crystal may not be
7), 0.45 (Ref. 2, 0.43 (Ref. 61, and 0.38(Ref. 62; some- universally applicable. Nevertheless, usually such lattice
times this value has been cited as the one for the Poissatpnstants are assumed to be independent of the doping level,
ratio) show significant deviations among themselves. Addi-the density of defects etc. Furthermore, the above-mentioned
tionally, from the results obtained in Ref. 63, a value of RS,y values were obtained from a comparison of different
0.386 can be extracte@vhich fits their data better than the samples, not from one single crystal that was subjected to
one from the literature which they use@nd from Fig. 1 of  varying stress or strain statéas in the case of hydrostatic
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FIG. 3. Tensor componentsX, z2) of the Born(screenefef- FIG. 4. As in Fig. 3, but for AIN.
fective chargeZg (Z%) and the high-frequencystatio dielectric
constante,, (g5) of GaN vs strain. Solid line: biaxial strais, ; and nearly perpendicular to tleeaxis). The same trend holds
dot-dashed line: uniaxial straie, . for AIN, but is much less pronounced. The in-plane tensor

components of the screened effective charges of both GaN
pressurg In contrast, the elastic stiffness constants haveand AIN are rather insensitive to both biaxial and uniaxial
been measured for only one sample and can therefore lstrain. On the other hand, trz components show opposite
expected to be more reliable in representing the elastic barends with biaxial or uniaxial strain. For GaN, this is due to
havior of the wurtzite nitrides. To resolve this problem, com-the opposite trends ofe(.),,, whereas for AIN this origi-
bined x-ray and uniaxial-pressure experiments are called fatiates from the behavior ofg),,.
in order to directly observe the Poisson effect of GaN and Apart from the in-plane components of the dielectric con-

AIN single crystals. stants as functions of uniaxial strain, the other dielectric
components in Figs. 3 and(dght panel$ as well as in Table
C. Dynamic charge and dielectric constant Il (lower par} indicate remarkable changes induced by

. strain. Outstanding examples are the static dielectric con-
The Born and screened effective charges as well as th g P

Ga . . .
high-frequency and static dielectric constants behave rath%znrzragsdt%trl\aﬁiax ngflifi;rr:tes %?X;ﬁl Slzgr;rt]i.ti(-arshegoﬁsc,)izse?:z
similarly for GaN (Fig. 3) and AN (Fig. 4, at least consid- Apart f?om (es),7 Of AIN in the case ofquniaxial distortions '
ering the sign of the linear strain coefficients for biaxial Orthl?e Strain coséf?izcients in Table Il are positive. However
uniaxial strain(Table Ill). The most significant exceptions I P L '
concern thezz component of both the Born charge and the>0Me 'compgnents exhibit a rather .no.nllnear' behavior. This
static dielectric constant versus uniaxial strain. There is g'OIdS in particular for ), versus biaxial strain anc:(Q),,

L - . versus uniaxial strain.
monotonic increase with strain for GaN, whereas a decrease L ;
At vanishing strain, we calculate the values )y

is observed for AIN. For uniaxial strain, thex componentof > (4.30, (£),7=5.39(4.52), (&5)x=9.24(8.00, and

the Born charge behaves in the opposite manner in GaN an(d‘S ),,—10.35(9.56 for GaN(AIN), in close agreement with
S/zz " " ’

AIN. _ _ ,
In the majority of cases, the quantities in Figs. 3 and 4experlmental data. Available experimental values are
behave more or less differently versus biaxial and uniaxia‘sgli‘N)XX:9'5'6319'28(Ref' 70 and (Sgahzlzﬁ: 10.47° 179-270
strain. The main reason is the opposite effect of the strain&s )xx=7-98; 8.3|(Ref. 72 and (5 ),,=9.18," 8.9
parallel and perpendicular to theaxis. For GaN, the com- (Ref. 72 as well ass{™ = 8.50(determined from a polycrys-
ponents of the high-frequency dielectric constant nearly foltalline samplg’®, furthermore £5"),,=5.35%5.29/°5.14

low the behavior of the corresponding bond lengiparallel  (Ref. 74 and °®),,=5.317* as well as £2™),,=4.687°
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TABLE lll. Calculated strain-free valueX, as well as linear and quadratic strain coefficients<g}/
X (aXId€, )0, (1/)(0)((92X/aef,”)0 of tensor components of dielectric properti&é<Zg, Z§ , €., &,
Ag). First value: linear coefficient; second value: quadratic coefficient.

GaN AIN
X XO € GH XO € EH

(Ze)x 2.60 0474 0011 —-0.133 0006 254 0.175 0.010  0.011—0.005
(Zg),, 274 0189 0076 0125 0.096 2.70 0.521  0.106-0.319 0.098
(Z8) 114 -0287 —0.065 —0.198 —0.027 1.23 —0.119 —0.028 —0.073 —0.017
(z%),, 118 0157 -0031 —0536 0016 1.27 0441  0.036 —0.519 0.034

(e.)x 520 1525 0176 0.129 0.068 4.30 0588 0.081 0170  0.025
(e.),, 539 0062 0214 1309 0.184 452 0.160 0140 0399  0.134
(edy 924 2371 0308 0161 0.031 800 1493 0194 0363  0.007
(e,, 1035 1158  0.093 1.287 0432 956 2.159  0.308-0.339 0.489
(Ae)y 404 3460 0240 0201 —0.008 3.70 2544 0.162  0.588 —0.007
(Ae),, 496 2347 —0019 1.262 0351 504 3.956 0.229-1.002 0.404

4.647° 4.4 (Ref. 72 and (8A'N =4.872This agreement al- are larger in the biaxial case compared to the uniaxial one.

