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Abstract The mechanical, optoelectronic, and thermo-

dynamic properties of carbon silicon nitride spinel com-

pound have been investigated using density functional

theory. The exchange–correlation potential was treated

with the local density approximation (LDA) and the gen-

eralized gradient approximation of Perdew–Burke and

Ernzerhof (PBE-GGA). In addition, the Engel–Vosko

generalized gradient approximation (EV-GGA) and the

modified Becke–Johnson potential (TB-mBJ) were also

applied to improve the electronic band structure calcula-

tions. The ground state properties, including lattice con-

stants and bulk modulus, are in fairly good agreement with

the available theoretical data. The elastic constants,

Young’s modulus, shear modulus, and Poisson’s ratio have

been determined by using the variation of the total energy

with strain. From the elastic parameters, it is inferred that

this compound is brittle in nature. The results of the elec-

tronic band structure show that CSi2N4 has a direct energy

band gap (C–C). The TB-mBJ approximation yields larger

fundamental band gaps compared to those of LDA, PBE-

GGA, and EV-GGA. In addition, we have calculated the

optical properties, namely, the real and the imaginary parts

of the dielectric function, refractive index, extinction

coefficient, reflectivity, and energy loss function for radi-

ation up to 40.0 eV. Using the quasi-harmonic Debye

model which considers the phononic effects, the effect of

pressure P and temperature T on the lattice parameter, bulk

modulus, thermal expansion coefficient, Debye tempera-

ture, and the heat capacity for this compound were inves-

tigated for the first time.

Introduction

The search for new ultra-incompressible superhard mate-

rials compared to diamond and cubic boron nitride c-BN

has received a considerable effort and remains one of the

most dominated areas of the high-pressure research for
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several decades. There is a significant interest on synthe-

sizing and characterization of novel superhard materials

showing very low compressibility and large durability [1,

2]. Recently, more attention has been focused on high-

pressure (HP) spinel nitrides: c-Ge3N4 and c-Sn3N4 and

particularly on c-Si3N4 having cubic Th3P4-type structure.

The most eminent representative of c-Si3N4 was found to

have combined properties of high fracture toughness,

hardness and wear resistance, low coefficient of thermal

expansion, and relatively high elastic modulus. Thus, sili-

con nitride can be considered as an excellent material for

engine parts or other applications such as bearings and

metal machining [3–6]. In optoelectronic applications,

Si3N4 is used as wide direct band gap semiconductor

making it suitable for fabrication of blue LEDs [7, 8].

Extensive researches on this binary cubic spinel nitride

Si3N4 have emphasized the collaboration between the three

methods namely laser-heated diamond anvil cells LH-DAC

and multi-anvil techniques and quantum mechanical cal-

culations [3, 5–18]. Particularly, the structure of Si3N4 was

initially formed by chemical reaction from amorphous and

crystalline Si3N4 at high pressures (*15 GPa) and high

temperatures (*2200 K) where the mechanical properties

were determined both by in situ synchrotron experiments,

and by indentation studies of recovered samples [19–22]. A

computational study performed by Wang and co-workers

[25] indicated high bulk (300 GPa) and shear moduli

(340 GPa) for c-Si3N4, while it predicted the hardness of c-

Si3N4 to be close to the experimental value (33 GPa) as in

Ref. [9] and demonstrated that c-Si3N4 is not actually a

superhard material [22]. Subsequently, some systematic

investigations have been extended to improve the elastic

properties of the pure c-Si3N4 so that various structural

changes have been studied by replacing C with Si or Ge

atoms in the conventional A3N4 structure. The proposed

structure c-CSi2N4 was predicted to have a good mechan-

ical stability with a relatively big elastic constant [6, 22–

25]. Recently using the microscopic model of hardness, c-

CSi2N4 was expected to be a superhard material with

obtained hardness value of 52.07 GPa, while the hardness

of c-Si3N4 is 33.3 GPa [26]. Therefore, ternary nitride

spinel can be viewed as excellent candidates for low

compressibility materials, or at least as precursors for super

hard polymorph.

