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Ab initio study of AlN: Anisotropic thermal expansion, phase diagram, and high-temperature
rocksalt to wurtzite phase transition
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We calculate the anisotropic thermal expansion of wurtzite AlN within the quasiharmonic approximation
by sampling the volume as a function of two unit cell axes. From the derived Gibbs energy for the low
pressure wurtzite phase and the high pressure rocksalt phase, we calculate the phase diagram. By applying
ab initio molecular dynamics, we can confirm recent experimental findings regarding a temperature-driven
rocksalt to wurtzite backward phase transition. We propose a detailed mechanism for the transition and predict
the existence of a β-BeO type high-temperature modification of AlN. Furthermore, we find the h-MgO type
intermediate structure previously reported for AlN and other compounds which show the wurtzite to rocksalt
forward pressure-induced phase transition.
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I. INTRODUCTION

AlN is a wide gap semiconductor with many important
properties such as high electrical resistivity, high hardness, and
thermal conductivity, together with a low thermal expansion
rate, which makes it a promising material for high power or
optoelectronic applications. Furthermore, it is a key binary
compound in the SiAlON system [1,2], which is expected to
contain a number of high pressure phases that could be useful
in mechanical applications as ultrahard materials.

AlN phases relevant in this work are listed in Table I.
At ambient conditions, AlN crystallizes in the low pressure
hexagonal wurtzite phase (wz-AlN). The metastable zinc
blende phase was found under epitaxial conditions [3]. At
high pressure, the cubic rocksalt phase (rs-AlN) is formed
[4,5] and the wz → rs transition mechanism was subject to
numerous studies of AlN and other compounds [6–14]. The
transition is assumed to proceed via an intermediate structure
which can be of hexagonal (h-MgO) or tetragonal type and
the hexagonal path is predicted to be favored by AlN [10]. It
has also been shown that no additional high pressure phases
besides rs are likely to exist up to very high pressures [6].

In addition to quasistatic high pressure syntheses, recent
experiments successfully synthesized rs-AlN by using shock
wave methods [15]. By exposing these samples to high-
temperature conditions at ambient pressure, a backward trans-
formation rs → wz was found [16]. wz-AlN is also known
to appear in fcc-(Ti,Al)N during annealing [17]. While the
majority of previous theoretical studies discuss the pressure-
induced transition wz → rs, the high-temperature stability of
rs-AlN at ambient pressure has yet to be investigated. The
aim of this paper is therefore to study the proposed high-T
phase transition rs → wz in detail. In order to provide a
comprehensive theoretical picture of the AlN system in terms
of thermodynamic properties and phase stability, we calculate
the wz-rs phase diagram by applying density functional theory
methods and compare the result to experimental data and
other theoretical works. In order to assess the accuracy of
the applied methods, we calculate the small anisotropy in the
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per-axis thermal expansion of wz-AlN and discuss exchange-
correlation effects on the phase diagram and thermodynamic
properties. The proposed high-T phase transition of rs-AlN
is then is investigated by ab initio molecular dynamics in
Sec. II D.

II. RESULTS

A. Quasiharmonic approximation

In order to calculate the phase diagram and thermo-
dynamic properties such as the thermal expansion αx =
1/x(T )dx/dT , x = V,a,b,c or the isobaric heat capacity
CP = −T (∂2G/∂T 2)P , the Gibbs energy G(T ,P ) needs to be
determined. This is done within the quasiharmonic approxima-
tion (QHA) [18,19] and involves the calculation of the phonon
dispersion at several volumes. At each grid point V , the Gibbs
energy G(V,T ,P ) = E + Fvib(ω(V ),T ) + P V is calculated
from the total energy E and the vibrational contribution Fvib to
the free energy, which is calculated using the phonon density of
states [18]. A mapping V (T ) is constructed by minimization of
the Gibbs energy G(T ,P ) = minV G(V,T ,P ), which provides
the optimal lattice parameters, volume, and G for this (T ,P ).

