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Abstract

Al3BC3, an isostructural phase to Mg3BN3, experienced no pressure-induced phase transformation that occurred in the latter material

(J. Solid State Chem. 154 (2000) 254–256). The discrepancy is not clear yet. Using the first-principles density functional calculations, we

predict that Al3BC3 undergoes a hexagonal-to-tetragonal structural transformation at 24GPa. The predicted phase equilibrium pressure

is much higher than the previously reported pressure range, i.e., 2.5–5.3GPa, conducted on phase stability of Al3BC3. A homogeneous

orthorhombic shear strain transformation path is proposed for the phase transformation. The transformation enthalpy barrier is

estimated to yield a low value, i.e., 0.129 eV/atom, which ensures that the transformation can readily take place at the predicted pressure.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Al3BC3 was recently investigated as a promising ceramic
of high hardness and toughness, as well as of high chemical
and thermal stability, in lightweight structures [1]. Hilleb-
recht and Meyer [2] successfully synthesized and solved the
crystal structure of Al3BC3 a few years ago. This phase was
determined to crystallize with space group P63/mmc, and
its crystal structure was described as follows: isolated C
atoms are located at the center of corner-sharing Al5
trigonal bipyramids which are interleaved by short linear
C–B–C units along the c-axis.

The C–B–C unit in Al3BC3 was characterized with a
nature of strong covalent bonding by experimental vibra-
tional spectroscopy [2]. Furthermore, electronic structure
and bonding characteristics were reported for Al3BC3 using
density functional calculations [3]. However, this com-
pound is much less known about its mechanical properties.
e front matter r 2006 Elsevier Inc. All rights reserved.
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The reason is attributed to difficulties in synthesizing bulk
and/or single crystalline material. Equation of state of
Al3BC3 has been experimentally studied by Solozhenko et
al. [4]. Bulk modulus and weak anisotropic compressibility
were reported as 153GPa and kc=ka ¼ 1:06, respectively.
The authors have conducted theoretical studies of the
elastic stiffness of Al3BC3 recently [5]. Although Al3BC3

has a bulk modulus of 158GPa, the material experiences
unusual low shear modulus c44 of only 16GPa. The
underlying origin of low shear-strain resistance was
proposed with two simultaneously occurred processes: the
rigid linear C–B–C units tilt with respect to the c-axis
easily, and simultaneously, the corner-sharing Al5C by-
pyramid slabs shear slide along the basal plane with low
resistance. As is known that c4440 represents a measure of
the stability condition for hexagonal crystal, and low
magnitude of c

44
may be important for better under-

standing the phase stability, such as polymorphism arisen
from shear-strain induced instability.
Comprehensive understanding of phase stability of

Al3BC3 is desirable for its development as a promising
structural material. Mg3BN3, an isostructural phase to
Al3BC3, was found to crystallize in different structures
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depending on the pressure applied [6,7]. The low-pressure
polymorph has a hexagonal cell (space group P63/mmc,
Z ¼ 2) [6], and the high-pressure form is determined with a
orthorhombic cell (space group Pmmm, Z ¼ 1) [7].
Hiraguchi et al. [7] reported a hexagonal-to-orthorhombic
phase transformation at 4GPa and 1500K. Similar phase
transformation was also expected for Al3BC3. Unfortu-
nately, Al3BC3 was reported to undergo no structural
transformation up to 1800K over the 2.5–5.3GPa pressure
range [4]. The reason was not well established yet.

The present work was aimed at studying high-pressure
structural stability of Al3BC3 using first-principles compu-
tations. We predicted a hexagonal-to-tetragonal structural
transformation for Al3BC3 at a pressure about 24GPa, and
proposed a homogeneous orthorhombic shear strain
transformation path with very low transformation
enthalpy barrier. For comparison, the phase transforma-
tion pressure was calculated about 2GPa for Mg3BN3,
which was in good agreement with previous experimental
result.
0 10 20 30 40 50
0.92

0.94

0.96

0.98

1.00

0 10 20 30 40 50

0.80

0.85

0.90

0.95

1.00

B-C
Al-C coupling Al5C & BC2

Al-C along basal plane
Al-C along c

R
el

at
iv

e 
bo

nd
 le

ng
th

Pressure (GPa)

V
/V

0

Pressure (GPa)

B0=158 GPa

Fig. 1. Bond-length contractions in Al3BC3 under various pressures,

together with the equation of state shown in the inset.
2. Computational details

The CASTEP code was used in the present calculations
[8], wherein the Vanderbilt-type ultrasoft pseudopotential
[9] and local density approximation were employed. The
plane-wave basis set cut-off was 450 eV for all calculations.
The special points sampling integration over the Brillouin
zone was employed by using the Monkhorst–Pack method
with a 10� 10� 2 special k-points mesh [10].