In view of the promising technological applications of

c-CSi2N4 we see that there is a dearth of experimental and

theoretical information on this ternary cubic nitride alloy

[27–29]. Several efforts have been focused on investigating

the structural, elastic, and electronic properties of this

compound [6, 23–26, 30]. The optical properties, or more

specifically the complex dielectric functions, of c-CSi2N4

have been addressed by Wang et al. [25] by means of

ab initio electronic structure calculations via the linearized

augmented planes wave (LAPW) method. To the best of

our knowledge, no thermal properties of c-CSi2N4 com-

pound have been reported in literature. Therefore, it

motivates us to deal with the thermal properties of c-

CSi2N4 in the present paper.

The rest of the paper is divided in to three parts. In

‘‘Calculation details’’ section, we briefly describe the

computational techniques used in this study. In ‘‘Results

and discussion’’ section, the most relevant results obtained

for the structural, elastic, electronic, optical, and thermo-

dynamic properties of c-CSi2N4 compound are presented

and compared with previous theoretical calculations when

available. ‘‘Conclusions’’ section summarizes the main

conclusions of our work.

Calculation details

Calculations were carried out with APW ? lo method [31]

based on the density functional theory (DFT) [32, 33] as

implemented in the WIEN2K code [34]. The APW ? lo

method expands the Kohn–Sham orbitals in atomic like

orbitals inside the muffin-tin (MT) atomic spheres and

plane waves in the interstitial region. The exchange–cor-

relation potential was treated with the PW-LDA and PWE-

GGA approximations. Moreover, the Engel–Vosko gen-

eralized gradient approximation (EV-GGA) formalism [35]

and the recent modified Becke–Johnson potential (TB-

mBJ) [36] were also applied to improve the electronic band

structure and optical properties. Such approximations have

been demonstrated to be very good in predicting band gap

energies of bulk materials. A plane-wave cutoff parameter

RMTKmax of 8 was used (where RMT is the minimum radius

of the muffin-tin spheres and Kmax gives the magnitude of

the largest k-vector in the plane wave expansion). The

atomic sphere radii of the atoms were taken as large as

possible without overlap between the spheres: 2.0, 1.4, and

2.1 a.u. for C, N, and Si, respectively. The spherical har-

monics inside the muffin-tin spheres are expanded up to

lmax = 10, while the Fourier expanded charge density was

truncated at Gmax = 12 (a.u.)-1. The self-consistent cal-

culations are considered to be converged when the total

energy of the system is stable within 10-4 Ry. The inte-

grals over the Brillouin zone (IBZ) are performed with 47

k-points using the Monkhorst–Pack special k-points

approach [37].

In general, the optical properties of the matter may be

derived from the knowledge of the complex dielectric

function e(x) = e1(x) ? ie2(x). The imaginary part e2(x)

was obtained directly from the FLAPW electronic structure

calculations, while the real part e1(x) is obtained through

the use of the familiar Kramers–Kronig relation [38]. All

the other optical constants, such as the refractive index
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n(x), the extinction coefficient k(x), the optical reflectivity

R(x), and the energy-loss spectrum L(x), can be computed

from the values of e(x) [39, 40]. For the calculation of the

optical properties, which usually requires a dense mesh of

uniformly distributed k-points, the BZ integration was

performed using a 20 9 20 9 20 MP k-mesh.

The investigations of thermal effects in this study are

performed within the quasiharmonic Debye theory of

crystals to overcome the extensive and complicated lattice

dynamics calculations. We apply here the quasi-harmonic

Debye model, implemented in the pseudo code Gibbs [41].

Debye model is developed for crystalline solids. In a typ-

ical calculation, from an energy–volume (E–V) data

obtained from APW ? lo method, the Gibbs program

allows us to evaluate the Debye temperature to obtain the

Gibbs free energy G(V, P, T) and to minimize G for

deriving the thermal equation of state (EOS) V(P, T). Other

macroscopic properties related to the pressure (P) and

temperature (T) can be obtained by using some standard

thermodynamic relations. Further details of this procedure

can be found elsewhere [41].

Results and discussion

Structural and elastic properties

The general formula for spinel compounds is AB2X4,

where A and B represent the cations and X the anions.

The spinel unit cell is face-centered cubic with Fd-

3m (No. 227) space group including eight formula units.

