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ABSTRACT: We introduced a novel carbon mononitride within tetragonal P42/m
symmetry motivated by experimental synthesis and theoretical predictions. Phonon
dispersion and formation enthalpy calculations suggest that P42/m-CN is dynamically
stable at ambient conditions and can be synthesized at readily attainable pressures.
The crystal orientation dependences of the Young’s and shear moduli have been
systematically studied for this P42/m phase. Further mechanical calculations suggested
that the P42/m-CN is ultracompressible and superhard. The ideal tensile and shear
strength at large strains of P42/m-CN are also examined. The results suggest that the
weakest tensile strength is along the [100] direction, and the atomic deformation
mechanism of P42/m-CN along the weakest shear strength direction (100)[010] is
discussed.

I. INTRODUCTION

The search for intrinsic superhard materials is inspired by the
technological need for robust and chemically stable materials in
such applications as cutting tools and wear resistant coatings.
Carbon nitrides have attracted much attention for the belief
that relatively short bond lengths and low bond ionicity in these
materials make them primary candidates for low-compressibility
or superhard materials.1 The prediction of hexagonal β-C3N4

2,3

with extraordinary hardness has led to a great deal of
experimental and theoretical works searching for new CN
materials with novel properties.4−13 On the experimental side,
various carbon−nitrogen rich compounds such as melamine,
cyanamide, and other related triazine-based compounds14−16

have been used as precursors to synthesize carbon nitride
phases by using various techniques.15,17−19 However, in
addition to the limited quality of samples in actual experiments,
most experimental results have resolutions too low to
accurately identify crystal structures and internal atomic
arrangement because of the similar and small atomic masses
and rich chemical binding of C and N atoms. On the theoretical
side, several theoretical approaches4,9,12,20−23 have been applied
to predict and design new carbon nitrides, among which state-
of-the-art structure prediction methods12,23 based on different
algorithms are the most prevalent strategies to explore and
predict new material structures. One of the most successful
examples is that the predicted carbon allotrope, M-carbon,24

was finally confirmed by experiments to be cold-compressed
graphite.25,26 Therefore, theoretical calculations can provide a
powerful tool for further exploration of new structures
(including atomistic structure, stability, related physical proper-
ties, etc.) to complement experiments.

Our present work on the structure of carbon mononitride is
motivated by the previous experimental synthesis of a
tetragonal C−N compound.5 This new C−N compound was
first experimentally synthesized in the carbon−nitrogen films
on Ni(100) substrates by Guo et al., and the energy dispersive
X-ray analysis gives a relative N/C raio of 0.8−1.0.5 However,
the stoichiometry and atomic arrangement of the C−N phase
have not yet been determined experimentally. Extensive
theoretical studies are thus carried out for CN structure with
a 1:1 stoichiometry, especially on the fundamental crystal
structures. Using a self-consistent charge density functional
tight-binding method, Kim et al.7,8 investigated the structural
stability of two tetragonal phases (tetragonal rocksalt phase and
the β-tin phase) for CN and examined the variation of
equilibrium volume and the bulk modulus with changing
nitrogen content. Recently, Hart et al.9 and Wang et al.23,27

have systematically investigated the structural and mechanical
properties of CN phase within GaSe, β-InS, rocksalt, bct-4, bcc,
cg-CN, and Pnnm structures. Among these candidates, the sp3-
hybridized CN phase with Pnnm symmetry is found to be the
most preferential structure with claimed hardness of 62.3 GPa.
These important pioneering works give us broadened views
into the essence of atomic binding in solids while advancing our
understanding of the structural stability of this novel CN phase.
Although so many different kinds of structures are proposed,
the quest for a new energetically stable or metastable CN phase
is one of the hot topics in condensed matter physics. In this
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work, we applied a recently developed crystal structure analysis
by partical swarm optimization (CALYPSO)28 algorithm to
extensively explore the most energetically stable CN phase at
ambient pressure, unbiased by prior known structural
information. This method has been successfully applied to
several structures that have been confirmed by independent
experiments.29−31 Indeed, a novel tetragonal P42/m-CN built
up by strong covalent C−N bonds and C−C bonds is
uncovered, which is energetically much superior to the best
previous reported candidate Pnnm-CN. First-principles calcu-
lations were then performed to characterize the structural,
thermodynamic, mechanical, and electronic properties of this
novel tetragonal CN phase.

