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Abstract 

This study describes the discovery of two new perovskite-type oxides (XNpO3: X=Eu and Gd) using 

computational methods like density functional theory (DFT) in the CASTEP code. It delves into their 

structural, electronic, mechanical, and optical properties, revealing their half-metallic nature through 

band structures (BS) and density of states diagrams. The materials exhibit mechanical stability in line 

with Born's criteria, demonstrated by their elastic constants. Additionally, their properties suggest 

potential uses in optoelectronic devices for capturing ultraviolet light and applications in thermoelectric 

and spintronic devices. 

1. Introduction 

The perovskite, a material widely employed in the fields of microelectronics, electrochemistry, and 

optoelectronics due to its diverse properties such as ionic conduction, catalysis, dielectric, and 

ferroelectricity [1-4], also garners interest as a potential candidate for immobilizing highly radioactive 

nuclear waste, including actinides and certain long-lived fission products [5,6]. However, radiation from 

the alpha decay of actinides and the beta decay of fission products causes cumulative damage in 

perovskites, leading to structural alterations and deterioration of their physical and chemical durability. 

Therefore, understanding and predicting the behavior of perovskites in irradiated environments is 

crucial, both for assessing their performance and for designing advanced materials. Perovskites ABO3 

based on actinides have been studied using density functional theory (DFT) [7,8]. Most of these 

perovskites exhibit a semi-metallic nature due to localized f states. For instance, Zahid et al. investigated 

BaXO3 perovskites (X =Pr, U) and observed the persistence of the semi-metallic nature in these 



compounds [9]. In a similar context, the works of Shakeel et al. [10] and M. Nabi et al. [11] focused on 

actinide-based ceramics BaXO3. Their studies revealed that BaNpO3 and BaBkO3 materials exhibit a 

semi-metallic nature, holding promising prospects for spintronics and thermoelectricity. Additionally, 

Sakshi et al. predicted that SrMO3 is thermodynamically stable and semi-metallic [12].  Among these 

perovskite materials, EuNpO3 and GdNpO3 belong to a family of perovskite oxides that contain both 

rare earth elements (Eu or Gd) and actinides (Np) [13]. These compounds exhibit a fascinating 

combination of features, including semi-metallicity and strong magnetic interactions, making them 

highly attractive for various technological applications. The presence of the actinide element, neptunium 

(Np), in these perovskite structures further adds to their uniqueness. Np is a radioactive element with 

interesting nuclear properties [14], and its confinement within a solid matrix can have significant 

implications for both fundamental research and practical applications. The confinement of nuclear 

neptunium in EuNpO3 and GdNpO3 not only provides a means to study the behavior of actinide elements 

at the atomic level but also offers potential avenues for the safe storage and disposal of radioactive waste 

[15]. 

The objective of this study is to analyze the structural, electronic, and magnetic properties of EuNpO3 

and GdNpO3 compounds using density functional theory (DFT) simulations, with a particular emphasis 

on the nuclear confinement of neptunium. By understanding the interaction between electronic 

structure, magnetic order, and nuclear confinement, valuable insights can be gained into the behavior 

of actinide-based perovskites, thereby opening new possibilities for their application in fields such as 

spintronics, catalysis, and nuclear waste management. 

2. Computational details 

In the current research, the CASTEP code [16] was employed to conduct our DFT study. All 

calculations were performed on single-cell units using the Vanderbilt ultrasoft pseudopotential (USPP) 

approach. The exchange-correlation potential was computed using the Perdew Burke Ernzerhof 

approximation and the generalized gradient approximation (PBE GGA) [17]. Geometry optimization of 

Neptunium-based perovskite-type oxides XNpO3 (X = Eu and Gd) was carried out, implementing 

periodic boundary conditions extended by a planewave basis set through the Bloch theorem [18]. The 

calculations involved the explicit treatment of specific valence states: Eu (4f7 5s2 5p6 6s2), Gd (4f7 5s2 

5p6 5d1 6s2), Np (5f4 6s2 6p6 6d17s2), and O (2s² 2p⁴). The Monkhorst Pack scheme was utilized in the 

first Brillouin zone. To ensure reliable results, an ultra-fine k-point mesh (8 × 8 × 8) was selected, and 

the energy cutoff value was set to 600 eV, with a smearing value of 0.1 eV. In terms of energy, the 

maximum ionic force per atom was 0.01 eV/Å, and the energy convergence was set at 5 × 10-6 eV/atom. 

The maximum displacement was 5 × 10-4 Å, and the maximum pressure was 0.02 GPa. In the context 

of crystalline materials, electronic wave functions and charge densities were calculated using the 

Broyden, Fletcher, Goldfarb & Shanno energy minimization method (BFGS) [19], a preferred and 

widely used algorithm in the literature. This primary algorithm was employed to optimize all structures 

for the calculation of structural and electronic properties. Finally, it should be noted that all DFT 

calculations were conducted at 0 K and 0 GPa. 



