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An ab initio constant pressure technique is applied to study the pressure-induced phase transition in AlN.
A first-order phase transformation from the wurtzite structure to a rocksalt structure is observed in the
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constant pressure simulations. The transformation proceeds via two fivefold coordinated intermediate
states within P63/mmc and Cmcm symmetry. The influence of pressure on the electronic structure of AlN
is also investigated. The computed pressure coefficients and deformation potential are in good agreement
with the earlier first principles calculations.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Aluminum nitride (AlN) has attracted much attention in recent
ears because of its great potential for high-technology appli-
ations. It is an electronic ceramic and has remarkable physical
roperties [1–4] such as a high melting point, a high thermal con-
uctivity, good dielectric strength and high hardness. Also AlN
as a direct energy band gap of 6.2 eV [5]. These properties make
lN an ideal material for microelectronic substrate applications,
hortwavelength light-emitting diodes, laser diodes, and optical
etectors, as well as for high-temperature, high-power, and high-
requency devices.

At ambient pressure, AlN crystallizes in a hexagonal wurtzite
WZ) structure with space group P63mc and has a very small lat-
ice constant a = 3.108 Å and c/a = 1.60113 comparing the value of
/a = 1.633 for an ideal WZ structure [6]. AlN has four atoms per
nit cell in the WZ structure. It has a mixture of covalent bonding
nd ionic tetrahedral bonding. AlN can also crystallize in the zinc
lende (ZB) cubic structure with the space group F 4̄3m. The ZB state
f AlN is stable only when it is very thin 1.5–2.0 nm and it converts
o the WZ structure at larger thickness [7].

AlN transforms from the WZ structure-to-the rocksalt (RS) struc-

ure (Fm3̄m) with the application of pressure [6,8,9]. This phase
ransition displays a rather large hysteresis, with persistence of the
S state [6]. This behavior makes it very difficult to locate the coex-

stence pressure for the two phases. The stability of both phases
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of AlN has been also investigated using the first principles calcula-
tions and the WZ-to-RS phase transition is predicted to occur about
8.3–16.0 GPa [10–16], in agreement with the experimental tran-
sition pressures of 14.0–22.0 GPa [6,8,9]. However, a clear atomic
level picture of this phase transition, specifically the transforma-
tion mechanism of the WZ-to-RS phase transition of AlN, could not
be addressed in these studies.

For the WZ-to-RS phase transformation, the hexagonal and
tetragonal mechanisms have been proposed. In the hexagonal path,
a WZ structure is first compressed along the c-axis, resulting into a
fivefold coordinated hexagonal intermediate state with space group
P63/mmc and then a RS phase form through the opening of the
hexagonal angle. In the tetragonal pathway, the two-step process
found in the hexagonal pathway is reversed. Saitta and Decremps
[13] analyzed both tetragonal and hexagonal intermediate states for
some WZ-structured bulk materials through ab initio calculations
of the full phonon properties and suggested that the transformation
pathway of the WZ crystals depends on the presence of d electrons
on cation atoms. In particular, they proposed that the hexagonal
transformation path is only possible for the semiconductors con-
taining light (d electron free) cations such as SiC and AlN while
the tetragonal phase is favorable in materials whose cations have d
electrons such as GaN, CdS, ZnO. The energy landscape calculations
also suggest that AlN likely follows the hexagonal path [16].

The conclusions of Ref. [13] were however challenged by recent
experimental and theoretical studies [17,18]. Furthermore, recent

simulations proposed multiple transformation mechanisms with
almost the same energy barrier for CdSe [19]. To our knowledge,
the direct observation of the transition pathway of AlN has not
been observed in any constant pressure simulation and hence the
transformation mechanism of AlN still remains an open question.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mdurandurdu@utep.edu
dx.doi.org/10.1016/j.jallcom.2009.02.060
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Fig. 1. Volume change of AlN as a function of pressure. When the applied pressure
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n this study, we carry out constant pressure ab initio simulations to
ully explain the microscopic nature of the pressure-induced phase
ransition of AlN and to compare its behavior with the other WZ
ype materials [19–23]. Our findings demonstrate that the WZ-to-
S phase change follows the hexagonal pathway and involve two
vefold coordinated intermediates states with the space group of
63/mmc and Cmcm. Additionally, we study the influence of the
pplied pressure on the electronic properties of AlN and find that
he band gap energy gradually increases with increasing pressure.
ur computed pressure coefficients and deformation potential are

n good agreement with the previous first principle calculations.