Phonon calculations have been performed by applying
density functional perturbation theory as implemented in the
QUANTUM ESPRESSO package [20] using a plane wave basis
set and the projector augmented wave (PAW) method [21].
Exchange and correlation were treated with the local density
approximation (LDA), Perdew-Burke-Ernzerhof (PBE), and
PBEsol functionals [22–24]. The Brillouin zone was sampled
by a 6 × 6 × 4 Monkhorst-Pack grid for wz-AlN and a
8 × 8 × 8 grid for rs-AlN. In the phonon calculations, the
same grids were used and Fourier interpolated to 16 × 16 × 12
and 16 × 16 × 16 grids for wz and rs. In all calculations, a
plane wave cutoff of 80 Ry was used. These settings assure
convergence of the total energy <1 meV/atom, pressure
<0.02 GPa, and lattice parameters <0.001 Å.

It is known from experiment and calculations [25] that
wz-AlN shows an anisotropy under pressure at constant T ,
where the c/a ratio decreases with pressure (increases with
volume). Now, varying the volume in the QHA and assuming
a monotonic dependence V (T ), this would result in an increase
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TABLE I. AlN phases. Primitive cell axes a, b, c (Å) and angles
α, β, γ (degrees) are obtained with the PBE functional (see Sec. II A).

a b/a c/a

Phase Type Space group Atoms α β γ

wz Wurtzite P 63mc (186) 4 3.127 1 1.603
90 90 120

rs Rocksalt Fm3̄m (225) 2 2.876 1 1
60 60 60

hs h-MgO P 63/mmc (194) 4 3.310 1 1.265
90 90 120

bb β-BeO P 42/mnm (136) 8 3.119 1.707 1.707
90 90 90

of c/a with T . However, it is known [26–31] that wurtzite-type
crystals such as wz-AlN show the opposite behavior, namely,
c/a decreases with T (αa > αc), i.e., the anisotropy in c/a

during a volume change caused by P is different from that
caused by T . Therefore, using a series of volumes for the QHA,
where each unit cell and the atomic positions are relaxed at
T = 0 (called the “1D” method below) will not result in the
experimental c/a-T trend, even if both a and c will of course
increase with T . However, note that the anisotropy in the
high-T limit [30] is only about 1 × 10−6 K−1 or αa/αc = 1.22
and therefore the calculated volume expansion αV = 2 αa + αc

using this method will be sufficiently accurate in most cases.
If, however, the behavior of the per-axis thermal expansion
is of interest, one needs to sample a and c independently in
order to find the correct c/a at each T within the QHA. For the
cubic rs-AlN, scaling the a axis is sufficient. A very similar
approach has been used before for the study of wz-ZnS [31].

In this paper, we used a grid of 265 (a,c) pairs for
wz and 75 a points for rs. The atomic positions of each
wz structure were relaxed before the phonon calculation.
In case of rs, atoms remain at their Wyckoff position at
each volume due to symmetry. The obtained Gibbs energy
G(V,T ,P ) at each (T ,P ) was fitted to a two-dimensional (2D)
polynomial G(V (a,c)) = ∑5

n,m=0 kn,m an cm in case of wz and

to a one-dimensional (1D) polynomial G(V (a)) = ∑5
n=0 kn an

for rs. The parametrization is used to minimize G to obtain
G(T ,P ) = minV G(V,T ,P ). A plot of G(V (a,c)) for wz-AlN
is shown in Fig. 1.

We note that the applicability of the QHA is based on
the requirement that the structure is dynamically stable at
each considered volume (and corresponding T ), i.e., no soft
phonon modes appear, which determines the upper T limit
for the QHA. Since we find imaginary frequencies for rs

above large volumes of about 10.5 Å/atom (see also Fig. 6)
which correspond to temperatures well above 2500 K at
P = 0, we restrict the calculation of the phase diagram and
thermodynamic properties to below 2200 K.

