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a b s t r a c t

The structural, mechanical, thermodynamic, and electronic properties calculated by projector-aug-

mented wave method are presented for BeCN2 in chalcopyrite and wurtzite-like structures. The

calculated high bulk modulus (321 and 309 GPa) and large shear modulus (302 and 298 GPa) suggest

that they are ultra-incompressible and hard materials. The ultra-incompressibility is attributed to a

stacking of strongly three-dimensional covalent bonded CN4 and BeN4 tetrahedrons connected by

corners. Thermodynamic study demonstrates that these two structures can be synthesized at ambient

condition. Furthermore, the structural transformation from the wurtzite-like to the chalcopyrite phase

was predicted at about 17 GPa according to the enthalpy difference calculations.

& 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Synthesizing and designing ultra-incompressible and super-
hard materials are always of great interest due to their variety of
industrial applications [1–9]. It is generally accepted that super-
hard materials are those strong covalent compounds formed from
light elements of B, C, N, and O, such as diamond [1], c-BN [2],
BC2N [3], B6O [4], and BC5 [5]. However, one of the lightest
elements, beryllium, has been often neglected in this field due to
its toxic property. Recently, Kaner et al. [6] have pointed out that
the compounds of beryllium with other light elements may form
alternative superhard materials. Earlier theoretical predic-
tion [7–10] indeed demonstrated that B12N2Be and Be3N2 are
potential superhard materials with the calculated hardness of
about 50 GPa. Another promising material BeCN2, which has a
binary analog of the group-III nitrides that is precisely c-BN, has
been predicted to have excellent mechanical and optical proper-
ties and perhaps even superior to those of c-BN in the hypothe-
tical chalcopyrite (CH) structure [11–13] (space group: I-42D,
Z¼4, see Fig. 1a). However, it has come to our knowledge that the
BeCN2 compound has not yet been synthesized, although BeSiN2

and MgSiN2 were synthesized in a structure derived from the
wurtzite (WU) structure (space group: Pna21, Z¼4, see Fig. 1b).
Kouvetakis [14] has adopted two strategies for the preparation of
BeCN2 films and bulk materials and suggested a possible

structure, which is analogous to the WU phase of BeSiN2 and
MgSiN2. Therefore, the studies on the crystal structure and
mechanical properties of BeCN2 are necessary and of great
interest. The theoretical calculations can provide primary details
about the crystal structure and related physical properties to
complement further experimental synthesis.

Previous theoretical studies have applied different density
functional methods to calculate the electronic and optical proper-
ties of CH structure [11–13]. These studies suggest that the CH
phase is a direct-band-gap semiconductor with excellent optical
properties. However, the mechanical and thermodynamic proper-
ties of the CH phase are rarely studied, and more importantly,
there is no report on the elastic and thermodynamic properties of
WU structure. Therefore, further theoretical studies are necessary
to evaluate the crystal structure and mechanical properties of
BeCN2. In the present work, we employ the first-principle tech-
nique to explore the structural stability, mechanical properties,
and electronic properties of BeCN2 in these two structures. Our
results indicate that the two phases can be synthesized at
ambient pressure; meanwhile, the WU phase will transform into
CH phase, which is more stable at �17 GPa. In particular, the
calculated high bulk modulus and large shear modulus of the two
structures are close to those of c-BN, suggesting that they might
be potential ultra-incompressible and superhard materials.

2. Computational methods

The first-principle calculations are performed based on the
density functional theory [15] with the plane-wave basis, which is
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implemented in the Vienna ab initio simulation (VASP) pack-
age [16,17]. The generalized gradient approximation (GGA) [18,19]
and local density approximation (LDA) [20,21] are employed to
evaluate the exchange-correlation energy. The ion–electron interac-
tion is described using the projector augmented wave (PAW)
method [22]. The valence electrons of distinct atoms considered in
this paper include: 2s2 (Be), 2s22p2 (C), and 2s22p3 (N). The plane
wave energy cutoff of 520 eV is used for the plane wave expansion in
reciprocal space. The k-point meshes for Brillouin zone sampling are
constructed using the Monkhort–Pack scheme [23] and the grids of
15�15�15 and 13�13�13 are set for CH and WU structure,
respectively. Total energy changes are finally reduced to less than
�1�10�6 eV/atom. In the geometrical optimization calculations,
Hellman–Feynman forces are converged to less than 0.001 eV/Å.
The total stress tensor is reduced within 0.01 GPa. The elastic
constants are calculated by evaluating the stress tensor to generate
a small strain. The bulk modulus, shear modulus, Young’s modulus,
and Poisson’s ratio are thus derived from the Voigt–Reuss–Hill
approximation [24–26]. The phonon dispersion curves are calculated
in the QUANTUM-ESPRESSO package [27] by the linear response
approach [28,29].