II. COMPUTATIONAL METHODS

The crystal structure prediction is based on a global
minimization of energy surfaces merging ab initio total-energy
calculations as implemented in CALYPSO code.32 We
performed variable cell structure searches containing 1−6
formula units (f.u.) in the simulation cell at 0 GPa. The
underlying ab initio structural relaxations and electronic
calculations were performed using the generalized gradient
approximation as implemented in the VASP code.33,34 The
frozen-core all-electron projector augmented wave method35

was adopted with 2s22p2 and 2s22p3 treated as valence electrons
for C and N, respectively. To reduce the errors, the cutoff
energy for the expansion of the wave function into plane waves
was set to 900 eV, and the Monkhorst−Pack grid (10 × 10 ×
20)36 was individually adjusted in reciprocal space to the size of
each computational cell. Single-crystal constants were deter-
mined by applying an appropriate set of distortions37 with the
distortion parameter varying between ±0.001 to the equili-
brium lattice. The polycrystalline bulk modulus, shear modulus,
Young’s modulus, and Poisson’s ratio were thus estimated by
using the Voigt−Reuss−Hill approximation38 The quasistatic
ideal strength and relaxed loading path in the various directions
were calculated using a method39 described previously. The
phonon calculations were carried out using a supercell
approach as implemented in the PHONOPY code.40

III. RESULTS AND DISCUSSION

When the CALYPSO method for CN at ambient pressure is
employed, our structure searches reveal the most stable
structure to be a tetragonal P42/m phase, which contains 4
f.u. in a unit cell. Interestingly, the previous proposed Pnnm
structure was also predicted as a metastable structure with
respect to the P42/m phase. The crystal structure of P42/m-CN
is shown in Figure 1. This tetragonal structure adopts a fully 3D
packing consisting of intriguing helical tunnels connected to
each other by C−C covalent bonds. Inspection reveals that all
the C atoms are tetrahedrally bonded with three N atoms and
one C atom and that each N atom forms three single C−N
covalent bonds with three C neighbors. As is known for carbon
nitrides, four-coordinated carbon and three-coordinated nitro-
gen leads to high bulk modulus and large hardness values.12 At
0 GPa, the calculated lattice parameters of P42/m-CN are a = b
= 4.666 Å and c = 2.373 Å in a unit cell in which two
nonequivalent atoms C and N occupy the Wyckoff 4j (0.3323,
0.9737, 0.0) and 4j (0.8136, 0.7391, 0.0) sites, respectively. In
more detail, the C−C bond length in the P42/m phase is 1.584
Å at 0 GPa, slightly longer than that in diamond (1.535 Å) but
shorter than that in Pnnm phase (1.606 Å). In the helical

tunnels presented in Figure 1, the C−N bond distances are
calculated to be 1.441 and 1.504 Å, which are close to those in
the Pnnm phase (1.433 and 1.487 Å)27 and β-C3N4 (1.442,
1.444, and 1.452 Å).2 Our phonon calculations have verified
that P42/m-CN is dynamically stable as evidenced by the
absence of any imaginary frequency in the whole Brillouin zone
at ambient pressure (see Figure 2c). Furthermore, the
calculated zone-center phonon eigenvectors for P42/m-CN
were used to deduce the symmetry labels of the particular
modes. According to group theory, 24 vibrational modes of
P42/m at the zone-center have the irreducible representations
ΓP42/m = 2(2Ag

R + 2Bg
R + 1Eg

R + 2Eg
R + Au

I + 21Eu
I + 22Eu

I).
The Raman-active modes are labeled by the superscript R and
infrared-active ones by I. Therefore, further experimental work
is expected to identify this P42/m structure (zone-center
phonons in Figure 2c) based on the calculated Raman and
infrared frequencies.
Our computational approach is based on constant-pressure

static quantum mechanical calculations at T = 0 K; therefore,
the relative stability of different phases of CN can be deduced
from the pressure dependence of the enthalpy instead of the
Gibbs free energy. To explore the thermodynamic stability for
further experimental synthesis, the formation enthalpy of P42/
m-CN with respect to the separate phases is quantified by ΔHf

= H(CN) − H(C) − 1/2H(N2); the graphite and solid-state
molecular form of nitrogen41 are chosen as the reference
phases. From Figure 2a, the formation enthalpies suggest that
this P42/m phase is thermodynamically unstable at zero
pressure because of its positive value. Like diamond, c-BN,
and C3N4, are all metastable compounds under atmospheric
pressure. A thermodynamically stable phase is observed at 10.5
GPa, which is close to that of the Pnnm phase (10.9 GPa)
reported by Wang et al.27 Besides, the use of high temperature
is a classical way to improve both diffusion processes and the
reactivity of precursors for material synthesis of bulk forms or
thin films. Studies of thermodynamic stability and physical
properties of the CN compound under high temperature would
also improve the understanding of the synthesis. However,
these studies are beyond the scope of the current work.
Furthermore, an enthalpy difference curve relative to the most
competitive structural model of Pnnm for the predicted P42/m
phase is presented in Figure 2b. It can be seen that the