B. Phase diagram

Having calculated G(T ,P ) for both phases of AlN, the
phase boundary between wz and rs can be constructed by
calculating the intersection line of both surfaces G/atom on a
(T ,P ) grid along P for all T . The calculated phase diagram

FIG. 1. (Color online) wz-AlN: Contour plot of �G(V (a,c)) =
0–80 meV/atom for (a) T = 300 K and (b) 2000 K at P = 0. �G = 0
minimum points are marked with a cross. They determine the (a,c)
pair for the given T and P .

together with experimental points is shown in Fig. 2. We find
that the phase boundary calculated using the PBE functional
is in good agreement with the experimental data, while the
LDA and PBEsol functionals produce a much lower transition
pressure, which has been reported before for different systems
[33–35]. Our results are also in accordance with another
recently published phase diagram [36] (PBE, 1D method),
whereas the results of Ref. [37] (LDA, 1D method, transition
>16 GPa at 300 K) do not fit into that picture.

Interestingly, the phase boundary calculated using the
1D method is almost the same as the one calculated by
explicitly using V (a,c). That is because the c/a anisotropy

FIG. 2. (Color online) Calculated AlN phase diagram using dif-
ferent functionals. Experimental points from Refs. [2,4,5,32]. wz + rs
denotes points of coexistence and 1D the phase boundary calculated
using the 1D method for wz (c/a-T trend reversed). The resulting
phase boundary lies almost on top of the PBE result. The point
labeled �H is the phase transition point calculated at T = 0 from
usual enthalpy H = E + P V differences without zero-point phonon
contributions.
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FIG. 3. (Color online) wz-AlN: Axis thermal expansion rates
and c/a at P = 0 using (a) G(V (a,c)) and (b) the 1D method. In
(a), the c/a ratio decreases with T according to experiment and has
an average value of about 1.6.

is small and therefore the mapping V (T ) derived in the
QHA is essentially not affected, although the c/a-T trend
is reversed. The correct c/a behavior, while important for
thermal expansion (Sec. II C), may therefore be safely
neglected for phase diagrams, as long as the anisotropy is
small.

We note that some care must be taken when comparing
experimental and calculated transition pressures. The exis-
tence of energy barriers along the transition path leads to
hysteresis effects, i.e., differences between transition pressures
observed during compression (forward) and pressure release
(backward), which has been reported for AlN and other
compounds [10,33]. At low T , the hysteresis can be such

FIG. 4. (Color online) wz-AlN: Axis thermal expansion rates
(a) αa and (b) αc at P = 0 compared to experimental data. Solid
lines are results from this work, calculated with different functionals.
Experimental points from Refs. [26–28,30]. The data from Figge et al.
[30] is a fit to a Debye model.

FIG. 5. (Color online) (a) wz-AlN and (b) rs-AlN: CP and αV at
P = 0 and P = 20 GPa. Experimental wz-CP points in (a) at P = 0
from Ref. [38].

that the high pressure phase does not transform back even at
ambient pressure, which is in fact the case for rs-AlN. On
the other hand, calculated transition pressures are equilibrium
values which do not account for hysteresis and are believed
to be located somewhere in the hysteresis window, i.e.,
experimental forward pressures may be higher than calculated
in that case. However, one needs to take the applied exchange-
correlation functionals and their trends regarding transition
pressures into account. Additionally, high temperatures as well
as possibly nonhydrostatic stress conditions in high pressure
experiments reduce the hysteresis window, since barriers can
be overcome more easily and experimental pressures shift
closer to the calculated values. We therefore conclude that our
PBE results give a good approximation for the phase boundary

FIG. 6. (Color online) rs-AlN: G(V,T ) at (a) P = 20 GPa and
(b) P = 0 for T > 1500 K. Dots mark the minimum. For vol-
umes bigger than the ones plotted, imaginary frequencies ap-
pear (unstable structure, no data evaluation). G is relative to
G0 = minV G(T = 0,P = 0,V ).
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line, especially at high temperatures. Assuming a vanishing
hysteresis window at high temperatures would also allow for
a back transformation rs → wz at low P .

FIG. 7. (Color online) MD trajectory during the phase transition
rs → wz for a 4 × 4 × 4 supercell of rs-AlN. Vertical lines in the
top panel correspond to stage 1 (1–6, Fig. 9) and stage 2 (7–12,
Fig. 10). Plotted are cell edges and angles [MD: (a) + (b); relaxed:
(e) + (f)], total energy relative to transition start [MD: (c); relaxed:
(g)], (d) temperature, (h) space group number of relaxed structures
(see also Table I), and (i) relaxed volume. The time axis is relative to
the defined transition start. Note that the cell parameters plotted here
reflect changes of the initial rs supercell and should not be confused
with the primitive cells of hs, bb, and wz in Table I.

