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Abstract 

 

 
 

Thorium pnictides deserve a considerable research attention in view of their 

fundamental and technological role in science. The present work is focused on density-

functional-theory (DFT) based first-principles calculations of doped and undoped cubic thorium 

monopnictides compounds, i.e., ThX (X=N ,P ,As ,Sb and Bi ), for their structural, electrical, 

thermoelectric and magnetic properties both in ambient conditions and at high pressures. 

The full potential linearized augumented plane wave (FP-LAPW) + local orbital (lo) 

method is employed within PBEsol, LSDA, WC-GGA and PBE-GGA corrections both for 

minority and majority spin polarizations. Besides, the DFT+U model was also invoked for the 

investigation of correlation affects of 5f–states of thorium actinide to better investigate the 

electronic and magnetic properties of the monopnictides. 

The structural properties including the equilibrium volume and energy, lattice 

parameters, bulk modulus and its pressure derivative, and bond lengths were investigated by 

fitting the total energy for the optimized unit-cell volume of the compounds using Murnaghan’s 

equation of state with both spin channels. The electronic and magnetic properties calculated 

from optimized structures of the compounds include total and partial densities of states, energy 

band structure and spin magnetic moments. Whereas the calculated thermoelectric properties 

include thermal and electrical conductivities, See beck coefficient, power factor and figure of 

merit by employing semi- classical Boltzman’s theory for the thorium mono-pnictides 

compounds. 

The thorium mono-pnictides compounds are found to be stable in metallic non-

magnetic states having small values of thermoelectric figure of merit in ambient conditions. The 

carbon doping has considerably increased the metallic characteristics of ThN by accumulating 

electrons population below and above the Fermi level by enhancing the overlapping of carbon 

states with 5f states of Th. There is a fluctuation of spin magnetic moments with carbon doping 

concentration. Sign flipping of spin magnetic moments from positive to negative and vice versa 

is also observed at various pressures, which may arise from the alteration spin orientations of 

the electrons with respect to angular momentum direction. In conformation to the earlier 

studies, the thorium mono-pnictides show non-magnetic metallic character. These compounds 

may be potential candidates for applications in electronic, thermo-electric and nuclear reactor 

devices. 



xvii  

List of Publications 

 

 
 
Journal Publications 

 

 
1. Muhammad Siddique, Amin Ur Rahman, Bakhtiar Ul Haq, Azmat Iqbal, Afaq Ahmad, 

Iftikhar Ahmad, Computational Condensed Matter 13, (2017) 111-119; 

DOI:http://dx.doi.org/10.1016/j.cocom.2017.10.003 

 

2.  Muhammad Siddique, Amin Ur Rahman, Azmat Iqbal, Sikander Azam, Computational 

Condensed Matter 21, (2019) e00403; 

DOI:https://doi.org/10.1016/j.cocom.2019.e00403 

3. Muhammad Siddique, Amin Ur Rahman, Azmat Iqbal, Sikander Azam, Nuc. Engg. 

Tech.51, (2019) 1373-1380; DOI:https://doi.org/10.1016/j.net.2019.03.003.  

 

4. Muhammad Siddique, Amin Ur Rahman, Azmat Iqbal, Bakhtiar Ul Haq, Sikander 

Azam, Asif Nadeem, Abdul Qayyum, International Journal of Thermophysics,(2019) 

40:104; DOI:https://doi.org/10.1007/s10765-019-2572-7. 

http://dx.doi.org/10.1016/j.cocom.2017.10.003
https://doi.org/10.1016/j.cocom.2019.e00403
https://doi.org/10.1016/j.net.2019.03.003


xvii

i 
 

List of Abbreviations and Symbols 
 

 

 

 

 

DFT Density functional theory 

LDA Local density approximation 

LSDA Local spin density approximation 

GGA Generalized gradient approximation 

PBE Perdew Burke Ernzerrhof 

WC Wu-Cohn 

FPLAPW+lo Full-potential linearized augumented plane wave plus local-
orbitals 



1  

1 Introduction 

 
The role of materials in the development of human civilization and technological 

advancement is of paramount significance. The ever-exciting discoveries and innovation 

in material science ranging from the conventional semiconductors to graphene and 

functional materials are the harbinger of revolution in modern technology which are 

directly linked to the progress of science and human development. Through the modern-

day computational tools and techniques, material scientists can now design and 

characterize even those materials and their properties which were thought near to 

impossible in the recent past. In particular, the development of many-body quantum 

mechanical methodologies such as density-functional-theory (DFT), have facilitated 

material physicists and chemists to simulate and model variety of simple to complex 

materials for fundamental as well as practical implications. The latest development in 

computational chemistry, computational solid state physics, and condensed matter 

physics owes largely to the computational ease offered by the DFT. 

The current study is an effort towards theoretical investigation on the structural, 

magnetic, electronic, and thermoelectric characteristics of pure and doped thorium 

monopnictides ThPns (Pns =N ,P ,As ,Sb and Bi ), for fundamental and practical 

implications. The motivation of current study partly derives from the lack of theoretical 

and experimental studies on thermoelectric properties of actinide mono-pnictides except 

with recent attraction on Thorium and its compounds (A.J. Freeman, 1985; Arko, 

Koelling, Schirber, Freeman, & Lander,1985; Keller, 1976), besides their peculiar 

structural, optical, electronics, mechanical and thermodynamics properties. The 

compounds of actinide series present characteristics which are different from materials of 

other elements in periodic table. The various physical properties like high density, high 

thermal conductivity, phase transition under pressure, various crystal structures, 

anisotropy, and unique transport properties present actinides metals exotic in contrast to 

majority of metals (Bickel & Wedemeyer, 1986; D.Brown and H.Wedemayer, 1993; 

Kleykamp, 1992; P.Nigel, 1993; R.Benz, 1987). Endowed with properties like complex 

structure, scarcity, nuclear instability, toxicity, experimental study in this regard has been 

a great challenge. Recently efforts have been carried out to demonstrate their properties 
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from various experimental techniques (Moore & van der Laan,2009). 

