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Aluminum nitrate is an indisputable material for current optoelectronic technology. Although much scientiﬁc eﬀort has been devoted to understand the ground state elastic properties of aluminum nitrate, little is known about the high pressure elastic behavior of this
crucial material. In contrast to previous theoretical methods, we present an application of a
shell model interatomic potential for the ﬁrst time in conjunction with geometry optimization calculations to predict some elastic and relevant properties of wurtzite aluminum nitrate
(w-AlN) under pressures up to 50 GPa. The obtained ground state results for the elastic
constants, Poisson ratio, elastic wave velocities, and dielectric optical constants agree well
with the existing experimental values, and better than those of some theoretical data. In
addition, the bonding character of w-AlN are found to be ionic for the entire pressure range,
whereas elastic isotropy arises for the pressures below 10 GPa. In conclusion, application
of shell model potentials to the high pressure properties of w-AlN oﬀers satisfactory results,
and these results can be useful for the future experimental and theoretical works on related
material under pressure.
DOI: 10.6122/CJP.20140610A

PACS numbers: 62.20.D-, 62.50.-p, 77.84.Bw, 81.05.Ea

I. INTRODUCTION
In the past few decades, the computational modeling of materials has been an eﬃcient
and quick tool to address the unclear issues of physical interest. The results of these
computations help to predict new materials and can replace experiments that are quite
expensive and even impossible in the laboratory [1, 2].
Further, predicting good elastic and thermodynamic properties of materials is an
attractive subject for current solid sate science and industry. In particular, these properties
at high pressure and temperature are most signiﬁcant in many modern technologies [3].
The subject of the present work is the material AlN, which is a prominent member
of the III-V semiconductor family (GaN, AlN, and InN). From a crystallographic outlook,
under ambient conditions, AlN crystallizes in the wurtzite crystal structure (w-AlN) with
P63 mc space group. Therefore, w-AlN is the most observed structure during experiments,
in contrast to the diﬃcultly fabricated of the cubic zinc blende and rock salt phases. Noteworthy to mention here, AlN has the largest direct band gap with 6.3 eV, that makes
AlN an ideal candidate for developing optoelectronic technology to construct violet region
devices [4–6]. In addition, AlN is one of the best thermal conductors, with a low ther∗
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mal expansion coeﬃcient. Several other uses of AlN cover surface acoustic wave devices,
integrated circuit packaging, ignition modules, radio frequency and microwave packages,
heat sinks, laser diodes heat spreaders, and cutting tools [7]. Scientists recognized the
technological importance of AlN in the middle of the 1980s.
There have been a number of studies related to the elastic properties of w-AlN both
theoretical and experimental. Tsubouchi and coworkers [8] ﬁrst reported the experimental
results of the w-AlN from surface acoustic wave measurements in 1985. Later, in 1993,
Mc-Neil and colleagues obtained the elastic constants of w-AlN from Brillouin scattering
experiments [9]. Afterwards, computations have been performed (e.g., Wright et al. [10],
Schilf gaarde et al. [11], Saib et al. [12], Peng et al. [13], and Wang et al. [14]) to settle
generally the ground state (P = 0 GPa and T = 0 Kelvin) elastic constants of w-AlN
with the density functional theory (DFT) method through various interatomic potentials.
However, little is known about the high pressure elastic properties of w-AlN. As far as we
know, Ref. [6] is the only DFT attempt considering the high-pressure elasticity of w-AlN
at T = 0 under high pressures.
The present inquiry, therefore, focuses on the high-pressure elastic and some other
relevant properties of w-AlN. In contrast to the above existing literature methods and
applied potentials, this is the ﬁrst report regarding the application of a shell model potential
to determine the high-pressure elastic and other related properties of w-AlN with geometry
optimization calculations. During the research, we focused on the pressure behavior of
ﬁve independent elastic constants and calculated bulk, shear, and Young moduli, Poisson
ratio, elastic wave velocities, elastic anisotropy parameter, Kleinman parameter, static and
high frequency dielectric constants, and the mechanical stability conditions of w-AlN under
pressures between 0 GPa and 50 GPa at T = 0 K.
The rest of the paper is organized as follows. Section II gives a brief overview for
geometry optimization and computational details. Section III provides the present and
former results on the considered parameters of w-AlN with a discussion, and Section IV
summarizes the main ﬁndings of this research in the conclusions.