3. Results and discussions

Both of the suggested CH and WU structures of BeCN2 contain
tetrahedral MN4 (M¼Be, C) units connected by corners, and each
N atom is bonded with two C atoms and two Be atoms, as shown
in Fig. 1. To calculate the equilibrium lattice constants and bulk
modulus, the total energy is calculated by varying the volume for
both CH and WU structures. The calculated E–V data are fitted to
the third-order Birch–Murnaghan equation of state (EOS) [30],
and the calculated equilibrium structure parameters, bulk mod-
ulus, and its pressure derivatives are tabulated in Table 1 together
with other theoretical results for comparison. It is clear that the
predicted lattice parameters are larger within GGA than those
within LDA method, as in the usual case. For CH structure, our
calculated lattice parameters (within LDA) agree well with the
recent work from Ref. [13] using the FP-LAPW method. In
comparison with the predicted data from Refs. [11,12] using the
LMTO method, the mismatch of lattice parameter is within 1.3%
for a and within 6% for c, comparing with the predicted data from
Ref. 11,12 using LMTO method. For theoretical values obtained by

Jaff and Zunger [31] using the potential variational mixed basis
(PVMB) method within LDA, the differences are 3% for a and 1.5%
for c, which underline the accuracies of our calculations. More-
over, for the equilibrium bulk modulus and its pressure deriva-
tive, the values are 345.3 GPa and 3.7 at LDA level, respectively,
which are also close to those obtained by the FP-LAPW method
(360 GPa and 3.83) [13] and the LMTO method (333.0 GPa
and 3.8) [12]. Therefore, our present calculations are reasonable.
For the WU structure, there are no available experimental data
and previous theoretical values; however, taking account of the
case of the CH structure, we believe that our predicted values
should be reliable.

The mechanical properties (elastic constants, elastic moduli,
elastic anisotropy, etc.) of the two structures are important for the
potential technological and industrial applications. They define
the behavior of the that solid undergoes stress, deforms, then
recovers, and returns to its original shape after stress ceases. We
calculated the zero-pressure elastic constants Cij of the two
structures by the strain–stress method. A small finite strain was
applied on the optimized structure and the atomic positions were
fully optimized. Then, the elastic constants were obtained from
the stress of the strained structure. Table 2 lists the calculated
elastic constants Cij at ambient pressure and the comparison with
theoretical values and available experimental data of c-BN [32].
The elastic stability is a necessary condition for a stable crystal. A
tetragonal crystal has to obey the following restrictions of its
elastic constants [33]: C1140, C3340, C4440, C6640, (C11�

C12)40, (C11þC33�2C13)40, and 2(C11þC12)þC33þ4C1340.
For a stable orthorhombic structure, Cij has to satisfy the elastic
stability criteria [33]: C1140, C2240, C3340, C4440, C5540,
C6640, C11þC22þC33þ2(C12þC13þC23)40, (C11þC22�2C12)4
0, (C11þC33�2C13)40, and (C22þC33�2C23)40. As shown
in Table 2, these conditions are clearly satisfied for tetragonal
and orthorhombic stabilities, confirming that both structures are
mechanically stable. In addition, the elastic constants C11 and C33

represent the a-direction and c-direction resistance to linear
compression, respectively. The large C11 (694/791 GPa for CH/
WU within LDA) and C33 (607/870 GPa for CH/WU within LDA)
manifest that the a-axial and c-axial directions of these two
structures are extremely stiff.

With the calculated single crystal elastic constants Cij, the
corresponding bulk modulus, shear modulus, Young’s modulus,
and Poisson’s ratio of polycrystalline materials are determined by
the Voigt–Reuss–Hill approximation method [24–26]. Consider a
crystalline aggregate of single phase monocrystals having random
orientation. The determination of the stress and strain distribu-
tions in the assemblage of such a polycrystalline aggregate with
respect to an external load can be established for two extreme
cases, that is, by equating either the uniform strain in the
polycrystalline aggregate to the external strain or alternatively
the uniform stress to the external stress. The former scheme is

Fig. 1. Crystal structures of BeCN2 for CH (a) and WU (b). The large, middle, and

small spheres represent N, C, and Be atoms, respectively. CH structure contains

four formula units per cell with Be at 4a (0, 0, 0), C at 4b (0, 0, 0.5), and N at

8d (0.75, 0.7045, 0.875). For WU structure, there are also four formula units per

cell, with Be at 4a (0.0862, 0.6251, 0.977), C at 4a (0.0681, 0.125, 0.9986), N1 at

4a (0.0587, 0.1032, 0.3533), and N2 at 4a (0.1078, 0.6467, 0.3964).

