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By means of first principle total energy calculations, this paper studies the structural transition, elastic, mechanical,
dielectric and electronic properties of BeCNg. The calculations in total energy indicate that under ambient condition, the
orthorhombic BeSiNa-type BeCN2 (space group Pnra21) is a more favoured structure than the tetragonal chalcopyrite-
type one (space group I-42d). The results of elastic properties reveal that BeCN2 in both orthorhombic and tetragonal
structure has higher bulk and shear moduli and smaller Poisson’s ratio. The calculated Vicker hardness of tetragonal
phase is 36.8 GPa, indicating a hard material. The analyses of electronic structure and electron density difference
demonstrate that these excellent mechanical properties are attributed to the stronger covalent-bonding of CN4 and
BeNy subunits in BeCNy crystal. Also, the orthorhombic BeCN2 phase is found to be a transparent semiconductor
material with the calculated direct band gap of about 5.56 €V, superior to the indirect band gap of diamond and c-BN.
Moreover, it also calculates Born effective charges and dielectric constants of BeCNja. These results suggest that BeCNy

may have some useful applications as optoelectronic, optical window and wear resistant materials.
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1. Introduction

Ternary II-IV-Ns semiconductors have attracted
particular attentions because of their potential appli-
cations as optoelectronic materials and even as ex-
cellent hosts for ferromagnetic semiconductors by al-
loy doping.'=3] The II-IV-Ny compounds being de-
rived from III-N compounds, where the group-III
element is derived from the group-II element (Be,
Mg, Zn, etc.)

etc.), are also of great interest as buffer layer for
[4—15

and group-IV element (C, Si, Ge,
the growth of III-N compounds. I' A large num-
ber of experimental and theoretical works focus on
the synthesis and understanding the structural, me-
chanical, electronic, optical, vibrational and dielec-
tric properties of ABNy (A=Mg, Zn etc., B=Si, Ge

[4-15] For ternary beryllium ni-

etc.) semiconductors.
tride, only BeSiNy phase with orthorhombic struc-
ture (space group Pna2;) has been synthesised.!'S] By
means of ab initio calculations, Shaposhnikov et al.['”]
have studied the electronic and optical properties of
BeSiNy compound with orthorhombic and tetrago-

nal structure. Romer et al.l'8! studied the pressure-
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induced structural transition of BeSiN,. For BeCNy,
no experimental work has been done due to the tox-
icity of beryllium compounds. Using first-principle
calculation, Lambrecht and Segalll'®! have calculated
the bulk modulus and electronic structure of BeCNy
with chalcopyrite (space group I-42d) structure. They
found that the tetragonal BeCN, phase has direct
band gap. The BeCN, has been suggested as a can-
didate for a useful hard material. In this paper, we
carried out the detailed calculations on the structural
transition, elastic, dielectric and electronic properties
of BeCNy by using first-principle techniques. The
Vickers hardness of BeCNy has been predicted based
on Mulliken overlap population in first-principles tech-
nique. It was found that BeCNy in both orthorhom-
bic and tetragonal structure is in the elastically and
thermodynamically stable phase and there exists a
pressure-induced phase transition from orthorhombic
to tetragonal structure. The calculated electronic
properties indicate that both the orthorhombic and
tetragonal BeCNy phases are direct wide band gap
materials, and the tetragonal BeCNs possesses the ex-
cellent mechanical properties.
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2. Details and calculations

To carry out the first-principles calculations, we
consider two different crystal structures for BeCNy:
(i) the orthorhombic BeSiNs-type structure (space
group Pna2;, No. 33), which is related to the wurtzite
structure and contains four formula units and each
N is tetrahedrally surrounded by two Be and two X
atoms; 1619 (ii) the tetragonal chalcopyrite structure
(space group I-42d, No. 142), which originates from
the zinc blende structures and has four formula units
in each unit cell and each atom is tetrahedrally coordi-