o0 zz
lows a reliable discussion of the lattice contributions to theHowever, theA;(TO) andBP* modes in AIN remain nearly
static polarizabilities of the group-Ill nitrides: unaffected by uniaxial strain. Closer inspection reveals that
they even show a weakly nonlinear behavior.
e?(Zg)?, In the hydrostatic limit the effect can be explained by a

(Ae)aa=(85)aa—(8x)aa=™ (21)  general shortening of the bonds and, as a consequence

soVpoio(a)

This expression follows from a combination of relations
(13), (14), and(15). For nitrides the relative contribution of
the lattice toeg is unusually largéapproximately 509% be-

ing about 1.5 times stronger than for SiC. Furthermore, the
difference between th&x and zz components is strongly
enhanced for the static constant compared to the HF dielec-
tric constant, i.e., the anisotropy is much larger fégrthan

for e,,. This is due to the different LO-TO splittings for the
A; and theE; phonon modessee Sec. Il ). The variation

of the lattice polarizability for both directiong=x andz is
relatively weak for uniaxial strairicf. Table Ill). However,

the linear coefficients for biaxial strain approach relatively
large values as do already the coefficients of the dielectric
constants themselves. That implies a remarkable increase of
the lattice polarizability with rising values of tensile biaxial
strain.

E,(LO) / A,(LO)

Phonon frequency (cm™)

135 -
1 | 1
D. Zone-center phonon frequencies — 7
The strain dependence of the Raman frequencies of . 220 I A (LO-TO) _______:
modes withA;, E;, and E, symmetry as well as of the e 200 - E, (LO-TO) 7
non-Raman activ8,; modes is plotted in Figs. 85aN) and L g0k L
6 (AIN). TheA;(LO) andE;(TO) modes appear for phonon =N ]
propagation parallel to theaxis, whereag&,(LO), A,(TO), = X TOEA) -]
and E{(TO) are observable for propagation directions per- 50- 20 - T‘
pendicular to the axis. The nonpolaB; andE, modes do N S Lo & :;;
not depend on the phonon propagation direction. There is a o
general tendency in the strain dependence for all modes un- -2 -1 0 1 2

der consideration except from the lowEr, modes. With
rising compressive strain the mode frequencies increase. This
effect has already been observed for hydrostatic presSure. FiG. 5. Zone-center phonon frequencies of GaN vs biaxial strain
However, it also occurs for biaxial and uniaxial distortions, e, (solid line) and uniaxial strairg (dot-dashed line In addition,

but with different strengths. In general, the strain variationsghe LO-TO and anisotropy-related splittings are given.

Strain (%)
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- o B raise a question concerning the role of the internal strain.
- ] . . . oy
2 According to Figs. 1 and 2 the internal parameaite¥xhibits
2 -1 0 1 2 opposite behaviors for biaxial and uniaxial strain. For
L phonons, Fig. 7 indicates a clear symmetry dependence of
Strain (%) . L
the internal strain influence. Only th#, andB; modes fol-
FIG. 6. As in Fig. 5, but for AIN. low the general behavior discussed for Figs. 5 and 6. Con-

versely, theE; andE, modes decrease their frequencies with

thereof, an enlargement of the force constants. In the case ofcreasing compressive internal strain. This is related to the
biaxial strain, i.e., a reduction of thelattice constant ac- fact that theA; andB; modes are accompanied by atomic
companied by a smaller increase of thkattice constant, this displacements parallel to theaxis, whereas the correspond-
bond contraction occurs mainly for the three bonds nonparing E; andE, displacements point in the perpendicular di-
allel to thec axis (cf. Fig. 1). Similarly, under compressive rection. Therefore, the bond expansion parallel todtais
uniaxial strain the bonds are also shortened, but in particulagind the corresponding contraction of the other bonds have
the one parallel to the axis (cf. Fig. 2. However, the different consequences.
change in unit-cell volume that occurs along with these The internal-strain dependences of the splittings of the
bond-length variations is much larger in the case of biaxiapolar optical phonon frequencies exhibit the opposite behav-
strain than for the uniaxial one, which partly accounts for theior. Whereas for the modes &f, symmetry the LO-TO split-
different magnitude of the frequency shifts. ting remains practically uninfluenced or decreases, inAthe

The lowerE, modes in Figs. 5 and 6 behave oppositelycase this splitting increases with increasing tensile internal
under biaxial and uniaxial strain. As under hydrostatic presstrain. Additionally, from our computations we obtain that
sure, these modes are softened with rising compressive biathe screened effective charges hardly vary with the internal
ial strain. However, in the presence of uniaxial strain thestrain. Therefore, since the volume is fixed, according to ex-
behavior of the lowelE, modes is normal. The anomalous pression(14) the changes of the splitting are mainly related
variation of the lowelE, frequencies with biaxial strain is a to the opposite tendencies of the corresponding sum of fre-
consequence of the interplay of several elastic and Coulomfuencies. The increase of the splittings between the TO
contributions to the lattice vibrations in the case of the lowemodes of different symmetry with increasing tensile internal
E, mode’’” For GaN, the experimentally determined phononstrain (cf. Fig. 7) directly shows the increase of the elastic
deformation potentialsconfirm the positive sign of the biax- anisotropy in a unit cell. The anisotropy due to the macro-
ial mode coefficient, i.e., the mode softening. Recently, thescopic, long-range electric field is of opposite effect com-
shift of this mode to higher energy under tensile biaxialpared to the elastic one, because EheA; splitting is re-
strain was also observed experimentally for AfN. duced for the LO modes compared to that for the TO modes.

