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ABSTRACT 

Thorium carbide and nitride are potential candidates for their use as fuel materials in fast breeder 
reactors. Therefore, knowledge of their thermo-physical properties at high temperatures is 
necessary. In this paper, we present results of the first principles calculations of properties such as 
specific heat, volume and bulk modulus at high temperatures. The all-electron FPLAPW method 
has been combined with the quasi harmonic approximation for performing these calculations.  Our 
results are in reasonably good agreement with published experimental results.  
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INTRODUCTION  

Thorium-based materials such as its binary compounds formed with light elements C and N  are 
currently being investigated in relation with their potential utilization in fast breeder reactors,  
owing to  their  high melting point, high thermal conductivity, high density and good compatibility 
with the coolant (liquid Na) [1-2]. In order to use  these materials as advanced fuels, it is very 
important to know their thermo-physical properties at high temperatures, which are required for 
modelling fuelpin behaviour.  Only a few authors have attempted theoretical studies of thermo-
physical properties of these materials at high temperature. Their studies of these properties are 
either based on pseudo-potentials, or on molecular dynamics with empirical potentials. In the 
present work, we report results of a few useful properties of ThN and ThC, calculated from all 
electron FPLAPW + QHA method. 
 

COMPUTATIONAL DETAILS 

The calculations have been performed within the framework of density functional theory 
employing full potential linearized augmented plane wave (FPLAPW) method, as implemented in 
the WIEN 2k code [3]. Exchange correlation potentials based on LDA and GGA both have been 
used. Perdew - Wang parameterization [4] of LDA and Perdew - Burke - Ernzerhof 
parameterization [5] of GGA have been used. The basis function is expanded up to RMT Kmax = 9, 
RMT is the muffin tin radius and Kmax is the plane wave cut off parameter. The RMT values were 
selected as 2.2 for Th and 1.6 for C and N. The self consistent cycles were run until the energy 
convergence criterion of 10−5 Ry was reached. 5000 k - points were taken in the calculations. 

Thermal effects have been included using quasi-harmonic approximation. The (p, T ) equilibrium 
states are obtained by minimizing Gibbs free energy(G), with respect to V. Where, G can be 
expressed as  

G(V; p, T ) = E(V) + pV + Avib (Θ(V); T )         (1) 

The contribution Avib can be calculated by using quasi-harmonic Debye model.   

Avib (Θ(V); T ) = nkT [9Θ/8T   +  3ln (1 − e
(−Θ/T)

)  − D (Θ/T )]   (2) 

where n is the number of atoms per formula unit, k is the Boltzmann’s constant, Θ is the Debye 
temperature and D(Θ/T) is the Debye integral.  Once the equilibrium state for a given (p, T ) has 
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been obtained, then the required thermodynamic properties can be determined by using the 
corresponding volume in the appropriate thermodynamic equations. 
 

RESULTS AND DISCUSSION 

We first performed calculations of the total energy as a function of volume using the FPLAPW 
method. Next, we  fitted the calculated E-V data with Birch-Murnaghan equation of state, in order 
to obtain lattice constant (a), bulk modulus (B) and  pressure derivative of the bulk modulus (BP) at 
ground state. In the case of ThN, the a, B and BP  results, obtained from the BM fitting of our GGA 
(LDA) calculations are 5.178 (5.1055) A, 174.6 (200.2) GPa and 4.11 (3.32) respectively. The 
experimental results of these properties taken from the literature [6, 7] are: a = 5.16 A, B = 175 
GPa and BP = 4.0. In the case of ThC, our GGA (LDA) calculations predict the a, B and BP as  
5.355 (5.268) A, 131.9 (141.4) GPa and 3.0 (2.8) respectively. The published experimental results  
a and B of ThC are 5.344 A  and 125 GPa respectively [1]. Thus, LDA tends to over-bind, as a 
result LDA lattice constants are too small and bulk moduli are too large. Though GGA  over-
corrects the lattice constant but the GGA results are in better agreement as compared to LDA. 
Therefore, in our subsequent calculations we have used GGA for the  exchange and correlation.   

 

  

Fig. 1 :   Comparison of total energies of B1 and B2 phases of ThC and ThN. B1 phase is stable near normal 

density and in expansion. B2 phase becomes stable at compression. 