. Computational method

We used the first-principles pseudopotentials method within
he density-functional theory (DFT) and the generalized gradient
pproximation of Perdew et al. for the exchange–correlation energy
24]. The calculation was carried out with the ab initio program
IESTA [25] using a linear combination of atomic orbitals as the
asis set, and norm-conservative Troullier–Martins pseudopoten-
ial [26]. The pseudopotential cut-off radii for Al was 2.28 bohr for
he s and p channels and 1.24 bohr for the N s and p channels. A split-
alence single-� basis set was employed. A uniform mesh with a
lane wave cut-off of 150 Ry was used to represent the electron den-
ity, the local part of the pseudopotentials, and the Hartree and the
xchange–correlation potential. The simulation cell consists of 72
toms with periodic boundary conditions. We used � -point sam-
ling for the Brillouin zone integration. The molecular dynamics
MD) simulations were performed using the NPH (constant number
f atoms, constant pressure, and constant enthalpy) ensemble. The
eason for choosing this ensemble is to remove the thermal fluctu-
tion, which facilitates easier examination of the structure during
he phase transformation. Pressure was applied via the method of
arrinello and Rahman [27] and the structure is equilibrated with a
eriod of 1000 time steps (each time step is 2.5 femto-second (fs))
t each applied pressure. We also used the power quenching tech-
ique during the MD simulations. In this technique, each velocity
omponent is quenched individually. At each time step, if the force
nd velocity components have opposite sign, the velocity compo-
ent is set equal to zero. All atoms or supercell velocities (for cell
hape optimizations) are then allowed to accelerate at the next time
tep.

In order to determine the intermediate state during the phase
ransformation, we used the KPLOT program [28] that supplies
etailed information about space group, cell parameters and atomic
osition of a given structure. For the symmetry analysis we used
.2 Å, 4◦, and 0.7 Å tolerances for bond lengths, bond angles and

nterplanar spacing, respectively.

. Results

We first relax our 72 atoms supercell at zero pressure to calcu-
ate the lattice parameters of the WZ phase and then compare them

ith available experimental and theoretical data. The equilibrium
nit cell lattice constants of AlN are found to be a = 3.139 Å, and
/a = 1.614 Å. These values are comparable with the experimental
esults of a = 3.108 Å and c/a = 1.601 Å [29,30] and the previous the-
retical results of a = 3.06–3.151 Å and c/a = 1.57–1.612 Å [12,30–33].
he internal parameter u, proportional to the Al–N bond length

long the c-axis, is determined to be 0.38, which is again compa-
able with the experimental and theoretical values of 0.38–0.383
30–33]. These results suggest that the parameters used in the
imulations are good enough to study the pressure-induced phase
ransition of AlN using the constant pressure ab initio technique.
is increased from 100 GPa to 120 GPa, the volume dramatically decreases, implying
a first-order phase transformation. At 120 GPa, the wurtzite structure transforms a
rocksalt structure in the constant pressure ab initio simulations.

