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Abstract: In this paper, based on first-principles theoretical calculation and Vesta modeling, nitrogen atoms were doped in the Ir-C of Pnma 
phase and carbon atoms were doped in the Ir-N of Pnnm phase to obtain a new IR-C-N system.The structure optimization and static self-
consistent cycle optimization of the doped structure were carried out. The elastic calculation of the optimized structure was carried out under 
the pressure of 0Gpa. Through the analysis of the calculation results, the compound has shown good brittleness under certain doping ratios. 
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1. Introduction 
As a transition metal suitable for the synthesis of superhard 

materials, iridium has a slightly lower elastic modulus than 
osmium, which is the second highest among all metals[1].Its 
high shear modulus and low Poisson's ratio make it very hard 
to process iridium.Though difficult and expensive to produce, 
Iridium has a number of applications, including strengthening 
machinery in extreme conditions.Iridium is highly resistant to 
corrosion and high temperature, so it is very suitable as an 
alloy additive[2-4]. 

The properties of materials are mainly affected by the 
crystal structure and chemical bond, so the properties of 
materials can be optimized by improving the chemical bond 
structure of materials[5].In the actual production and 
application of metal materials, alloying of materials by adding 
solute atoms is a conventional means to improve material 
properties.This is because the existence of solute (alloy) 
atoms will affect the chemical bond structure of its 
surrounding atoms, thus affecting the macroscopic properties 
of materials[6-8]. 

Therefore, we can study the superhard properties of Ir 
element by adding solute atoms to it, and Ir element belongs 
to transition metal. Currently, research on new superhard 
materials focuses on introducing light elements to form strong 
bonds (B,C,N,O) into transition metals with high elastic 
modulus[9-12].In addition, certain achievements have been 
made in the research on superhard materials NbB3, VB3, 
CrB4, MB2 and ReB2 under high pressure. Wang Peng, a 
master from Kunming University of Science and Technology, 
has made a series of analysis and discussion on the brittleness 
mechanism of iridium by using first-principles calculation 
(software package) as the research method.The basic 
properties of iridium (including cohesion energy, equilibrium 
lattice constant, elastic properties, chemical bond structure 
and the influence of solute atoms on bond structure), 
generalized stacking fault energy, properties of dislocation, 
nucleation and propagation of microcracks were calculated 
and analyzed[13].J.v.au., and A.Litini prepared IrB1.35 
through experiments, and analyzed its maximum hardness of 
49.8Gpa under 0.49N load by X-ray [14]. XiaofengLi and 
JunyiDu predicted IrB3 of three different space groups by 
CALYPOS.Moreover, its electrical and dynamic properties 
and mechanical properties were analyzed in combination with 
the first principles[15]. Zhi-jian Wu, Er-jun Zhao from the 

Chinese Academy of Sciences used VASP software to test and 
calculate the PAW pseudopotential of projection plus plane 
wave and the PBE functional under the generalized gradient 
approximation (GGA) according to the first 
principles.Relatively stable IrN2 and IrN3 compounds were 
obtained and their bulk modulus and shear modulus were 
calculated, and their superhard properties were analyzed[16]. 
S.K.R.Patila, S.V.Hare et al. calculated the elastic properties 
of IrN2 and compared them with other transition metal nitride 
compounds.The work on the synthesis and prediction of 
nitrides is analyzed[17].Reviewing the above literature, it can 
be seen that studies on the hardness properties of light 
elements introduced into the transition metal Ir focus on the 
introduction of a single element, and few literatures introduce 
two or more light elements into the transition metal iridium at 
the same time. Therefore, do hard IR-C-N systems exist, and 
if so, what hardness properties do they have? 

Inspired by this background, this paper attempts to 
introduce carbon and nitrogen atoms into the transition metal 
Iridium to form a new compound, and calculates its properties 
through first principles, and studies the hardness 
characteristics of Ir-C-N system by referring to previous 
experience. 

2. Computational Methods 
In this paper, the projection and plane-wave method (PAW) 

of density functional theory (DFT) and the PBE 
functional[18,19] under the generalized gradient 
approximation (GGA)[18] are used to analyze the Ir-C 
structure of Pnma and the Ir-N structure of Pnnm, and the 
stability and elastic properties of the structure are 
measured.The selected space groups are doped by Veats 
modeling, and then the properties of Ir-C-N systems with 
different proportions are calculated. 

The PNMa-structured Ir-C was doped with nitrogen atoms 
and optimized in the doping mode of Ir4C(12-x)Nx(x=0,2,4,6). 

The PNNm-structured Ir-N was doped with carbon atoms 
and its structure was optimized. The doping mode was Ir2N(4-

x)Cx(x=0,1,2,3) 
In calculation, A square wave base with cutoff energy of 

500ev was selected. To ensure the convergence of energy and 
structure of the system at the plane wave base level, its self-
consistent accuracy was set at 10-5eV/atom, and the 
convergence standard of interatomic force was set at 10-

2eV/A[20] 
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3. Results and Discussion 

3.1. Calculation of Ir4C(12-x)Nx(x=0,2,4,6) 
The ideal lattice structure of IRC in Pnma system was 

established.For Ir4C12 system, lattice parameters are 
a=2.60698 Å， b=4.33881 Å， c=13.62879 Å, as shown in 
Table 1: 

 
Table 1. Lattice constant of Ir4C( 12 -x )Nx(x=0,2,4,6). 