5.[4=20] Ty these struc-

nated to four neighbouring atom:
tures, the tetrahedral units by sharing four corners
form three-dimensional networks. However the stack-
ing sequences of the nitrogen atoms are different. 222

All the present calculations have been carried
out by using CASTEP code??! based on the density
functional theory (DFT). The exchange and correla-
tion functional was treated by the local density ap-
proximation (LDA-CAPZ).?4 The Vanderbilt ultra-
soft pseudo-potentiall?® was used with cutoff energy of
350 eV for BeCNy in both orthorhombic and tetrago-
nal structures, k-points of 9x9x9 are generated by us-
ing the Monkhorst-Pack scheme.[?¢! The convergence
tolerances for geometrical optimisation were set as
the maximum energy change within 5x107% eV /atom,
the maximum ionic Hellmann—Feynman force within
0.01 eV/A, the maximum ionic displacement within
5x10~* A (1 A=0.1 nm), and the maximum stress
within 0.02 GPa. (27l

were integrated by a distance cutoff of 3 A. Moreover,

Mulliken overlap populations

the phonon frequencies of BeCNjy are subsequently ob-
tained by using the linear response method as imple-
mented in the CASTEP code, the norm-conserving
pseudo-potential®® with the energy cutoff of 770 eV
was employed for all the considered structures. The
lattice dynamics and dielectric properties are calcu-
lated within the framework of density functional per-
turbation theory (DFPT). Technical details of the cal-
culations can be found in Refs. [23] and [29].

3. Results and discussion

The equilibrium lattice parameters, obtained by
performing total-energy calculations, are shown in Ta-
ble 1 for BeCNjy in both orthorhombic and tetragonal

structures. The lattice parameters (a and ¢) of tetrag-
onal BeCN, phases are consistent with the previous
theoretical results.['92% From Table 1, we know that
b/a and c/a ratio of orthorhombic BeCNy phase are
1.21 and 0.97 with LDA, respectively, which are much
smaller than the expected value of 1.732 and 1.633
respectively.3] While for BeCNy in tetragonal struc-
ture, ¢/a ratio, 1.84 with LDA, is also slightly deviated
from the ideal chalcopyrite value, 2.0.1%20 Further-
more, the total energy differences (AFy) per formula
unit between the orthorhombic and tetragonal phases
The total en-
ergy of the orthorhombic BeCNj is lower than that of

of BeCNy are also given in Table 1.

the tetragonal one, indicating that the orthorhombic
phase of BeCNj is energetically the more favourable
structure at ground state. Which is similar to the
other ternary nitrides, ABNy (A=Be, Mg, Zn, Cd;
B=Si, Ge, Sn).[l?”gl] Also, between these two phases,
the difference of BeCNsy in energy and density with
generalised-gradient approximation (GGA), 18 meV
and 0.6%, respectively, are higher than that of BeSiNs

(5 meV and 0.3%, respectively).['8]

Moreover, the cal-
culated total energy as a function of the volume for
BeCN, with GGA is given in Fig. 1(a). It shows that a
phase transition may occur between the orthorhombic
and tetragonal phases under ambient conditions. To
accurately obtain the structural transition pressure,
we calculate the enthalpy difference (AH) of BeCNy
relative to the orthorhombic structure as a function of
pressure displayed in the inset of Fig. 1(a) with GGA.
It is found that the orthorhombic structure is stable
up to 21 GPa and then transforms to the tetragonal
structure. This transition pressure is slightly higher
than that of BeSiN,, 20 GPa,[??l which is consistent
with the trend of the difference of total energy. The
structural transition path between orthorhombic and
tetragonal structures is shown in Fig. 1(b). Upon
compression along the [120] direction, the sliding and
shuttle of atoms in the nitrogen tetrahedron of the
orthorhombic structure result in the tetragonal struc-
ture. As the atoms gradually move from their origi-
nal position under compression, the highly distorted
tetrahedron in the orthorhombic structure is reduced,
this fact makes the structure more symmetrical. Af-
ter overcoming the small energy barrier, the tetragonal
configuration is easy to form for BeCNy because there
is only bond alteration in length without breaking any
bonds across the structural transition.
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Table 1. Calculated equilibrium lattice parameters, ao/A, bo/A, Co/A, total energy difference AFEy

