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Abstract. Monazite is an ore mineral consisting of various rare earth elements (REEs), thorium 

(Th), and uranium (U). These components are utilized in numerous modern areas of technology, 

including metallurgy, catalysis, and magnetic fields. This monazite mineral has a notoriously 

stable structural conformation, making the conventional cracking process extremely inefficient. 

However, new innovative technologies (e.g. thermal cracking) have been proposed for 

improving the extraction of REEs (such as La, Ce, Nd), Th and U. In this study, we use the first-

principles calculation based on density functional theory to investigate vibrational and 

thermodynamic properties of monazite systems. It was found that the lattice parameters of LaPO4 

and CePO4  monazite correlate well with experimental values to within 5% error. The heats of 

formation value for LaPO4 (-0.766 eV/atom) is more negative than for CePO4 (-0.729 eV/atom), 

suggesting the most stable structure. The phonon dispersion curves revealed that LaPO4 and 

CePO4 systems are vibrationally not stable. Furthermore, monazite systems were found to exhibit 

structural transitions at 500 K. The findings assisted in understanding the stability and 

thermodynamic structure of monazite as the temperature increases. 

1.  Introduction  

Monazite is a radioactive phosphate mineral containing the light rare earth metals [Ce, La, Nd, Pr and 

Y], thorium and uranium [1]. The mineral is mined mainly for its rare elements and thorium content, 

which are critical to modern technology (such as the screen of a smartphone or computer) and nuclear 

power production [2]. Monazite is a mineral formed by a variety of rock types and conditions. The 

formation of these conformations occurs under a variety of pressure and temperature conditions in 

sedimentary, metamorphic, and igneous rocks [3]. Previously, monazite was reported to contain about 

60 percent of rare-earth elements with cerium oxide (up to 32 %), thorium as ThO2 (up to 10 %) and 

uranium as (U3O8) (up to 0.4 %) being the most industrially relevant constituents [4]. 

In contrast, conventional chemical processes have become highly complicated and costly to use for 

extracting REE, thorium, and uranium from monazite [5]. Hence, a new process (thermal plasma) is 

being developed to improve the extraction efficiency of monazite [1]. In that regard, a theoretical study 

of monazite's structural and mechanical properties could assist in reinforcing experimental screening 

parameters and optimizing this specialized extraction process. We investigated the vibrational properties 

of LaPO4 and CePO4 using first-principle calculations based on density functional theory (DFT) to 



 

 

 

 

 

 

explore how the monazite molecules move when thermally cracked to gain insight into the best way to 

extract these REEs. 

2.  Methodology  

All calculations were carried out using the first-principles method within the framework of density 

functional theory (DFT), as implemented in the Vienna ab initio simulation package (VASP) code [6]. 
The influence of the different k-point samplings and plane-wave cut-off energy was explored in a series 

of test calculations, leading to the calculations for the electronic properties being performed with 

12x11x13 k-point sampling and a cut-off energy of 600 eV containing 24 atoms. The geometry 

optimization is accomplished by employing the generalized gradient approximation (GGA) [7]  of the 

Perdew-Burke-Ernzerhof (PBE) [8]. The positions of atoms in the simulation cell, the lattice parameters, 

and the corresponding angles are fully optimized using the conjugate gradient method until the atomic 

force is smaller than 0.01 eV/Å. A precision was set at ″accurate″ to make errors of the calculation into 

a reasonable scale. A strain value of 0.006 was chosen for the deformation of the lattice when calculating 

elastic properties. A PHONON code [9] was used to evaluate the vibrational stability from phonon 

dispersion curves. 

3.  Results and Discussion 

3.1.  Structural and thermodynamic Properties  

The experimental unit cell parameters for LaPO4 structure were found to be a=6.841 Å, b=7.078 Å and 

c= 6.515 Å [10], also for  CePO4  experimental observed unit cell parameters are a=6.777 Å, b=7.993 

Å, c=6.445 Å [11].  In addition, Table 1 lists the calculated and experimental lattice parameters, as well 

as the heats of formation for the optimised structures of various monazite systems. The thermodynamic 

stability of these systems can be deduced from the heats of formation (∆ 𝐻𝑓). For a structure to be 

confirmed as the most stable structure, the ∆𝐻𝑓 must have the lowest possible value (generally ∆𝐻𝑓 <0), 

whereas for  ∆𝐻𝑓 >0 implies thermodynamic instability of a structure.  

The following expression is used to estimate the heats of formation (∆𝐻𝑓): 

                                                           ∆𝐻𝑓 = 𝐸𝑐 − ∑ 𝑥𝑖𝐸𝑖𝑖                                                                      (1) 

 

where  𝐸𝑐 is the calculated total energy of the compound and 𝐸𝑖 is the calculated total energy of each 

element in the compound. The predicted ∆𝐻𝑓 values of LnPO4 shows that the LaPO4 has the lowest heat 

of formation (-0.766 eV/atom), while CePO4 has the highest heat of formation (-0.729 eV/atom). These 

values suggest that LaPO4 is the most stable structure compared to CePO4 structure. 