The complete understanding of macroscopic properties of solid materials requires 

comprehension of their electronic structure. The energy-band theory of solids has 

revolutionized the field of material science by categorizing solids into metals, insulators 

and semiconductors depending upon their electronic energy band structure. Now, 

depending upon their electronic energy band structure enormous properties of solids such 

as electronic, mechanical, optical, transport and so on, can be investigated conveniently 

by many-body approach of DFT. Towards this end, in the 1920, a great development in 

electronic band structure theory was achieved in the shape of The BOA (Born-

Oppenheimer approximation)(Born & Oppenheimer, 1927), where the movement of the 

particles of nuclei of atoms is separated from the movement of the outer electrons to 

study many-body quantum systems. Second successful approach in this field is the 

introduction of technique of Hartree-Fock (HF) (Fock, 1930; Hartree, 1928; J. C. Slater, 

1930). The HF technique gives the computational solution of many-body problem, in the 

form of utilizing wave function of the electrons of individual particle. Despite the fact 

that the computer power has increased to many folds, the exact solution of many-body 

complex systems is not possible yet, but with some approximations. The establishment of 

the Thomas-Fermi (TF) model proved a milestone in this respect (Fermi, 1927; Thomas, 

1927). With this model, the complex- body problem was reduced to a simple one using 

the concept of density of electron, where only an individual integral expression of three-

dimensional is to be determined. In spite of its success, the TF model has limitations such 

as its raw computation about kinetic energy and the ignoring of exchange and correlation 

(XC) effects. 

To further overcome the short comings of HF theory and TF model, in the 1960s, 

DFT was developed as a more feasible computational tool in the field of quantum 

chemistry and condensed matter physics. In recent decades, this technique has been 

employed widely in the investigation of materials’ properties for the technological 

applications in science and engineering. The crucial foundation towards the modern DFT 

was laid by Kohn, Hohenberg, and Sham(Pierre Hohenberg & Walter Kohn, 1964; Kohn 

& Sham, 1965). Hohenberg and Kohn (P.Hohenberg & W. Kohn, 1964) presented idea of 

existence of exact single potential for selected density at ground state. Later on Kohn and 

Sham (Kohn & Sham, 1965) introduced the well known equation called Kohn-Sham 
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equation (KSE) that presents results close to exact calculation by incorporating a 

potential, named as Exchange-Correlation (XC) potential at ground-state. Despite the fact 

that the KSE generally describes an accurate computation of many-body systems, it is 

difficult to figure out the corresponding XC potential exactly. Hence, for the exact 

solutions of KSE, an accurate approximations about XC potential are required. Hence, 

the exactness of the computed properties of atoms, molecules, and solid materials at 

ground state is based on the selection of approximation regarding the XC potential as 

discussed below. 

Kohn and Sham considered the local density approximation (LDA) (Kohn & 

Sham,1965) as the most favorable ingredient for the XC potential. The local spin density 

approximation (LSDA) was developed by von Barth and Hedin (von Barth & Hedin, 

1972). By using LSDA, itinerant about magnetism was determined quite accurately that 

is, the Stoner parameter ("Collective electron specific heat and spin paramagnetism in 

metals," 1936; Stoner,1939) with DFT computations (Gunnarsson, 1977). LSDA & LDA 

are approximations for the computation of electron gas of homogeneous nature with and 

without spin polarization. However, for better investigation of inhomogeneous systems, 

the density of electron must include gradient portions of the XC potential. Hence, the 

great success currently achieved via generalized gradient approximation (GGA) in this 

regard. The GGA gives more accurate results than LDA for majority of the materials’ 

compounds. To describe the accurate computations at ground-state, combination of the 

investigation of properties of magnetic and structural has to be considered. In some 

materials or compounds a large coulomb repulsion between the unpaired and not 

completely screened d shells exists, which are not computed by either simple GGA or 

LSDA. The incorporation of Coulomb repulsion locally recoups this difference between 

theoretical and experimental approach. The new method developed to incorporate such 

effects is known as the LDA+U model (Anisimov, Aryasetiawan, & Lichtenstein, 1997; 

Anisimov,Zaanen, & Andersen, 1991), where U is the Hubbard potential to account the 

on-site Coulomb repulsion. 

The actinides series presents great challenge in theoretical study due to strange 

behavior in crystal and electronic structures. Therefore, the series has invited great 

interest in the development of some novel techniques of electronic band-structure 

(Skriver, Andersen, &Johansson, 1978) in the DFT (Pierre Hohenberg & Walter Kohn, 
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1964; Kohn & Sham, 1965) frame work. These methods have since evolved to accurately 

compute the actual impacts including interaction of spin-orbit (Andersen, 1975; Brooks 

& Kelly, 1983) and many body systems of crystal (Wills & Eriksson, 1992). In present 

era of science by implementing the efficient plane wave, an improvement in pseudo 

potential methods, has shown a little bit hope of success about actinides for phases of Th-

U at ground state(Bouchet, 2008; Bouchet, Jollet, &Zérah, 2006; Hood, Yang, & 

Moriarty, 2008; Richard, Bernard, Jollet, & Torrent, 2002). 

The binary compounds of Th with elements having s,p states have acquired much 

attention due to their unique chemical and physical properties from the fundamental point 

of view and various technological uses; for instance, in nuclear breeder system, as 

substitute fertile materials etc. (Arko et al., 1985; Bickel & Wedemeyer, 1986; Keller, 

1976; Mathews, 1993; R.Benz, 1987). Hence, ThPns make this special group of solid 

materials. For instance, thorium mono-phosphide (ThP) being refractory presents 

chemical stability and good heat conductivity and is considered a promising candidate for 

nuclear fuel in reactor applications; thorium arsenide (Th3As4) may present properties for 

thermoelectric uses (Antonov, Harmon, Yaresko, &Perlov, 1999). The Th element reacts 

with pnictogen family and mainly forms mono- and tetra- pnictides with these elements. 

Thorium mono-pnictides (ThPn) presents the cubic NaCl(B1) crystal like structure, while 

Pn atoms contain the octahedral interstitial site, the face-centered cubic structure of 

thorium terra-phsphide (Th3P4) has face-centered cubic prototypical type for various 

compounds of actinides transition metals and lanthanides, that also predict complex 

physical properties which are of interest for researchers (Antonov et al., 1999; Arko et al., 

1985; Morozkin, Nirmala, & Nigam, 2008; Zerr et al.,2006). 

The electrical, structural, mechanical, magnetic, thermoelectric and optical 

properties of easy to complicated solid materials have been investigated with DFT model 

by applying different codes through small computational effort (Siddique et al.,2017). 