II. COMPUTATIONAL DETAILS
Geometry optimization is an eﬃcient and convenient method in both classical physics
based molecular dynamics (MD) and quantum mechanics based DFT techniques to get a
stable conﬁguration for a molecule or periodic structure through fast and inexpensive energy
computations. An optimization procedure involves the repeated sampling of the potential
energy surface until the potential energy reaches a minimum where all forces on all atoms
are zero. Many details about the optimization methods and other points of concern are
explained in [15–17].
All geometry optimization calculations have been done with the General Utility Lattice Program (GULP) MD code with version 4.0. [18, 19]. This handy code allows widerange property calculations for 3D periodic solids, 2D surfaces, and gas phase clusters by
applying a proper interatomic potential depending on the demands of the research [16].
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The accuracy and the reliability of the computer simulations depend on the quality
of the employed interatomic potentials [20]. Moreover, shell model interatomic potential
models provide satisfactory results on the ground state as well as high-pressure properties
of oxides, ﬂuorides, and other compounds [21–24]. Since the shell model and its methodologies are well established, we give only a brief description here. In this model, most of the
potentials consist of Coulomb and pairwise short-range interactions with ionic polarization
treated by Dick and Overhauser [25]. In addition, an atom is represented by two separate
components: the core (representing the nucleus and core electrons) and the shell (representing the valence electrons). The core and the shell separately interact with other atoms
and with each other. This interaction energy is represented by the short-range Buckingham
energy,
)
(
rij
C
Buckingham
− 6,
Uij
= A exp −
ρ
rij
where A, ρ, and C are speciﬁc interaction parameters. For further details and other assumptions, interested readers are referred to Refs. [20–25] for more about the shell model
potentials and their outcomes.
An existing shell model interatomic potential [26] was employed for the to present
computations, which was originally derived for the bulk and defect properties of III-V nitrides. Since w-AlN is the most observed experimental structure, a special importance is
given to the ground state properties of this structure during the present inquiry to achieve
a comparison with experiments. The cell parameters of w-AlN were assigned as: a = 3.11
Å and c = 4.97 Å. To obtain a successful geometry optimization without constraints [15],
constant pressure optimization was used in this study. The geometry of the cells were
optimized via the Newton–Raphson method based on the Hessian matrix calculated from
the second derivatives, in which the Hessian matrix was recursively updated during optimization using the the BFGS algorithm [27–30] as implemented in GULP. After setting the
prerequisites for w-AlN, multiple runs have been applied at zero Kelvin (0 K) temperature
by checking the pressure ranges starting from 0 GPa up to 50 GPa in steps of 5 GPa.

III. RESULTS AND DISCUSSION
The elastic constants of materials aﬀord precious and essential knowledge about many
mechanical and physical properties of materials. Once the elastic constants are obtained,
one may get a deeper perception on the stability of the concerned material [1, 2, 16, 17].
These constants are also informative regarding the properties of materials, e.g., interatomic
bonding, equation of state, and phonon spectra. They also link to several thermodynamic
parameters, such as the speciﬁc heat, thermal expansion, Debye temperature, and Grüniesen
parameter, etc. However, in general, elastic constants derived from the total energy calculations correspond to single crystal elastic properties. On the other hand, the VoigtReuss-Hill approximation is a reliable scheme for polycrystalline materials [1, 2, 31, 32]. To
determine the correct values of elastic constants and other surveyed parameters for w-AlN,
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the Voigt-Reuss-Hill values were taken into account for the present research.
In a wurtzite type material, ﬁve independent elastic constants exist as: C11 , C12 , C13 ,
C33 , and C44 .
The plot in Fig. 1 compares our results and the recent DFT data [6] for the C11 , C12 ,
C13 , C33 , and C44 elastic constants of w-AlN between 0 GPa and 50 GPa.
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FIG. 1: A comparison for the elastic constants of w-AlN.