Figure 1. Crystal structure of P42/m-CN. The blue and black spheres
represent N and C atoms, respectively.
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predicted tetragonal P42/m structure is much more stable than
the Pnnm phase below a pressure of 22.5 GPa, above which the
Pnnm structure becomes energetically favorable in the studied
pressure ranges. Therefore, present calculations give direct
evidence that the predicted P42/m-CN is the most energetically
preferable structure in the known structures at ambient
pressure and can be synthesized at readily attainable pressures.
Further experimental work is thus strongly recommended.
We have plotted the band structure an total and partial

density of state (DOS) of P42/m-CN at 0 GPa in Figure 2d.
This tetragonal phase is an insulator with an indirect band gap
of 3.8 eV, suggesting that electronic excitation is more difficult
to achieve even if the optical energy matches the value of band
gaps. Because DFT calculations usually lead to its under-
estimation, the actual band gap is expected to be much larger.
From inspection of its partial DOS curves in Figure 2d, the
valence band region can be divided into three groups of states
depicted as I, II, and III. Part I originated from C-s states mixed
with contributions of N-s states. Part II and part III are
characterized by a mixture of C-p and N-p states. The strong
C−N covalent bonding nature in P42/m-CN is revealed by the
−25 eV to Fermi level (EF) because of the similar partial DOS

profiles of C-s, C-p, N-s, and N-p states. Moreover, another C−
C covalent bonding nature can be seen from their partial DOS
profiles, although it is not as strong as C−N bonds. In the
conduction band region of DOS, the peaks are mainly
contributed by C-p states. We found through Bader charge
analysis that the charge transfer from C to N atom is 0.95e in
one f.u., indicating the ionicity of C−N bonds. Therefore, the
chemical bonding between C and N atoms in P42/m-CN is a
complex mixture of covalent and ionic characteristics.
To study the mechanical properties of P42/m-CN, the elastic

constants are calculated by using the strain−stress method. For
tetragonal P42/m-CN, there are six independent elastic
constants, which were calculated and are listed in Table 1.
The mechanical stabilities of P42/m-CN satisfy the Born−
Huang criteria42 for a tetragonal crystal [C11 > 0, C33 > 0, C44 >
0, C66 > 0, C11 − C12 > 0, C11 + C33 − 2C13 > 0, 2(C11 + C12) +
C33 + 4C13 > 0], indicating that it is mechanically stable at
ambient pressure. From Table 1, we find unusually high
incompressibility along c-direction for P42/m-CN, as demon-
strated by the extremely large C33 value (1156 GPa), which is
slightly larger than the experimental data of diamond (C33:
1076 GPa).43 This value is comparable to those of known

Figure 2. Formation enthalpies of P42/m-CN relative to graphite and nitrogen as a function of pressure (a), enthalpy differences for P42/m-CN
relative to Pnnm-CN as a function of pressure (b), phonon dispersion curves of P42/m-CN at 0 GPa (c), and band structure and density of states
(DOS) of P42/m-CN at 0 GPa (d).

Table 1. Calculated Elastic Constants Cij, Bulk Modulus B, Shear Modulus G, and Young’s Modulus E (in units of GPa) of P42/
m-CN. Also Shown are G/B Ratio and Poisson’s Ratio v

phase C11 C22 C33 C44 C55 C66 C12 C13 C23 B G E G/B v

P42/m-CN 596 1156 370 326 172 116 341 328 745 0.96 0.136
Pnnm-CN 518 767 1227 534 277 379 203 83 201 369 351 799 0.95 0.139
cg-CNa 445 230 280 335
β-C3N4

b 922 1053 330 374 173 116 412 370 855 0.9 0.15
bct-CN2

b 836 1269 397 313 150 120 407 386 879 0.95 0.14
c-BNc 820 480 190 400
diamondd 1076 577 125 442