Table 1

Calculated equilibrium lattice constants a0 (Å), b0 (Å), and c0 (Å), bulk modulus

B0 (GPa) and its pressure derivative B0
0 .

Structure Method a0 b0 c0 B0 B0
0

CH GGA 3.76 3.76 6.98 314.5 3.74

LDA 3.72 3.72 6.90 345.3 3.70

LDA-FP-LAPW [13] 3.72 3.72 6.89 360.0 3.83

PVMB [31] 3.85 3.85 6.79

LDA-LMTO [30] 3.67 3.67 7.34

LDA-LMTO [12] 3.71 3.71 7.27 333.0 3.80

WU GGA 4.41 5.31 4.25 310.7 3.74

LDA 4.36 5.24 4.20 341.8 3.71
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called the Voigt approximation and the latter is called the Reuss
approximation. It is evident that the Voigt and Reuss assumptions
are true only when the aggregate concerned is made up of
isotropic crystal. If one is to calculate the average isotropic elastic
moduli from anisotropic single crystal elastic constants, one finds
that the Voigt and Reuss assumptions result in the theoretical
maximum and minimum values of the isotropic elastic moduli,
respectively. For the specific case of orthorhombic WU phase, the
Reuss shear modulus GR and the Voigt shear modulus GV are

GR ¼
15

4ðS11þS22þS33Þ�4ðS12þS13þS23Þþ3ðS44þS55þS66Þ
ð1Þ

and

GV ¼
ðC11þC22þC33�C12�C13�C23Þþ3ðC44þC55þC66Þ

15
, ð2Þ

and the Reuss bulk modulus BR and the Voigt bulk modulus BV

are defined as

BR ¼
1

ðS11þS22þS33Þþ2ðS12þS13þS23Þ
ð3Þ

and

BV ¼
ðC11þC22þC33Þþ2ðC12þC13þC23Þ

9
ð4Þ

In Eqs. (1) and (3), Sij are elastic compliance constants. Using
energy considerations, Hill [26] proved that Voigt and Reuss
equations represent upper and lower limits of the true polycrys-
talline constants, respectively, and recommended that a practical
estimate of the bulk and shear moduli were the arithmetic means
of the extremes. Hence, the elastic moduli of the polycrystalline
materials can be approximated by Hill’s average and for shear
moduli it is G¼(1/2)(GRþGV) and for bulk moduli it is B¼

(1/2)(BRþBV). Young’s modulus, E, and Poisson’s ratio, v, are given
by E¼ 9BG=ð3BþGÞ and v¼ ð3B�2GÞ=ð6Bþ2GÞ, respectively.
Using the relation above, the calculated bulk modulus, shear
modulus, Young’s modulus, and Poisson’s ratio of polycrystalline
materials are shown in Table 2. It can be seen that both structures
exhibit high bulk modulus (353/338 GPa for CH/WU structure
within LDA) which are close to the experimental data (400 GPa) of
c-BN, indicating their ultra-incompressible nature. Meanwhile,
the calculated bulk modulus (B) of these two structures agrees
well with those (B0) directly obtained from the fitting results of
the third-order Birch–Murnaghan equation of state, which further
verifies the good accuracy of our elastic calculations. Moreover,
compressibility against volume as a function of pressure is also
plotted in Fig. 2. Interestingly, both CH and WU structures have
nearly the same compressibility, which is slightly smaller than
that of c-BN. Compared to bulk modulus, the shear modulus of a
material quantifies its resistance to shear deformation and is a
better indicator of potential hardness. Remarkably, the large shear
modulus (319/313 GPa for CH/WU phase within LDA) indicates
that they are expected to withstand shear strain to a large extent,

and may act as superhard materials. Tanaka et al. [34] proposed
that G/B represents the relative directionality of bonding in the
material. The calculated ratios G/B for CH and WU (0.939 and
0.964) are close to that of c-BN (1.024) and slightly lower than
that of diamond (1.10) at GGA level, which indicates that the
directionality of bonding in the BeCN2 materials is very strong.
Therefore, the above results provide a clear signal that both CH
and WU structures of BeCN2 are potential candidates for super-
hard materials. We expect that they can be synthesized under
certain extreme conditions in the future.

