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Structural properties of AlN from first principles calculations
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Abstract. We present first-principles calculations of structural properties of AlN in wurtzite, zinc-blende
and rocksalt structures. The calculations are performed within the framework of the density-functional
theory with both the local-density approximation and the generalized gradient approximation. The results
are roughly in good agreement with the available experimental data and found to yield improved structural
properties for AlN compared to the previous theoretical calculations. This may give a consistent theoretical
description of the structural properties of AlN.

PACS. 71.15.Mb Density functional theory, local density approximation, gradient and other corrections
– 71.20.-b Electron density of states and band structure of crystalline solids – 71.20.Nr Semiconductor
compounds

1 Introduction

In recent years, the group-III nitrides have emerged as
having important technological applications. They are ba-
sic materials in optoelectronic devices operating in visible
and near ultraviolet ranges [1–5]. They are also attractive
for use in field effect transistors intended to operate at
high power and/or temperature [6].

Aluminum nitride (AlN) is one of the III–V nitride
semiconductors. It is characterized by having very short
strong bonds, the bond lengths in group-III nitrides are
approximately 20% shorter than those of other III-V semi-
conductors, and high ionicity which is roughly two times
higher than those of other III-V materials [7,8]. Such prop-
erties make it a good candidate for optoelectronic devices
operating under extreme condictions. Pressure is a ther-
modynamic variable that is as fundamental as tempera-
ture. It can have a very large effect on the chemical and
physical properties of matter. Recently, there have been
revolutionary advances in high-pressure technology that
open new opportunities.

Under very high pressure, AlN experiences a phase
transition to the rocksalt lattice structure [9]. Large
theoretical efforts to properly describe structural and
electronic properties of this material have been made
and considerable progress has been achieved in recent
years [4,5,10]. Yet, a fully consistent picture is still lack-
ing.

In this paper, we report the results of an ab initio
pseudopotential study within both the local density ap-
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proximation (LDA) and the generalized gradient approxi-
mation (GGA) of the high-pressure phase transformation
undergoes by AlN. The results include the structural pa-
rameters of wurtzite, zincblende and rocksalt structures as
well as the transition pressure and relative volume changes
from both the wurtzite and zincblende to the rocksalt
phases.

2 Method of calculation

A first principles pseudopotential method based on the
density functional formalism [11] is applied using the
local-density approximation (LDA) with the Ceperley-
Alder [12] form of the exchange-correlation energy as pa-
rameterized by Perdew and Zunger [13], and the gener-
alized gradient approximation (GGA) with the Perdew
et al. [14] form of the exchange-correlation potential. The
interaction of the valence electrons with the ionic cores was
represented with a separable, norm-conserving non-local
Troullier-Martins [15] pseudopotentials. An energy cutoff
of 160 Ry was used. Reciprocal space integration was per-
formed by k-point sampling with sets of special points
obtained by using the standard special k points technique
of the Monkhorst and Pack (MP) [16]. In present study, a
4 × 4 × 4, 8 × 8 × 4, and 6 × 6 × 6 MP meshes were used
for the semi-conducting zincblende, wurtzite and rock-
salt AlN, respectively. In zincblende AlN the Al and N
atoms are at the positions : Al(0, 0, 0) and N(1/4, 1/4,
1/4). For wurtzite AlN, there are four atoms per hexag-
onal unit cell where the positions of the atoms Al and N
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are: Al(0, 0, 0), (1/3, 2/3, 1/2) and N(0, 0, u), (1/3, 2/3,
u+1/2), where u is the dimensionless internal parameter
that represents the distance between Al plane and its near-
est neighbor N plane, in the unit of c. For rocksalt AlN
the Al and N atom positions are Al(0, 0, 0) and N(1/2,
1/2, 1/2).