The qualitatively similar effects of hydrostatic, biaxial, Since the anisotropy of the macroscopic electric field de-
and uniaxial deformations on the zone-center phonon frepends only on the screened effective charges, it remains
qguencies and the general shortenings of the bond lengthgactically unchanged. The slightly smaller slope of the dif-
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TABLE IV. Linear coefficients per unit strainK, ,(j) (in cm 1), or per unit stressf(L,”(j) (in cm Y/GPa), of the zone-center
vibrational modeg. The last two columns give values for the LO-TO splittings. The obtained biaxial coefficients are compared with
experimental resultéRefs. 7, 11-17, and 76In some measurements the biaxial strain coefficient was obtained relative d@tie strain
€,, and not to the in-plane straia, . For clarity, here we list the originally measured data and indicate the necessary conversion by the
additional factoiR®. Where appropriate, the experimental coefficients are recalculated to correct for a wrong conversion formula or deviating
values of the elastic stiffness constants. The resulting numbers are given in parentheses. The values in braces are obtained from a fit that
covers a wider strain rangde.

EloW BloW A, (TO) E,(TO) Ebion Bhign A;(LO) E,(LO) LO-TO
A, E,
GaN
K, (j) 154  -527 -931 —1139 —-1115 —-836 —-885 —1198 46  —59
268 — 6412 —-1314 —12582 —191 (- 842
—693(—1214)P
—263RB(—1395)¢
— 25378 (— 1345y
Kji(J) -24  —149 —443 —-300 —-418 - 696 -618 -389 —175 -89
K. () 033 ~-114 -2.01 —2.46 -2.41 -1.81 -1.91 -259 010 -0.13
0.5 —1.42 —2.8 —-2.7 —-0.8(—1.8)°
-3.0{—-2.1¢° -3.9{-3.3,°
-2.9(-25)p
—42(-29)°
-48(-2.8)8
-2.4
Ry (j) —0.06 —40 -1.19 -0.80 -1.12 -1.87 ~1.67 -1.04 -047 -0.24
AIN
K, (j) 439  —1047 —~1330 —-1208 —1198 ~738 -1038 -1233 292 -25
—439&RB (—2239)9
—-1829
Ki(j) —288 40 -70 —-391 —532 -516 —434 —442 —-355 —51
K. () 094 -223 -2.84 —-2.58 —-2.55 —-1.57 -2.21 -2.63 062 —0.05
-6.3(—4.4)9
-39
Ky(j) 089 0.2 -0.22 —-1.21 —-1.65 -1.60 -1.35 -1.37 -1.10 -0.16
aReference 7. ®References 16 and 76.
bReference 11. fReference 14.
‘Reference 12. 9Reference 15.
dReference 13. "Reference 17.

ference of the LO frequencies is due to the increashig for the E}9" modé®'’ only. For GaN, several experimental
(LO-TO) splitting and, therefore, results from the overall de- geformation potentials and stress coefficients exist for this
crease of the frequencies of the modes whithsymmetry, as  mode. In general, good agreement is obtained with the coef-

discussed above. ficients measured by Davydat al.” This holds not only for
N _ _ ES9" but also for other modes, in particular f&g(TO). The
E. Phonon mode coefficients and deformation potentials discrepancy concerning th, (TO) mode will be discussed

The linear strain coefficients  ;(j) (in cm™ 1) are listed  below. For the stress coefficient of this mode, another experi-
in Table IV. In addition, in this table the linear stress coeffi- mental resul shows very good agreement when a larger set
cientsRL,H(j) per unit stressi.e., in units of cm */GP3 are of samples is used for fitting, which then covers a wider
given. They are obtained from the strain coefficiefits(j) strain range. The general trend that the calculated values tend
using the calculated elastic stiffness constants presented ia be somewhat smaller than the experimental ones is con-
Table 1. For GaN, these coefficients are compared with exsistent with the same trend which was previously observed
perimental results foy=ES", A;(TO), E{(TO), E;9", and  for the calculated hydrostatic pressure coefficients of the

A4 (LO)." 14 78F0r AIN, there are two experimental results phonon moded] K"(j)=[dw(j)/dp],—o. Since the three
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independently calculated coefficients fulfill the relationthe agreement can be considered to be very good, taking into
RL(j)+R\|(j): —KH(j), the stress coefficients can be ex- account the above-mentioned overall deviations. In general,

