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The structural and thermodynamic properties of the hexagonal, tetragonal, and orthorhombic phases of
SiCN under high pressure are investigated by first-principles study based on the pseudo-potential plane-
wave density functional theory method. The calculated equilibrium lattice constants, bulk modulus and
elastic constants at zero pressure agree well with the previous theoretical values. The t-SiCN exhibits an
indirect band gap with a value of 1.67 eV. It is found that with increasing pressure, the Debye tempera-
ture @p of the 0-SiCN and h-SiCN increase, whereas the one of the t-SiCN decreases. Furthermore, the
0-SiCN is found to be a brittle material up to 60 GPa, while for t-SiCN and h-SiCN, the change from the
brittle to ductile state occurs at about 17.04 GPa and 40.55 GPa, respectively. The calculated anisotropy
factors demonstrate that both the o0-SiCN and h-SiCN have a weak anisotropy up to 60 GPa, while the
t-SiCN exhibits a high degree of anisotropy in shear but only a small anisotropy in compressibility. The
ideal tensile and shear strength at large strains of the three phases are examined to further understand
the microscopic mechanism of the structural deformation. It is found that all the SiCN compounds have a

low ideal strength within 40 GPa, revealing that they may not be intrinsically superhard.

© 2014 Published by Elsevier B.V.

1. Introduction

The synthesis of silicon carbon nitride (SiCN) alloys has
attracted much attention for its excellent chemical and physical
properties. These compounds have high good creep properties,
thermal shock resistance, and excellent oxidation resistance over
a broad temperature range. Especially, since the short chemical
bonds can be formed among the Si, C, and N atoms [1,2], the silicon
carbon nitride (SiCN) alloys were expected to be a new kind of
superhard materials [3-5]. Thus the synthesizing processes of SiCN
compounds are growing rapidly [6-14]. Two crystalline solids, the
cubic SiC;N,4 with space group Pn3 m and the orthorhombic Si,CNy4
with space group Aba2 were synthesized at ambient in 1997 [8].
However, the calculated Vickers hardness (Hy) values of the cubic
and orthorhombic compounds are only 16.9 and 28.2 GPa, respec-
tively [15]. The long linear Si—N=C=N-Si fragments are believed
to limit the hardness of these materials. To address the issue, the
Si—C—N films were synthesized successfully to improve the hard-
ness of that material.

* Corresponding author.
E-mail address: puchunying@126.com (C. Pu).

http://dx.doi.org/10.1016/j.commatsci.2014.07.044
0927-0256/© 2014 Published by Elsevier B.V.

High-pressure synthesis is another important method to syn-
thesize new Si—C—N superhard materials. For example, Wang
et al. [15] explored the high-pressure structures of SiC,N4 and Si;.
CNy4 using ab initio evolutionary simulations with the USPEX code
[16-18]. They discovered novel structures of monoclinic C2/m and
orthorhombic Cmmm for SiC,N4 and monoclinic C2/m and P2;/m
structures for Si;CN4. Moreover, they found that the Cmmm SiC;Ny4
and C2/m and P2,/m Si,CN4 are potential superhard materials
using hardness calculations; all of them have a hardness value
exceeding 50 GPa. Very recently, Cui et al. [19] performed an
extensive structural search of SiCN compounds using crystal struc-
ture analysis by particle swarm optimization (CALYPSO) algorithm
[20]. They reveal that the new discovered tetragonal SiCN (t-SiCN)
was energetically stable than the c-SiCN proposed 40 years ago
[21], and two high-pressure phases of orthorhombic SiCN (0-SiCN)
and hexagonal SiCN (h-SiCN) were also predicted. Transformations
from t-SiCN to 0-SiCN and h-SiCN occurred at 21.6 and 21.9 GPa,
respectively. The h-SiCN and o-SiCN were believed to can be
quenched at ambient conditions and exist in metastable phases.
The hardness of t-SiCN, 0-SiCN and h-SiCN were calculated to be
41.5,30.0, and 30.2 GPa, respectively [ 19]. For superhard materials,
it is necessary to examine the pressure influences on its elastic
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stiffness and thermodynamic properties. Up to now, the micro-
scopic mechanism of the structural deformation, the elastic prop-
erties and thermodynamic properties of the new discovered SiCN
under pressure have not been investigated. The investigations on
above issues are very important to extend our knowledge to mate-
rial’s performance under extremely severe environment, and also
may provide important information for the potential applications
of the crystals once they are synthesized. Thus in the present
works, we have performed first principles calculations of the elec-
tronic structure, strain-stress behavior, elastic and thermody-
namic properties for the three phases of SiCN. The Debye
temperature, the ductile or brittle characters and elastic anisotropy
of SiCN under pressure are discussed in detail.