To investigate the ground state electronic structure and
equation of state, the equilibrium crystal structures were
optimized at various isotropic hydrostatic pressures ran-
ging from 0 to 50GPa. Lattice parameters, including lattice
constants and internal atomic positions, were modified
independently to minimize the enthalpy and interatomic
forces. The anisotropic responses of studied compounds to
applied hydrostatic pressure were considered by optimizing
the lattice parameters a and c independently until three
diagonal components of stress tensor were all equal to the
applied pressure. We have calculated the ratio between
linear compressibility coefficients in the c direction and
along the basal plane. The obtained theoretical ratio of
1.05 was in excellent agreement with the experimental value
of 1.06 [4]. The Broyden–Fletcher–Goldfarb–Shanno
(BFGS) minimization scheme [11] was used in geometry
optimization. The convergent tolerances for geometry
optimization were: difference on total energy within
5� 10�6 eV/atom, maximum ionic Hellmann–Feynman
force within 0.01 eV/Å, maximum ionic displacement
within 5� 10�4 Å and maximum stress within 0.02GPa.
The authors have shown that the present first-principles
calculation scheme is reliable on predicting crystal struc-
ture, elastic stiffness and inter-atomic force constants of
ternary carbides [12–14] and complex oxides, like LaPO4

and CaWO4 [15].
3. Results and discussions

3.1. Pressure-induced phase transformation

In Fig. 1, we present the bond-length contractions of
hexagonal Al3BC3 under various pressures, together with
the relative unit cell volume, V/V0, as a function of external
pressure plotted in the inset. The strengths of interatomic
bonds were estimated by their resistances against external
pressures. The highest lying curve is associated with the
B–C bond, which shows its most resistive character against
hydrostatic pressure. This is coincident with the strongest
covalent binding within the linear C–B–C unit [2]. Lower
located curves are of Al–C bond coupling the Al5C slab
and C–B–C unit, and Al–C bond residing along the basal
plane. The two curves are hard to be distinguished, which
suggests similar bonding strengths against compression.
The lowest lying curve corresponds to the Al–C bond
residing along the c direction and displays the most
compressible feature. In addition, by fitting the data
plotted in the inset of Fig. 1 with the Birch–Murnaghan
equation [16], bulk modulus B0 was obtained as 158GPa,
which was in good agreement with the experimental value,
153GPa [2].
To calculate the theoretical structural parameters of

high-pressure phases, geometry optimizations were per-
formed using the experimental Mg3BN3-type structure with
orthorhombic symmetry [7]. It should be stated that the
optimized crystal structure converged to a tetragonal
structure (space group P4/mmm) for the possible high-
pressure phase. The present theoretical structure yields
higher symmetry compared to the previously reported
orthorhombic structure (space group Pmmm) with unequal
a and b parameters [7]. Table 1 summarizes the optimized
structural parameters of hexagonal (h-phase) and tetra-
gonal (t-phase) polymorphs of Al3BC3 and Mg3BN3.
Previous experimental results are included for comparison
[2,6,7]. Satisfactory agreement is achieved between the
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Table 1

Computed crystal structures of h-(hexagonal) and t-(tetragonal) Al3BC3 and Mg3BN3 phases, together with experimental data for comparison