3. Structural properties 

The crystalline structure of neptunium-based perovskite oxides XNpO3 (X = Eu, Gd) is depicted in 

Fig.1. The two optimized ANpO3 oxides (X = Eu, Gd) crystallize in a simple cubic structure (fcc) with 

space group Pm-3m number 221, in accordance with international table specifications. In this crystalline 

structure, atoms of X (Eu, Gd) occupy the corners of the unit cell 1a (0, 0, 0), Np atoms are positioned 

at the center 1b (0.5, 0.5, 0.5), and oxygen atoms (O) are located at the center of the faces of the ABO3 

unit cell, i.e., at atomic coordinates 3c (0, 0.5, 0.5), 3c (0.5, 0, 0.5), and 3c (0.5, 0.5, 0). This atomic 

arrangement provides a coordination of 9 neighbors for the three X cations (Eu, Gd) and a coordination 

of 6 neighbors for the Np cation. The table compiles the optimized lattice parameters, volume, and 

density of the XNpO3 compounds. As shown in Table 1, EuNpO3 has the largest lattice parameter with 

a value of 4.407 Å, while GdNpO3 has a relatively smaller lattice parameter (a = 4.396 Å). Regarding 

density (ρ), GdNpO3 exhibits the highest density (ρ = 8.640 g/cm3) compared to EuNpO3 (ρ = 8.471 

g/cm3). To the authors' knowledge, perovskites XNpO3 (X = Eu, Gd) have never been studied. Thus, 

this research is expected to make a significant and valuable contribution to the future exploration of 

XNpO3 oxides (X = Eu, Gd). 

    Table 1 

 The optimized lattice parameter a, volume V and density ρ for XNpO3. 

 

 

 

 

 

          

 

 

Fig1: optimized cubic crystal structure of XNpO3 (X = Eu, Gd). 

Compound a (Å) V (Å3) ρ (g/cm3) 

EuNpO3 4.407 85.622 8.471 

GdNpO3 4.396 84.994 8.640 



 

 

 

 

4. Electronic properties 

Perovskite oxides are attractive materials for various applications, where their electronic properties 

are still being explored and understood. In this subsection, we delve into the electronic characteristics 

of XNpO3 perovskites (X = Eu, Gd), with a particular focus on their band structure (BS), total density 

of states (DOS), and partial density of states (PDOS), which are calculated and discussed in this section. 

Two types of electronic bands exist as they provide details on electron accessibility. One is called the 

conduction band (CB), which appears beyond the Fermi level (EF), while the other is called the valence 

band (VB), located below the EF. 

The band gap can be obtained by calculating the difference between the minimum value of the CB 

and the maximum value of the VB. The electronic band can be explained as direct or indirect. The direct 

band refers to a band in which the minima of the CB (CBM) and the maxima of the VB (VBM) are 

located at the same point. However, the presence of CBM and VBM at separate locations leads to the 

establishment of an indirect band to represent the BS. Fig.2 depicts the electronic band structure of 

XNpO3 phases, where the solid horizontal line in black represents the Fermi level (Ef). The calculated 

band structures follow the standard k path X → R → M → G → R for a cubic Pm̅3m structure. The 

band structure curves near the Fermi level are an extremely informative guide to the material's nature, 

whether it is half-metallic, as these materials exhibit metallic character in an up-spin channel, and in 

contrast to the down-spin, reveal semiconductor behavior 

The density of states (DOS) is employed to elucidate the electrical and optical properties of a system. 

The total density of states (TDOS) and partial density of states (PDOS) are calculated for the optimized 

lattice parameter based on geometric optimization. The plots of TDOS also confirm that all components 

are semiconductors. The total DOS, crucial for both EuNpO3 and GdNpO3 materials, is presented in 

Fig.3. They are calculated based on the eigenvalues and eigenvectors obtained at the appropriate k-

points (21x21x21). 

5. Mechanical properties 

The distinct mechanical behavior of perovskite-type materials can be studied using elastic constants. 

These parameters provide a precise measurement of a material's response to mechanical stress, while 

also offering crucial insights into its stiffness, deformability, and ability to withstand deformation under 

external stresses. Elastic constants for cubic structures can be characterized by three independent 



variables (Cij), typically denoted as C11, C12, and C44. Table 2 summarizes the theoretical elastic 

constants calculated for EuNpO3 and GdNpO3. 

Mechanical stability indications can be obtained from these elastic constants. Mechanical stability 

criteria include the requirement that the eigenvalues of the calculated elastic constants matrix be 

positive. The conditions set for cubic symmetry state that: C11 > 0, C12 > 0, C44 > 0, and C11-C12 > 0 [20] 

 

Fig 2: Band structures of EuNpO3 and GdNpO3 

 

Fig3: Total density of the components, EuNpO3 and GdNpO3. 

 

    Table 2 

Elastic constants C𝑖𝑗 (GPa) and calculated Cauchy pressure C12-C44 (GPa) for XNpO3 perovskites 



 

 

Conclusion 

The mechanical, electrical, structural, and optical properties of the material were examined using 

the pseudo-potential plane wave (PP-PW) method based on density functional theory, as well as the 

general gradient approximation GGA. The results are summarized below: The analysis of the band 

structure and density of states (DOS) highlighted a semi-metallic behavior in both materials. 

Additionally, the oxides XNpO3 (X = Eu, Gd) demonstrated mechanical stability in accordance with 

Born's stability criteria. The latter shows significant potential for optoelectronic devices capturing 

ultraviolet light from solar radiation. 

 

 

 

 

     

 

 

 

          

 

 

 

 

 

Compound C11 (GPa) C12 (GPa) C44 (GPa) C12−C44 (GPa) 

EuNpO3 213.58840 74.86170 40.86095 172.727 

GdNpO3 207.54595 77.1320 10.5265 197.0194 
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