2. Theoretical method

The calculations in this work are performed using CASTEP code
[22,23] which is based on density functional theory. The exchange-
correlation effects were taken into account within the Perdew-
Burke-Ernzerhof (PBE) [24] scheme in the generalized gradient
approximation (GGA) pseudopotential [25]. To describe interac-
tions between electrons and core ions, the Vanderbilt ultrasoft
pseudopotentials [26] were used. Pseudo atomic calculations are
performed for Si: 3s%3p?, C: 2s°2p? and N: 2s%2p>. The electronic
wave function was expanded in a plane-wave basis set with a well
converged cutoff energy of 500 eV for all cases. The k point separa-
tion in Brillouin zone of the reciprocal space was 0.03 A~!. The tol-
erances for the geometry optimization were: difference in total
energy within 5 x 10~¢ eV/atom, maximum ionic Hellmann-Feyn-
man force within 0.01 eV/A, maximum ionic displacement within
5 x 10~ A and maximum stress within 0.02 GPa. The quasi static
ideal strength was determined using a method described previ-
ously [27]. The lattice vectors were incrementally deformed in
the direction of the applied strains. At each step, the atomic basis
and all the atoms inside the unit cell were simultaneously relaxed
unit all the components of the Hellmann-Feynman stress tensor
orthogonal to the applied strains were less than 0.1 GPa.

3. Results and discussion
3.1. Formation enthalpy and the structural parameters

In this work, three phases of SiCN predicted by Cui et al. [19]
with hexagonal symmetry (h-SiCN, with space group of R3m),
tetragonal symmetry (t-SiCN, with space group of P42nm), and
orthorhombic symmetry (0-SiCN, with space group of Pnma) were
investigated. As can been seen from Fig. 1, h-SiCN, t-SiCN and o-
SiCN have 3, 4 and 4 SiCN formula units in their conventional cell,
respectively. The enthalpy differences between t-SiCN and 0-SiCN
relative to h-SiCN as a function of pressure are calculated and
shown in Fig. 2. The transformations from t-SiCN to 0-SiCN and
h-SiCN occurr at 17.1 and 18.0 GPa, respectively, which are little
smaller than the values of 21.6 and 21.9 GPa in previous work
[19]. The difference might result from the ultrasoft-potential used
in our case instead of the norm-conserving pseudopotentials. The
calculated equilibrium lattice constants, the bulk modulus (B),
elastic constants and the shear modulus (G) of h-SiCN, t-SiCN,
and o-SiCN at zero pressure are given in Table 1. It can be seen that
all the calculated values are in good agreement with the previous
results [19], indicating our calculations are valid and believable.

3.2. The band structure and Mulliken population analysis

In the previous work, t-SiCN was reported to be an intrinsic
semiconductor with a band gap of 0.89eV using the density

function theory (DFT) [19]. In fact, superhard materials are often
found to be wide-band semiconductors. However, it is known that
DFT underestimates the gap energies of semiconductor, therefore
we recalculated the band structure and the corresponding total
density of states of t-SiCN along the high symmetry directions
using the more accurate HSE hybrid density functional theory
[28,29] as shown in Fig. 3. It can be seen that t-SiCN is an indirect
band-gap semiconductor with the valence band maximum at the
A-point and the conduction band minimum at Z-point. The band
gap is calculated to be about 1.67 eV, which is higher than
0.89 eV from DFT calculation. Unfortunately, no experimental data
of the band gap values are available for our comparison. We hope
our results can be served as a prediction for the future experimen-
tal investigations.