The closed circles denote our results, whereas squares denote the compared DFT data.
At ﬁrst, the obtained results show a similar trend with DFT data [6], except for a deviation
for the C33 elastic constant. Moreover, all the obtained elastic constants of w-AlN increase
with pressure except C44 . Beyond these increments, a closer inspection reveals that the
elastic constants are in the range of C33 > C11 > C12 > C13 > C44 , and similar to the both
experiments and DFT results [6, 8, 9]. Besides, Table I also lists a numerical comparison of
these present results for the elastic constants with respect to some previous experimental
and theoretical results. As can be seen from Table I, the present results of the ground
state elastic constants are very close to the Brillouin spectroscopy measurements [9], and
are better than those of former theoretical reports [6, 11–14].
From the stability outlook, the traditional Born mechanical stability condition for a
hexagonal structure also holds for wurtzite crystal and must satisfy [31]
2 > 0.
C44 > 0, C11 > C12 and (C11 + 2C12 )C33 − 2C13

Current research results for the obtained elastic constants of w-AlN satisfy the mechanical
stability condition (Fig. 1 and Table I). This result points out that w-AlN is mechanically
stable at 0 K and 0 GPa.
The bulk modulus (B) is the unique elastic constant of matter that divulges much
information about the bonding strength. As well, it is a measure of the matter’s resistance
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TABLE I: Comparing the elastic constants of w-AlN with the previous and present results.
Ref. [6]

Ref. [8]

Ref [9] Exp.

Ref. [11]

Ref. [12]

Ref. [13]

Ref. [14]

Present

C11 (GPa)

375.2

345

410.5 ± 10

388

376

376

376

390.9

C33 (GPa)

353.6

395

388.5 ± 10

458

411

354

355

387.9

C44 (GPa)

112.9

118

124.6 ± 4.5

99

122

115

112

121.2

C12 (GPa)

122.7

125

148.5 ± 10

154

130

121

127

139.4

C13 (GPa)

91.8

120

98.9 ± 3.5

84

122

93

97

121.5

to external deformation and occurs in many formulas describing diverse mechanical and
physical characteristics. The shear modulus (G), however, recounts the resistance to shape
change caused by a shearing force. In addition to B and G, the Young modulus (E) is the
resistance to uniaxial tensions. These three distinct moduli (B, G, and E) are other useful
parameters for deﬁning the mechanical properties of materials [1, 2, 16, 17]. Fig. 2 displays
the pressure behavior of B, G, and E of w-AlN for the entire range.
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FIG. 2: Young’s, bulk, and shear moduli of w-AlN.

As in Fig. 1, the circles represent our results, where squares are for the DFT data
of the B, E, and G moduli. From the prevalent physical deﬁnition of the bulk modulus
(B = ∆P/∆V ), it is expected to be increasing, because of its direct proportion to the
applied pressure. Indeed, the bulk modulus of w-AlN exempliﬁes a straight increment as
expected, and agrees to the DFT [6] data. Unlike the sharp increment in B, the E and G
moduli have slight diﬀerences, and disagree with the previous DFT results under pressure.
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Aside from the pressure behavior of these three moduli, Table II summarizes another
numerical comparison for B, G, and E, the elastic moduli of the present and former data
of w-AlN at 0 K and 0 GPa. The present results for the B, G, and E moduli agree both
with the experiments and the DFT results, as seen in Table II.
TABLE II: Comparing the bulk, shear, and Young moduli of w-AlN with the previous and present
results.
Exp (Ref. [33])

Ref. [6]

Present

B (GPa)

210

190.38

214.94

G (GPa)

131

136.31

126.06

E (GPa)

308

330.14

332.14

The Poisson ratio (ν) is the ratio between the transverse strain (et ) and longitudinal
strain (el ) in the elastic loading direction, and is used for evaluating the bonding behavior
of materials [17]. For instance, the Poisson ratio (ν) for covalent materials is on the order
of 0.1, whereas a typical value for ionic materials is 0.25 [32].
The Poisson ratio of w-AlN begins with 0.23 at zero pressure and shows a linear
increment with increasing pressure denoted again with circles, as seen in Fig. 3.
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FIG. 3: Poisson ratio of w-AlN under pressure.

Despite the slight disagreement with DFT data (squares) under 10 GPa, our results
have a similar curve behavior for ν above 15 GPa. Beyond this correspondence, typical
relations between B and G are expressed as G = 1.1B for covalent and G = 0.6B for ionic
materials [32]. After a careful assessment, we ascertained the relation of B and G to be
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0.58 at T = 0 K and P = 0 GPa for w-AlN. Such two crosschecked results (ν = 0.23
and G = 0.58B) manifest the ionic bonding characteristic of w-AlN analogous to former
experiments [7] and DFT ﬁndings [33].
In solids, low temperature (T = 0 K in our case) acoustic modes can cause vibrational
excitations. Depending on this fact, two typical elastic waves: longitudinal and shear waves
exist. The velocity VP symbolizes longitudinal wave velocity and VS stands for the shear
wave velocity [16, 17]. Fig. 4 shows the behavior of the VP and VS velocities for w-AlN as
a function of pressure.
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FIG. 4: Elastic wave velocities of w-AlN vs. pressure.