aReference 23. bReference 12. cReference 45. dReference 43.
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potential superhard materials (β-C3N4 (1053 GPa),12 bct-C4
(1189.9 GPa),44 and Z-carbon (1184.5 GPa)44) suggesting that
the c-axial direction of P42/m-CN is very stiff. The polycrystal-
line bulk modulus B, shear modulus G, Young’s modulus E,
Poisson’s ratio v, and G/B of P42/m-CN are also shown in
Table 1. Because the hardness is deduced from the size of the
indentation after deformation, a hard material typically requires
a high bulk modulus to support the volume decrease created by
the applied pressure and a low Poisson’s ratio (ν) or high shear
modulus (so that the material will not deform in a direction
different from that of the applied load). The calculated bulk
modulus of P42/m-CN is comparable to those of bct-C4 (403.4
GPa),44 bct-CN2 (392 GPa),12 α-C3N2 (380 GPa),11 β-C3N2
(343 GPa),11 c-BN (400 GPa)45 and β-C11N4 (367 GPa),46

confirming that P42/m-CN is a highly incompressible material.
According to Teter,47 the shear modulus is a significantly better
qualitative predictor of hardness than the bulk modulus,
governing the indentation hardness. The shear modulus of
P42/m-CN is 328 GPa and it is expected to withstand shear
strain to a large extent.
To understand the elastic deformation of P42/m-CN, it is

important to know the orientation dependences of the Young’s
modulus E and shear modulus G, as discussed in previous
works.48 For the P42/m-CN, the Young’s modulus E is
described by the following equation:

α β γ α β

β γ α γ β γ α γ α β

= + + +

+ + + + +

−E s s s

s s s

( ) 2

2 ( ) ( )

1
11

4 4
33

4
12

2 2

13
2 2 2 2

44
2 2 2 2

66
2 2

(1)

where α, β, and γ are the direction cosines which determine the
angles between the a-, b-, and c-axis of a crystal and a given
direction [uvw]. s11, s33, s44, s66, s12, and s13 are the elastic
compliance constants which are given by Kelly et al.49 Similarly,
the orientation dependence of the shear modulus for arbitrary
shear plane (hkl) and shear directions [uvw] is given by

α α β β γ γ α α β β

α β α β β β γγ α α γγ

β γ β γ α γ α γ

= + + +

+ + + +

+ + + +

−G s s s

s s

s

4 ( ) 4 8

( ) 8 ( )

[( ) ( ) ]

1
11 1

2
2
2

1
2

2
2

33 1
2

2
2

12 1 2 1 2

66 1 2 2 1
2

13 1 2 1 2 1 2 1 2

44 1 2 2 1
2

1 2 2 1
2

(2)

where (α1, β1, γ1) and (α2, β2, γ2) are the direction cosines of
the [uvw] and [HKL] directions and the [HKL] denotes the
vector normal to the (hkl) shear plane. The results of these
calculations for the P42/m-CN are summarized in Figure 3a for
E and Figure 3b for G. From Figure 3a, it can be seen that (1)
the maximum and minimum values of P42/m-CN are along the
[001] (E[001] = 1121 GPa) and [100] (E[100] = 540 GPa)
directions, (2) Emax/Emin= 2.08, and (3) the variations of the
Young’s moduli along different directions decrease in the
following sequence: E[001] > E[111] > E[110] > E[011] > E[100].
Therefore, the Young’s moduli E for different tensile axes in
Figure 3a suggest that the P42/m-CN possesses a high degree of
anisotropy. As plotted in Figure 3b, the orientation dependence
of the shear modulus G of the P42/m-CN was also calculated
for shear on (001), (100), and (11 ̅0). The shear modulus of
P42/m-CN possesses its minimum value for shear on (11 ̅0)
[110] (E(11 ̅0)[110] = 212 GPa) and its maximum value for shear
on (001), where it does not depend on shear direction, and on
(100)[001] (E(100)[001] = 370 GPa).
In view of the large elastic moduli of P42/m-CN, the

hardness calculations are of great interest. Previous studies50,51

have demonstrated that ultimate hardness of a material can be
assessed from its ideal strength and bonding nature, which also
appears to correlate with the onset of dislocation formation in
an ideal, defect-free crystal. Therefore, we next discuss the ideal
strength from the elastic regime to the limit of its structural
stability and understand the underlying bond-responding
processes under large strains. Figure 3c,d shows the stress−
strain curves calculated for P42/m-CN. The ideal tensile
strength of P42/m-CN along the ⟨001⟩ direction is about