pected to be likewise smalléapproximately 20% It is not comparing the calculated and measured coefficients for GaN
clear whether this is a shortcoming of the calculation or duednd considering the uncertainties of the experimental results
to uncertainties in the experimental procedure. and the variations among the different measurements, the
It is important to notice that the originally published ex- agreement between theory and experiment in Table IV is
perimental biaxial mode coefficients only seldom are the di-satisfactory. The considerable lowering of the value of the
rectly measured data. Either the published values are alreadjress coefficient of thE59" mode of GaN due to the recal-
converted to stress coefficients via elastic stiffnessulation implies that, by using the Raman shift of this mode
constants?41%%r the mode coefficients have to be recon-as a measure of the biaxial strain, up to now the accompa-
structed from phonon deformation potenttalsvhich have nying stress has been underestimated.
been obtained by means of additional mode pressure coeffi- Sometimes, in the case of a biaxially strained crystal a
cients (or Grineisen parametersor both conversions have relation of the frequency shift to the relative volume change,
been madé:! Due to these varying procedures, additionalAw(j)=—wo(j)¥(J])AV/V,, is used as an approximation,
errors are introduced to the results. On the other hand, in ReWith the phonon frequency in a strain-free situatiop(j)
13 no such conversions were employed, and the strain coeénd the mode Gneisen parametey(j). This relation is
ficient was given only with respect &,,, since the variation strictly valid only in the presence of hydrostatic pressure
of the lattice constant is measured. For this result, a cor- and, therefore, its application to the case of biaxial strain has
rection is necesssary due to another source of error that ote be justified. This simply means the use Kf (j)=
casionally occurs in the published valuesfor, which con-  —wo(j) ¥())(2—R®) instead of K, (j)=2a(j) —R®b(j).
sists of the use of a wrong relatirbetweeno, ande,,.  Since in terms of the phonon deformation potentials one has
Furthermore, in Ref. 12 isotropic elastic moduli were unnecK (j)=[2a(j)+R"b(j)]1(2—RB)/(2+R"), in general,
essarily extracted from the stiffness constants according tthis “hydrostatic approximation” is only valid for those
the Voigt averagé? which applies only for polycrystalline modes where the deformation potential§) andb(j) are
samples that consist of crystallites having an arbitrary orientnearly) equal. The calculated phonon frequency in the
tation. Therefore, we stress that the published values in se\train-free case and the deformation potentials are listed in
eral cases depend both on the parameter sets and the proggple V. The latter agree completely with the ones deter-
dure used_ for their extraction from the _“raw" experimental mined previousl§* which were derived from the strain co-
data. For instance, as the sets of experimental results for thgficients, Table V shows that for GaN the criterion of nearly
elastic constants from Ref. 5&f. Table ) stand out both ef\qual values for(j) andb(j) is fulfilled only for theEgigh,

with respect to the absolute values for elastic constants . .
GaN (partially also for AIN and with respect to the elastic C:r:olds aEEJOXImater fordthekl(TO) a(r;d E4(LO), :ut falls_
relaxation coefficients of AIN, their use for the evaluation of or the 3™, E4(TO), andA,(LO) modes. From the experi-

stress-strain factors should be avoided, although, inciderentally determined mode Graisen parametéf V(nggh)
tally, Y has a reasonable value. Instead, if one employs the 1.50, the measured zero-pressure frequénay(E5®")
results of McNeilet al. (Ref. 49 for the elastic constants, the =567.0 cn?, and the elastic constants of Poliahal** a
value of the mode coefficient for the high-frequenBy  numerical value ofk|(EN9")=—1248 cnm! is obtained.
mode of AIN is considerably lowered.Still, the agreement  Again using the elastic constants from Ref. 44, this corre-
between experimental and theoretical results is not completgponds to a value of the stress coefficient of
Also, the result which can be extracted from the phonon-3 6 cmi !/GPa, which indeed approaches the calculated
deformation potentials of AIN given in Ref. 17 is consider-aye given in Table IV. Previously, by using this approxi-
ably larger than the calculated one. Unfortunately, in the 'at'mation, a value of—3024 cm 'R was obtained for the
ter paper no details about the derivation procedure of thgjayia| strain coefficient of this mod®This is probably due

phonon deformation potentials were given. . to a mode Groeisen parameter which is too large, since it
In several papers the measured frequency shift versus t%as derived using a bulk modulus of 245 GPa
c-axis strain,Aw/e,,, was given explicitly. Therefore, to |

minimize the influence of additional errors we prefer to list A more general interpretation of the strain effects on the

these original data in Table IV where possible. They areohonon.frequencies i; possible in all cases of symmetry-
identified by the necessary conversion fadg@t which has ~ CONServing strains. With respect to the in-plane strain com-
been added for consistency. In order to avoid the influence df°Nent. the strain tensor can be expressed s
the use of different formulas and elastic constants, we have €« diad(1,1R), whereR can take any required value. For
partly recalculated the stress coefficients from the originallyih® Special cases of hydrostatic pressure, biaxial strain, and
measured data. To be consistent, measured elastic stiffnedgiaxial strain, it equal®", —R®, and — 1/, respectively.
constants have been used for both G&ef. 44 and AIN*®  Any strain of this type can be decomposed into an isotropic
The reevaluation brings the experimental results rather clos@ccounting for the volume changand a pure shear com-
to the calculated ones. This holds especially for the biaxiaponent(without change of the volumee= €°°+ €™, with €
strain coefficients and the accompanying stress coefficients €'*° diag(1,1,1)+ e diag(1,1;-2). The relative volume
for the E59" and A;(LO) modes of GaN. For these modes change is given byAV/V,=3€"°. Since the trace of the
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TABLE V. Phonon deformation potentiatg(j) andb(j) (in cm 1) for GaN and AIN. Additionally, the
resulting isotropic and shear deformation potentisl§%(j)=2a(j) +b(j) andK(j)=2[a(j)—b(j)], are
given. The mode frequencies(j) (in cm™ ) calculated in the strain-free case are also listed.

= BIoW A(TO)  E4(TO) Ehian Bhian A (LO)  E4(LO)

GaN
o(j) 142 337 540 568 576 713 748 757
a(j) 75 —334 —640 —-717 —742 —661 — 664 —775
b(j) 4 —275 —695 —-591 —-715 —941 —881 —703
Kiso(j ) 154 —943 —1975 —2025 —2199 —2263 —2209 —2253
Kj) 142 —-118 110 —252 —54 560 434 —144
AIN
o(j) 241 552 618 677 667 738 898 924
a(j) 149 —580 —776 —835 —881 -601 —739 —867
b(j) —223 —-197 —394 —744 —906 —757 —-737 —808
K‘S"(j ) 75 —1357 —1946 —2414 — 2668 —1959 —2215 —2542
KSj) 744 —766 —764 —-182 50 312 -4 -118