Among the 56 atoms included in the unit cell, the 32 X

anions lie on the 32e (u, u, u) sites, while 8 cations are in

the tetrahedral (8a) (1/8, 1/8, 1/8) sites and 16 cations are

in the octahedral (16c) (1/2, 1/2, 1/2) sites [22]. The

crystalline structure is characterized by two parameters

not fixed by the symmetry: the lattice parameter a and the

internal free parameter u defining the position of the X

atoms. The value of the internal free parameter u lies

between 0.24 and 0.275 if the origin of the unit cell is

taken at the center of inversion.

The ground state properties such as the equilibrium

lattice constant a, the bulk modulus B, and its pressure

derivative B0 are determined by fitting the calculated total

energies versus unit cell volume curve shown in Fig. 1 to

the Murnaghan’s EOS [42]

EðVÞ ¼ E0 þ
B

B0ðB0 � 1Þ V
V0

V

� �B0

�V0

" #
þ B

B0
ðV � V0Þ:

The calculated structural parameters of c-CSi2N4 within

LDA and GGA approximations together with other theo-

retical and experimental values are summarized in Table 1.

There is a good agreement between our results and those of

the previous calculations.

Progress in ab initio calculation enables to study the

mechanical properties and can provide more fundamental

insight into the true, namely atomistic, mechanisms of

fracture. A cubic crystal has three independent single-

crystal elastic constants, namely, C11, C12, and C44. They

can be determined by applying a small strain to the equi-

librium lattice and computing the resultant change in its

total energy with preserved volume [43]. Our calculated

elastic constants of c-CSi2N4 at P = 0 GPa and T = 0 K

are summarized in Table 2, together with the available

theoretical data. Generally speaking, although there are no

experimental data, our computed results are consistent with

the theoretical results obtained by Zhang et al. [26] and

Ding et al. [30], using pseudopotential calculations. It can

be also seen that C11 is very large compared to the other

elastic constants, indicating that this compound is very

incompressible under uniaxial stress along x (e11) axis. It

was also found that Cij constants of c-CSi2N4 satisfy the

Fig. 1 The variation of total energy with unit cell volume for c-

CSi2N4 using GGA approximation

Table 1 Calculated lattice constant a (in Å), nitride free internal

parameter u, bulk modulus B (in GPa), pressure derivative B0 of c-

CSi2N4 within the LDA and the GGA approximations together with

other theoretical calculations

Properties Present work Other

LDA GGA

a 7.3854 7.2883 7.4044a, 7.2737b, 7.3514c,

7.32–7.5209d

u 0.2496 0.2494

B 341.03 374.48 329.7a, 342.6b, 349.9c,

309.5–344d

B0 3.83 3.94 4.26a, 3.82c

a Ref. [25]
b Ref. [26]
c Ref. [30]
d Ref. [6, 24]
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generalized criteria of mechanical stability for cubic crys-

tals (C11 - C12 [ 0, C11 [ 0, C44 [ 0, C11 ? 2C12 [ 0

[44].

The obtained values of the elastic moduli allow us to

calculate the bulk B and shear G modulus. Two main

approximations, namely, the Voigt (V) [45] and the Reuss

(R) [46] are used to calculate the polycrystalline moduli. In

cubic crystals, the bulk modulus can be determined in

terms of the elastic constant of single crystal as:

BV ¼ BR ¼ ðC11 þ 2C12Þ=3;

where the shear moduli GV and GR have the following

forms:

GV ¼ ðC11 � C12 þ 3C44Þ=5

and

GR ¼ 5ðC11 � C12ÞC44=½4C44 þ 3ðC11 � C12Þ�

The above elastic moduli Cij were obtained from first-

principles calculations for monocrystals but the majority of

the synthesized materials is polycrystalline; i.e., in the form

of aggregated mixtures of microcrystallines with random

orientation. In such case, the Voigt–Reuss–Hill (VRH)

approximation is widely used [47], where the actual

effective moduli for polycrystals are expressed as the

arithmetic mean of the two above mentioned limits—Voigt

and Reuss:

B ¼ BV þ BR

2
; G ¼ GV þ GR

2

These values can be used also to determine the Poisson’s

ratio: r = (3B - 2G)/(6B ? 2G), Young’s modulus or

modulus of elasticity (longitudinal), or constant linking the

tensile stress (or compression) and the deformation of an

isotropic material: E = 9BG/(3B ? G). Finally the Lame’s

constants l, kcan be calculated easily by

l ¼ E

2 1þ mð Þ ; k ¼ mE

2 1þ mð Þ 1� 2mð Þ :

The factor that measures the stability of a crystal against

shear is the Poisson’s ratio. Our calculated Poisson’s ratio

is given in Table 2. It is considerably smaller than the

values reported for most of the intermetallic compounds.