 

The materials with B1 phase can transform to B2 phase on applying  pressure. Such transformations 
may restrict the use of the materials as they lead to sudden change in the material properties. In 
order to test the stability of the B1 phase of ThC and ThN in the compression and expansion, we 
have calculated the volume dependent total energies of their   B2  phase also. The total energies of 
these two structures have been compared in the Fig. 1. We can see that near normal volume and at 
expanded volumes, the  B1 phase of both materials is stable. However,  at compressed volumes, 
28.4 A3 for ThC and 25.1 A3 for ThN, the total energy of   B2 phase becomes smaller than the total 
energy of their  B1 phase. This indicates a phase transformation at compression. In order to find 
pressures at which  this  B1  -  B2 phase   transition takes place, we have compared their Gibbs free 
energies at various pressures. We have found that for ThC this transition takes place at 42  GPa and 
for ThN this transition takes place at 75.5  GPa. Hence these materials can be used without any 
problem up to these pressures.   

As these materials are used at very high temperatures, it is necessary to understand the high 
temperature behavior of the bulk modulus of these materials. Equilibrium volumes are  obtained 
for each (p − T ) by minimizing the Gibbs free energy as described in the section computational 
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details. Using the (p − V) points for each T in the following formula one can calculate the bulk 
modulus at high temperatures. 

B
T
= −V (

∂ p

∂V
)
T                (3) 

  

  

Fig. 2 :   Variation of volume and bulk modulus of ThC and ThN with temperature. Top part of this figure 

represents variation of the volume per formula unit and bottom part represents the variation of bulk 

modulus. 

 

The evolution of the volume per formula unit of ThC and ThN with temperature is reported in Fig. 
2 for zero pressure. We can observe in Fig. 2 that the volume per formula unit   increases with 
temperature, as expected.  

The temperature evolution of the bulk modulus,  have  also been shown in the bottom part of the 
Fig. 2. Bulk modulus decreases with the temperature. We have fitted the temperature evolution of 
the bulk modulus with the  Wachtmann formula [8]: 

BT  = B0 – b1 T e
(-T0/T)               (4) 

where B0 is the bulk modulus at absolute zero, T is the temperature, and b1 and T0 are fitting 
parameters. At very high temperature the temperature dependence becomes linear according to this 
formula which is consistent with the obtained bulk modulus versus temperature data. We can see 
that the fitting is excellent for ThC. For ThN the fitting is slightly deviated.  The fitting parameters 
are b1  =  0.0154 GPa/K, T0 = 118. 1 K for ThC and   b1 = 0.0363 Gpa/K, T0 = 46.5 K  for ThN . 
Temperature dependent bulk modulus is not available in the literature therefore our results can 
serve as prediction. 
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Heat capacity Cp is important as it is one of the thermodynamic functions. Also, it is essential for 
the calculation of thermal conductivity from thermal diffusivity. The heat capacity (Cp) can be 
calculated by using following equation 

Cp = CV (1 + αγT )                (5) 

Here, α is the thermal expansion coefficient, γ is the Gruneisen parameter and CV is the specific 
heat at constant volume which can be calculated by using following formula 

C
V
= 3nk[4 D(Θ /T )−

3 (Θ /T )

e
(Θ /T )

− 1 ]
          (6) 

Figs. 3  shows the calculated specific heats at constant pressure and volume respectively for  zero 
pressure. The temperature dependence of CV and Cp follows a T

3 law at low temperatures. As is 
usual, CV tends to the 3R limit for higher values of T, where R is the gas constant. For the 
temperatures larger than 300K,  Cp shows a nearly linear dependence with temperature.  Our 
calculated values are compared with the experimental data from [9-11]. We can see reasonably 
good agreement between the calculated and experimental results.   

  

Fig. 3 :   Cp, and CV  results of ThC and ThN from present calculations, Experimental Results are from  

Samsonov et. al. [9], GTT -data [10]  and Danan [11].  

 

 

 

CONCLUSIONS  

In summary, we have presented results of our first principles calculations of the  ground state 
properties such as a, B and BP; of ThC and ThN. We have also tested the energetic stability of the 
B1 phase, which is the ground state phase of both compounds, as compared to their B2 phase and 
have found that at high pressure B2 phase becomes stable. The phase transition pressures are 42  
and 75.5 GPa for ThC and ThN respectively. We have also calculated the temperature dependent  
thermo-physical properties such as volume, bulk modulus and specific heats. Our results of 
specific heat Cp are in reasonably  good agreement with the available experimental data.    
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