Actinide nitrides have been largely investigated experimentally regarding their 

uses in Generation 1V reactors ("Proc.Global Future Technologies,Tsukuba,Japan," 

October 2005). Such nuclear reactors present many concerns regarding the problems of 

nuclear energy. The effectively usage of nuclear energy will need continuous 

improvement in technology of nuclear energy, especially related to its efficiency and 

safety. In present era, along with fuels of oxide, the fuels made by nitride are also 
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included in the race of a substitute solid material for the better thermo-physical 

characteristics of the nitrides, like its large thermal conductivity, high melting points,, 

high density and the well similarity with the coolant (liquid sodium) (Bauer, 1972; 

Evensen et al., 1997; Kleykamp, 1992; Matzke, 1992). As the large density of fuels of 

nitride can bring out large excess neutrons,hence these fuels have a greater potential to 

disintegrate the large lived fission products. Regarding feasibility of reprocessing, 

actinide nitrides also seems to be making compromise between metal fuels and oxide. 

Although, family of actinide elements is characterized by such behaviors that are 

promising and attractive for large applications as mentioned before, yet, there are strong 

limitations that recently restrict their uses, comprising the danger of nuclear proliferation, 

the great level of radioactivity of large actinides and especially serious concern relating to 

their radio-toxicity (B.E.Burakov). 

The motivation of the current study is also derived from some important problems 

raised in the chemistry of actinides. One of these problems is the description of nature of 

electronic structure and bonding of electrons in 5f states in condensed phases comprising 

plutonium and attached elements. The chemical behavior and nature of bonding of 

actinides that may be sent to surrounding is also another issue. The chemists employ 

latest characteristics techniques for advancement in these problems like spectroscopy of 

X-ray absorption, electron microscopy, laser fluorescence spectroscopy, neutron 

scattering, mass spectroscopy, etc. Investigation in theoretical side of actinide and 

chemistry of trans-actinide is rapidly increasing. Relativistic contributions in the 

properties of electronic that include interactions of spin–orbit are being computed for 

solids, bulk actinide surfaces, actinide metal trans-actinide atoms and, actinide complexes 

(B.E.Burakov) The relativistic theory of electronic structure uses DFT depending on time 

and core potentials of relativistic effects. 

The elements of trans-actinide and actinide have played essential role from the 

last many decades in nuclear and inorganic chemistry, physics, and in many other fields 

of science and technology. The elements of actinide are also of specific significance in 

power resource development and, condemnably, in warfare. Hence these elements are the 

goal and continuous destination in the interest of engineers, scientists, and 

environmentalists (Hoffman D.C.LeeD.M.,2008). 

           The electronic structures of elements of the actinide series, especially compounds 
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of thorium have been of much attention of the scientists and researchers in the theory of 

condensed matter due to small radioactivity of thorium with respect to other elements of 

actinide series and essential technological uses (Kumar & Auluck, 2003). 

In spite of this, the difficulties faced in the practical investigation on the 

characterization and synthesis of actinide materials can be overcome by computational 

techniques which can successfully be applied for study of different physical properties. 

Ab initio calculations with DFT, for instance,is the most suitable and effective quantum 

mechanical method in this regard. DFT is the most admissible approach in the theoretical 

study for different physical properties of superconductors, metals, semi-metals, actinides, 

half-metals, insulators and semiconductors. 

        In the present thesis we have applied the full potential linearized augmented plane 

wave plus local orbital (FP-LAPW + lo) based on DFT approximations to investigate on 

the magnetic, electronic, thermoelectric and structural properties of pure and doped 

thorium monopnictides. 

Rare earth elements (REEs) consist of 17 elements including 15 lanthanides 

metallic elements along with two other elements- scandium, and yttrium. These elements 

are categorized as light REE (LREE) or heavy REE (HREE) as highlighted in the 

periodic table given in Figure 1.1 (Ian M. London, 2013; Stephen B). 

Paradoxically, the REEs are not as scarce in the soils and rocks around universe 

as it is thought. For instance, the crustal abundance of tin and lead is similar to the 

abundance of REEs, but the abundance of precious metals –silver, gold, platinum is much 

lower. The concentrations of REEs and other metals are given in Table 1.1 ("United 

States Environmental ProtectionAgency ( US EPA),2012, Rare Earth Elements,," 2012). 
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Figure1.1 Periodic table of the elements (REEs highlighted). 
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Table 1.1 Earth’s Crustal Abundance of REEs and Common Metals 
 

 

 

 
 

Elements Concentration (ppm) Comments 

Copper 68 
 

Cerium (Ce) 60 LREE 

Lanthanam (La) 30 LREE 

Neodymium (Nd) 27 LREE 

Yttrium (Y) 24 LREE 

Scandium (Sc) 16 LREE 

Lead 10 
 

Praseodymium (Pr) 7 LREE 

Thorium 11 Radioactive 

Samarium (Sm) 5 LREE 

Gadolinium (Gd) 4 HREE 

Dysprosium (Dy) 4 HREE 

Uranium 2.5 Radioactive 

Tin 2 
 

Erbium (Er), Ytterbium (Yb), 0.5 
 

Europium (Eu), Holmium 

(Ho), 

0.5 
 

Terbium (Tb), Lutetium (Lu) 2 
 

Silver 0.1 
 

Gold 0.003  

 

REEs ore deposits have small amount of thorium and uranium based radioactivity 

commonly, the radioactivity levels are so small that they are of less concern for workers’ 

health and environmental management and safety. Potentially economic deposits of REEs 
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generally, contain slightly elevated levels of uranium and thorium, hence are categorized 

as naturally occurring radioactive materials (NORM) (Ian M. London, 2013). 

The compounds of REEs consist of thousands of compounds of total elements to 

the right of group 7 comprising of the metals like magnese, rhenium and technetium in 

periodic table and in addition with magnesium and beryllium that are presents on left side 

of group two. The specific series of compounds and few single compounds having 

strange characteristics and unique behavior are presented as under. 

Sesquioxides oxides ternary and large-order oxides, higher oxides, hydrides lower 

oxides, hydrides, complex compounds, metallic and halides ("Rare-earth element-

compounds/Britannica.com," dated 3-10-2018). 

The compounds of REEs exist in powder form in total of the standard compounds 

in the conditions when oxygen is not suitable like alloys of metals production and 

specific applications in optics and in case of fluorides which are soluble. Solutions of 

these REEs compounds are presented by the elements of American (AE). AE 

computations categorization for research and commercial qualities are as under. 

Acetates, arsenides, bromides, carbides , carbonates, chlorides flurorides, 

nitrates, nitrides oxalates , phosphides , sulfates and sulfides ("Rare Earth/ AMERICAN 

ELEMENTS," dated 3-10-2018). 