The smaller value of Poisson’s ratio indicates that

c-CSi2N4 is relatively stable against shear. Poisson’s ratio

also provides more information for dealing with the

characteristic of the bonding forces. For covalent

materials r is about 0.1, whereas the typical value of r
for ionic materials is about 0.25 [48]. In our case, the value

of r is 0.119, suggesting a high covalent contribution in

intra-atomic bonding for this compound.

Poisson’s ratio (r) can also be used as a criterion for

ductility or brittleness. According to Frantsevich rule [49],

the critical value that separates the ductile and brittle nature

of material is 0.26. For brittle materials, the Poisson’s ratio

is less than 0.26, otherwise the material behaves in a ductile

manner. Here the calculated Poisson’s value is smaller than

(0.26), meaning that this compound is brittle in nature.

Furthermore, according to Pugh criterion [50], the ratio of

bulk modulus to shear modulus (B/G) of polycrystalline

phases could also be used as metric to quantify whether a

material would fail in a ductile or brittle manner. However,

it is known that the bulk modulus B represents the resis-

tance to fracture while the shear modulus G represents the

resistance to plastic deformation. Subsequently, a high

(low) value of this quotient is associated with ductility

(brittleness). The critical value which separates the ductile

and brittle was found to be 1.75. As mentioned in Table 2,

this ratio is around 0.98, which also classifies this com-

pound as a brittle material. Another index of ductility is the

Cauchy’s pressure, which is defined as the difference

between the two particular elastic constants C12 - C44

[51]. It is considered to serve as an indication of ductility.

If the pressure is positive (negative), the material is

expected to be ductile (brittle) [51]. Here the value of the

Cauchy’s pressure is found to be equal to -243.731 GPa,

which clearly highlights the brittle nature of this com-

pound. These results confirm the same observation estab-

lished by different authors using pseudopotential method

[6, 25, 26, 30]. The more deleterious consequence of

brittleness is the sensitivity for thermal shocks, as the

material cannot efficiently dissipate thermal stresses via

plastic deformations. Thus, a brittle solid can only be

subjected to limited thermal shocks before its strength

drops dramatically. So we can conclude that the herein

studied material is less sensitive to thermal shocks.

Mechanical anisotropy is yet another parameter to be

considered, particularly in the indentation of single crystals

[52]. It can provide us more information about possible

appearance of microcrack in materials. To quantify this

Table 2 The calculated elastic constants Cij (in GPa), shear modulus G (in GPa), Young’s modulus E (in GPa), Poisson’s ratios r, Lamé’s

coefficients land k (in GPa)

C11 C12 C44 B G E r l k A B/G

GGA 738.83 142.13 385.86 341.03 348.10 779.19 0.119 108.96 348.1 1.236 0.98

Ref. [26] 731.3 148.3 367.6 342.6 329.6 681.2 0.169 1.21 1.18

Ref. [30] 711.1 147.3 355.3 335.3 323.8 660.5 0.17 1.04

8238 J Mater Sci (2013) 48:8235–8243

123



quantity, we have computed the anisotropy factor

A = 2C44/(C11 - C12) from the present values of the

elastic constants [53]. The shear anisotropic factor may be

obtained as a measure of the degree of anisotropy in the

bonding between atoms in different planes. For a com-

pletely isotropic material, A is equal to 1, while any value

smaller or larger than 1 indicates anisotropy. In our case,

the calculated values of the anisotropic factor A are found

to be equal to1.236, meaning that this compound has fairly

low anisotropy. Another definition related to elastic

anisotropy was emphasized by Chung and Buessem [54] as

A* = (GV - GR)/(GV ? GR), where GV and GR denote

effective shear moduli calculated from the Cij using Voigt

or Reuss methods. For isotropic materials, A* = 0 while in

our case A* = 0.008 clearly indicates that our material is

nearly isotropic.