(meV/BeCNa).
BeCNy a b c p AFEy
Pna2q LDA This work 4.373 5.278 4.224 3.345 0
GGA This work 4.424 5.329 4.269 3.236 0
I1-42d LDA This work 3.746 6.904 3.365 11
Theor.[20] 3.71 7.272
GGA This work 3.782 6.994 3.256 18
0.002
%
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Fig. 1. (a) Total energy as a function of volume (E-V') and enthalpy difference as a function of pressure (H—P) of
BeCNy. (b) Transition path of BeCNy from the orthorhombic phase (left) to tetragonal phase (right) and tetrahedron
subunits in these phases.

The Voigt and Reuss averages of elastic stiffness tensor c;j; can be determined by the stress tensor o;; and

strain tensor €y; according to Hooke’s law.[3% The calculated elastic constants of BeCNy in both orthorhombic
and tetragonal structure are listed in Table 2 with both LDA and GGA. For both structures of BeCNy, all the
single elastic constants are positive and obey the usual Born—-Huang stability criterial3*32! for orthorhombic and
tetragonal structures, indicating that the proposed structure of BeCNy are all mechanically stable. Moreover,
the calculated phonon spectrums (see Fig. 2) display real frequencies in the entire Brillouin zone for both
orthorhombic and tetragonal structure of BeCNjy. It suggests that both orthorhombic and tetragonal structures
are thermodynamically stable for BeCNy. The bulk modulus (B), shear modulus (G), Young’s modulus (E), and
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Poisson’s ratio (v) of BeCNy phases are thus calculated and given in Table 2 according to the Voight-Reuss—Hill
averaging scheme.[3] From Table 2, we notice that with LDA, Cy; and Cay of orthorhombic BeCNy, 747 and
682 GPa, are a little smaller than that of ¢-BN, 818 GPa, while C33 (837 GPa) of orthorhombic phase exceeds C1;
of ¢-BN, this fact suggests that the resistance to linear compression in the c-axial direction of orthorhombic phase
is extremely strong.[3*3% The calculated average bulk modulus (B) of orthorhombic and tetragonal BeCNa, 314
and 319 GPa, respectively, are much larger than that of BeSiNy (220 and 222 GPa, respectively), which may be
due to the replacement of smaller atomic radius of carbon in comparison with Si atom. The larger B of BeCNy
indicates that both orthorhombic and tetragonal phases are potential low compressible materials. The average
shear moduli of BeCNy, 294 and 293 GPa, for orthorhombic and tetragonal structures, respectively, are clearly
smaller than that of BN (409 GPa), but larger than that of SiC and BeO, 200 and 159 GPa, respectively.%
At the same time, we find that all the elastic properties (B, G and even E) of orthorhombic and tetragonal are
very similar, although there is the decrease/increase of bond length across phase transition, which may suggest
the similar bonding character.

Table 2. Zero-pressure elastic constants C;;/GPa, isotropic bulk modulus B/GPa, shear modulus G/GPa, Young’s
modulus E/GPa, and Poisson’s ratio v of BeCNy and compared with available experimental data with both LDA

and GGA.
BeCN2 Ci1 Co2 (33 Cyua Cs5 Ce Ci2 Ci3  Cos B G E v
LDA 747 682 837 287 255 327 164 71 97 325 300 688 0.147
Pna2; GGA 700 652 775 274 247 311 144 64 86 302 287 654 0.139
Averg. 724 667 806 281 251 319 154 68 92 314 294 671 0.143
LDA 647 583 393 342 110 222 331; 300 691 0.152
333[19];
1-42d 315[20]
GGA 612 551 367 322 97 197 306 285 652 0.145
Averg. 630 567 380 332 104 210 319 293 672 0.149
150 -QQ e il N, 120 - % |\
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Fig. 2. Calculated phonon spectrums of BeCNy in the orthorhombic (a) and tetragonal (b) structure.