We also performed the Mulliken populations analysis [30]
(shown in Table 2) to reveal the bonding situation in those SiCN
materials under pressure. For all three phases, a charge transfer
from Si to C and N atoms is observed, and the Si-s orbital and Si-
p orbital loose charge, transferring it to C-p orbital and N-p orbital.
Charge transfer from Si to N are higher than that of Si—C, implying
the strong bonding nature between Si and N in the three phases at
0 GPa. The bond character in mainly determined by Si—C and Si—N.
As pressure increases, the total charges of Si in the three phases of
SiCN all decrease by about 0.08, implicating the components of
covalent bond increase. Furthermore, with pressure increasing,
the charge transfer from Si to C in t-SiCN and and o-SiCN is higher
than that of Si—N, which means the strong bonding character
between Si and C. However, the charge transfer from Si to C is
equal to Si to N in h-SiCN.

3.3. The elastic constants and elastic properties

The elastic constant is essential for many applications related to
the mechanical properties of a solid material, especially for super-
hard materials. In general, the elastic constant C; tensor can be
expressed (in abbreviated form) in a 6 x 6 square matrix, with
36 components. Due to the structure symmetry, the maximum
number of independent parameters can be reduced. For hexagonal,
tetragonal and orthorhombic phases, there are five, six and nine
independent elastic constants, respectively. The mechanical stabil-
ity criteria for the hexagonal, tetragonal and orthorhombic phase
are given below:

Hexagonal structure [31]:

Caa >0, Ci1>|[Cral, (Ci1+2C12)Cs3 > 2Ci, (1)

Tetragonal structure [32]:
Ci1—Ci2>0, C1+GC3-2C3>0, C1>0, Ci3>0
C44>0, Cg6>0, 2Ci1 +Cs3+2C2+4C3>0
Orthorhombic structure [32]:
Ci1+C3—-2C3>0, Ci1>0, Cp>0, C3>0, Cu>0,
C55 > 0, C66 >0
Ci1+Cn+C334+2C12+2C13+2C3 >0
C]] + sz — 2C12 > 0, C22 + C33 — 2C23 >0

)

€)

Fig. 4 presents the pressure dependence of elastic constants of
SiCN for the three phases. All the elastic constants of the SiCN com-
pounds satisfy the above conditions, which imply that they are
mechanically stable up to 60 GPa. As we all know, the elastic con-
stants Cy; and C33 character the x- and z-direction resistance to lin-
ear compression, respectively. It is found that C;; and Cs3 are the
largest among elastic constants for all the three phases, which
indicate that all the three phases are very incompressible under
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(a)

(b)

Fig. 1. Crystal structures of SiCN compounds at ambient pressure (a) t-SiCN, (b) 0-SiCN, (c¢) h-SiCN. The Si, C, and N atoms are represented as yellow, grey and blue spheres,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Enthalpies of formation of different phases of SiCN as a function of pressure,
where the h-SiCN is taken as the reference.

Table 1

The calculated parameters a, b, and ¢ (A), bulk modulus B (GPa), elastic constants
(GPa), shear modulus G (GPa) for SiCN compared with previous theoretical results at
Zero pressure.

Hexagonal Tetragonal Orthorhombic

This work Ref. [19] This work Ref. [19] This work Ref. [19]
a(A) 2.860 2.834 4.108 4.069 9.159 9.080
b (A) 2.754 2.729
c(A) 10.509 10.429 6.836 6.788 3.892 3.861
Ciy 393.3 411.2 3294 340.8 601.5 624.9
G - - - - 3782 393.0
Cs3 956.1 1008.9 635.7 663.7 614.0 643.5
Caq 178.3 181.0 193.04 205.9 175.3 181.0
Css - - - - 293.0 307.4
Ces - - 2221 229.9 1829 195.3
Ci2 126.9 1333 184.0 183.5 81.6 85.2
Ci3 78.2 74.8 117.0 126.4 149.9 155.5
Cas3 - - - - 101.1 99.8
B 243 252 232 241 242 252
G 182 - 165 - 209 -

uniaxial stress along x- or z-axis. At the same time, we can find that
C33 is higher than the C;; in the whole range of pressure for both h-
SiCN and t-SiCN, indicating the x axis is more compressible than
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Fig. 3. Calculated band structure and density of state for t-SiCN. Energies are
measured relative to the Fermi level (dash line).

the z axis for these compounds, while the C;; and C33 of 0-SiCN
show similar trends at elevated pressures. It is notable that all elas-
tic constants increase with increasing pressure except for the C44 in
t-SiCN. The Cy44 of t-SiCN firstly increases with pressure, and then
starts to decrease after 30 GPa. In the case of C44, One can interpret
that it indicates the resistances of the crystal with respect to the
shear strain at (100) plane, and which is the important parameter
relating to the shear modulus. So the C44 of t-SiCN is related to the
decrease of shear modulus and Debye temperature as we will dis-
cuss later.