shear deformation matrix vanishes, the decomposition ighe ratio e €° is negligible only for GaN. This allows for
unique only up to an arbitrary factor that determines thean interpretation of unusual strain behaviors of some of the
magnitude of the shear deformation paramet&t, For the  phonon modes. First, we come back to the lo&Egmodes.
decomposition chosen here, the isotropic and the shear dgy AIN, the frequency of this mode shows a vanishing de-
formation parameter are given by*°=e¢,,(2+R)/3 and pendence on the hydrostatic pres$lrbut a significant
€= €,,(1—R)/3. Correspondingly, any linear phonon fre- variation with uniaxial and biaxial strain. The opposite be-
quency shift can be expressed A% =(Aw)"°+ (Aw)S", havior is found in GaN, where the uniaxial and biaxial strain
with (Aw)™°=(2a+Db)€e™ and Aw)S"=2(a—Db)e* The  dependences are rather weak, but in the case of hydrostatic
corresponding phonon deformation potentials for the isotropressure a distinct mode softening occurs. This stems from
pic and shear deformation are therefoke®(j)=2a(j) the fact that, for GaN, due to the nearly vanishing shear
+b(j) andK*(j)=2[a(j)—b(j)]. They are given in Table deformation under hydrostatic pressu&]e,,=0.003, only
V. Due to the mentioned indeterminateness of the value ofhe isotropic deformation potential is involved, whereas for
the shear deformation parameter, the value of the shear d&iN, due to the larger contribution of shear strain, there is a
formation potential of the phonon frequend$s”, is unique  near cancellation of the influence of the isotropic and the
only up to a common factor. shear deformation potential. The latter two potentials are of
Whereas the isotropic deformation potentials are ratheextremely different magnitudes in AIN, so that the frequency
similar for GaN and AIN and, except for tHe?" andB!®  shifts of this mode under uniaxial and biaxial strain are
modes, take values of similar magnitude, the shear deformatominated by the large shear deformation potential. In GaN,
tion potentials show significant differences, both betweerpn the other hand, the isotropic and shear deformation poten-
GaN and AIN and among their modes. A systematic trend igials are nearly equal, and there is a partial compensation of
hard to find. For both materials, the shear deformation potheir influence in the case of uniaxial strain and, due to their
tential of th(—:tE'z1igh mode is rather small, whereas that of the smallness, only a weak effect for biaxial strain. Second, we
B9" mode is rather large. For oy modes one has similar consider theBf" andA,(TO) modes of AIN, which remain
values forkshin GaN and AIN, with that of the LO mode nearly unaffected by uniaxial strain. This behavior can be
being smaller than that of the TO mode. On the other handJnderstood as a consequence of the very large shear defor-
some modes show the opposite behavior in GaN and AINmation potential of these modes which nearly cancels the
KSTAl(LO)] is small in AIN but large in GaN, and the op- influence of the isotropic deformation potential, since for
posite holds for thé\;(TO) mode. Finally, th&*"values of  uniaxial strain the shear potential “counts twice.” This can-
the E'2°W and theB'{’W mode are very large in AIN but below cellation is almost complete for th@'{’w mode, which there-
average in GaN. fore shows a nearly vanishing strain dependence, and re-
The three symmetry-conserving strains under considernains incomplete for thé,(TO) mode, where a very weak
ation are completely different concerning their decomposi-Strain dependence results.
tion into isotropic and shear strain components. For both
nitrides €5%e,,= —1(3) and Ve, =2(%) nearly hold in F. Electronic energies
the case of uniaxialbiaxial) strain; furthermoreY e, =1 The influence of both biaxial and uniaxial strain is also
in the case of hydrostatic pressure. However, in this case, thavestigated for the highest occupied electronic energy levels
value of ee,, nearly vanishes for GaN but amounts to I's, andI';, and the lowest unoccupied levE}.. The re-
—0.07 for AIN. Therefore, in the hydrostatic pressure casesulting energy gapg; of thei=A,B, andC optical transi-
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S sook ® ] symmetry of the states which form the respective gap. A
2 SN Epp (T Te,) | similar crossing of the transition energies occurs for small
@ 475 | compressive uniaxial strain. In AIN, th€ energy gap
:cj P S slightly increases with tensile uniaxial strain. Here the cross-
o T ings are found only for large strains due to the large zero-
’é a5 strain value of the crystal-field splitting, which we calculated
2 = AC-T)  F to beAé’N(O)z — 244 meV. Furthermore, it is interesting to
s 0.00 = note that in AIN theA/B transition behaves nearly identical
2 025 S T ] under uniaxial and biaxial strain, whereas this is not the case
g L7 ~41 | ' ] for GaN.
& -o.5o_;’- -1 : (') : 1' = In contrast to the transition energies, the strain behavior of
the crystal-field splitting is rather similar in GaN and AIN.
Strain (%) As pointed out by Wei and Zungét,for biaxial strainA,

FIG. 8. Differences of electronic energy levels at theoint of mainly f.OHOWS the Changes of the structural parametées .
(a) GaN and(b) AIN vs biaxial (solid line) and uniaxiakdot-dashed andu, with a more sensitive dependence on the latter. Here it

line) strain. is found that, independent of the strain type, the crystal-field
splitting decreases with increasing and with decreasing