The REEs commonly appear in the minerals of mixture of different REEs and 

nonmetals, despite of existing as free metals, in crust of earth. Currently, minerals 

comprising of more than two hundreds types have been invented which contain essential 

or important REEs. The three most economically significant minerals are bastnaesite, 

monazite and xenotime. Currently used 95% of REEs contain bastnaesite and monazite as 

major sources of the light REEs. Monazite is also main ore of thorium, having up to 30% 

Th, with less amount of U, having both radioactive properties. Xenotime and mineals like 

allanite are commonly sources of heavy REEs and yttrium. A list of common REEs 

containing minerals is described below in Table 1.2. The abbreviation ―REE‖ is presented 

to signify the chemical location where REEs may substitute (Anon, 1980; Frondel, 1958; 

A. P. Jones, F.Wall and C.T. Williams, 1996; Kapustin, 1980; Mandarino, 1999; 

Mariano, 1989; Mazzi, 1983; Overstreet, 1967; StephenB). 
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Table 1.2 List of common rare earth elements containing minerals 
 

 
 

REO Mineral formula wt % 

Aeschynite (Ln,Ca,Fe,Th)(Ti,Nb)2(O,OH)6 36 

Allanite (orthite) (Ca,Ln)2(Al,Fe)3(SiO4)3(OH) 30 

Anatase TiO2 3 

Ancylite SrLn(CO3)2(OH)•H2O 46 

Apatite Ca5(PO4)3(F,Cl,OH) 19 

Bastnasite LnCO3F 76 

Brannerite (U,Ca,Ln)(Ti,Fe)2O6 6 

Britholite (Ln,Ca)5(SiO4,PO4)3(OH,F) 62 

Cerianite (Ce,Th)O2 81 

Cheralite (Ln,Ca,Th)(P,Si)O4 5 

Churchite YPO4•2H2O 44 

Eudialyte Na15Ca6(Fe,Mn)3Zr3(Si,Nb)SiH2O)5 10 

Euxenite (Ln,Ca,U,Th)(Nb,Ta,Ti)2O6 40 

Fergusonite Ln(Nb,Ti)O4 47 

Florencite LnAl3(PO4)2(OH)6 32 

Gadolinite LnFeBe2Si2O10 52 

Huanghoite BaLn(CO3)2F 38 

Hydroxylbastnasite LnCO3(OH,F) 75 

Kainosite Ca2(Y,Ln)2Si4O12CO3•H2O 38 

Loparite (Ln,Na,Ca)(Ti,Nb)O3 36 

Monazite (Ln,Th)PO4 7 

Mosandrite (Ca,Na,Ln)12(Ti,Zr)2Si7O31H6F4 65 

Parisite CaLn2(CO3)3F2 64 

Samarskite (Ln,U,Fe)3(Nb,Ta,Ti)5O16 12 

Synchisite CaLn(CO3) 51 

Thalenite Y3Si3O10(OH) 63 

Xenotime YPO4 61 

Yttrotantalite (Y,U,Fe)(Ta,Nb)O4 24 
 

 

 

Thesis Layout 

The remaining thesis is ordered as follows 

Chapter 2 
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In the second chapter we have presented literature review related to actinides 

monopnictides and doped actinides monopnictides compounds. 

Chapter3 

The third chapter presents detail on the methodology, calculations and WIEN2K 

code etc. 

 Chapter4 

The fourth chapter presents results and discussion of our work   

Chapter5 

The conclusion and summary is presented in the fifth chapter with main findings. 
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  2 Literature Review 

 
         In this chapter, we present brief literature survey on the experimental and 

theoretical study carried out on the electronic, structural, thermoelectric and, magnetic 

properties of rare-earth elements (REEs) and their compounds with nitrogen family in 

pure and doped form. The main attention is devoted to thorium mono-pnictides ThPns 

which are compounds of thorium with members of pnictogen family, also called nitrogen 

family. This effort will help us further to better understand the afore mentioned physical 

properties of thorium nitride (ThN), thorium phosphide (ThP), thorium arsink (ThAs), 

thorium antimony (ThSb), thorium bismuth (ThBi) and thorium carbon-nitride (ThCN), 

which is the main objective in this study. 

The progress of nuclear technology is mainly dependent upon the following 

families of materials; actinides, lathenides (III- Group), monopnictides (V-Group), 

oxides, carbide (IV- Group) and transition metals. Actinides, lathanides and compounds 

of actinides with nitrogen family have, high density, large melting point, high thermal 

conductivity and better compatibility as well, with liquid sodium in coolant form (Bauer, 

1972; Evensen et al., 1997; Kleykamp,1992; Matzke, 1992). Actinides are highly reactive 

metals and their study is complex and compounds of actinides with nitrogen family, 

oxygen, hydrogen and carbon-nitrides makes them stable. 

Groups III-V, actinides (thorium) and nitrogen family crystalize mostly in B1-

phase (rock-salt) type cubic-crystal structure except ThBi which may also exists in B2-

phase (CsCl) type crystal structure (Jha & Sanyal, 1992). In ThPn crystal structure, 

pnictogen Pn elements occupy the interstitial site in octahedral type in the FCC Th sub-

lattice (Srivastava & Sanyal,2004). The rock salt has fm3m (225) space group in the FCC 

crystal structure The lattice constants for these compounds obey Vagerd’s law and 

change with alloy composition. Binary compounds of REEs, that is, actinides and 

lanthanides with sp-elements have peculiar thermoelectric, electronic and magnetic 

properties which arise from different occupation numbers of their 4f and 5f orbitals 

(Baaziz et al., 2017; Cotton, 2006). In lanthanides and actinides, respectively, the 4f and 

5f orbitals are gradually filled. The 4f orbitals of lanthanides are shielded by 5s and 5p 

orbitals and hence do no actively take part in chemical bonding with ligand orbitals 
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unlike actinides in which 5f orbital’s are not shielded by the filled 6s and 6porbitals. This 

leads to, respectively, small and large crystal-field splitting in lanthanides and actinides 

(Cotton, 2006). The accurate electronic description of REEs compounds, however, 

imposes challenges because of the unfilled 4f or 5f orbitals. Experimental studies of 

REEs compounds is not easy because of the impurities and distortions in the crystal 

structures (Baazizet al., 2017). The prominent localization of 5f orbitals in actinide 

metals having large atomic number directly impact the orbitals’ overlapping and hence 

the electronic band structure of the actinide compounds (Obodo & Chetty, 2013). 