VP has a more substantial increment than VS , which is the observed circumstance for
most materials. Obtained data, for both VP and VS , are again satisfactory when compared
to previous experimental and DFT results [6].
Kleinman introduced a parameter (ζ) for materials, stating the relative ease of bond
bending to bond stretching [26, 34]. According to Kleinman, minimizing bond bending leads
to ζ = 0, and minimizing bond stretching leads to ζ = 1. After Kleinman, Harrison [35]
proposed and approximated the Kleinman parameter for typical elastic constants with the
expression ζ = C11 + 8C12 /7C11 + 2C12 .
Fig. 5 shows the dependency of the Kleinman parameter upon the studied pressure
range. The present results exhibit an intermediate value of the Kleinman parameter with
0.50 between bending and stretching for the ground state of w-AlN. Also ζ displays a linear
increment with increasing pressure, which for this case leads to bond stretching in w-AlN.
The elastic anisotropy of crystals is crucial in engineering, since it correlates with the
possibility to produce microcracks in materials. The anisotropy factor A = 2C44 /(C11 −C22 )
can serve for a deeper outlook on the elastic anisotropy of w-AlN. For a completely isotropic
material, A is equal to 1, while any value smaller or larger than 1 indicates anisotropy. The
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FIG. 5: Kleinman parameter of w-AlN against pressure.

magnitude of the deviation from 1 is a measure of the degree of elastic anisotropy possessed
by the crystal [1, 37].
As seen in Fig. 6, the obtained anisotropy factors of w-AlN is close to or equal to 1
below 10 GPa, showing that w-AlN is isotropic between 0 GPa and 10 GPa. This behavior
of w-AlN agrees with the low anisotropy concluded in DFT [6] calculations. It is also clear
from Fig. 6 that the elastic anisotropy of w-AlN becomes more dominant above 10 GPa.
The dielectric constants of materials are fundamental optoelectronic parameters for
device design for almost all ﬁelds of modern electronics and are responsible for the characteristics of the charge carriers, dopants, defects, impurities, insulators, and semiconductors [38].
33
The plots in Fig. 7 demonstrate the typical static (ϵ11
0 and ϵ0 ) and high frequency
11
33
(ϵ∞ and ϵ∞ ) dielectric constants of w-AlN under pressure. Both static dielectric constants
decrease with an increment of the applied pressure. On the other hand, a pressure increment
33
does not much aﬀect ϵ11
∞ and ϵ∞ , where both of them keep their continuous behavior under
pressure, as seen in Fig. 7.
The obtained values of all dielectric constants are reasonable since the results are of
about the measurements [26].
Overall, the obtained results display a fair agreement with the experiments, in particular for the elastic constants, elastic wave velocities, Poisson ratio, and dielectric constants.
As well, the presented results for all considered parameters of w-AlN are not only consistent
with the experiments, but are also better than those of some of the theoretical data.
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FIG. 6: Pressure dependency of the anisotropy factor for w-AlN.
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FIG. 7: Dielectric constants of w-AlN under pressure.

IV. CONCLUSION
In summary, we applied an existing shell model potential for the ﬁrst time in conjunction with geometry optimization calculations to predict the high-pressure elastic properties
of w-AlN. As our results demonstrate, application of a shell model potential that is origi-
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nally used for predicting the ground state bulk, lattice, and defect properties of w-AlN [26]
well reproduces other mechanical, optical, and elastic features of this material under pressure. In particular, the obtained results are consistent with the former experimental values
for the elastic constants, Poisson ratio, elastic wave velocities, dielectric optical constants,
and are better than those of some other published data. In addition to these ﬁndings,
w-AlN shows an ionic bonding character for the entire surveyed pressure range, and elastic
anisotropy begins above the pressures 10 GPa, similar to the DFT ﬁndings. We hope that
the present results especially will be shedding further light on the future works regarding
the high-pressure elastic and relevant characteristics of w-AlN.
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