Compound Method Space group a (Å) c (Å) Internal coordinates

h-Al3BC3 Calc. P63/mmc 3.363 15.58 zC ¼ 0.0914

zAl ¼ 0.1224

Expt. [2] P63/mmc 3.401 15.84

t-Al3BC3 Calc. P4/mmm 2.971 7.403 zC ¼ 0.3073

zAl ¼ 0.2619

h-Mg3BN3 Calc. P63/mmc 3.513 15.99 zN ¼ 0.0836

zMg ¼ 0.1229

Expt. [6] P63/mmc 3.544 16.04 zN ¼ 0.0851

zMg ¼ 0.1228

t-Mg3BN3 Calc. P4/mmm 3.066 7.829 zN ¼ 0.3290

zMg ¼ 0.2569

Expt. [7] Pmmm 3.093 (3.134) 7.701 zN ¼ 0.3262

zMg ¼ 0.2670

Fig. 2. Crystal structures of hexagonal- and tetragonal-Al3BC3. Two unit

cells are plotted for tetragonal structure along the c direction for making

comparisons conveniently. The highlighted Al–C units show predominant

structural differences on bonding coordination between Al and C atoms.
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present calculations and previous works. As shown in
Table 1, all theoretical lattice constants deviate from
experimental values within 1.7%. Furthermore, the com-
puted internal degrees of freedom zAtom also coincide well
with experimental results. The crystal structure of low-
pressure hexagonal Al3BC3 is compared with that of high-
pressure tetragonal phase in Fig. 2. The Al (4f Wyckoff
position) and C (2d Wyckoff position) atoms in the
hexagonal Al3BC3 structure change to the more symme-
trical central positions in the tetragonal Al3BC3 structure,
leading to a different bonding coordination between Al and
C atoms along the basal plane. Furthermore, the symmetry
of the resultant tetragonal structure halves the c-axis.
To investigate the pressure-induced structural transfor-

mation, we optimized both the cell parameters and internal
degrees of freedom for hexagonal and tetragonal phases
under each external hydrostatic pressure. Fig. 3 shows the
enthalpy differences from hexagonal phase for Al3BC3 and
Mg3BN3 up to 50GPa. At the ambient pressure, the
enthalpy differences are 0.15 and 1.46 eV/formula for
Mg3BN3 and Al3BC3, respectively. Upon applying pres-
sure, hexagonal phase remains a low energy structure until
the enthalpy of the tetragonal phase becomes lower than
that of hexagonal phase. Such a crossing indicates a
thermodynamic instability of the hexagonal phase and a
possible structural transition to the tetragonal phase. The
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enthalpy of tetragonal phase crosses that of hexagonal
phase at pressures about 2 and 24GPa for Mg3BN3 and
Al3BC3, respectively.

Previous experimental study reported a phase transition
occurred for Mg3BN3 at a pressure about 4GPa [7], which
agrees well with the present calculation. For Al3BC3, we
predicted a much higher phase-transformation pressure
than that of Mg3BN3. Also, the predicted phase-transfor-
mation pressure is far beyond the previously conducted
pressure range on phase stability of Al3BC3 [2]. It should be
noted that the enthalpy differences vary with pressures in
the same tendency for Mg3BN3 and Al3BC3 as shown in
Fig. 3, therefore, the high phase-transformation pressure of
Al3BC3 is due to the large energy difference between the
polymorphs at ambient conditions.

3.2. Transformation path and enthalpy barrier

The phase equilibrium transformation pressures have
been calculated for Al3BC3 and Mg3BN3 in the previous
section. However, there may be large kinetic barriers that
impede the transition at the equilibrium pressure, leading
to a hysteresis between the forward and backward
transformations. This means, in order for the actual
transformation process to take place, not only the enthalpy
of the ending phase (in this case tetragonal phase) should
be lower than or equal to the starting phase (in this case
hexagonal phase), but also the enthalpy barrier of the
transformation between the two phases has to be suffi-
ciently low. Since the barrier of transformation has an
influence on the transformation pressure, it is necessary to
study the barrier for selected transformation path to better
understand the possibility of phase transformation.

Hiraguchi et al. [7] have compared the crystal structure
of hexagonal and orthorhombic Mg3BN3, and proposed an
evident correlation of the two structures. They speculated
that, at high pressure/high temperature, the Mg (4f

Wyckoff position) and N (2d Wyckoff position) atoms in
the hexagonal structure shift to the more symmetrical
central positions along the basal plane, with a concomitant
change of the hexagonal cell into an orthorhombic cell, to
Fig. 4. Top views of hexagonal and tetragonal crystal structures. The parame

v ¼ 0.333, and b/a ¼ 1.0 and v ¼ 0.5 for hexagonal and tetragonal structures,
produce the orthorhombic structure. Very recently, Limpi-
jumnong et al. [17,18] described a homogeneous in-plane
orthorhombic strain transformation path from the hex-
agonal to the cubic structure for GaN and ZnO, and
analyzed its energetics using first-principles total energy
calculations. Previous works have proposed a possible
transformation path linking the two studied polymorphs
by undergoing in-plane shear deformation.
In order to understand the proposed phase transforma-