In contrast to the zincblende and rocksalt structures
which can be described only by their lattice constants
a, the wurtzite form that is hexagonal structure requires
three parameters a, c and u. To determine the equilibrium
geometry of the wurtzite phase, we optimize the param-
eters V (volume of the unit cell), c/a , and u as follows:
in the first step, we calculate the total energy for several
values of c/a (the c/a ratio is varied), keeping the volume
V fixed and taking a guessed value for u. The obtained re-
sults are then fitted to a polynomial form in order to find
the equilibrium c/a ratio. At the obtained optimum value
of c/a ratio and a fixed value of V , the optimum value
of u is determined similarly. These steps are repeated by
varying the internal parameter u to ensure that the equi-
librium c/a ratio is consistent. This procedure is repeated
for various volumes we considered in our study.

3 Results

The total energy per atom as a function of volume for
AlN obtained from LDA and GGA calculations, respec-
tively are shown in Figures 1 and 2. Note that the lowest
energy state is that of the wurtzite structure for both LDA
and GGA calculations. The wurtzite structure is slightly
favored over the zincblende, as is typical for constituents
with large electro negativity differences [17]. The ground-
state structure of AlN is wurtzite. However, one may note
that the energy difference between the zincblende and
wurtzite structures is very small. This is consistent with
the fact that AlN has also been reported to stabilize in the
zincblende (cubic) structure [18]. The zincblende structure
is of technological interest as it can be doped more easily
than the wurtzite structure [19]. A similar trend has been
reported for GaN [20]. According to the authors of refer-
ence [20], this trend is expected, since the zincblende and
wurtzite phases have local tetrahedral bonding and they
only differ in the second-nearest neighbors.

The curves of Figures 1 and 2 are fit to the Mur-
naghan’s equation of state so as to determine the equi-
librium structural parameters. Table 1 gives the LDA and
GGA calculated equilibrium lattice constants a, structural
parameters c/a, internal parameter u, volume by atom V ,
bulk modulus B, and pressure derivative B′ of the bulk
modulus for the AlN wurtzite, zinc blende and rocksalt
structures. For comparison this table contains also the
available experimental values and other theoretical data.
Note that the experimental values of the lattice param-
eters of the all phases being studied here are in perfect
agreement with our obtained ones from the GGA calcula-
tion. Our LDA calculation is slightly lower than the exper-
imental values. Furthermore, our GGA results regarding
the lattice constants are improved with respect to experi-
ment as compared to previous calculations. In the wurtzite

Fig. 1. Total energy per atom as a function of volume for AlN
using LDA calculation.

Fig. 2. Total energy per atom as a function of volume for AlN
using GGA calculation.

configuration, that is not fixed by any symmetry consider-

ation [19], at the ideal values u0 = 3
8 and (c/a)0 =

√
8
3 , all

four nearest-neighbor distances are equal and all bond an-
gles ideal tetrahedral angles. The numerically calculated
values of u and c/a obtained in the present work for the
relaxed structures are close to their ideal values and are
in excellent agreement with the experimental values, as
shown in Table 1.

Hence, the local environment of each atom is very
much the same as in the case of the zinc-blende phase
and thus the resulting semi-conducting structure is very
close in energy to the zinc-blende one as shown in Fig-
ures 1 and 2. This is consistent with the results of Serrano
et al. [19]. Both approximations, namely LDA and GGA
give almost the same values for u and c/a. The bulk modu-
lus for AlN in the wurtzite structure as illustrated by our
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Table 1. Equilibrium lattice constant a, structural parameters c/a, internal parameter u, volume V by atom, bulk modulus B,
and pressure derivative of B(B′) for the different phases analyzed for AlN.