C. Thermodynamic properties

From the QHA-derived G(T ,P ) and corresponding op-
timal V , we calculated the thermal expansion and isobaric
heat capacity. For wz-AlN, we can reproduce the anisotropic
thermal expansion αa > αc as shown in Fig. 3. Note the small
negative expansion for the c axis at low T , which is due
to a negative mode Grüneisen parameter of low-frequency
modes [39] below ∼400 cm−1 upon expansion of the c axis. A
comparison to experimental values is shown in Fig. 4. As can
be seen, we get very good agreement for both αa and αc for
all three functionals. For both axes, LDA produces the lowest
expansion rate, followed by PBEsol and PBE, which is known
from bulk moduli and lattice parameters where PBE leads to
more soft phases (higher α). The LDA and PBEsol results
tend to show a better match with some of the experimental
data but neither functional performs significantly better in the
present case of thermal expansion, whereas we got notably
bigger differences in the case of transition pressures.

We also calculated the pressure dependence of the thermal
expansion and the isobaric heat capacity CP for both phases
in the range 0–20 GPa, thus crossing the calculated PBE
transition pressure of ∼13 GPa. Results are shown in Fig. 5,
where we now plot the volume expansion rate αV instead of the
individual axis rates. For both phases, we find that increasing
P leads to a quenching of α as well as CP , where the latter
shows a much smaller sensitivity to P . We find very good
agreement with experiment for CP in the case of wz-AlN.
Note that we miss a small contribution at higher T which is
due to the fact that we do not include explicit anharmonic
effects in our QHA treatment. At high T , the QHA is less
reliable since it cannot, by construction, treat anharmonicities
other than thermal expansion. If one needs to calculate this
contribution, more sophisticated techniques are needed [40].

FIG. 8. (Color online) Relaxed structures. For the bb phase we
note that similar to β-BeO [42] the 4 atom unit connecting the
8 atom rings (view along [100]rs) is not a square but instead shows
a slight rhombohedral tilt of 2.45◦, which alternates as ABAB . . .

along [001]rs.
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Other sources such as electronic or magnetic contributions are
unlikely due to the large band gap and nonmagnetic nature
of the phase. Since experimental data are lacking for the rs

phase, the calculated values are predictions.
At P = 20 GPa where rs-AlN is predicted to be stable

according to the calculated phase diagram, CP and α show
their expected high-T behavior. However, at P = 0 and
temperatures above ∼1000 K, we find a nonlinear increase
in both CP and α. This can be understood by looking at G(V ),
from which these properties have been calculated (Fig. 6).
At P = 20 GPa, a minimum of G(V ) can be found up to
3000 K (and above, not shown). The minimum position with
respect to T is almost linear, meaning a nearly constant thermal
expansion rate, which would be expected in the high-T limit.
At P = 0 we find a nonlinear increase of the volume and
above ∼2500 K a minimum can no longer be found. That can
be interpreted as a signal for a structural instability and shows
that rs-AlN is stabilized by P at high T , while it becomes
unstable at P = 0.

The described behavior of α (and CP ) can be used
to define the end of the QHA validity at high T as the
point ∂2α/∂T 2 = 0, where the thermal expansion changes its
curvature into nonlinear behavior [41]. Using this definition,
we can state that the QHA results for wz and those for rs

at P = 20 GPa are valid over the whole temperature range,
whereas the nonvalid temperature range according to this

definition coincides with that where we expect rs-AlN to
be unstable at high temperatures. These considerations are,
however, not sufficient criteria for phase stability and one
needs to apply other methods in order to investigate the thermal
stability.

D. High-temperature phase transition

1. Molecular dynamics

It is in general desirable to observe the proposed rs → wz
transition directly in molecular dynamics (MD) at the T and P

conditions where the transition is expected and without prior
assumptions about transition states and a specific transition
mechanism. MD is applicable if the transition can be observed
within an accessible simulation time (rare events problem) and
without overheating the system close to critical points, such
as the melting temperature of the simulated system, which is
usually much higher compared to experiment due to periodic
boundary conditions (suppression of nucleation and growth)
and defect-free model crystals.

