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In this paper we introduce the two compounds a-C;N, and 8-C;N, with cubic symmetry, which are derived
from a simple cubic carbon (C,q) reported recently. Our first-principles calculations show that both the solids
are highly incompressible with high bulk modulus (380 and 343 GPa), large shear modulus G (365 and 368
GPa), great elastic constant Cyy (327 and 329 GPa), and high Vickers hardness Hy (both are 86 GPa),
respectively. Accordingly we come to a conclusion that both the C;N, phases are potentially superhard semi-
conductor materials. From the electronic partial density of states, it is found that the superhard character of the
two phases is mainly attributed to the strong covalent bond between C and N. The a-C3N, is dynamically
stable at pressures below 1.2 GPa but unstable above 1.2 GPa because an optical branch softens to zero at the
I' point. The a-C3N, will transform into 8-C3N, at about 1.2 GPa which is energetically more stable. Both
phonon-dispersion and elastic constant calculations at zero and high pressures show that this 8-C3N, remains
mechanically and dynamically stable in a pressure range from O to at least 20 GPa.
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In the past few decades, the fact that diamond and cubic
boron nitride (c-BN) are superhard materials has been ac-
cepted; meanwhile, extensive experimental and theoretical
efforts have been devoted to the search of new superhard
materials,' particularly to the covalent compounds formed by
B, C, and N,?>7 such as C;N,, ¢-BC,N, and ¢-B,C5. In 1989,
Liu and Cohen®” comprehensively discussed the hardness of
the hypothetical carbon nitride B-C;N,. They reported that
such covalent solids composed of carbon and nitrogen are
excellent candidates for extraordinary hardness. Recently, the
B-C-N ternary compounds have become a focus of attention
in this field, which are reported to be potential candidates for
superhard materials.

Among those covalent compounds, the C-N materials at-
tract much attention®'? by boasting their bond which is
slightly shorter than the C-C bond in diamond. Similarly we
focus on this type of material exploration. Most researchers
agree on the definition that “superhard” materials are those
with Vickers hardness (Hy) higher than 40 GPa.'3 Various
views of searching for new superhard materials have been
developed and explored in recent years and currently. Most
of the superhard materials are insulators or semiconductors.'
For nonmetals, hardness increases with the bulk modulus,?
and the bulk modulus generally gets higher with smaller
bond lengths and stronger covalent directional bonds. Solid
with large shear modulus is considered as a potential ultra-
hard or superhard material.'®'® In recent years, a new
method'®?° based on ab initio approach for predicting intrin-
sic superhardness of ideal crystals has been presented.

Different combinations of boron, carbon, and nitrogen can
be checked for the search of novel isoelectronic structures.
For doing that, the following simple rule'> must be obeyed:

pZy(B) +mZ/(C) + IZy(N) = 4n. (1)

The values p, m, [, and n are integers, and Z(B), Z,(C), and
Zy(N) are the atomic valence states (2s and 2p) for boron,
carbon, and nitrogen, respectively. Examples are represented
by the systems BN, C3N,, C; N4, BG)N, etc. In the present
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work, we focus our attention on C3N, and manage to attain it
by replacing part of the carbon atoms in simple cubic Cy,
(sc-Cyp) with nitrogen atoms. Also, the C;N, stoichiometry
also corresponds to the above equation (1). The sc-C,, with
Pm-3m space-group symmetry is shown in Fig. 1(a).> This
structure is composed of 12 and 8 atoms in the 12; (labeled
with 1) and 8g (labeled with 2) Wyckoff positions, respec-
tively. As shown in Fig. 1, a-C3N, is obtained from sc-C,,
by substituting eight carbon atoms with eight nitrogen atoms
in the 8g Wyckoff positions and remains the same space
group as sc-C,y. The B-C3N, structure is found to be the
high-pressure phase of a-C3;N, with P-43m space-group
symmetry and has 12 carbon atoms in the 127 and 8 nitrogen
atoms in the 4e Wyckoff positions.