For bulk modulus, shear modulus and Young’s modulus (E),
they can be obtained by Voigt-Reuss-Hill (VRH) approximation
[33]. The equations follow the Reuss and Voight definitions, the
Hill values are defined as the arithmetic average of the Reuss and
Voight values [34] (the minimum value for Reuss results and the
maximum value for Voigt results):

9BG
B=(By +Br)/2 G=(Gy+GCg)/2 E:m (4)
Hexagonal structure [35]:
Ces = (C11 — C12)/2 (3)
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Table 2
Mulliken populations of h-SiCN, t-SiCN and o-SiCN at 0 GPa and 30 GPa.
Structures Pressure (GPa) Elements s(e) p(e) Total (e) Charge (e)
Hexagonal 0 C 1.33 3.29 4.62 -0.62
N 1.60 4.15 5.75 -0.75
Si 0.93 1.70 2.63 1.37
30 C 1.31 3.35 4.66 —0.66
N 1.57 4.22 5.79 -0.79
Si 0.85 1.70 2.55 1.45
Tetragonal 0 C 1.29 3.28 4.56 -0.56
N 1.58 438 5.96 —0.96
Si 0.91 1.56 247 1.53
30 C 1.26 3.36 4.62 —0.62
N 1.56 443 5.99 -0.99
Si 0.84 1.54 239 1.61
Orthorhombic 0 C 135 3.24 4.59 -0.59
N 1.60 4.16 5.76 —0.76
Si 0.95 1.70 2.65 1.35
30 C 1.33 3.31 4.64 —0.64
N 1.57 422 5.80 —0.80
Si 0.87 1.70 2.57 1.43
2
1600 = 5 [(Cn + C12)Cs3 — ng] C44Ces
(a)  h-SiCN — Gr =5 212 )
1200 | '/v/ —*=C11 —v—c,, 3By Ca4Cos + [(Cn + C12)Cs3 — 2C]3] (Caa + Ces)
o —e—Cyp Cas
s Cy3 Tetragonal structure [35]:
800
—a——" By — (Ci1 + C12)C33 — 2(:?3 (10)
400 .,,/'/'/. Ci1 + Ci2 +2C33 — 4Cy3
~ “”-—-.
e e, p— 1 2
—— By = 5 (2C11 + Cs3) + 5 (Ci2 +2C13) (11)
? 120o L 1 L L 1 L 9 9
(g' (b) t-SiCN 15
~ GR —
0 e
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0 i 1 " 1 i 1 i 1 i 1 1
0 10 20 30 40 50 60

Pressure (GPa)

Fig. 4. Elastic stiffness constants of SiCN as a function of pressure.

1

By =§(2(C11 +Ci12) + C33+4Cy3) (6)
g, —(Cii+Ci)Css = Cis )
Ci1+Ci2 +2C33 —4Cy3
1
GV = —(Cll + C12 + 2C33 - 4C13 + ]2C44 + ]ZCGG) (8)

30

Gr = 15{4[C11(C2 + C33 4+ C33) + C22(C33 + C13)
+ C33C12—C12(Ca3 + Ci2) — C13(Ciz + Ci3)

— Co3(Ci3 + Ca3)]/ 4+ 3((1/Caa) + (1/Cs5) + (1/Ces)} ' (17)

A = C13(C12C3 — C13Ca2) + C23(C12C13 — Co3Cr1)
+ C33(C11Cq2 —C%Z) (18)

It can be seen from Fig. 5 that the bulk modulus of h-SiCN,
t-SiCN and o-SiCN linearly increase monotonically when pressure
is enhanced, while the shear modulus of the three phases exhibit
different behavior. The shear modulus of 0-SiCN increases with
increasing pressure. While the shear modulus of h-SiCN first
increases with pressure, then remains almost unchanged at higher
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Fig. 5. Pressure dependence of the bulk modulus (B), shear modulus (G) and the

Debye temperature (@p) in hexagonal, orthorhombic, and tetragonal phases of
SiCN.
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Fig. 6. G/B as a function of pressure.