tions as well as the strain-dependent crystal-field splitting$/a. The variation ofA, is larger in AIN where the relative
are plotted in Figs. @) (GaN) and &b) (AIN). For compari- ~ change both ofi and ofc/a is larger than in GaNcf. Table
son, the behavior in the presence of hydrostatic pressure I§). This also holds for the case of hydrostatic compression,
shown in Fig. 9. The effect of the spin-orbit splitting is not whereu andc/a exhibit nearly no change in GaN, whereas
taken into account. However, its influence on the strain dein AIN there is a remarkable increasdecreaseof u (c/a)
pendence of the various electronic energies should be neglhwvith rising pressuré®
gible. The corresponding strain coefficients are derived di- The average values of the volume deformation potentials
rectly from the slopes in Fig. 8 and are given in Table VI, agree well with results of otheab initio calculations using
together with the volume deformation potentias,  the linearized muffin-tin orbita(LMTO) method!"®* The
=(V JE;/dV),. same conclusion holds for the hydrostatic-pressure coeffi-
There is a completely different behavior of tAéB or C  cients GEugc/dp)|,—o=—al® /B, given in Table VII.
transitions versus biaxial or uniaxial strain. TBeransiton There are several experimental values for G&N®The or-
shows a relatively larger variation, i.e., gap shrinkage withdering of their magnitude does not correspond to that of the
tensile biaxial strain, than th&/B transitions, which in turn respective volume deformation potentiét$. Table VI). This
are more sensitive to uniaxial strain. As a consequence, it¢ due to different values of the bulk modulus used. The
GaN the energetical ordering of t#¢B and C transitions  theoretical values tend to slightly underestimate the mea-
changes at small tensile biaxial straapproximately 0.1%  sured pressure coefficients. This may be related to the under-
due to the small crystal-field splitting in the strain-free casegstimation of the fundamental gap within the DFT-LDA. The
which we obtained aggaN(o)zg_g meV. This is in good inclusion of quasiparticle corrections should somewhat in-
agreement with other calculatidisand with experimental crease the absolute values of the deformation potefifials.
findings®2®* provided that the assignment of tAeB, andC The pressure dependence of the crystal-field splitting is

transitions to a certain energy gap is made according to thund to be in good accordance with experiment. The value
obtained from the calculation, which is the difference be-

tween the pressure coefficients of tRéB and theC gap, is
0.3 meV/GPa, and experimentally, a value of 0.4 meV/GPa
is found®’

The pressure coefficients can also be combined from the
coefficients (QEA/B/C/ﬁO'l/”)L,.:O per unit stressalso given
in Table VII). The experimentally determined biaxial-stress
coefficients deserve special attention, since in some cases,
the same errors were incorporated as discussed above for the

6.0

55

5.0

Electronic energy differences (eV)

4.5 phonon coefficients. For example, in Ref. 78 two stress co-

L efficients for the near-band-gap emission were given, which

0.2 ] suffer from errors in the conversion factors and the conver-
_0:1 T B S S sion formula. Instead of-27 meV/GPa, the value deter-
0 2 4 & 8 0 2 4 & 8 mined from x-ray diffraction has to be 16 meV/GPa, and

according to the corrected coefficient for tE§'9" Raman

mode, the value determined from the Raman experiments has
FIG. 9. As in Fig. 8 but for the case of hydrostatic pressure. Th0 be —9.1 meV/GPa instead of-21 meV/GPa. Further,

energy differences are given vs the relative volume compressiorffom Ref. 78 a relation follows between the shift of the lu-

Note the different scaling of the ordinates(@ and (b). minescence peak and the shift of tB§9" Raman mode of

Compression 1-V/V, (%)
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TABLE VI. Strain coefficients and volume deformation potenti@iseV) of the band-gap energies for
biaxial and uniaxial strain as well as for hydrostatic compression, respectively, in comparison with other
directly determined experimental and theoretical values. Where necessary, theRfadtorconversion of
coefficients relative t@,, to ones relative t&,, is shown. Additionally, valueg,, for the average gap from
the literature are also listed.

Eng JEc  Ews  Ec B o a
Je; Je; Je| Je|
GaN
present ~4.85 -15.68 —9.02 —048 —7.21 —7.26
calc. -5.5 -13 -82-69P 7.8
exper. —8.22-8564-9.2F —132 -88/-899 -9
-8.71 -72, —94 —17.24
—12RB (—6.4)
—17R®(—9)"
AIN
present -7.73 -2158 —-950 158 -9.70 —8.60
calc. -9.0° -8.8&

aReference 8Zfor the biaxial strain coefficient of the Reference 86.
crystal-field splitting, a calculated value ef9 eV is YReference 87.
mentioned, however, it does not fit to the two values "Reference 88.

for the gaps iReference 89.
PReference 41. IReference 90.
‘Reference 83. KReference 7.

dReference 84. 'Reference 64.
®Reference 85. "Reference 12.