Electronic properties

In this section, we turn our attention to study the electronic

properties of c-CSi2N4 via calculating the energy band

structure and the density of states. These are shown in

Figs. 2 and 3. As shown in Fig. 2, the top of the valence

band and bottom of the conduction band for c-CSi2N4 are

located at the C point, resulting in a direct band gap (C–C).

The calculated band gap values for the herein studied

compound using LDA, GGA, EV-GGA, and mBJ

approximations are listed in Table 3, along with the

available theoretical results [6, 26, 30] for comparison.

From the results given in Table 3, it is clear that the

obtained energy band gap values using the mBJ approach

are higher than those obtained using LDA, GGA, and EV-

GGA for the herein considered material. The calculated

band gap values using GGA are in good agreement with

those previously obtained [6, 26, 30] using the Vanderbilt

ultrasoft pseudopotential and the linearized augmented

plane wave methods. Since it is well known that DFT

calculations within the common LDA and GGA severely

underestimate the band gap values of spinel compounds

[55], we can emphasize here that the present calculated

band gap values using the mBJ approach for CSi2N4

compound are significantly improved.

To obtain a deeper insight into the electronic structure,

we have also calculated the total and partial atomic den-

sities of states (TDOS and PDOS) for c-CSi2N4. Figure 3

shows the calculated TDOS and PDOS within only the

Fig. 2 TB-mBJ—electronic band dispersion curves of c-CSi2N4

along some high symmetry directions of the Brillouin zone. The

Fermi level is set to zero

Fig. 3 TB-mBJ-total and partial densities of states ofc-CSi2N4. The

Fermi level is aligned to zero

Table 3 The calculated values

of the main direct and indirect

band gaps (C–C, C–L, C–X,

C–K, C–W).

All energies are (in eV)
a Ref. [26]
b Ref. [30]
c Ref. [6]

C–C L–L X–X K–K W–W C–L C–X C–K C–W

LDA 1.63 3.69 5.08 4.80 5.84 3.24 4.41 4.39 4.85

GGA 1.46 3.54 4.90 4.64 5.61 3.14 4.30 4.28 4.71

EV-GGA 1.72 3.83 5.19 4.94 5.83 3.44 4.60 4.58 4.98

TB-mBJ 2.31

1.74a

1.44b

1.34c

4.58 6.04 5.75 6.65 4.18 5.40 5.35 5.77
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mBJ as a prototype since the pattern of the DOS is almost

similar for all approximations. Following Fig. 3, we should

emphasis that there are four distinct structures separated

from each other’s by gaps. Starting from the lower energy

side, the deep structure situated between -20 and -15 eV,

originates from N-s states with admixture of C and Si s/

p states indicates the covalent bonding, which may explain

the enhanced bulk modulus and hardness in the c-CSi2N4

compound. The second structure lying between -13.0 and

-10.0 eV consists entirely of C p-states. In the upside of

valence band lying between -10.0 eV up to Fermi level,

the bands are mainly N-p states with a few contribution

from C-and Si-p states. The conduction bands are con-

tributed mainly by the hybridization of s and p states of the

cations and the N-p states.

In order to further explore the bonding nature in the

cubic CSi2N4, the charge distribution in this compound is

examined. The contour map of the charge density in (1 1 0)

plane containing carbon (C), silicon (Si), and nitride

(N) atoms is shown in Fig. 4. From the contour plot, it is

clear that the bonding between C and N atoms is strong and

the bonding between Si and N atoms is much weaker. This

is a clear indication for the enhancement of the bulk

modulus and the hardness in CSi2N4 compound. Further-

more, the charge transfer between cations and anions

exists, which indicates an ionic contribution to the bonding.

Thus, the bonding in CSi2N4 may be expressed as a mix-

ture of covalent-ionic behavior.

Optical properties

All optical properties are calculated at the theoretical equi-

librium lattice constant using the TB-mBJ approximation for

the energy up to 40 eV. The real e1ðxÞ and imaginary e2ðxÞ
parts of the dielectric function are illustrated in Fig. 5. The

imaginary part e2ðxÞ of this function is directly related to the

band structure of the material and describes its absorptive

behavior. Here, we have calculated the optical properties for

c-CSi2N4 spinel structure and compared them with available

theoretical data of Wang et al. [25] obtained using LAPW

method within GGA approximation. We note that only direct

transitions which conserve the crystal momentum are

included in our optical property calculations. Indirect tran-

sitions such as those assisted by lattice vibrations are

excluded and found to have very small effect on the

absorption edge.