 
 
On the basis of the ideal Ir4C12, the structure of Ir4C(12-

x)Nx(x=0,2,4,6) is constructed, and the structure is optimized 
by the conjugate gradient algorithm. By replacing C atom, N 
atom is introduced.When doping the Ir-C system, it was found 
that different data results would be obtained by replacing 
different atoms with the same proportion of doping. In view 
of this situation, I marked each atom and calculated the data 
results of doping different atoms with the same proportion.As 
is shown in Figure 1    

 

 
Figure 1. Crystal structure of Ir4C( 12 -x )Nx(x=0,2,4,6) 

(a)Ir4C12;(b)Ir4C10N2(1);(c)Ir4C10N2(2);(d)Ir4C10N2(3);(e)Ir4C10N2(4
)(f)Ir4C10N2(5);(g)Ir4C10N2(6);(h)Ir4C10N2(7);(i)Ir4C10N2(8);(j)Ir4

C10N2(9);(l)Ir4C8N4;(m)Ir4C6N6(1);(n)Ir4C6N6(2) 

Through structural optimization and static self-consistent 
cycle optimization of the doped structure, the elastic constants, 
volume modulus B, shear modulus G, Young's modulus E and 
Poisson's ratio v of the optimized structure were calculated 
under the pressure of 0Gpa.Volume modulus is a physical 
quantity used to reflect the macroscopic characteristics of 
materials, that is, the relationship between the bulk strain and 
the average stress of an object[20].Shear modulus is the ratio 
of shear stress to shear strain of a material under shear stress 
and within the limit range of elastic deformation ratio, which 
represents the ability of a material to resist shear 
strain[21].Large modulus means strong rigidity of the 
material.Young's modulus is a physical quantity describing 
the resistance of solid materials to deformation.Poisson's ratio 
represents the volume change during elastic deformation of 
materials[22].The calculation results show the change of elastic 
modulus of the doped Ir-C-N system, as shown in Table 2. 

 
Table 2. Elastic constants Cij(GPa) and elastic moduli(GPa) of 

Ir4C(1 2 -x )Nx(x=0,2,4,6). 

 
 

B/G is used to describe the smaller the brittleness and 
ductility ratio of a substance, the greater the hardness of a 
substance. 1.75 is the critical point. When B/G is greater than 
1.75, the compound is malleable, while when B/ g is less than 
1.75, it is brittle[23].The formation of new covalent bonds 
affects the hardness of the structure, causing the ductile 
material to become brittle. 

3.2. Calculation of Ir2N(4-x)Cx(x=0,1,2,3) 
Through the experience of Ir-C doping, I also doped the Ir-

N system of Pnnm phase, as shown in Figure 2 
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Figure 2. Crystal structure of Ir4N( 4 -x )Cx(x=0,1,2,3) 

 
(a)Ir2N4;(b)Ir2N3C1(1);(c)Ir2N3C1(2);(d)Ir2N2C2(1);(e)Ir2N2C2(2);(f)

Ir2N2C2(3);(g)Ir2N1C3(1);(h)Ir2N2C3(2) 
 
Lattice parameters are a=2.78011 Å, b=4.09548 Å, 

c=4.93031 Å, as shown in Table 3: 
 

Table 3. Lattice constant of Ir4C( 4 -x )Nx(x=0,1,2,3). 

 

 
On the basis of ideal Ir-N, the structure of Ir2N(4-

x)Cx(x=0,1,2,3) was constructed, and the structure was 
optimized. C atom was introduced by replacing N atom, as 
shown in the figure.The same calculation was made for the 
optimized structure, as shown in Table 4. 

 

Table 4. Elastic constants Cij(GPa) and elastic moduli(GPa) of 
Ir4C(4 -x )Nx(x=0,1,2,3). 

 

The results showed that the hardness of the original Ir-N 
structure increased when the doped carbon atom ratio was less 
than 0.5, and the compound showed brittleness when Ir2N(4-

x)Cx(x=1) 

4. Conclusion 
In this paper, the lattice constants, energy and elastic 

properties of Ir4C(12-x)Nx(x=0,2,4,6) and Ir2N(4-x)Cx(x=0,1,2,3) 
structures are calculated using the plane-wave projection 
method (PAW) of density functional theory (DFT) and the 
PBE functional under the generalized gradient approximation 
(GGA).All of these calculations were done at 0Gpa, and they 
showed that we could adjust the hardness of Ir-C-N 
compounds by changing the ratio of carbon and nitrogen 
atoms in different spatial systems,With the regulation B/G of 
the ratio changing continuously, the ratio is less than 1.75, 
which makes the compound gradually become brittle material 
from the original malleable material. It is hoped that the 
theoretical research in this paper can play a certain reference 
role for the subsequent regulation research of material 
hardness. 
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