The present calculations are performed with CASTEP
code based on the density-functional theory.?! Both the gen-
eralized gradient approximation—Perdew-Burke-Ernzerhof

FIG. 1. (Color online) Unit cells of the simple cubic (a) Cyy with
the Pm-3m space group, (b) a-C3N, with the Pm-3m space group,
and (c) B-C;3N, with the P-43m space group. Carbon and nitrogen
are depicted in gray and blue colors, respectively.
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TABLE I. Equilibrium lattice parameters (in A), Wyckoff posi-
tions, and nearest-neighbor (NN) distances.

Cell constants Wyckoff positions NN distances
(A) (r/a) (A)

Cyo 5.152 C1(0.152,0.152,0.500)  dcy.c;=1.563
C2(0.263,0.263,0.263)  dcj.co=1.466

a-C3N, 5.054 C(0.155,0.155,0.500)  dc.c=1.569
N(0.257,0.257,0.257)  dc.n=1.427

B-C5N, 5.049 C(0.155,0.155,0.497)  dc.c=1.568
N1(0.248,0.248,0.248)  dc.n1=1.422

N2(0.733,0.733,0.733)  dc.n2=1.433

(GGA-PBE) (Ref. 22) and the local-density approximation—
Ceperley-Alder-Perdew-Zunger (LDA-CAPZ) (Refs. 23 and
24) approaches of exchange-correlation functional were em-
ployed. We laid more stress on the results from the GGA and
compared them with the ones from the LDA. The norm-
conserving pseudopotential®> with cutoff energy of 860 eV
was used. According to Monkhorst-Pack scheme,” the k
points of 8 X 8 X 8 were used. The Mulliken overlap popula-
tions were integrated by a distance cutoff of 3 A. The opti-
mization of the lattice parameters and the ions relaxation
were performed iteratively until the minimum of the total
energy was met. The optimized parameters for C,, and C3N,,
within the LDA and the GGA, are listed in Table I. It is clear
that the predicted lattice parameters are larger with the GGA
method than those with the LDA method, as in usual cases.
To calculate the phonon-dispersion curve, the QUANTUM-
ESPRESSO package,?’ with the density-functional perturbation
theory,”®?° was used.

In order to check the stability of a-C;N,, the elastic con-
stants and phonon frequencies have been computed. The
elastic stability is a necessary condition for a crystal to exist.
A cubic stable crystal should obey the restrictions for its
elastic constants3%3!

C11+2C12>0, C44>0, and CII_C12>0’ (2)

where C,;, C,, and Cyy are the elastic stiffness constants.
They can be deduced from the resulting change in the total
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FIG. 2. Calculated elastic constants of ¢y, c¢1o, and cyy for
a-C3N, (solid symbols) and B-C3N, (open symbols) with pressure.
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FIG. 3. The phonon-dispersion curves for the @-C3N, configu-
ration at ambient pressure.

energy by applying small strains to the equilibrium lattice.
For a cubic crystal under hydrostatic pressure, the general-
ized elastic stability criteria’>*? in analogy to the conven-
tional criteria [Eq. (2)] are

C11+2C12>0, C44>0, and C“—C12>O. (3)

In the case of hydrostatic pressure, the c;; (in Voigt notation)
are related to the Cj; defined with respect to the Eulerian
strain variables by

C11=C11, C12=C12+P, and Cyq = C44—P/2. (4)