With respect to the larger bulk and shear modulus  intrinsic hardness model, the weakest bond in a struc-

and smaller Poisson’s ratio, BeCNy and even BeSiNy, ture could determine the hardness of material. The

are expected to be potential hard materials, even su-
perhard materials. It is known that there is no one-
to-one correspondence between hardness and elastic
modulus. Hardness is more complicated than the bulk
modulus or shear modulus. Recently, we developed a

semi-empirical model of hardness. According to the

Vicker hardness of BeCNy in both orthorhombic and
tetragonal structures thus can be calculated as!3¢l

H!(GPa) = T4A0PH(v}")~%/3,

where P* is Mulliken overlap population of u-type
bond, v{, is the volume of bond of type p. The hard-
ness of MgSiNs and BeSiNy are also calculated for
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comparison. As shown in Table 3, the calculated hard-
ness of MgSiNs, 12.3 GPa, is close to the experimen-
tal measurement, 15 GPa,['! indicating that the pre-
dicted hardness are reasonable. From Table 3, the
calculated hardness of BeXNy (X=C, Si) in tetrago-
nal phase are larger than that of orthorhombic ones
because of the increase of Mulliken bond overlap pop-
ulation in the tetragonal structure. The hardness of
BeCNs in tetragonal phase is 36.8 GPa, indicating an
ultra-hard material, not a superhard material (larger
than 40 GPa). The nanocrystalline tetragonal BeCNy

phase could be a potential superhard materials.[37:38]

Table 3. The bond length of type p, d*/A3, Mulliken
bond overlap population, P*, the volume of bond of
type p, v /A3, hardness of y-type bond, HY | /GPa,
and hardness, H,¢a1c/GPa, and available experimental
values Hyexp/GPa with LDA.

in comparison with that of C atom in BeCNs, indicat-
ing that the degree in ionicity increases from BeCNy
to BeSiNs, because Born effective charge, in contrast
to the static charge, is a result of the covalence effect
to decrease the amplitude of Z*.[*4 Nevertheless, the
dynamical charge of Si in BeSiNjy is similar with that
of Si atom in ZnSiN,; and Ge atom in ZnGeNg,[l?”M]
suggesting the similar degree of bonding of Si (Ge)-
N in these phases. Furthermore, compared with the
orthorhombic BeXNy (X=C, Si) phases, Born effec-
tive charge tensors of Be atom in tetragonal ones have
rather an anisotropy, such as the Born effective charge
for the field along the z axis (Z7,) is smaller than that
for the field perpendicular to the z axis (Z7,).

Table 4. Born effective charges of BeXNg (X=C, Si).

Pna2q 1-42d
phase atom
phase bond dt P, vl‘: Hycal Huyexpt Z% . Zhy Z%, Z% Zy zZ%,
MgSiNy Pna2; Mg-N 1.723 0.81 10.29 12.3 1519 Be 1475 1546 1.611 1.623 1.623 1.412
. Pna2; Be-N 1.775 0.39 4.302 25.4 C 1.953 1.912 1.903 1.896 1.896 2.154
BeSiNg BeCNy
I-42d Be-N 1.773 0.45 4.287 29.4 N; -1.855 -1.713 -1.710 -1.611 —1.909 —1.783
BeON Pna2; Be-N 1.699 0.31 3.663 26.3 No -1.573 -1.745 -1.805 —-1.909 —-1.611 —1.783
eCNy
I-42d Be-N 1.698 0.43 3.647 36.8 Be 1.620 1.682 1.733 1.689 1.689 1.560
. BeSiN Si 3.193 3.075 3.303 3.094 3.094 3.326
Born effective charges play a fundamental role SiNz N 060 2378 2320 2342 2442 2443
in the dynamics of crystal lattices, which can reflect No 2214 -2.379 2707 -2.442 -2.342 —2.443
the degree of covalency or ionicity in a crystal. The
calculated Born effective charges (Table 4) and high Table 5. High-frequency and static dielectric con-