Structure a(Å) c/a u V ((a.u)3) B(Gpa) B′ Reference
phase

Wurtzite 3.100 1.6 0.3823 69.70 207.84 3.87 This worka

3.114 1.603 0.3816 70.84 197.83 3.84 This workb

3.11 1.601 0.382 [21]c

207.9(6.3) [19]c

201.7
205.7

3.057 1.617 0.3802 209 5.58 [22]d

3.113 1.6193 0.3798 192 3.96 [22]e

3.061 1.600 0.382 209 3.7 [19]f

3.05 1.603 0.382 [10]g

3.10 1.603 0.381 [10]h

3.091 1.602 0.381 [17]i

3.135 1.602 0.381 [17]j

Zincblende 4.36 208.27 3.95 This worka

4.38 197.92 3.91 This workb

4.29 [10]g

4.36 [10]h

4.37 [18]c

4.38 [23]c

4.34 214 3.3 [24]d

4.32 203 3.2 [25]k

4.3742 218 [26]l

4.302 210 3.7 [19]f

4.37 215 4.0 [27]m

Rocksalt 4.031 55.29 274.87 4.02 This worka

4.052 56.37 260.60 3.99 This workb

4.045 221 ± 5.0 4.8 ± 1.0 [28]c

295 ± 17 3.5 ± 0.4 [29]c

3.978 272 3.8 [19]f

4.06(3.99) 281(348) 4.0 [27]m

a LDA calculation; b GGA calculation; c Experiment; d Theory: using pseudopotential plane-wave LDA calculation; e Theory:
using pseudopotential plane-wave GGA calculation; f Theory: using DFT + LDA calculations; g Theory: pseudopotential;
hTheory: Self-interaction corrections pseudopotential; iLDA-LMTO; jGGA-LMTO; kTheory: All-electron method (LDA calcu-
lation); lTheory: Hartree-Fock LDA calculation; mTheory: Self-consistent LMTO band-structure calculations.

LDA calculation agrees very well with the experimental
value reported in reference [19] within the experimental
uncertainties, while our GGA obtained value is somewhat
lower. So far, to the best of our knowledge, no experimen-
tal data have been reported for B for AlN in the zinc-
blende structure. However, as compared with other pub-
lished theoretical values, our results agree reasonably well
with those reported in references [19,25]. For the rock-
salt structure, our LDA result is in good agreement with
the experimental value reported in reference [29] within
the experimental uncertainties, whereas the GGA value
lies between the experimental values reported in refer-
ences [28,29]. Moreover, our LDA value is consistent with
the LDA results of previous calculations. The numerically
calculated results for B obtained from LDA seem to be
better than those obtained from GGA for both wurtzite
and rocksalt structures. The B′ for the wurtzite and zinc-

blende phases has almost the same value as illustrated by
either LDA or GGA. These values compare well with the
theoretical results reported in references [19,22,27]. For
the rocksalt structure our both LDA and GGA results
are in good agreement with the X-ray diffraction data re-
ported in reference [29] within the experimental uncertain-
ties. It is worth noting that the lattice constants obtained
from LDA are smaller than those calculated from GGA,
however the reverse is seen for the bulk moduli. This is
a well-known trend. As a matter of fact, on the basis of
Figures 1 and 2 where the LDA and GGA curves are al-
most similar (the difference in energy is too small) and
are fit to the Murnaghan’s equation of state, and giving
the fact that the lattice constant is overestimated by the
GGA and underestimated by the LDA, one may expect
an underestimation of the bulk moduli by the GGA and
an overestimation by the LDA.
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Table 2. Transition pressures and relative volume changes for
the wurtzite to rocksalt and zincblende to rocksalt structures.

Phase transition Pt(Gpa) ∆Vt/V0(%) Reference

Wurtzite to rocksalt

20.91 20.67 This worka

26.91 20.43 This workb

22.9 17.9 [30]c

14-20 18.6 [28]c

20.0 [29]c

16.6 [27]d

9.2 20.1 [19]e

Zincblende to rocksalt

19.69 20.99 This worka

25.75 20.56 This workb

7.1 20.4 [19]e

a LDA calculation; b GGA calculation; c Experiment; d Theory:
Self-consistent LMTO band-structure calculations; eTheory:
DFT + LDA calculation.