Figure 2 shows the calculated elastic constants of a-C3;N, as
functions of pressure. Obviously, ¢;; fulfills the stability cri-
teria stated above, suggesting that the structure is mechani-
cally stable in a pressure range from O to at least 20 GPa. The
phonon-dispersion curves for a-C;N, at zero pressure are
shown in Fig. 3. No imaginary phonon frequency was ob-
served in the whole Brillouin zone (BZ), indicating that the
a-C3N, structure is dynamically stable at ambient pressure
but is unstable at 1.2 GPa because an optical branch (dotted
line in Fig. 3) softens to zero at the I" point, while above this
pressure imaginary phonon frequency was observed. Based
on the eigenvectors of this softened mode, we distorted the
original a-C3;N, to find the appropriate atomic displace-
ments. After full geometry optimizations starting from the
distorted structure, we got a structure with P-43m space-
group symmetry called 8-C;N,. The calculated elastic con-
stants of B-C;N, as functions of pressure are also shown in
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FIG. 4. Relative enthalpy (per f.u.) between a-C3;N, (solid sym-
bols) and B-C3N, (open symbols) as a function of pressure within
the GGA level.
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FIG. 5. The phonon-dispersion curves for the 8-C5N, at O and
20 GPa.

Fig. 2, indicating that the structure is mechanically stable in
the pressure range from 0 to at least 20 GPa. In Fig. 4, the
differences of the enthalpies between a and B phases are
depicted. We found that 8-C;N, phase becomes energetically
more favorable above 1.0 GPa. This transition pressure is
well consistent with the result from the above phonon calcu-
lations. To further check the dynamical stability of 8-C3N,,
we calculated its phonon-dispersion curves, as shown in Fig.
5. It is clear that no imaginary phonon frequency exists in the
whole BZ, indicating the dynamical stability of the 8-C3N,
in a pressure range from O to at least 20 GPa.
To study the thermodynamic stability of both C3;N, mate-
rials, the formation enthalpy AHJ{zO is calculated as
AH[ =EGN - 3E, - Ey: (5)

tot tot >

where EC?\2 is the total energy of a- or B-C3N, bulk, Etcl is

tot

the total energy of C taken from pure diamond, and E,? is
the total energy of N from an early reported stable structure

for a solid-state molecular form of nitrogen.>* The calculated
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FIG. 6. The formation enthalpies of @-C3Nj, (solid symbols) and
B-C3N, (open symbols) as functions of pressure within the GGA
and LDA levels.
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FIG. 7. (Color online) Calculated P-V relations for simple cubic
a-C3N, and B-C3N, compared with those of diamond and cubic
boron nitride.

formation enthalpies of a-C3;N, and 3-C5N, as functions of
pressure within the LDA and the GGA are shown in Fig. 6.
Indeed, we find that the GGA lowers the atomic total ener-
gies of C and N more than the solid C5N,. So the formation
enthalpy within the GGA is higher than that within the LDA
under the same pressure. The formation enthalpies suggest
that both C;N, phases are thermodynamically unstable at
zero pressure because of their positive values. Thermody-
namically stable phases are observed at above about 5.0 and
18.0 GPa within the LDA and the GGA, respectively.

The P-V relations [equation of state (EOS)] of a-CsN»,
B-C3N,, diamond, and cubic boron nitride are given in Fig. 7
and show significantly different compression behaviors for
the two closely related structures. The a-C3N, is a highly
incompressible solid and is more incompressible than c-BN
and is resistant to shape deformation, which is an essential
factor for hardness. However, the 3-C5N, can easily be com-
pressed among the four structures. In order to gain a deeper
insight into the hardness of the C;N, materials, we calculate
the band structures and density of states (DOS) of a-C3N,
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FIG. 8. Total and partial densities of states (DOSs) (a) for
a-C3N, and (b) for B-C3N,. The Fermi energy level is at zero.
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TABLE II. The elastic stiffness constants Cj;,

PHYSICAL REVIEW B 78, 235431 (2008)

bulk modulus B, shear modulus G, Young’s modulus E, Poisson’s ratio v, and B/G ratio

of the simple cubic C,(, @-C3N, and B-C;N,, compared with available experimental data for diamond and c-BN. All elastic constants except

v are in gigapascals.