It is well known that microcracks are easily induced in the
materials due to significant elastic anisotropy [35]. Hence, it is
important to calculate elastic anisotropy in order to improve its
mechanical durability. The shear anisotropic factors provide a
measure of the degree of anisotropy in the bonding between atoms
in different planes. The shear anisotropic factor for the {1 0 0} shear
plane between the /0 1 1S and /0 1 0S directions is

A1 ¼
4C44

C11þC33�2C13
: ð5Þ

For the {0 1 0} shear planes between the /1 0 1S and /0 0 1S
directions it is

A2 ¼
4C55

C22þC33�2C23
, ð6Þ

and for the {0 0 1} shear planes between the /1 1 0S and
/0 1 0S directions it is

A3 ¼
4C66

C11þC22�2C12
: ð7Þ

Table 2
Calculated elastic constants Cij, bulk modulus B, shear modulus G, and Young’s modulus E in unit of GPa. Also shown are Poisson’s ratio v, G/B ratio, and elastic anisotropic

factors A1, A2 and A3.

Structure Method C11 C22 C33 C12 C23 C13 C44 C55 C66 B G E v G/B A1 A2 A3

CH GGA 641 565 101 206 384 361 321 302 689 0.142 0.939 1.94 1.94 1.34

LDA 694 607 126 230 418 361 353 319 735 0.153 0.903 1.99 1.99 1.22

WU GGA 741 670 804 143 80 63 281 265 322 309 298 678 0.135 0.964 0.79 0.81 1.14

LDA 791 713 870 162 98 69 294 266 340 338 313 717 0.145 0.931 0.77 0.78 1.16

c-BN GGA 780 170 444 373 382 855 0.118 1.024

LDA 824 193 479 403 405 910 0.124 1.005

Exp. [32] 820 190 480 400 405 908 0.121 1.013

Fig. 2. Cell volume as a function of pressure with respect to equilibrium volume of

BeCN2 for CH and WU structures compared with c-BN.
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For an isotropic crystal the factors A1, A2, and A3 must be 1.0,
while any value smaller or greater than 1.0 is a measure of the
degree of elastic anisotropy. It is clear that the CH and WU phases
are all elastic anisotropic. For CH phase, the shear anisotropy
results indicate that the elastic anisotropy for the {0 0 1} shear
planes between the /1 1 0S and /0 1 0S directions is much
smaller than those for the {1 0 0} shear planes between the
/0 1 1S and /0 1 0S directions and {0 1 0} shear planes between
the /1 0 1S and /0 0 1S directions. For WU phase, it can be seen
that the {1 0 0} shear plane between the /0 1 1S and /0 1 0S
directions is slightly larger than those for the {0 1 0} shear planes
between the /1 0 1S and /0 0 1S directions and {0 0 1} shear
planes between the /1 1 0S and /0 1 0S directions.

As a fundamental the parameter, Debye temperature closely
relates to many physical properties of solids, such as specific,
dynamic properties and melting temperature. At low tempera-
ture, it can be calculated from the elastic constants using the
average sound velocity vm, by the following equation [36],

YD ¼
h

k

3n

4p
rNA

M

� �� �1=3

nm ð8Þ

where h is Planck’s constant, k is Boltzmann’s constant, NA is
Avogadro’s number, n is the number of atoms per formula unit, M

is the molecular mass per formula unit, and r is the density. The
average sound velocity vm is given by [37]

nm ¼
1

3

2

n3
t

þ
1

n3
l

 !" #�1=3

ð9Þ

where vt and vl are the transverse and longitudinal elastic wave
velocity of the polycrystalline materials, respectively, which can

be obtained using the polycrystalline bulk modulus and shear
modulus from Navier’s equation [38]. The calculated Debye
temperature of CH structure is slightly larger (1706/1745 K
within GGA/LDA) than that of the WU structure (1695/1729 K
within GGA/LDA), which is close to the experimental data of c-BN
(1700 K). It is known that materials possessing higher Debye
temperature usually have larger hardness. A known example is
diamond, the hardest material to date, which has the largest
Debye temperature of 2230 K. Therefore, we expect that both
phases may be potential superhard materials.