and low-frequency dielectric constants (Table 5) of
BeCNsy together with BeSiNy are presented by the
electric field DFPT calculations in CASTEP pack-
age. Firstly, we calculated Born effective charges of
c-BN, Z* = 1.90, and high and low-frequency di-
electric constants, e* = 4.50, € = 6.77, respec-
tively, which are in agreement with that of the avail-
able results of Z* = 1.88 — 1.93, €™ = 4.47 — 4.54,
€0 = 6.79 — 7.10,3943] respectively, indicating the re-
liability of present calculations. Crystal symmetry of
BeXN;,; (X=C, Si) phases makes the dielectric ten-
The
sum of all the atoms for each direction obeys the rule

sors being composed of different components.

of charge neutrality. From Table 4, we note that the
Born effective charges of all the atoms have lower val-
ues than their formal charges, +2, +4 and —3 for Be,
X and N atom, respectively, and in BeCNy, the devi-
ation from their formal charges is significant, suggest-
ing the relatively high covalent character in the bond-
ing. The dynamical charge tensors of Be atom increase
from BeCNy to BeSiNy, while this trend did not ob-
serve in the similar Zn atom from ZnSiNs to ZnGeNsy
to ZnSnN,.[13:14 Also, the dynamical charge tensors
of Si atom in BeSiNs is more close to its formal charge

stants of BeXNy (X=C, Si).

Pna2q 1-42d
phase
Ezx Eyy Ez2z Exx Eyy €zz
o BeCNo 4.672 4.579 4.724 4.689 4.689 4.756
3
BeSiNgy  4.411 4.375 4.560 4.464 4.464 4.487
0 BeCNy 6.973 6.854 7.201 7.071 7.071 7.280
3
BeSiNy 8.772 8.521 9.670 8.777 8.777 8.861

From Table 5, the calculated high-frequency and
static dielectric constants are diagonal and have
three (two) independent components for orthorhom-
bic (tetragonal) BeXNy (X=C, Si) phases. We note
that the high-frequency dielectric constants of Be XNy
(X=C, Si) phases in the orthorhombic structure are
smaller than those of the tetragonal structure. The
high-frequency and static dielectric constants in z axis
for both two structures are larger than the perpendic-
ular one, which is also true for the previous calculated
ZnSiN, and ZnGeN,.[13:14]

In order to gain more insight into the structural
and mechanical properties of BeCNsy, the calculated
band structures of BeCNy with orthorhombic and
tetragonal structure are displayed in Figs. 3(a) and
3(b).
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Fig. 3. Calculated band structure of BeCN2 in the orthorhombic (a) and tetragonal (b) structure.

For comparison, the band structures of BeSiNy
are also calculated (not shown here). The calcu-
lated band gap of orthorhombic BeSiNg, 5.27 €V, is
consistent with 5.19 eV of Shaposhnikov et al.l!7l us-
ing the full potential linear augmented plane wave
method.
both orthorhombic and tetragonal structure in BeCNy

The calculated results demonstrate that

phase are semiconducting material with direct band
gap of about 5.56 and 3.72 eV, respectively, located
at G point. Here the calculated band gap of tetrag-
onal structure is a little smaller than the previous
calculated value (4.23 eV by Lambrecht and Segall('"]
using the linear muffin tin orbital method). Never-
theless, it is known that the calculated band gaps
with DFT usually underestimate by 30%—50%, the
true band gap must be increased and Born effective
charges and dielectric constants of BeX Ny (X=C, Si)
phases will be reduced correspondingly.[*5:46] More-
over, we also calculate the total and partial densities
of states (DOSs) of BeCNy phases shown in Figs. 4(a)
and 4(b).
DOSs show some similarity except for some detailed