 

Table 1. The lattice parameters and the heats of formation (∆Hf) for monazite type LnPO4 (Ln = La, Ce). 

Structure (P21/n) Lattice parameters ∆𝐻𝑓 

(eV/atom) a b c 

LaPO4 Cal. 6.841 7.078 6.515 -0.766 

Exp. [10] 6.841 7.078 6.513  

CePO4 Cal.  6.770 6.990 6.450 -0.729 

Exp. [11]  6.777 7.993 6.445  

 

3.2.  Elastic moduli 

Elastic moduli are determined using the following expressions: the Bulk Modulus (B), Shear modulus 

(G), Young‘s modulus (E), Poisson ratio (𝜎) and the Pugh ratio (B/G). The bulk modulus is a measure 

of resistance to volume change under pressure, it is used to measure the hardness/strength of the material. 

Shear modulus describes the resistance to shape change caused by shearing force, in this case it is used 

to check the material rigidity where the high value indicates that the material is highly rigid otherwise 



 

 

 

 

 

 

flexible. Young’s modulus describes the relative stiffness of a material. Furthermore, we determined the 

ratio of bulk modulus to shear modulus (B/G) to investigate the extent of fracture range in these 

structures. Pugh proposed that materials are considered ductile if the value of Pugh's criterion (B/G) > 

1.75 [12]. In addition to substantiate this even further, the Poisson ratio (𝜎) was determined and 

considered as ductile if (𝜎) > 0.26 [13]. 

The calculated Bulk, Shear and Young modulus, as well as Pugh and Poisson ratio, are shown in 

figure 2 and 3, respectively. From the calculated results, it is indicated that LaPO4 structure has high 

value of Bulk, Shear and Young ‘s modulus suggesting that it is hard and has a high degree of free 

stiffness also not easily compressed than CePO4. The Pugh and Poisson ‘s ratio is greater than 1.75 and 

0.26, respectively for LaPO4 and CePO4 structures. The results suggest ductility behaviour in these 

systems at 0 K 
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Figure 2. Calculated Bulk (B), Shear (G) and Young’s (E) modulus  of monazite systems LnPO4 (Ln = 

La, Ce) 
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Figure 3 Calculated Poisson (σ) and Pugh (B/G) ratio of monazite systems LnPO4 (Ln = La, Ce) 

3.3.  Phonon dispersion curves 

Phonon dispersion curves are used to investigate the vibrational stability of the structures. The structure 

is considered stable if all the phonon frequencies are positive, however if some of the phonon 

frequencies are negative the system is considered unstable. Figure 4 shows the calculated phonon 

dispersion curves of monazite type LnPO4 at 0 GPa pressure along different symmetry directions. The 

dispersion curves show the presence of negative phonon frequencies on both structures that suggests 

that they are vibrationally unstable. 

 

 

(a) 

 

(b) 

 

Figure 4. Phonon dispersion curves of (a) LaPO4 and (b) CePO4 monazite structures. 
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3.4.  Thermal Properties 

An understanding of thermodynamic properties of materials is of great importance in order to extend 

our knowledge about their specific behaviours when exposed to severe constraints such as high pressure 

and high temperature environments. Heat capacity (Cv) gives information about lattice vibration, phase 

transition and motion of molecules. In figure 5, the specific heat capacity increases in the temperature 

range from 0 K to 500 K before it starts to be constant.  

Our computed results of the specific heat capacity of the monazite systems indicate that Cv has 

obeyed the Dulong-Petit law at the high-temperature limit [14] which is reasonable to all solids at high 

temperatures. For all the studied materials, the Cv functions flatten out as the temperature increases 

above 500 K, thus suggesting that structural transition occurs at a very low temperature below 500 K 

for all monazite systems. Furthermore, the results suggest that weaker bond state is reached due to bigger 

thermal vibrations above 500 K. 

 

 

 
Figure 5. The heat capacity at the constant volume (Cv) as a function of temperature for the monazite 

systems. 

4.  Conclusion   

The first-principle calculations were used to study the equilibrium lattice parameters, heats of formation, 

elastic properties and phonons of monazite systems. The results of lattice parameters were found to be 

in good agreement with the experimental values for both monazite-type structures (within 5%). From 

calculated heats of formation, it was found that LaPO4 is the most stable structure. Furthermore, 

monazite structures indicated ductility behaviour at 0 K. The results also revealed that the monazite 

systems are vibrationally unstable, also that there is no phase transition above 500 K.  
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