24.4 meV/7.4 cm'=3.3x10 2 eV cm. In contrast, in Ref. obtained with a FP-LMT& and a first-principles pseudopo-
12 a value of 6.6 10 2 eV cm was reported. The latter pa- tential calculatior’® Unfortunately, the comparison with the
per gave a value for the biaxial-stress coefficient ofmajority of the calculations is incomplete since only the de-
—27 meVIGPa, which has to be corrected for the used elagormation potential®,-D, for the valence bands are given
tic moduli to end up at-19 meV/GPa. This seems to be and not those for the conduction band. Therefore, no com-
quite a reasonable value, since similar values, which are frement can be made concerning the transition-related deforma-
from the above-mentioned errors, are reported in two othetion potentials.
studies’®® Nevertheless, we have to conclude that the stress The so-called quasicubic approximation for the electronic
coefficient calculated for thé&/B transition in GaN is too deformation potentials is defined by the relatiofhs
low. On the other hand, the corrected values of the stress-—2b, anda,—a;~b,;. We find that the first relation is
coefficients also show that, by using a luminescence shiftyalid for GaN and not too bad for AIN, but the second one
the stress which accompanies the biaxial strain might havdoes not hold for GaN at all, whereas for AIN it is still
been underestimated so far. reasonable. This conclusion is confirmed by the results of the
The deformation potentials of th&, B, andC electronic  calculation presented in Ref. 66. The approximate validity of
transitions are listed in Table VIII. As mentioned in Sec. Il D, the quasicubic approximation in the AIN case is surprising,
our results were obtained from calculations for “artificial” since for the other properties studied, it has been found to be
deformations. The agreement with the results of anothethe more anisotropic material. Conversely, in the GaN case it
first-principles calculation based on pseudopoterffigdsex-  was not expected that the second relation is not applicable.
cellent for both GaN and AIN. This holds in particular for the The reason for this is that the deformation potentials describe
deformation potentials of the crystal-field splitting but alsothe strain-relatecchangesof the electronic band structure,
for the deformation potentials that apply to strain in the planevhich are not necessarily related to the latter in the un-
perpendicular to the axis. The values obtained within a strained case. Rather, the strain brings about significant
full-potential linearized-augmented-plane-wave metfid8 changes in the atomic geometry. Strong deformations of the
show the correct trend. However, the absolute values arbonding tetrahedra may induce remarkable deviations from
different. This may be partly due to the elastic constants thathe quasicubic character of the electronic states.
have been used, since in a previous paper, where different For a comparison with measured data one should bear in
ones were chosen, the obtained deformation potentials weraind that the experimental extraction of the deformation po-
larger® In the latter paper, however, it seems that the valuesentials, in addition to the use of certain assumptions, re-
for b, andb, were interchanged. Much better agreement isquires a knowledge of many parameters, especially about the
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TABLE VII. Stress and pressure coefficieriia meV/GPa which give the gap changes for biaxial and
uniaxial stress as well as for hydrostatic pressure, respectively. The values in parentheses are recalculated in
order to adjust for deviating formulas and/or values of the elastic stiffness constants. For comparison values
for the average gap from the literature are also listed.

JEpg JEc JEpg JEc JEpnp JEc dEg
o o, wy ) » @ »
GaN
present —-10.5 —-33.9 —24.2 -1.29 34.8 35.1
calc. 33239
exper. —27 (—19)° 449 43¢
—27(—16) 3P
—21(-9)"
—20] —19
AIN
present —16.5 —46.0 —-29.5 4.9 46.2 41.0
calc. 442 40P
%Reference 41. 9Reference 88.
breference 83. hReference 78, strain determination
‘Reference 12. from Raman measurements.
dreference 86. iReference 7.
®Reference 87. IReference 89.

fReference 78, strain determination
from x-ray measurements.

sample quality, the band structure close to the band gap, adidted in in Table VIII. A comparison with Table VI shows
the homogeneity of the strain. Also the elastic constants anthat our results, which were obtained from independent cal-
reference values for the stress-free lattice constants, whiatulations, completely agree with each other. Only for GaN
are required for the determination of the strain, play a cruciabre experimental values available. The agreement with the
role, as discussed above. Furthermore, in many cases aalculated results is less satisfying than it was for the defor-
evaluation of the deformation potentials is possible only un-mation potentials. In general, there is a tendency for some
der additional assumptions. Usually, a homogeneous biaxialnderestimation of the experimental results by the electronic-
strain is assumed in the GaN layer, and the quasicubic agstructure calculations. On the other hand, in comparison with
proximation for the deformation potentials is used. The lattethe data given in Table VI, the experimental strain coeffi-
holds for the results of Refs. 6,37,84,85, and 97—-99. Theients also show discrepancies among themselves.

data of Ref. 96 were obtained by assuming-a,=a . The
latter results were used both in Ref.(@ith the additional
assumption of.,=a.,=ay/2) and in Ref. 97(carefully dis-
cussing the influence of the different sets of elastic constants In summary, we have useab initio density-functional

on the results In Ref. 98, findings of Refs. 8Gexperimen-  calculations to investigate structural, elastic, dielectric, vibra-
tal) and 93(calculated have been used for the derivation of tional, and electronic properties of strained GaN and AIN
the results. The reinterpreted data of Refs. 6 and 97 show\aurtzite crystals. The space-group-conserving biaxial and
more realistic trend than the original ones. The agreemeniniaxial strains parallel to the axis have been studied. We
with some of the experimental deformation potentials forobserved that biaxial and uniaxial strains induce qualitatively
GaN is reasonabl&,°"%8except for the case af,, which is  similar changes of the bond lengths. Nevertheless, the inter-
somewhat larger in the experiment. This might be due to th@al strain and the bond angles are found to exhibit opposite
utilization of the quasicubic approximation. In part, the ab-tendencies with the two different strains. For slightly com-
solute values of the deformation potentials referring to thepressive biaxial strain, on the one hand, and for slightly ten-
crystal-field splittings,b; and b,, are somewhat overesti- sile uniaxial strain, on the other hand, we observed a ten-
mated by the theory; the agreement with the more recerdency for realization of bond angles corresponding to ideal
result§*%5%s, however, rather good. tetrahedra.