Method o Ciy Cus B E G v G/B
Cyg GGA 561 227 272 338 430 167 0.287 0.49
LDA 550 245 256 347 400 153 0.307 0.44
a-C3N, GGA 867 137 327 380 829 365 0.136 0.96
LDA 880 149 327 393 838 366 0.145 0.93
B-C3N, GGA 834 98 329 343 813 368 0.105 1.07
LDA 830 100 334 343 808 365 0.107 1.06
c-BN GGA 805 161 458 376 751 322 0.166 0.86
LDA 806 176 466 386 743 315 0.179 0.82
Expt.2 820 190 480 400 749 315 0.188 0.79
Diamond GGA 1099 119 588 445 1075 490 0.097 1.10
LDA 1099 135 598 456 1068 481 0.110 1.05
Expt.b 1076 125 577 442 1143 535 0.068 1.21
4Reference 35.
bReference 36.
and B-C;N, at zero pressure. The band structures are not v=03B-2G)/[23B + G)]. (6)

shown here, and the corresponding DOS and the atom-
resolved partial density of states (PDOS) are shown in Fig. 8.
The calculated electronic properties of a-C3;N, and S-C3N,
indicate that they are semiconductors with direct GGA band
gaps (E,) of 3.45 and 3.70 eV, respectively, in contrast with
the metallic behavior of C,,.> From the PDOS of both C;N,
phases, it is found that the lower part of the valence band
(VB) consists mainly of 2s states from nitrogen and carbon
atoms, whereas at the top of the VB, just below the Fermi
energy (Ep), the N 2p states hybridize strongly with the C 2p
states. This strong hybridization of N p and C p also indi-
cates a strong covalent bond between N and C.

Table II lists the calculated elastic stiffness constants Cj;,
polycrystalline shear modulus G, Young’s modulus E, Pois-
son’s ratio v, and B/G ratio of the simple cubic C,y a-C3N,
and B-C;N,, compared with available experimental data of
both diamond®*> and c¢-BN.’ The bulk modulus of the
a-C;3N, phase is higher than that of C,,, even higher than
that of c-BN. Besides the bulk modulus, we mention that the
shear modulus, Young’s modulus, and Poisson’s ratio are
also meaningful for illustrating the hardness of the simple
cubic C3N, materials. The shear modulus of a material quan-
tifies its resistance to shear deformation and is a better indi-
cator of potential hardness for ionic and covalent
materials.3”-*® Young’s modulus E is defined as the ratio be-
tween stress and strain and is used to provide a measure of
the stiffness of the solid; i.e., the larger the value of E the
stiffer the material is. Poisson’s ratio quantifies the stability
of the crystal against shear. The polycrystalline shear modu-
lus G, Yong’s modulus E, and Poisson’s ratio v in this table
are calculated by means of the single-crystal elastic constants
and the Voigt-Reuss-Hill approximation method*® and can be
obtained by the following formulas:

G=(C, - Cp)2, E=9BG/(3B+G),

By considering the bulk modulus as a measure of the average
bond strength and shear modulus as a measure of the resis-
tance to a change in bond angle by an external force, Tanaka
et al.** proposed that G/B represents the relative direction-
ality of the bonding in the material. The calculated ratios
G/B for a-C3N, and B-C3N, (0.96 and 1.07) are both
slightly larger than that of ¢-BN (0.86) and close to that of
diamond (1.10) at the GGA level, which indicates that the
directionality of the bonding in the C5N, materials is strong.
The relative orientation of the bonding in the materials also
has an important effect on their hardness. It should be noted
that covalent hard crystals such as C;N, and C;{N, have
larger G/B values (G/B=0.9—-1.2) because of the higher
angular stiffness of the strong directional covalent bonds.!!
The larger values of E mean that a-C3N, and B-C3N, are
rather stiff. Our calculated Poisson’s ratios are given in Table
II for a-C3N, and B-C3N, (0.136 and 0.105) and are both
smaller than the value calculated for ¢-BN (0.166). The
smaller values of Poisson’s ratio indicate that the CsN, ma-
terials are relatively stable against shear. Thus, the above
results provide a clear indicator that a-CsN, and B-C3;N, are
potential candidates for superhard materials.