From these figures we see that the entire
difference. In the lowest region the main contribu-
tion originates from the N p states and C s and p
states. The valence band has a chief contribution
from the p states of N and C atom and a relatively
small contribution from p states of Be atom, and in
this region, the covalent hybridisation between the C
p states and N p states in BeCNy is always stronger
than that of the Si p states and N p states in BeSiNs,
which is also reflected by the results of above cal-
culated Born effective charges, i.e. BeCNs crystal
is formed by the covalently bonded CN, and BeNy
tetrahedron subunits, and in BeCNy crystal, the co-

valency of CNy tetrahedron is relatively stronger than

‘that of BeNy tetrahedron. Moreover, the width of

valence band in BeCNy phase is always larger than
that of the corresponding BeSiNs phase (not shown
here). The conduction band is mainly contributed by
the C s and p states and Be s and p hybridisation.

0] ] M
0.34-Be-s
.O-Al&ﬂ /\MM

oG ) _pnll

DOS/(states/eV)
o
=

-Ni-s
0.6 (a)
-Ni-p
olpaig AL e,
—20 —10 0 10
Energy/eV
6
-total
=0
9 —Be s
g
\% 0
g 0.4+ —C p f:J J\J\M\
&) 0 M
0.8 —8 S )
) pﬂ AJJ\/\
o\
0 T ? T
720 710 O 10 20
Energy/eV

Fig. 4. Calculated total and partial DOSs of BeCN2 in
the orthorhombic (a) and tetragonal (b) structure.

To further understand the bonding properties of
BeCNs, we have given the electron density difference
of both BeCNy and BeSiNy in the X-N-Be (X=C,
Si) bonding planes with the orthorhombic structure
as shown in Fig. 5.
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Fig. 5. Electron density difference of BeCN2 (a) and
BeSiNg (b) with the orthorhombic structure.

It can be seen that the electron density is lo-
calised nearby the nitrogen atom, mainly due to the
p states, as discussed before. The electron density
in BeXNy (X=C, Si) between X and N atom is
stronger than that between Be and N atom. Fur-
thermore, the electron density between C and N atom
accumulates in the middle of bond distance of C-N,
while the accumulation of electron density between
Si and N atom locates at the nitrogen site slightly
away from Si atom, this fact suggests a relatively
high iconicity in BeSiNy phase. Moreover, by per-
forming Mulliken population analysis, we calculate the
ionic configuration to be Bet977N—0-55C+0-32N—0-55

Be+0.75N—0.53C+0.31N—0.53 and Be+0.64N—1.15Si+1.65

N-L115 Bet061N-1.12gj+1.63N~112 (4 and — stand
for loss and gain of charge) for BeCNy and BeSiNs in
orthorhombic and tetragonal structure, respectively.
The results show that there are charge transfer in both
BeCNy and BeSiNy phases. The charge transfers of
the orthorhombic BeCNs and BeSiN, are greater than
those of tetragonal BeCNg and BeSiNg, respectively.

4. Conclusion

To conclude, we have investigated the structural,
elastic, mechanical, dielectric and electronic proper-
ties of BeCNs in both orthorhombic and tetragonal
structure by using first principle total energy calcu-
lations. The results indicate that both orthorhombic
and tetragonal BeCNy phases fulfill the elastic and
thermo-dynamical stability criteria. The total energy
calculations indicate that the orthorhombic phases are
more favourable structure under ambient condition
than the tetragonal ones. Both the orthorhombic and
tetragonal BeCN, phases are wide band gap materi-
als, and the tetragonal BeCNy possesses the excellent
mechanical properties. Born effective charges and di-
electric constants of BeCNy also have been calculated.
The electronic structure and electron density differ-
ence of BeCNy have been analysed to understand the
origin of physical and bonding properties.
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