tion path, the relationship between crystal structures of two
end phases are reinvestigated at first. The hexagonal crystal
structure is characterized by three parameters, the lattice
constants a, c, and the internal parameter z which fixes the
relative position of the hexagonal close-packed sublattices
along the c direction. The last parameter has to be relaxed
when a uniaxial strain is applied in the c direction. With
respect to the hexagonal-to-tetragonal phase transforma-
tion, the c changes from ch ¼ 15.58 Å to ct ¼ 14.81 Å (2
times the c constant of tetragonal structure), leading a ch/ct
ratio decreases from 1.052 to 1. The projected hexagonal
and tetragonal structures on the (001) plane are shown in
Fig. 4. As seen from the top view figures, the hexagonal
crystal is equivalent to the side-centered orthorhombic
structure with the structure parameters a and b of
b/a ¼ 1.733. To characterize the hexagonal-symmetry-
breaking in-plane strain, two parameters, the b/a ratio
and the internal parameter v, are introduced following
Refs. [16,17]. The additional internal parameter v defines the
relative in-plane projection of two sublattices, and yields
v ¼ 0.333 and 0.5 for hexagonal and tetragonal structures,
respectively. Thereafter, the hexagonal-to-tetragonal phase
transformation can be described by an additional in-plane
orthorhombic shear strain b/a, which would vary from 1.733
to 1 gradually. In the present calculation, both z and v were
optimized for each strained structure.
To study the possible paths of hexagonal-to-tetragonal

phase transformation, one should map out the enthalpy
surface as a function of two independent strain parameters,
ch/ct and b/a varied from 1.502 to 1 and 1.733 to 1,
respectively, at the calculated equilibrium transformation
pressure. The most favorable path is that yielding the
ters b, a, and v defining the structure are illustrated (i.e., b/a ¼ 1.733 and

respectively).



ARTICLE IN PRESS

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

0.33

0.36

0.39

0.42

0.45

0.48

0.51

0.00

0.03

0.06

0.09

0.12

∆H
 (

eV
/a

to
m

)

In
te

rn
al

 p
ar

am
et

er
 υ

b/a

enthalpy barrier

0.129 eV/atom

Fig. 5. Enthalpy difference at the equilibrium transformation pressure

P ¼ 24GPa for Al3BC3 along the proposed transformation path. Internal

structural parameter v as a function of b/a strain is also included. The low

enthalpy barrier, 0.129 eV/atom, ensures phase transformation being

readily occurred at this predicted pressure.

J. Wang et al. / Journal of Solid State Chemistry 179 (2006) 2739–2743 2743
smallest enthalpy barrier. However, it is very computa-
tional consuming to map out the whole enthalpy surface.
Pressure-induced hexagonal-to-cubic phase transforma-
tions in ZnO and GaN have been proposed along the
straight diagonal transformation path [17,18], and there-
fore, we only adopted the same transformation path in the
ch/ct–b/a space. The change in enthalpy along the chosen
transformation path at the equilibrium transition pressure
P ¼ 24GPa is shown in Fig. 5. The obtained transforma-
tion barrier yields a notably low value, i.e., 0.129 eV/atom.
This transformation barrier is very close to the critical
enthalpy barrier, e.g., 0.125 eV/atom of the hexagonal-to-
cubic phase transformation in ZnO, AlN, GaN, and SiC
[18]. Therefore, the transformation can readily take place
at the phase equilibrium pressure P ¼ 24GPa.

Fig. 5 also includes the trend of internal structural
parameter v as a function of in-plane strain b/a. An abrupt
change takes place near the critical strain with the
maximum enthalpy barrier. Before the in-plane strain b/a
reaches its critical value, the two sublattices are basically
locked at their initial positions, which suggests that the
directional sp2 type Al-C covalent bond is highly stable and
favors the 3-fold coordination along the basal plane.
Beyond the critical value, the two sublattices slide along the
basal plane to the symmetrical central position, leading to
the internal structural parameter v converging rapidly up to
0.5. Thereafter, Al and C atoms experience 4-fold
coordination along the basal plane in the tetragonal phase.

4. Conclusions

Using the first-principles density functional calculations,
we studied the phase stability of Al3BC3 and Mg3BN3
under isotropic hydrostatic pressures up to 50GPa. Both
materials undergo pressure-induced hexagonal-to-tetrago-
nal structural transformation; however, the calculated
phase equilibrium pressures diverge significantly. The
Al3BC3 undergoes a polymorphic phase transformation
at a much higher pressure, i.e., 24GPa, compared to that
for Mg3BN3, i.e., �2GPa. We proposed a homogeneous
orthorhombic in-plane deformation transformation path
linking the two end polymorphs. Moreover, the calculated
transformation enthalpy barrier is only 0.129 eV/atom for
Al3BC3 under 24GPa, which ensures the phase transfor-
mation being readily occurred at the predicted pressure.
We hope the predicted polymorphism in Al3BC3 could be
identified in experiment soon.
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