The transition pressure (Pt) between wurtzite to rock-
salt and zinc-blende to rocksalt of AlN were determined
directly from the information contained in Figures 1 and
2. We have determined the common tangent between the
stable structures as pressure is increased (or volume is de-
creased). The slope of the common tangent, corresponds to
minus the coexistence pressure for the low-and high pres-
sure phases, and the volume of each phase at the transition
(the transition volume Vt) corresponds to that at the tan-
gent point. In Table 2, our calculated Pt and relative vol-
ume changes (∆Vt/V0) are presented and compared with
experiment where possible as well as with other avail-
able theoretical results. According to our LDA calcula-
tion, a structural phase transformation from the wurtzite
phase to a six fold coordinated rocksalt phase occurs at
20.91 Gpa with a relative volume change of 20.67%. How-
ever, our GGA value is somewhat larger as regards Pt.
Experimentally, the wurtzite to rocksalt transition in AlN
has been reported to start at 22.9 Gpa by Ueno et al. [30],
at 14 Gpa by Xia et al. [28], and more recently at 20.0 Gpa
by Uehara et al. [29]. Our LDA value is in good agree-
ment with the experimental one reported more recently
by Uehara et al. [29], whereas the GGA value is larger
than those reported in references [28–30]. In contrast, our
∆Vt/V0 obtained from both LDA and GGA calculations
are close to each other and are somewhat larger than the
experimentally reported ones in references [28,30]. Com-
paring to theoretical data published previously, our results
regarding Pt are larger than those reported by Christensen
and Gorczyca [27] using the self-consistent linear-muffin-
tin orbitals (LMTO) band-structure calculations, and sig-
nificantly different from those reported recently by Ser-
rano et al. [19] performed within the framework of the
density-functional theory (DFT) with the local-density
approximation (LDA). We are more confident to our re-
sults since they are closer to the experiment than those
of references [19,27]. The transition pressure for AlN from
the zinc-blende phase to the rocksalt phase is found to oc-
cur at Pt = 19.69 and 25.75 Gpa with ∆Vt/V0 of 20.99 and
20.56% within the LDA and GGA, respectively. Our re-

sults in both approaches are once again very different from
that reported in reference [19] as regards Pt. However, our
∆Vt/V0 obtained from both LDA and GGA are close to
each other and agree very well with that of reference [19].
In the absence of the experimental data regarding the Pt

from zinc-blende to rocksalt, to the best of our knowledge,
no comments could be ascribed to the accuracy of our re-
sults. In addition, one can note that the use of a GGA in
dealing with the exchange-correlation energy functional,
instead of the LDA adopted in the present work, enlarges
the value of Pt in both transition cases: Wurtzite → Rock-
salt and zinc-blende →Rocksalt. However, this does not
result in any clear difference as regards ∆Vt/V0. Accord-
ing to Uehara et al. [29] the maximum pressure achieved in
high-pressure experiments on AlN was 132 Gpa and up to
this pressure the rocksalt structure does not undergo any
further transitions. The local dynamical stability of the
high-pressure rocksalt phase in the group-III nitrides has
been explained by Serrano et al. [19] to be due particularly
to the large ionicity in group-III nitrides as compared to
the rest of the III–V compounds.

4 Conclusion

In conclusion, we have presented structural parameters of
wurtzite, zinc-blende and rocksalt AlN as calculated us-
ing the DFT with both the LDA and GGA. The transition
pressures and their corresponding relative volume changes
for both transformations from the wurtzite to rocksalt and
from the zinc-blende to rocksalt structures have also been
determined. The results are in good agreement with avail-
able experimental data and showed significant improve-
ment as compared to the previous published theoretical
calculations yielding thus a consistent theoretical descrip-
tion of the material of interest that belongs to a class of
technologically important semiconductor compounds.

One of us S.S. would like to thank Dr. M. Cote from the Uni-
versity of Montreal (Canada) for providing numerical support.
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