The pressure–volume relation obtained through the constant
pressure ab initio simulation is given in Fig. 1. The volume presents a
sharp change when the applied pressure is increased from 100 GPa
to 120 GPa, indicating a first-order pressure-induced phase transi-
tion in AlN. The structural analysis reveals that the WZ structure
transforms into a RS phase at this pressure as shown in Fig. 2.
This finding shows that the ab initio technique successfully gen-
erates the experiment observed high-pressure phase of AlN with
an overestimated transition pressure, relative to the experimental
transition pressure of 14–22.0 GPa [6,8,9]. Such an overestimation
in transition pressures, in analogous to superheating MD simula-
tions, is usually seen in constant pressure simulations and implies
a high intrinsic activation barrier for transforming one solid phase
into another in simulations. When the particular conditions such
as finite size of the simulation cell, the lack of any defect in simu-
lated structure, the time scale of simulations, etc. are considered,
such an overestimated transition pressure is anticipated [34]. On
the other hand, the thermodynamic theorem does not take into
account the possible existence of such an activation barrier sep-
arating the two structural phases. Therefore, as a next step, we
consider the energy–volume calculations to study the stability of
the WZ and RS phases. We fit their energy–volume data to the
third-order Birch–Murnaghan equation of state. Since at the phase
transition, the two phases have the same enthalpy (H = Etot + PV,
where P = −dEtot/dV is obtained by direct differentiation of the cal-
culated the energy–volume curves), the transition pressure can be
easily determined by equating the enthalpy of the two phases. The
computed enthalpy curve of the WZ and RS states as a function
of pressure is shown in Fig. 3. We obtain a transition pressure of
about 17.8 GPa, which is comparable with the experimental result
of 14–22 GPa [6,8,9] and the values of 8.3–16 GPa predicted in the
previous DFT calculations [10–16].

From the energy–volume relation we also calculate the bulk
properties of the WZ and RS states. The bulk modulus (Bo) and
its pressure derivative (B′

o) of the WZ are estimated as 198 GPa
and 6.2, respectively. These values are in good agreement with
experimental and theoretical results of 184–233 GPa and 3.55–6.3

[6,10–16,30–33]. For the RS state, Bo and B′

o are calculated to be
253 GPa and 4.19, respectively, which are also comparable with the
experimental and theoretical results of 215–295 GPa and 3.5–4.8
[10–16,30,33].
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Fig. 4. Variation of the simulation cell lengths and angles as a function of MD time
step. The simulation cell vectors A, B, and C are along the [1 0 0], [1̄ 1 0] and [0 0 1]
directions, respectively. The magnitude of these vectors is plotted in figure. Around
ig. 2. At 120.0 GPa, evolution of the rocksalt structure at (a) zero MD step (wurzite
hase) ˛ = 120◦ , (b) 800 MD step (hexagonal phase) ˛ = 120◦ , (c) 809 MD step
orthorhombic) ˛ = 125◦ and (d) 822 MD step (rocksalt structure) ˛ = 135◦ .

In order to shed some light onto transformation mechanism at
he atomistic level, we study the variations of the simulation cell

ectors as a function of MD time step. Fig. 4 shows the modifi-
ation of the simulation cell lengths and angles at 160.0 GPa. The
imulation cell vectors A, B, and C are along the [1 0 0], [1̄ 1 0] and
0 0 1] directions, respectively. The magnitude of these vectors is

ig. 3. Calculated enthalpy curve of the wurtzite and rocksalt structures as a function
f pressure. The enthalpy curves crosses around 17.8 GPa, indicating a first-order
hase transformation from wurtzite-to-rocksalt.
400 fs, the wurtzite structure is dramatically compressed along [0 0 1] direction
while it is expanded along the other directions. Then system underwent shear defor-
mation: the hexagonal angle ˛ between A and B lattice vectors gradually changes
from 120◦ about 135◦ . These deformations produce a rocksalt structure.

plotted in figure. As can be seen from figure, the transition pro-
ceeds in two steps. First the cell lengths decouple with one length
decreasing (along [0 0 1] direction) with a corresponding increasing
in the two lengths. This modification produces a fivefold coordi-
nated hexagonal structure with the lattice parameters a = b = 3.03 Å,
and c = 3.79 Å at the MD step 385 s, the system undergoes a shear
deformation and the hexagonal angle ˛ between A and B lattice vec-
tors gradually changes from 120◦ about 135◦. Consequently, |B| is
increased while |A| is decreased. During this deformation, another
intermediate state having Cmcm symmetry is determined when the
hexagonal angle ˛ reaches a value of about 125◦. Its lattice constants
are a = 3.11 Å, b = 4.78 Å, and c = 3.77 Å at the MD step 800. The lat-
tice parameters and the atomic positions of the phases obtained at
120.0 GPa are summarized in Table 1. The evolution of the RS phase
is illustrated in Fig. 2.