In view of their excellent mechanical properties, it is important
to explore the thermodynamic stability for further experimental
synthesis. The thermodynamic stability of BeCN2 compound, with
respect to the separate phases as a function of pressure, is quantified
in terms of the formation of enthalpy in three routes:

DHf 1 ¼HBeCN2
�ðHBeþHcþHa�N2

Þ ð10Þ

DHf 2 ¼HBeCN2
�ðð1=2ÞHBe2Cþð1=2ÞHcþHa�N2

Þ ð11Þ

DHf 3 ¼HBeCN2
�ðð1=3ÞHa�Be3N2

þHcþð2=3ÞHa�N2
Þ ð12Þ

The Be (space group: P63/mmc), diamond C (space group:
Fd-3m), a-N2 (space group: Pa-3), Be2C (space group: Fm-3m), and
a-Be3N2 (space group: Ia-3) were chosen as the reference phases.
In the following, for brevity, we have calculated formation
enthalpy of two structures at GGA level as plotted in Fig. 3.
In Fig. 3a and b, the formation enthalpies of the two phases
obtained by the first and the second reaction routes are all
negative at ambient pressure as well as at high pressure. Synth-
eses of these two structures are thus highly desirable. Besides, we
have considered the third synthetic route according to Eq. (12)

Fig. 3. Formation enthalpies of BeCN2 as a function of pressure for CH and WU structures in (a) the first route, (b) the second route, (c) the third route and (d) Partially

enlarged drawing of circular part in (c).
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and the results are shown in Fig. 3c and d, in which the two
structures are unstable (the formation enthalpy is positive) with
respect to decomposition into the mixture (1/3)a-Be3N2þCþ(2/
3)a-N2 at ambient pressure. However, the thermodynamically
stable phase is observed only above 0.98 GPa for WU and 1.1 GPa
for CH structure in Fig. 3d. Therefore, present calculations give
direct evidence that the two phases can be synthesized in the
experiment at very readily attainable pressures. Furthermore, the
enthalpy difference curves between the two structures are also
plotted in Fig. 4, and the CH structure becomes energetically
favorable above 17 GPa in the studied pressure ranges. The

dynamical stability of the WU and CH structures has been
examined by the calculated phonon dispersion curves. As shown
in Fig. 5, no imaginary phonon frequency was detected in the
whole Brillouin zone at both ambient and high pressures, indicat-
ing dynamical stability of the CH and WU structures.

To understand the mechanical properties of these two structures
on a fundamental level, their total and site projected electronic
densities of states (DOS) were calculated at ambient pressure within
LDA and GGA. In view of their similar pattern at corresponding
equilibrium lattice constants, here the GGA results are presented in all
figures. The total and site projected DOS for CH and WU structures
are plotted in Fig. 6, where the vertical dot line indicates the Fermi
level. Both structures are semiconductors characterized by large
energy gaps of �3.85 eV for CH and �5.58 eV for WU at GGA level,
and the result for CH phase is in agreement with values predicted by
the FP-LAPW (3.74 eV) [12] and the LMTO methods (4.22 eV) [13].
However, the density functional calculations typically underestimate
the true band gap. We here gave an estimated value of �4.88 eV for
CH and �7.08 eV for WU, based on the difference between our
calculated band gap value (4.6 eV) and experimental data
(6.27 eV) [39] for c-BN. These large band gaps will lead to the
potential optical applications. Moreover, from inspection of their
partial DOS curves in Fig. 6, it can be seen that both the C-2s orbitals
have a significant hybridization with N-2p orbital at the bottom of the
valence band from about �10 to �7 eV, whereas near the Fermi
level, the C-2p and Be-2p states hybridize strongly with the N-2s

states, signifying the strong C–N and Be–N covalent bonding nature in
the two structures. Therefore the strong covalent bondings of C–N
and Be–N are the driving force for the high bulk modulus and large
shear modulus, which are related to hardness.

In conclusion, we have investigated the structural, mechanical,
thermodynamic, and electronic properties of BeCN2 in CH and WU
structures using first-principle calculations. The calculated results
demonstrated that both structures possess large bulk and shear
moduli, which are close to those of c-BN. This suggests that they
may be ultra-incompressible and potential candidates for superhard
materials. In addition, the calculated phonon dispersion curves have
indicated that the two structures are dynamically stable. The evidence
of strong covalent bonding of C–N and Be–N, which play an important
role to form a superhard material, is manifested by the PDOS analysis.
More importantly, thermodynamic assessment establishes that these

Fig. 4. Calculated enthalpies per formula unit of the WU relative to the CH phase

structure as a function of pressure.

Fig. 5. Phonon dispersion curves for WU-BeCN2 at 0 GPa (a), CH-BeCN2 at 0 GPa (a), and CH–BeCN2 at 25 GPa (c).

H. Yan et al. / Journal of Physics and Chemistry of Solids 72 (2011) 667–672 671
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two phases could be experimentally synthesized at readily attainable
pressures. We expect that our calculations will stimulate extensive
experimental works on synthesizing this technologically important
ternary polymorph.
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