Therefore, theoretical description of the actinide compounds with 5f electrons is a 

considerable challenge owing to lack of suitable DFT exchange correlation functional to 

adequately account the electron-electron interactions. In this regard, DFT+ U model has 

been proved to be a promising alternative while overcoming some of the short comings in 

GGA and LDA of DFT formulism (Anisimov et al., 1997; Anisimov et al.,1991; 

Liechtenstein, Anisimov, & Zaanen, 1995) . 

The group III actinides (thorium) atoms have three electrons in their outermost 

shell with electronic configuration of S
2
P

1
 in f-block and elements of group V of periodic 

table which have five electrons in outermost shell with S
2
P

3
electronic configuration. 

Therefore, on the average, each atom has four electrons available for bonding. The 

valence orbitals’ electronic scheme of the actinide elements is as follows. Th: [Rn] 

6P
6
,6d

6
,7S

2
,7P

0
,5f

0
;N:1S

2
,2S

2
,2P

3
As:[Ar]3d

10
,4S

2
,4P

3,
P:[Ne]3S

2
,3P

3
;Bi:[Xe]4f

14
,4d

10
,6S

2

,6P
3
Sb: [Kr]4d

10
,5S

2
,5P

3
. 

The elements of group V donate one electron to the elements of group III so that 

positive ions to elements of group V and negative ions on elements of group III are 

developed, by completing four valence electrons. The development of this situation is 

only at extreme conditions and in other conditions bonding formed in the compounds of 

elements of groups III-V is neither completely ionic nor covalent but it depends on the 

amount of electro negativity computed for the compounds. As per Pauling scale the 

electro negativity of the elements of actinides (groupIII) is as follows: (Th=1.3 U=1.38, 

Pa=1.5,Np=1.36,Am=1.3,Pu=1.28,Cm=1.3,Cf=1.3,Bk=1.3,Es=1.3Md=1.3,Fm=3,Nd=1.3

) whereas the electro negativity of the elements of nitrogen family ( group V) decreases 

from N to Bi as [N(3.04), As(2.18), P(2.19), Sb(2.05) and Bi(2.02)]. For small value of 

difference in electro negativity the covalent bond is strong and for large value of it the 
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ionic bond exists. Hence poor covalent bonding in thorium monopnictides compounds 

exists (James E.House). 

The REEs mono-pnictides have gained immense attention of researchers because 

of their specific electronic, structural, magnetic, thermal, optical, and thermoelectric 

characteristics for the promising applications in thermoelectric, electronics and 

spintronics devices (al, 2002; AllenJr et al., 1989; Arko et al., 1985; Arya, Aynyas, & 

Sanyal, 2009; Azuma et al., 2005; Bickel &Wedemeyer, 1986; Brehmer et al., 1995; S. 

Dabos-Seignon, U. Benedict, S. Heathman, J.Spirlet, & M. Pages, 1990; Dabos-Seignon, 

Benedict, Spirlet, & Pages, 1989; Dabos, Dufour,Benedict, Spirlet, & Pages, 1986; 

Gensini, Gering, Heathman, Benedict, & Spirlet, 1990; Leif Gerward et al., 1989; N. A. 

Hill,2000;Hur,et,al.,2004;Jha&Sanyal,1992;Kanchana,Vaitheeswaran,Svane,&Delin,200

6;J.S.O.L.Gerward,U.Benedict,H.Luo.S.Dabos,J.P.Itie,O.Vogt,1988a;McGuire,Gambino, 

Pickart, & Alperin,1969; Olsen, Gerward, Benedict, Dabos, et al., 1989; Olsen, Gerward, 

Benedict, Huan, & Vogt,1988; Srivastava & Sanyal, 2004; Tsymbal, Mryasov, & 

LeClair, 2003). Actinide nitrides have been vastly studied experimentally due to their use 

in Generation IV reactors ("Proc.GlobalFuture Technologies,Tsukuba,Japan," October 

2005). Actinide nitrides have large neutron-rich energy spectrum and are well suited to 

the requirement of nuclear energy (Sedmidubský,Konings, & Novak, 2005; "A vision for 

the second fifty years of nuclear energy,Technicalreport,International Nuclear Societies 

Council,," 1996). In actual, nitrides provide a straight way towards the self-consist 

system of nuclear energy that fulfills four goals: confinement of the minor actinides 

energy generation, radioactive fission products, fuel breeding, and nuclear reactor safety 

(Ramond Atta-Fynn and Asok K.Ray,2009). 

       The non-stoichiometric thorium mononitrides (Auskern & Aronson, 1967a) and 

thorium monocarbides (S. A. A.B.Auskern, 1967; S. A. A.B.Auskern, J.Sadofsky. and 

F.J.Salzano,,1965) have been investigated for their uses as electrical applications having 

good electrical properties. The compounds have better metallic nature in usual as 

comparable to carbides of transition metals of group IV of periodic table (J.Piper,1964). 

      Thorium containing various ternary compounds can be categorized mainly into 

two types. One of these groups involves series of mutual solutions of solids made of 

binary phases by replacing nonmetal or metallic atoms, i.e, thorium carbo-nitrides 

ThCxN1-x, that are solid solutions of the systems of ThC-ThN and named as ternary 
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hexaborides Th1-xUx B6 that are solid solutions in the ThB6-UB6- system respectively. The 

composition of these solid solutions is variable, i.e, the components having mutual 

solubility may be complex or limited and the structure of the crystal of the initial binary 

compounds is mostly retained (Shein & Ivanovskii,2008). 

The 2
nd

 type involves the phases of ternary with chemical composition and 

individual structures of the crystal. The electronic structure, chemical bonds, and 

behaviors of compounds of ternary of Th are investigated less as comparable to binary 

thorium phases for the same characteristics. This group is presented with phases of 

perovskite such as TaThN3 and SrThO3 and thorium ortho silicates (therite and huttonite) 

by ThSiO4. SrThO3 as a solid-state material is of interest that it can be made in nuclear 

reactor through disintegration of radionuclides. At present,TaThN3 is the single ternary 

thorium having nitride of structure  like  perovskite; huttonite and thorite (polymorphic 

change of orthosilicate of thorium) are minerals having thorium that are mostly present in 

nature (Shein & Ivanovskii,2008). 