We applied density functional theory based
Born-Oppenheimer molecular dynamics as implemented
in the CP2K code using a hybrid plane wave and Gaussian
double-ζ (DZVP) basis containing 2s,2p,1d contracted radial
valence functions optimized for condensed phases [43,44],
norm-conserving Goedecker-Teter-Hutter (GTH) [45]

FIG. 9. (Color online) MD snapshots, stage 1. Initial transition from rs (1) to the bb (β-BeO) structure (6) via the hs (h-MgO) intermediate
structure (4). Relaxed structures are shown in Fig. 8. Rows denote the view along the respective rs-AlN crystal axis. Note that [001]rs =
[0001]wz = c axis of wz. In order to better visualize the transition, the MD trajectory was smoothed by convolution with a Hann window [50]
which filters out high-frequency motions while leaving the slower reconstructive atomic and cell movements visible.
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pseudopotentials, and a density cutoff of 280 Ry. Exchange
and correlation were treated with the PBE functional.
Equilibration runs were performed within the NPT ensemble
[46], using a Nosé-Hoover thermostat chain [47] for ions and
the barostat. Production runs were performed in the NPE
ensemble which allows to observe temperature effects during
the transition. A time step of 2.5 fs was used and found to
provide stable integration. The barostat time constant was set
to 200 ps so as to ensure enough coupling between the ionic
and cell degrees of freedom (power spectrum overlap) [48].

Several calculations at P = 0 and different temperatures
were carried out for 4 × 4 × 4 supercells of rs-AlN containing
128 atoms. A phase transition was observed in a number of
independent runs at temperatures above 3000 K after 5–150 ps.
For those, the calculation was continued for at least 30 ps and
then cooled down in steps to below 1500 K. To investigate the
structural changes during the transition, MD structures were
selected from the trajectory every 0.05 ps and quenched to T =
0 by variable cell shape relaxation. For each relaxed structure,
the space group was determined. In order to characterize the
structures after the transition, structures were relaxed every
1–2 ps to the end of the run.

2. Phase transition mechanism

The phase transition part from a MD run is shown in
Fig. 7. The transition itself takes about 3 ps to complete
and we separate the process into two stages, in which several
transitions transform rs via intermediate structures to wz. The

sequence of intermediates is plotted in Fig. 7(h). Snapshots
from the MD in both stages are marked in Fig. 7 by 1–6 and
7–12 which correspond to the structures shown in Figs. 9 and
10. The details of the transformations are explained in the
following.

In stage 1, the onset of the transition can be identified as
the deviation of all three cell angles from 60◦, accompanied
by a change in cell axis lengths. Simultaneously we observe
a temperature drop, while the potential energy increases
by about 0.05 eV/atom (NPE ensemble) and the system
obviously crosses an energy barrier. The structure at the
total energy peak can be characterized as a stretched rs

structure corresponding to structures 2 and 3 in Fig. 9.
After having visited this structure, the system undergoes a
transition to lower-energy configurations. First, we find a
hexagonal intermediate structure of h-MgO (or h-BN) type and
P 63/mmc (194) symmetry, which is represented by structure 4
in Fig. 9. The relaxed structure is shown in Fig. 8. The structure
was predicted as an intermediate in ZnO [11] and in AlN along
the hexagonal path describing the wz → rs pressure-induced
transition [10], as well as in MD [8] and metadynamics [12]
studies of the wz → rs pressure-induced transition in CdSe,
where it was termed “honeycomb stacked.” We will refer to it as
hs. That structure is then transformed into another intermediate
phase (structure 6 in Fig. 9). This tetragonal structure has
P 42/mnm (136) symmetry and is present for about 1.5 ps,
which is visible in Fig. 7 as the period between structures
6 and 7, where b = c and β = γ . It is isomorphic to the

FIG. 10. (Color online) MD snapshots, stage 2. Transition from bb (7) to the wz phase (12). Note how the [001]rs axis remains unchanged
during the whole transition.
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FIG. 11. (Color online) MD snapshots. Direct transition from rs (1) to wz (6) via the hs phase (2) without the occurrence of the bb phase.

high-temperature β-BeO phase [42] and was also found in BN
by simulated annealing crystal structure prediction [49]. We
will refer to that structure as the bb phase. The relaxed structure
is again shown in Fig. 8. In stage 2, the bb phase transforms
to wz as shown in Fig. 10. The rearrangements form a hs-like
structure (structure 9), which transforms the hexagonal rings
of bb along [010]rs to wz type puckered layers.