From the deformation potentials, also the strain coeffi- The different elastic behavior of Gakfuasicubi¢ and
cients can again be obtained. This is particularly interestingAIN (anisotropig¢, as previously found under hydrostatic
in those cases where these values have not been given gxessure, also follows from a comparison of the biaxial and
plicitly. One has dEpg/de, = —RB(a;+b;)+2(a,+b,) uniaxial strain-relaxation coefficien®® and ». Conversely,
and 9Ec/de, = —RBa, + 2a,. The resulting values are also we demonstrated that the known physical behavior of an

IV. SUMMARY
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TABLE VIII. Deformation potentials of theéA,B, andC transition energiegéin eV). For comparison, the

resulting biaxial strain coefficients are also given. They are obtained using the following vallR® feor

the calculated ones, the respective theoretical result is used, but for all experimental ones, again the result of

Polianet al. (Ref. 44 is employed. In addition, the zero-strain value of the crystal-field splitimgneV) is

also shown.

a, a by b Ag0) e e

€ e,

GaN
present —4.09 —8.87 -7.02 3.65 9.3 —4.86  —15.69
calc? —5.55 -9.38 —6.61 3.55 353 —-611 —16.23
calc? -2.92 5.84 72.9
calc® —3.03 1.52 72.9
calc? —2.99 1.63 72.1
calc® —5.7 2.85 36
calcf —5.80 3.25 50.4
experd -6.5 -11.8 -5.3 2.7 -11.9 —-20.1
exper’ —-8.16 —-8.16 —1.44 0.72 100 -9.76 —11.97
exper. —4.78 -6.18 —1.4 0.7 16 —-7.67 -9.81
exper. —-5.32 —10.23 —4.91 2.46 10.0 -10.09 —17.62
expert -5.73 2.86 21
exper. -8.82 4.41 22
exper™ -3.1 -11.2 -8.2 4.1 22 -8.18 —20.75
exper” -7.2 3.6 10
AIN
present —3.39 —11.81 —9.42 402 —244  —-775 —2155
calc? —4.38 —12.48 —-9.18 410 -211 —-9.01 —22.46
calc’ —4.46 2.23 —585
calc? —4.76 2.04 —585
calc® —-9.6 4.8 —215
calc! —8.84 392 —176

aReference 6Gthe original data of this paper refer

to the center of gravity of the valence bands
and have been recalculajed

bReference 92.
‘Reference 93.
dReference 94.
®Reference 95.

"Reference 96.
iReference 6.

IReference 97.
KReference 84.
IReference 85.
MReference 98.
"Reference 99.

Reference 39.

9Reference 37in this paper, only a value for a
combination ofA.(0) with spin-orbit-splitting
parameters is given

elastic materialhere: of GaN and AIN under hydrostatic quencies are rather similar for all mode symmetries and in-
pressure can be used as a test for the reliability of its elastidependent of the group-lll atom. However, the mode fre-
stiffness constants. quencies are much more sensitive to biaxial strain than to
The linear strain coefficients of the dielectric constantsuniaxial one. The strain coefficients differ practically by a
and dynamic charges are similar for biaxial and uniaxialfactor of 2. The only exception is represented by the lower
strain, at least from a qualitative point of view. A somewhatE, modes. A mode softening has been observed for biaxial
contrary behavior is shown by thex (zz) component of the  strain, while the loweE, modes exhibit a “normal” behav-
Born charge tensor of GabnIN) and thezz component of ior under uniaxial deformation, although the absolute
the static dielectric constant of AIN versus the uniaxialchanges are small. Furthermore, the phonon frequency shifts
strain. We stated an enhanced anisotropy of the static dielegvere described on the basis of a decomposition into contri-
tric constants compared with the high-frequency ones and hutions stemming from an isotropic and a shear strain. The
rather large sensitivity of the static dielectric constants withcorresponding deformation potentials show significant differ-
respect to the biaxial strain. ences between GaN and AIN. The unusual behavior of the
The strain dependences of the zone-center phonon fréewer E, modes of both GaN and AIN as well as that of the
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lower B; and theA;(TO) mode of AIN has been discussed in the case for GaN. In general, ti@transition gap is rather
terms of only these two contributions. insensitive to the applied uniaxial strain, but exhibits the
The comparison of the calculated biaxial strain coeffi-strongest variations in the case of biaxial strain. More or less
cients of the zone-center phonon frequencies of GaN wittihe opposite effect happens for tAéB transitions. The rea-
measured values shows reasonable agreement, whereas $on for this is the opposite behavior of the crystal-field split-
the stress coefficients this holds only after a recalculation ofing versus biaxial or uniaxial strain. This opposite behavior
the experimental data. In many cases, the latter have to hepresents the different dependence ofltggandI’,, levels
corrected for the elastic stiffness constants and conversiopn increasing the/a ratio and theu parameter. We found
formulas employed. We noted that an appropriate definitionhat the electronic interband deformation potentials of GaN
of the strain-free situation is important as well. The recalcudo not fulfill the widely used quasicubic approximation in-
lated coefficients give a reliable basis for a characterizatioRtead the latter holds for AIN, in contrast to their opposite
of the strain and/or stress stage of GaN and AIN layers jusglastic behavior.
by measuring the shift of the Raman frequencies. We pointed Note added in proofRecently, our attention was brought
out that, since the biaxial stress coefficients are smaller thagp an experimental result by Saregal. who found a phonon

previously reported, up to now the accompanying stress hagequency shift of 3 cmY/GPa for theE}" mode of AIN
been underestimated. under biaxial stres¥°

The fundamental optical transitions at the absorption edge
of the wurtzite group-Ill nitrides ard’s,—1";. (A/B) and
I'y,—T'1c (C). In general, their energies show the same ten-
dency versus biaxial or uniaxial strain: There is a gap wid-
ening for compressive strain and, hence, a gap shrinkage for This work was supported by the Deutsche Forschungsge-
tensile strain. However, the degree of the gap changes, i.aneinschaft (Schwerpunktprogramm “Gruppe-IlI-Nitride,”
the strain coefficient, depends strongly on the transition an€ontract No. Be 1346/8)5 The computations were per-
the strain type. In AIN theA/B transition behaves nearly formed at the John von Neumann Center for Computing in
identical under uniaxial and biaxial strain, whereas this is notiuich.
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