The carbonitrides of elements of group IV and VI of the periodic table mostly 

containing metals and d-metals MClNm(such that l+m  1 ) are of great attention due to 

their high thermo mechanical properties, chemical and stability in radiation in access to 

their complex magnetic and electrophysical properties which can be varied by changing 

the ratio of contents of C/N (Goldschmidt,1984; Gubanov, Ivanovsky, & Zhukov, 2005; 

Kosolapova; Samsonov,Upadkhaya, & Neshpor, 1974; Tot; Wang & Landau, 2001). For 

instance, the solid solutions of HfCxNy and TiCxNy present nonlinear dependence of 

elastic and micro hardness factors of sub lattice of nonmetal regarding their composition 

(Kieffer, Wruss, Constant, & Habermann, 1975; Richter, Beger, Drobniewski, Endler, & 

Wolf, 1996; Q Yang, W Lengauer, T Koch, M Scheerer,& I Smid, 2000). The 

relationship between physicochemical properties, chemical composition and electronic 

structures for d-metal carbonitrides are well investigated in (B.E.Burakov; C. M.Calmels, 

and Y.Kihn, 2006; G.Hart, 2005; Gubanov et al., 2005; Jhi, Ihm, Louie, & Cohen,1999; 

Kieffer et al., 1975; Lengauer, 2000; Richter et al., 1996; S.H.Jhi and J.Ihm, 1997; Q 

Yanget al., 2000; Q. Yang, W. Lengauer, T. Koch, M. Scheerer, & I. Smid, 2000; Zaoui, 

Bouhafs, &Ruterana, 2005) but for carbonitrides of f-metal ( especially carbonitrides of 

thorium) research results are scarce. 
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Experimentally, X-ray powder diffraction technique under large pressure has been 

employed on ThN compound at high pressure up to 47 GPa by applying synchrotron 

radiation in a diamond anvil cell (Gerward, Staun Olsen, Benedict, Itié, & Spirlet, 1985). 

Preparation of thorium nitrides and their crucial properties have been studied 

experimentally, and a preliminary experiment showed that ThN was soluble in HNO3 at 

room temperature easily (Uno, Katsura, &Miyake, 1986). The inter diffusion of UC and 

UN and of ThC and ThN was studied by making pallets of carbide and nitride mixture at 

1600 C
0
 by firing and analyzing with X-ray diffraction; the results were readily differed 

at 1600 C
0
 for ThC and ThN (Street & Waters, 1963). The oxidation of thorium nitrides 

has been studied experimentally in oxygen under pressure of 1/5 atom with independent 

behavior of ThN powder under oxygen pressure (Ozaki, Kanno, &Mukaibo, 1971). ThP 

compound has been experimentally investigated with X-ray diffraction under pressure by 

applying diamond anvil cell and Synchrotron radiation with result of phase transition 

from B1to B2 (CsCl) at about 30 GPa (Olsen, Gerward, Benedict, Luo, & Vogt, 1989). 

Chinthaka Silva et al. (Silva et al., 2012) have synthesized and characterized the Th2 N2 

(NH) isomorphs to Th2-N3 by powered X-ray diffraction. Gerward et al. (J.S.O. 

L.Gerward,U.Benedict,S.Dabos,O.Vogt,, 1989) studied change in phase of transition 

compounds of ThSb and ThAs at high pressure using X-ray diffraction from B1 to B2. 

The synthesis of thorium nitrides and carbides have been previously investigated 

(Auskern & Aronson, 1967a, 1967b; Auskern, Aronson, Sadofsky, & Salzano, 1966). 

The compounds of monopnictides and mono- challcogenides having large nuclides like 

Np, Th, Pu and U are of most interest and have been studied both experimentally and 

theoretically (Arya et al., 2009; Bickel & Wedemeyer, 1986; S Dabos-Seignon et al., 

1990; Dabos-Seignon et al., 1989; Dabos et al., 1986; Gensini et al., 1990; Gerward, 

Olsen, Benedict, Dabos, & Vogt, 1989; Jha & Sanyal, 1992; Kanchana et al., 2006; J.S. 

O. L.Gerward, U.Benedict,H.Luo.S.Dabos,J.P.Itie,O.Vogt, 1988a; Olsen, Gerward, 

Benedict, Dabos, et al., 1989; Olsen et al., 1988; Srivastava & Sanyal, 2004). The 

magnetic susceptibility of thorium nitride, carbides and carbonitrides has been computed 

at temperatures -22 C
0
, -76 C

0
 and -190 C

0
 (Aronson & Auskern, 1968). The films of 

ThN compound have been studied for electronic properties by applying photoelectron 

spectral technique (Gouder et al., 2002). Regarding thorium oxidies, only stable flourite-

like ThO2 have been studied and especially their elastic properties have been computed 
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(S. Li, Ahuja, & Johansson, 2002; Olsen, Gerward, Kanchana, & Vaitheeswaran, 2004). 

Thorium dioxide has been experimentally studied for spectra by the O4.5 X-ray emission 

showing that Th 6p and 5f orbital shells as occupied (Yu.A.Teterin, 1998). Also bonding 

energies of ThO2 at core level by using XPS technique have been calculated 

(Anthonysamy, Panneerselvam, Bera, Narasimhan, & Rao, 2000). 

Regarding theoretical studies on monopnictides, Obodo and Chetty (Obodo & 

Chetty,2013) employed GGA-PBE approximation and GGA+U approach to investigate 

mono- and di- nitrides compounds with actinidies for their mechanical and electronic 

properties. Shien et al. (Shein & Ivanovskii, 2008) theoretically studied electronic, 

chemical, and structural properties of Th compounds with nonmetals ThM (M= H ,C,B,O, 

N,As S, P,Sb, Se,) by applying DFT formalism on VASP code. Kholiya et al.(Kholiya & 

Gupta, 2007) investigated the elastic and structural properties of UAs, NpAs and ThAs, 

by employing the potential of Born-Moyer type at various high pressures. Shein at al.(I. 

Shein & A. Ivanovskii, 2010) reported first-principle study of electronic and elastic 

properties of cubic crystal mono- and tetra–pnictides of Th, i.e., ThPm and Th3Pm4 

(Pm=P,Sb, As). Lu et al. (Yong Lu, 2011) studied first-principles calculations of 

electronic structure, thermodynamics, and mechanical behaviors of ThN. Olsen et. al. 