Figure 3. Orientation dependence of the Young’s modulus in P42/m-CN (a), orientation dependence of the shear modulus in P42/m-CN (b), and
calculated stress−strain relations of P42/m-CN in various tensile (c) and shear (d) directions.
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96.6 GPa, which is close to those of hcp-ReB2 (σ⟨0001⟩ = 93.2
GPa)52 and bct-CN2 (σ⟨001⟩ = 117.1 GPa).12 The anisotropy
ratio of tensile strengths of σ⟨110⟩ (40.8 GPa): σ⟨100⟩ (41.5 GPa):

σ⟨111⟩ (45.8 GPa): σ⟨001⟩ (96.6 GPa) = 1:1.02:1.12:2.37
indicates that it is nearly isotropic within the (001) plane,
similar to the well-known elastic isotropy in the tetragonal

Figure 4. Atomic bond structures P42/m-CN before and after lattice instability. The arrowheads indicate the instability of C−N and C−C bonds
upon shear.

Figure 5. Corresponding 3D charge density distributions of P42/m-CN before and after lattice instability.
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phase in this plane. The calculations of ideal shear strength
upon large strains can examine the anisotropy of shear
deformation where plastic deformation proceeds irreversibly
on the atomic scale. First, the values of the ideal shear strengths
of the P42/m-CN along the (001)[100] deformation path is
about 50.7 GPa in Figure 3c; this value is close to that of c-BN
(58.3 GPa) but larger than that of ReB2 (34.4 GPa).52 Second,
the weakest peak tensile stress occurs in the [110] direction as
shown in Figure 3c, which indicates that under tensile loadings
P42/m-CN would first cleave in the (110) plane. The critical
shear stress in the P42/m-CN was then calculated by applying
[001],[11 ̅0], and [11 ̅1] shear deformations in the (110) easy
cleavage plane perpendicular to the weakest tensile direction, as
shown in Figure 3d. The lowest shear strength appears in the
(110)[11 ̅0] direction with a peak shear stress of 43.4 GPa.
Third, the shear strength in the (100)[010] and (100)[001]
directions are also shown in Figure 3d for comparison. As
indicated in Figure 3d, the lowest peak shear stress occurs in
the (100)[010] direction with 40 GPa, which is lower than the
lowest tensile strengths. This means the failure mode in P42/m-
CN is dominated by the shear type, which is similar to that in
β-C3N4. To shed light on the origin of the deformation
mechanism in the (100)[010] direction, the bond arrange-
ments and corresponding charge density distributions of P42/
m-CN before and after the shear instability were analyzed and
plotted in Figures 4 and 5. At selected increasing shear strains,
both C−N bonds in the helical tunnels and C−C bonds
connected to these helical tunnels become unstable and break
at the critical shear strains. The C−N bonds indicated by
arrows in the helical tunnels are stretched under increasing
shear strains and break at γ = 0.2313, which limits the
achievable strength of P42/m-CN. This means that this shear-
induced structural transformation first occurs at a strain of
0.2313 through the collapse of 3D helical tunnels by
simultaneously breaking the C−N bonds. The breaking of
C−C bonds has been found to occur at γ = 0.2536 with longer
bonds, resulting in the formation of coplanar graphite-like C−N
layers in P42/m-CN. In addition, this could be further
confirmed by the charge density of P42/m-CN at selected
increasing shear strains in Figure 5. The instability of C−N and
C−C bonds under shear deformation for P42/m-CN can be
attributed to a local transformation of sp3 to sp2 upon the shear.

IV. CONCLUSIONS
In summary, a new tetragonal P42/m-CN has been explored by
first-principles calculations and crystal structure prediction
techniques. When compared with previously reported CN
phases with 1:1 stoichiometry, the P42/m-CN phase is the most
stable at ambient pressure. Phonon dispersion calculations
demonstrate that P42/m-CN is dynamically stable at ambient
conditions. The crystal orientation dependences of the Young’s
and shear moduli have been systematically studied for this P42/
m phase. The predicted elastic moduli, tensile strength, and
shear strength indicate that it is ultracompressible and
potentially superhard, originating from the strong C−N and
C−C covalent bonding networks. Thus, we hope that
additional high-pressure experiments can be done on the
synthesis of the superhard material for applications.
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(1) Leǵer, J. M.; Haines, J. The Search for Superhard Materials.
Endeavour 1997, 21, 121−124.
(2) Liu, A. Y.; Cohen, M. L. Prediction of New Low Compressibility
Solids. Science 1989, 245, 841−842.
(3) Liu, A. Y.; Cohen, M. L. Structural Properties and Electronic
Structure of Low-compressibility Materials: β-Si3N4 and Hypothetical
β-C3N4. Phys. Rev. B 1990, 41, 10727−10734.
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