The mechanism observed in our simulation corresponds to
“known hexagonal mechanisms.” However, the Cmcm intermedi-
ate state has not been recognized for AlN before. Since the shear
deformation is necessary to form the RS phase from the hexagonal

state, the symmetry change is certainly anticipated during this dis-
tortion. Therefore, the WZ-to-RS phase change must be represented
by at least two intermediate states (hexagonal and orthorhombic)
for AlN.

Table 1
The atomic fractional coordinates and the lattice parameters of the phases formed
at 120.0 GPa.

Structure a (Å) b (Å) c (Å) x y z

Hexagonal P63/mmc 3.03 3.03 3.79 Al: 0.3333 0.6667 0.75
N: 0.3333 0.6667 0.25

Orthorhombic Cmcm 3.31 4.78 3.77 Al: 0.0 0.3174 0.25
N: 0.0 0.6888 0.25

RS Fm3̄m 3.78 3.78 3.78 Al: 0.5 0.5 0.5
N: 0.0 0.0 0.0
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ig. 5. The band gap energy as a function of applied pressure. The gap gradually
ncreases with increasing pressure. The solid line corresponds to a least squares fit
f a second-order polynomial.

We finally analyze the influence of the applied pressure on the
lectronic structure of AlN. We pressure AlN up to 20 GPa. For min-
mization of geometries, a variable-cell shape conjugate-gradient

ethod under a constant pressure was used. For each value of the
pplied pressure, the lattice vectors and the atomic positions were
ptimized together until the stress tolerance was less than 0.5 GPa
nd the maximum atomic force was smaller than 0.01 eV Å−1. The
ressure–band gap relation between 0 GPa and 20 GPa is illustrated

n Fig. 5 in which the solid line corresponds to a least squares fit of
second-order polynomial. At zero pressure, the GGA band gap as
difference between the top of the valence band and the bottom
f the conduction band is about 3.75 eV. This value is comparable
ith the previous DFT calculations but as expected it is smaller

han that of experimental result, 6.2 eV [5], mainly due to the well-

nown shortcoming of DFT within the GGA in describing excited
tates. The band gap obtained from the present calculation is there-
ore incomparable to the experimental result. However, despite the
nderestimation of the gap width, DFT often yields the variation of

ig. 6. Band gap energy as a function of volume change �V/V0, where �V = V − V0

nd V0 is the equilibrium volume at zero pressure. The solid line is the best linear
t.

[
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band gaps under pressure in good agreement with experiments. As
seen from Fig. 5, the band gap energy increases progressively under
pressure. With increasing pressure, the valence states near the band
gap gradually shift to lower energies while the conduction states
near the band gap gradually shift to higher energies, producing an
increase in the band gap energy. The calculated linear and quadratic
pressure coefficients are 41.9 meV/GPa and −0.4 meV/GPa, respec-
tively. These values are close to 36.3 meV/GPa and −0.18 meV/GPa
reported in the previous DFT calculations [12]. In order to calculate
the deformation potential (D = �Egap/�V/V0 where �V = V − V0 and
V0 is the equilibrium volume at zero pressure), we plot the varia-
tion of the band gap as functional of volume in Fig. 6. The slope of
the best fitting straight line gives an average deformation poten-
tial, −9.54 eV, for the WZ structured AlN, which is in very good
agreement with the earlier DFT calculation results of −8.60 to −9.0
[10,35,36].

4. Conclusions

We have carried out an ab initio constant pressure technique to
study the pressure-induced phase transition in the WZ-structured
AlN. A first-order phase change into a RS structure is success-
fully reproduced in the simulations. Furthermore, we establish an
atomistic transformation mechanism and find that the transition
proceeds in two steps. This transformation path is associated with
two fivefold coordinated intermediates states within P63/mmc and
Cmcm symmetry. We also study the WZ-to-RS phase transition
of AlN using the enthalpy calculations and find that our com-
puted transition parameters and bulk properties are comparable
with experimental and previous theoretical values. Additionally, we
study the influence of the applied pressure on the electronic prop-
erties of AlN and find that the band gap energy gradually increases
with increasing pressure. Our computed pressure coefficients and
deformation potential are in good agreement with the earlier DFT
calculations.
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