(Olsen,Gerward, Benedict, Luo, et al., 1989) reported structural changes in ThP 

compound from NaCl phase to CaCl phase at a given pressure. Kanchana et al.(Kanchana 

et al., 2006) investigated properties related to structures of the compounds of 

monopnictides of thorium ThPn (where Pn=N,C,P,Bi, S,Sc,Te and As) at high pressure 

by applying the approach of full-potential linear muffin-tin-orbital and by using the 

approximation of GGA. Anayas et al. (M.Anayas, 2005) investigated the properties 

related to phonon of Th chalcogenides and pnictides by applying the rigid ion of two-

body and breathing-shell models. Structural phase changes of ThSb and ThAs have been 

investigated at greater pressure by method of tight-binding linear muffin-tin orbital 

(K.Venkatasubramaniam, 1997). By applying LMTO ASA method, Kumar and Autuck 

(Kumar& Auluck, 2003) investigated ThAs, ThSb, and ThP compounds for their optical, 

electronic, and structural properties. Recently, Amari et al.(Amari, Méçabih, Abbar, & 

Bouhafs, 2014) reported Ab initio DFT work to predict properties related to electronic, 

structural and elastic, of the  binary compounds of Thorium with nitrogen family . The 

researchers applied FPAPW+lo technique by using approximations of LDA and GGA 
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along with PBE correction. Kapoor et. al. (Kapoor, Yaduvanshi, & Singh, 2016) recently 

investigated theoretical work of elastic, structural, and thermo-physical properties of 

thorium mono-pnitides ThPn(Pn=N,Sb, P, As) at high pressure using improved 

interaction potential model.Very recently, Baaziz at al. (Baaziz etal., 2017) have 

presented structural, elastic, thermodynamic and electronic properties of Curium mono-

pnictides CmPn(Pn= N,As,P,Bi, and Sb ) based on Ab initio DFT calculations using FP- 

LAPW method under ambient condition and at greater pressure. 

Owing to unique characteristics like maximum hardness, large melting point, 

stability, oxidation and good wear resistance of metal carbo-nitride, especially 

compounds of carbo- nitrides with the elements of the metals d-transition (TM), like 

formula as MCxNy(x+y<-1), scientists and researchers have paid much interest and attention 

in their study and these are applied in advanced materials at large (Lengauer, 2000). 

Uranium and Thorium nitrides and mono-carbides are metallic conductors with NaCl 

type structure. They form fully carbo-nitrides solid solutions U (C1-yNy) and Th (C1-yNy) 

(F.Anselin, 1966; Street & Waters, 1963). Thorium along with its compounds are in the 

attention of researchers as better materials for nuclear fuel cycle, with better safety level 

(Bickel & Wedemeyer, 1986; C.Keller, 1978; D.Brown and H.Wedemayer, 1993; Keller, 

1976; Kleykamp, 1992; P.Nigel, 1993; R.Benz, 1987; Thomas,1927). In this thesis, we 

have paid attention on symmetric description on the compounds of thorium with s, p 

orbitals non-metals. To avoid complexity we have considered the compounds of thorium 

with s,p states non metals, however literature is available on complex molecules 

regarding structure of electronic of alloys of Th with metals having f,d,p shells (e.g. Al-

Th (P.Vajeeston, 2002), Ce-Th (Landa, Söderlind, Ruban, Vitos, & Pourovskii, 2004; 

Soderlind &Eriksson, 1999) and Th-U-Pd (S. Liu, 1997). Description of structure of 

bands and few other characteristics of Th having metallic nature are also present in 

various original works (Bouchet etal., 2006; Charpentier, Zérah, & Vast, 1996; Eriksson, 

Söderlind, & Wills, 1992; M. Jones,Boettger, Albers, & Singh, 2000; Kuneš, Novak, 

Schmid, Blaha, & Schwarz, 2001; Soderlind,1998; Söderlind, Eriksson, Johansson, & 

Wills, 1995;T.Gasche). 

Brooks and Kelly (Brooks, 1984; Brooks & Kelly, 1983) described the behaviors 

of the lattice constants of the compounds of nitrides of actinides by applying Relativistic 

Linear Muffin-Tin Orbital (RLMTO) technique from spin-polarized & self-consistent 
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RLMTO and LMTO computations explaining the outcomes in the metallic form of 5f-5f 

and covalent anion 2p-cation 5f- contribution in the derived equation of state. Sheng 

(Sheng, 2001) implemented the energy technique of linear free correlation of Molling and 

Sveojenky (D.A.Sverjensky, 1992; D.A.Sverjensky and P.A. Molling, 1992) that relates 

the normal energy of free formation to compute metal cation of thermodynamics with 

mono nitrides of actinide while considering actinides like a cations of trivalent. Auskern 

et al. (S.A.A.B.Auskern,J.Sadofsky and F.J.Salzano,, 1965; Auskern & Aronson, 1967a) 

investigated electrical properties of non- stoichiometric thorium mono-carbides. Auskern 

and Aronson (Auskern & Aronson, 1967b) experimentally described the electrical 

properties of thorium mono-nitrides. These compounds show metallic conductor 

properties, similar to carbides of transition metal of group IV of the periodic table 

(J.Piper, 1964), by applying a technique of two–band conductivity. As thorium mono-

carbides in a compositional range of ThC0.6 (Aronson & Sadofsky, 1965) is stable (i.e. 

carbon-vacancies of 35%.) so it is easy to make solid solutions of carbo-nitride within 

valence electron concentration(VEC)< 8. In this way the range of VEC the composition 

of valance electron of the non-stoichiometric mono-carbide and carbo-nitride can 

overlap. Sunao Sugihara and Shosuke (SUGIHARA & IMOTO, 1971) studied the 

hydrolysis of thorium carbides and nitrides experimentally by assuming that these 

nitrides were nearly stoichiometric in reference to their molecular formulae. Ozaki et al. 