pressure. Moreover, the shear modulus of t-SiCN is found to
decrease at the pressure above 20 GPa, which have an important
effect on its Debye temperature. As a fundamental parameter, the
Debye temperature is linked to many physical properties of solids,
such as melting point, thermal expansion, and Griineisen [37]. The
Debye temperature is defined in terms of the mean sound velocity
vn and gives explicit information about the lattice vibrations [38]
and it is calculated using the equation [39]

_h 3n NAp %
@D_E[E <v>} Um (19)
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Fig. 8. The shear and compressibility anisotropy factors as a function of pressure.

where h is Planck’s constant, k is Boltzmann’s constant, N4 is Avoga-
dro’s number, p is the density, M is the molecular weight and n is
the number of atoms in the molecule. The average wave velocity
is approximately calculated from [39]

e

where ¢, and v are the longitudinal and transverse sound velocity,
respectively, which can be obtained from following equations [40]

v =V (B+46/3)/p vs=vG/p (21)
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From Fig. 5, it can be seen that the result of Debye temperature
for SiCN is: 0-SiCN > h-SiCN > t-SiCN. The pressure dependence of
®p in 0-SiCN reveals almost a linear increase. The ®@p of h-SiCN
increases with increasing pressure and is nearly constant at high
pressure, while the @p of t-SiCN decreases significantly above
20 GPa. With increasing pressure, the changing trends of the @p
are almost the same as those of shear modulus in all three phases,
implying shear modulus play an important role in determining the
change of ®p with pressure.

To further predict the brittle and ductile behavior of solids,
Pugh [41] introduced a simple relationship that the ratio of shear
to bulk modulus (G/B) is associated with ductile or brittle charac-
ters of material. A high (low) G/B value is consistent with brittle-
ness (ductility). The critical value which separates ductility from
brittleness is about 0.57. The pressure effect on the G/B ratio of

50 |-o— Tensile<1010> =—Shear(1070)<7210>
| o— Tensile<1270> -e—Shear (0001)<1070>}
|~ Tensile<0001> -y—Shear (0001)<1270>}

__ 40
©
o
Q 30
)
o
S 20
»

10

0.0
Strain €
80
—+Tensile <100> -=- Shear(100)<001>

70 |, Tensile<110> o Shear(110)<001>

60 |~ Tensile<111> _y_sShear(111)<112>|
©
o o | .
e
n
7]
2
n v

n
1 1

0.3 0.4 0.5
Strain €

Stress (GPa)

SiCN is shown in Fig. 6. It can be seen that the G/B ratio decreases
with pressure for all the three phases. The G/B ratio of 0-SiCN is lar-
ger than 0.57, implying the 0-SiCN can be classified as a brittle
material. The G/B ratio of t-SiCN and h-SiCN is equal to 0.57 at
17.04 GPa and 40.55 GPa, and thus the transition from the brittle
to ductile state occurs at about 17.04 GPa and 40.55 GPa,
respectively.

The elastic anisotropy of crystals has an important implication
in engineering science since it is highly correlated with the possi-
bility to induce microcracks in the materials [42]. We firstly inves-
tigate the anisotropy from the change of lattice parameters. All the
alag, b/bg and c/cq of three phases (where ag, by and ¢y are the zero
pressure equilibrium structure parameters) have been calculated
in pressure range of 0-80 GPa, which are illustrated in Fig. 7. As
pressure increases, equilibrium ratio a/ap decreases more quickly
than c/cq for both t-SiCN and h-SiCN, suggesting the compression
along a-axis is larger. In addition, we also noticed that a/ag and
c/co almost exhibit the similar trends for o-SiCN, indicating the
similar compressive ability forc-axis and a-axis.

A concept of percentage elastic anisotropy which is a measure
of elastic anisotropy possessed by the crystal is proposed by Chung
and Buessem[43]. The percentage anisotropy in compressibility
and shear are defined as

By —Bx

_ Gy —Gg
BiBV'f‘BR

“7 Gy +Gg

(22)

where B and G are the bulk and shear modulus, and the subscripts V
and R represent the Voigt and Reuss approximation. For these two
expressions, a value of zero corresponds to complete elastic isot-
ropy and a value of 100% means the maximum elastic anisotropy.
As can be seen from Fig. 8, with increasing pressure, the anisotropy
factor Ag of t-SiCN increases exponentially, while the anisotropy
factor Ag remains constant. Therefore, t-SiCN exhibits relatively
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Fig. 10. The tensile stress-strain curves of hcp-AIN and the three SiCN compounds under tensile or shear load: (a) hcp-AlN, (b) 0-SiCN, (c) t-SiCN and (d) h-SiCN.