In some runs we find that bb is not formed as clearly as
shown above and the transition proceeds in one stage directly
as rs → hs → wz. Snapshots from such a run, performed at the
same temperature as the one in Fig. 7, are shown in Fig. 11.
Here, we find only one of the relaxed structures during the
transition to be characterized as bb. We therefore conclude
that the transition via hs is a characteristic feature of the
mechanism, whereas the occurrence of the bb phase is not
a necessity.

3. Energies of intermediate structures and temperature effects

The relaxed structures capture all essential features of the
transition, apart from the total energy peak and stretched rs

maximum energy structure. This can be seen in Fig. 7 when
comparing the cell edges and angles as well as the energy of
MD and relaxed structures. For the energies of the relaxed
structures relative to rs [see Fig. 7(g)], we find hs = −0.092,
bb = −0.16, and wz = −0.192 eV/atom. Compared to the
energy gain of transforming to wz, the bb and wz phases
are only separated by about 0.03 eV/atom. Now, due to that
small difference and the given temperature, one can expect

that these structures frequently transform into each other. By
observing the MD trajectory after the transition some ps after
wz has initially formed, we find about 50% of the relaxed
structures to be pure wz. The other structures are distorted wz

structures or ones which have elements of both the wz and
the bb phase with various lower symmetries. We stress that
the hs, bb, and wz structures are very similar with regard to
the (001)rs plane, which always shows hexagonal rings. After
rs transformed to hs and further to bb/wz, this configuration
remains stable independently of rearrangements in (010)rs

and (100)rs. The main temperature-induced distortions which
cause either complete or partial bb ↔ wz transformations [as
well as the hs → (bb,wz) transition] act along [001]rs by
shifting atomic layers relative to each other. These shifts
require much less energy compared to a complete wz → rs
forward transition and therefore occur rather frequently as long
as the temperature is not reduced. After cooling the system
down, we always recover pure wz structures in all runs where
a transition was observed. We note the similarity to BeO,
whose high-T form is bb and which also crystallizes in the wz

structure at low temperature.
In summary, we can identify two possible transition paths

leading from rs to wz, namely, an indirect rs → hs → bb →
wz and a direct rs → hs → wz path, where the latter is in fact
an inversion of the hexagonal path. The temperature obviously
influences the free energy landscape in a way which allows the
formation of the metastable bb intermediate structure. In either
case, the transition path eventually leads to the formation of a
stable wz phase.
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III. CONCLUSION

We have calculated the anisotropic thermal expansion of
wz-AlN, which is very small with a difference of only about
1 × 10−6 K−1. Our results compare very well to experimental
data, which show that the QHA is a valid approximation
and, when combined with ab initio methods, a reliable tool
for calculating even small differences in thermodynamic
properties with high precision, as long as other anharmonic
effects play a minor role. From the QHA-derived Gibbs
energy, we calculated the wz-AlN–rs-AlN phase diagram
and found it to correspond well to experimental data.
We investigated exchange-correlation effects and found the
phase transition pressure to be much more sensitive to the
choice of the functional, whereas structural parameters such as
the thermal expansion are less affected. We found indications
for a low pressure instability of rs-AlN from the high-T
behavior of its thermal expansion and heat capacity. By
applying ab initio MD, we described the temperature-driven

rs → wz transformation mechanism in detail. The transition
always forms a h-MgO type intermediate structure and then
proceeds either along a reversed hexagonal path or along a
modified form of the latter, involving an additional β-BeO
type high-T modification. Structural elements of this phase
are partly present after the transition in both cases and vanish
when the system is cooled down. The obtained results support
experimental observations which suggest an instability of
rs-AlN at ambient pressure and high-T conditions.
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