Our analysis of e2(x) spectrum shows that the first

critical point (threshold energy) of the dielectric function

occurs at about 2.30 eV. This point is the direct optical

transition between the highest valence band and the lowest

conduction band at the c-point. This is known as the fun-

damental absorption edge. Beyond this point, the curve

increases rapidly due to the abruptly increase in the number

of points contributing toward e2(x). Wang et al. results

showed that the most pronounced peak was located

between 11.31 and 11.42 eV, which corresponds to the

value of 12.58 eV in our results. This peak is probably

related to the interband transition from occupied states with

predominantly N-p character to hybridized unoccupied

C-p and Si-s states. For the real part e1(x) spectrum the

main peak is located at about at 8.50 eV. The curve shows

a decrease followed by an increase and then decreases to

reach e1(x) negative value; followed by a slow increase

toward zero at high energy. The negative values of e1(x)

correspond to the local maxima of reflectivity as shown in

Fig. 5c. The calculated static dielectric constant e1 (0) is

found to be equal to 4.86, where Wang et al. reported a

value of 5.83 using the same method. The difference

between our calculated results and those of Wang et al.

Fig. 4 2D contour plot for the total charge density of CSi2N4 in the

(110) plane

Fig. 5 (a) Real e1ðxÞ and imaginary e2ðxÞ parts, (b) refractive index

nðxÞ and extinction coefficient kðxÞ, (c) reflectivity RðxÞ and (d)

energy loss function LðxÞ for c-CSi2N4

8240 J Mater Sci (2013) 48:8235–8243

123



[25] is due to the difference in the exchange and correlation

(XC) potential.

The refractive index and the extinction coefficient are

displayed in Fig. 5b. The static refractive index n(0) is

found to have the value 2.20. It increases with energy in the

transparency region, reaching a peak in the ultraviolet at

about 8.77 eV. It then decreases to a minimum level at

28.58 eV. The origin of the structures in the imaginary part

of the dielectric function also explains the structures in the

refractive index.

The variation of reflectance as a function of photon

frequency R(x) is displayed in Fig. 5c. The dynamic

reflectance corresponds to the ratio of the intensities of the

incident and reflected electric fields. In the low energy

regime \7 eV the reflectance curves are nearly flat with

reflectivity values of 0.17. The small value of reflectance

ensures its applications as transparent coatings in the vis-

ible light regime. c-CSi2N4 shows an overall larger

reflectance in the range of 10–30 eV.

The electron energy loss function L(x) is an important

factor describing the energy loss of a fast electron tra-

versing in a material. The prominent peaks in L(x) spectra

represent the characteristic associated with the plasma

resonance (a collective oscillation of the valence electrons)

and the corresponding frequency is the so-called plasma

frequency xP. The peaks of L(x) correspond to the trailing

edges in the reflection spectra R(x). For instance the

prominent peak of L(x) located at about 30.33 eV (Fig. 5d)

is at an energy corresponding to the abrupt reduction of

R(x) (Fig. 5c).

Thermodynamic properties

The thermal behaviors of c-CSi2N4 compound under high

temperature and high pressure have been evaluated using

the quasi-harmonic Debye approximation as implemented

in Gibbs program. However, Debye model with quasi-

harmonic approximation has its shortcomings: (i) it is

applicable only for crystalline solid, (ii) it correctly pre-

dicts the low temperature dependence of thermal properties

but due to simplifying assumptions, its accuracy suffers at

intermediate temperatures when the system is no longer an

ideal crystalline solid. In our case, the basic input param-

eters obtained from the energy–volume data are calculated

using GGA-PBE and the thermal properties are determined

in the temperature range from 0 to 2000 K where the quasi-

harmonic model remains fully valid.

Figure 6 presents the normalized volume temperature

diagram of c-CSi2N4 at 0, 20, and 40 GP, obtained from the

thermal EOS V (P, T). The primitive cell volume increases

with increasing temperature but the rate is more important

for temperature range above 400 K. On the other side, as the

pressure P increases, the relative volume V/V0 decreases at a

given temperature. One can also see that the rate of increase

of the volume varies rapidly under lower pressure.