234 J. Jia et al./ Computational Materials Science 95 (2014) 228-234

high degree anisotropy in shear but only a small anisotropy in com-
pressibility. For h-SiCN, the anisotropy factor Az decreases with
pressure, whereas the anisotropy factor Ag decreases firstly then
increase after 10 GPa. The values of Ag and Ag are in the range of
3.9-5.7% and 5.4-9.8%, respectively. Clearly, the calculated anisot-
ropy factors demonstrate that h-SiCN has a relatively small anisot-
ropy. For o-SiCN, we can find that Ag is higher than A; before
28.8 GPa. When the pressure exceeds 28.8 GPa, A; starts to be
higher than Ag. The values of Ag and A; are in the range of 2.1-
3.4% and 2.3-3.0%, respectively. It is considered that o-SiCN has a
small anisotropy.

Alternatively, Ranganathan and Ostoja-Starzewshi [44] take
into account both the shear and bulk contributions by recognizing
the tensorial nature of the elastic stiffness instead of taking ratios
of individual stiffness coefficients to define anisotropy. The univer-
sal anisotropy index that represents a measure to quantify the sin-
gle crystal elastic anisotropy can be written as

Au:S%":Jr%Z—G (23)

For locally isotropic single crystals, Ay is identically zero. The
departure of Ay from zero represents the extent of single crystal
anisotropy. As can be seen from Fig. 9, the order of the elastic
anisotropy is t-SiCN > h-SiCN > 0-SiCN, hence the tetragonal phase
is considered to have the maximum in elastic anisotropy among
the three phases. The larger departure of Ay from zero is mainly
due to the larger Gy/Gg. The values of Ay for h-SiCN are close to that
of 0-SiCN, showing a similar elastic anisotropy.

The ideal strength of a material is the stress at which the lattice
itself becomes unstable and, hence, sets a firm upper bound on the
mechanical strength the material can have. To assess the reliability
of our computational approach, we first calculated the ideal
strengths for hcp-AIN along different directions for tension and
shear, which are shown in Fig. 10a, the ideal tensile and shear
strength are about 35-40 and 20-22 GPa, respectively, in good
agreement with the previous results [45]. Fig. 10b-d shows the
stress—strain curves calculated for the three SiCN compounds.
The ideal strengths for t-SiCN, 0-SiCN and h-SiCN are calculated
to be 37.7, 31.0 and 19.6 GPa respectively, suggesting that they
may not be intrinsically superhard. Especially for h-SiCN, the max-
imum ideal strength is only about 19.6 GPa, the low ideal shear
strength in (0001) (1210} slip systems prevents it from becoming
a superhard material.

4. Conclusions

The structural, electronic, elastic and thermodynamic proper-
ties as well as strain stress behavior of the hexagonal, tetragonal
and orthorhombic SiCN under pressure have been investigated
using the first-principles calculations. We found that the band
structure of t-SiCN is characterized by an indirect transition of
1.67 eV using a more accurate HSE hybrid density functional the-
ory. For the three SiCN compounds with increasing pressure, Si-s
orbital and Si-p orbital loose charge, transferring mainly it to C-p
orbital and N-p orbital. The calculated elastic constants reveal
thatthe SiCN compounds meetthemechanically stability require-
ments up to 60 GPa. All the bulk modulus of h-SiCN, t-SiCN and
0-SiCN increase linearly with the increasing pressure, while the
shear modulus exhibit a different behavior. According to the values
of G/B, it is found that 0-SiCN is a brittle material, while for t-SiCN
and h-SiCN, the transition from the brittle to ductile state occurs at
about 17.04 GPa and 40.55 GPa, respectively. The calculated
anisotropy factors demonstrate that o-SiCN and h-SiCN have a
small anisotropy, while t-SiCN exhibits a high degree of anisotropy
in shear but only a small anisotropy in compressibility. The ideal

strengths for t-SiCN, 0-SiCN and h-SiCN are calculated to be 37.7,
31.0 and 19.6 GPa respectively, revealing that they may not be
intrinsically superhard. We hope that our results will stimulate
further experimental study on those compounds.
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