According to the microscopic model of hardness,'® the
Vickers hardness for the C3N, crystalline can be calculated
as follows:

Hy=[(Hy, )" (Hy N1V o), (7)

In Eq. (7), n; (j=1,2) is the number of corresponding
chemical bonds in the unit cell and H}y " are the hardness of
the hypothetical binary compound composed of the X-Y
bond and can be calculated as

HYY = 350(N2(—Y)2/3e—1‘191f?('y/(dX-Y)2.5’ (8)

where d*" is the length of the X-¥ bond, N is the valence
electron density, and can be calculated by
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TABLE III. Bond parameters and hardnesses of the a-C5N, and B-C3N, phases compared with the calculated results for diamond and

c-BN.
Hy H
Method Bond n; d Ne P fi (GPa) (GPa)
a-C3N, GGA C-C 12 1.569 0.466 0.71 0 68.2 86.3
C-N 24 1.427 0.825 0.79 0.223 97.1
LDA C-C 12 1.568 0.468 0.71 0 68.5 87.5
C-N 24 1.422 0.835 0.80 0.221 98.9
B-C3N, GGA C-C 12 1.568 0.468 0.71 0 68.5 86.0
C-N1 12 1.422 0.836 0.78 0.239 96.9
C-N2 12 1.433 0.817 0.79 0.223 95.4
LDA C-C 12 1.565 0.71 0 69.8 87.0
C-NI1 12 1.416 0.78 0.252 97.5
C-N2 12 1.430 0.80 0.221 96.7
c-BN GGA B-N 16 1.558 0.687 0.65 0.239 67.7 67.7
LDA B-N 16 1.554 0.692 0.65 0.239 68.4 68.4
Diamond GGA C-C 16 1.529 0.727 0.75 0 98.0 98.0
LDA C-C 16 1.526 0.731 0.75 0 98.8 98.8

J

NXY =[Zy/Ny + ZY/NYJ[E Nf(df)3] / [V(@)*], (9)

where Zy and Zy are the valence electron numbers of the X
and Y atoms, Ny and Ny are the nearest coordination num-
bers of the X and Y atoms, V is the volume of the unit cell, NV
is the number of j bond in the unit cell, and ff’y is the
Phillips ionicity of the X-Y bond. According to the general-
ized ionicity scale,”” the Phillips ionicity f; (or £X*) can be
calculated as

fi= ()P =[1—exp(=|P.— P/P)*™,  (10)

where f), is the population ionicity scale of a bond, P is the
overlap population of the X-Y bond, and P, is the overlap
population of a pure covalent bond in the simple cubic C,.
The theoretical Vickers hardnesses of a-C;N,, B-C;N,, dia-
mond, and cubic boron nitride are listed in Table III. Our
calculated results show that both C;N, phases (both are 86
GPa) are not harder than the hardest diamond (98 GPa) but
harder than the second hardest cubic boron nitride (68 GPa).
B-C;3N, has the same hardness as a-C3;N, and higher hard-
ness than c-BN, which is in agreement with the fact that
hardness of a material is not directly related to its bulk
modulus.

In summary, we have presented a completely theoretical
analysis of the structural, elastic, and electronic properties of

a-C3N, and B-C;3N, using first-principles method. The
a-C3N, is demonstrated to be dynamically stable at pressures
below 1.2 GPa and unstable at 1.2 GPa due to an optical
branch softening to zero at the I' point, while above this
pressure, imaginary phonon frequency was observed, which
results in the phase transition from a-C;N, to 8-C;3N,. Re-
sults of the differences of the enthalpies between a and S
phases indicate that -C;N, phase becomes energetically
more favorable above 1.0 GPa. The B-C;N, remains me-
chanically and dynamically stable in a pressure range from 0
to at least 20 GPa. The Vickers hardnesses (both are 86 GPa)
of the semiconductive @-C;N, and B-C3;N, phases are calcu-
lated according to the microscopic hardness model. We con-
clude that a-C5;N, and 3-C5N, are superhard semiconductors
with direct gaps of 3.45 and 3.70 eV, respectively.
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