The relationship of the isothermal bulk modulus as a

function of temperature at different pressure (0, 10, 20, 30,

and 40 GPa) is shown in Fig. 7. For a given pressure, one

can notice that the bulk modulus is nearly constant from 0

to 200 K and decreases linearly with increasing tempera-

ture for T [ 400 K. The compressibility increases with

increasing temperature at a given pressure and decreases

with pressure at a given temperature. The above results are

due to the fact that the effect of increasing pressure on the

material is the same as that of the decreasing temperature.

At zero pressure and temperature T = 300 K, the bulk

modulus B = 334 GPa and V = 96.86 Å3.

The variation of the heat capacities CV versus temperature

at 0.0, 20, and 40 GPa pressures is shown in Fig. 8. It is found

that when T \ 1500 K, the heat capacity CV is depending on

both temperature and pressure. At higher temperature

(T [ 1500 K) CV tends to the Petit and Dulong limit, which

Fig. 6 The variation of the normalized volume with pressure and

with temperature for c-CSi2N4. V0 is the equilibrium volume at

T = 0 K

Fig. 7 The variation of the bulk modulus with temperature at some

pressures of c-CSi2N4
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is common to all solids at high temperature. At high tem-

perature CV approaches 170 Jmol-1 K-1.

In Fig. 9, we present the effect of temperature on the

thermal expansion coefficient (a). It is shown that the thermal

expansion coefficient (a) increases with increasing tempera-

ture at a given pressure, the thermal coefficient a increases

sharply with increasing the temperature up to 700 K. Above

this temperature, a gradually approaches to a linear increasing

with enhanced temperature. At zero pressure and 300 K, the

thermal expansion a is 0.728334 9 10-5 K-1.

The Debye temperature (hD) is an important parameter,

characteristic for the thermal properties of solids. It is the

temperature above which the crystal behaves classically,

because the thermal vibrations become more important

than the quantum effects. Figure 10 shows the evolution of

hD with temperature at several fixed pressures. It can be

seen that hD is nearly constant from 0 to 200 K and

decreases linearly with increasing temperature. For a fixed

temperature, the Debye temperature increases with the

enhancement of pressure. Our calculated hD at zero pres-

sure and ambient temperature is found to be equal to

1333 K. In this work, we obtained the Debye temperature

hD equals to 1331.2 K at P = 0 GPa and T = 0 K. This

value is somewhat greater than the value of 1131.74 K

reported by Ding et al. [30] using GGA-PBE method. The

discrepancy between the two results is due to different XC

potentials used in each calculation.

Conclusions

This study reports a detailed investigation on the structural,

electronic, elastic, optical, and thermal properties of c-

CSi2N4 compound using first-principles APW ? lo method

within LDA, GGA, EV-GGA, and TB-mBJ potential. The

most relevant conclusions are summarized as follows:

(1) The calculated ground state properties such as lattice

parameters, bulk modulus and its pressure derivative

agree quite well with the available theoretical results.

(2) The calculated ground state properties such as lattice

parameters, bulk modulus and its pressure derivative

agree quite well with the available theoretical results.

(3) The calculated elastic constants showed that c-CSi2N4

is elastically stable where the computed Poisson rand

B/G ratios clearly indicated that this spinel can be

classified as brittle materials.

(4) The calculated band structure shows that the c-

CSi2N4 is a direct band gap material. However, we

found that TB-mBJ yields larger band gaps compared

to those calculated using LDA, GGA, and EV-GGA.

(5) Optical parameters such as the refraction index,

dielectric constant, reflectivity, and the energy loss

function are calculated and analyzed in this paper.

The prominent variations in the optical parameters

make c-CSi2N4 suitable for optical devices.

(6) The quasi-harmonic Debye model is successfully

applied to determine the thermal properties of c-

CSi2N4 in the 0–2000 K temperature range. Till now,

there are no previous reports on the thermodynamic

properties. We feel that our calculations can be used

to cover the lack of data for this compound.

Fig. 8 The variation of the heat capacities CV with temperature at

some pressures of c-CSi2N4

Fig. 9 The variation of the volume expansion coefficient a as

function of temperature at some pressures for c-CSi2N4

Fig. 10 The variation of the Debye temperature as a function of

temperature at different pressures for c-CSi2N4
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