(Ozaki, Ono, & Kanno, 1973) investigated the reaction of thorium mono-nitride with 

graphite experimentally predicting that particle size affected the reaction rates and 

reaction products. Boutard et al. (J.L. Boutard and C.H.de Novion, 1975) investigated 

experimentally the nuclear magnetic resonance of carbon 13 and nitrogen 15 in uranium 

and thorium carbo-nitrides by calculating knight shifts and spin-lattice relaxation times 

on C-13 and N-15 in uranium and thorium B1 phase type carbo-nitrides. Band character 

of 5f electrons was verified by them also. Aronson and Auskern (Aronson & Auskern, 

1968) studied the magnetic susceptibility of thorium carbides, nitrides, and carbo-nitrides 

experimentally, with observation of a small temperature-independent para-magnetism 

feature. Auskern and Aronson (A.S.A.A.B.Auskern,1970) investigated electrical 

properties of thorium carbo-nitrides experimentally by chemical analysis from physical 

dimension of the samples. 
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Shein et al. (Shein, Shein, & Ivanovskii, 2006) investigated electronic and 

structural properties of B1 like thorium oxide, nitride, and carbide, by employing 

WIEN2k code. Shein et al. (Shein, Shein, Medvedeva, & Ivanovskii, 2007) described the 

stability and electronic structure of Th carbo-nitrides by DFT implementing the VASP 

packages. Shein et al. (Shein &Ivanovskii, 2008) also extended the study of compounds 

of Th with non-metals for chemical bond, physicochemical and structural and electronic 

properties by implementing DFT approach on VASP code. Daroca et al. (Daroca, Llois, 

& Mosca, 2016) introduced Ab initio study of thorium nitride for point defects by 

employing ESPRESSO package. Due to more physical advantages of thorium carbides 

and nitrides as compared to oxides, these compounds are considered as potential nuclear 

fuels for fourth reactor generation (Abram & Ion, 2008). The doping is to be carried out 

to improve both the already containing physical properties and addition of 

dimensionalities in new material along with variation in the magnetic, opto-electric, 

electromagnetic, magneto-optic, piezoelectric and, thermoelectric properties. Hence we 

are keenly interested in carbon doped thorium nitride. 

The ternary carbo-nitride phases considered in Th-C-N compound give different 

variations from the compounds of d-metals of group IV of periodic table with carbo-

nitrides. Two sections of compounds of thorium have been accounted in the system of 

Th-C-N (Daroca etal., 2016) . The series of continuous solid solution of NaCl type cubic 

like ThN and ThC phases are reported in one type of these sections. Apart from carbo-

nitrides of iso-electronic and iso- structural d-metals from the Group IV of the periodic 

table, the solid solution of ThC1-yNy,are superconducting over critical transition about 

Tc~ 5.8 k for compound of ThC0.78 N0.22 The literature on electromagnetic, thermo 

chemical and transport characteristics of ThC1-xNx are covered in the review (Kleykamp, 

1992). 
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         3  Theory and Computational Methodology 

 
DFT has become an elegant theoretical platform for condensed-matter physicists and 

computational theoretical chemists due to its efficacy on the prediction of the ground 

state structural, magnetic, electronic, optical and thermoelectric properties of insulators, 

conductors, metals, semiconductors, half-metals, semi-metals, and superconductors and 

so on. In the recent scientific scenario of materials revolution, DFT has achieved much 

popularity in the community of material scientists, computational chemists, physicists, 

engineers and biologists who have shown great attention due to its realistic results, nearer 

to experimental data, and large applicability. 

In the following sections we briefly outline the basics of DFT. For further detail on 

DFT methods, the interested readers are referred to Refs.(Burke; Capelle, 2006; Eberhard 

& Dreizler,2011; Eschrig, 1996; Fiolhais, Nogueira, & Marques, 2003; Grabo, Kreibich, 

Kurth, & Gross,1998; Gross & Dreizler, 1990; R. O. Jones & Gunnarsson, 1989; Koch & 

Holthausen, 2001; Laird, Ross, & Ziegler, 1996; March, 1992; Marques, Maitra, 

Nogueira, Gross, & Rubio, 2012; Nalewajski, 1996; Parr, 1980; Patterson, 1989; Pun, 

1995; Schwarz, 2003; Sholl & Steckel,2011) which we mostly consulted for the brief 

review presented in the following sections. 

 
 

3.1 AB Initio Techniques 

 
 

Various models are available for investigation of the solid materials but appropriate 

and most suitable of them are the first-principles or Ab-initio techniques owing to their 

accuracy in calculation of Hamiltonian of selected system without usage of experimental 

input data. Hence different properties like magnetic, structural, thermoelectric, electronic, 

etc of solid materials can easily be studied almost accurately by employing these 

methods. For instance, self-onsistent- field approach of Hartee-Fock (HFSCF) provides 

the exact Hamiltonian by computing the integral:∫ф𝐻ф𝑑𝜏.The method of molecular 

orbital is usually named the model of Hartee-Fock (Ahmad, 2010).  DFT is also a suitable 

and most simple approach for theoretical investigation of properties of solid materials, 
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where density of electrons is implemented in place of complex many-body wave 

function. The methods normally are being adopted in the investigation of properties of 

the systems having complex structure. 

3.2 Solution of Many-body Problems by DFT 

 
Materials of solids are examples of many-body problems having complex structure 

such as cluster of molecules/atoms and large number of interacting nucleons and 

electrons. As such, one needs prediction of composition and nature of nuclei, atoms and 

electrons and interaction between them to better understand the properties of solid 

materials. The nuclei and electrons of atoms are considered as subatomic particles and 

their dynamics warrants Quantum mechanics formalism. Microscopically, a solid 

material is composed of negatively electrons and positively charged cores. The nuclei and 

electrons of atoms are assumed like point charges. The cores of N number of nuclei are 

arranged as consisted of ZN number of particles interacting there. This is like a 

multifaceted complex-body problem, and could hardly be handled in quantum physics by 

employing many-body Schrodinger’s equation 

 
                              HΨ(𝑟1 ,𝑟2 ,…,𝑟𝑁 )=𝐸𝜓                     (3.1) 

 
where 𝜓represents the wave function of eigen state of complex-body system of N 

electrons and the total energy is represented by E, and H is the Hamiltonian described as 
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(3.2) 

 

 

In this expression the indices i, j and A, B stand for electron and nuclei respectively. 

Hamiltonian of such complex system could also be represented as given below 

 

̂N
Re

rV̂r,RV̂RV̂r                  (3.3) 

e 



23  

    Where the first two terms on RHS are for K.E. of nuclei and electrons, respectively. 

Whereas the remaining three terms in order are for P.E. of electron-nuclei, nuclei-nuclei, 

and electron-electron interaction. The interaction terms in the equation of Schrodinger 

make it inseparable and it is not possible to compute its accurate analytical solution for 

investigating the electronic structure of solids materials. To describe the properties of 

solids few approximations and methodologies are briefly discussed as below 

 
a) Approximation of Born- Oppenheimer (BO) 

b) Technique of Hartree-Fock(HF) 

c) Density-Functional-Theory(DFT) 

 

3.3 Born Oppenheimer (BO) Approximations 

 
The BO approximation is based on the assumption that the motion of nuclei and 

electrons in solid materials could be decoupled by assuming that motion of nuclei, being 

more massive as compared to electrons, could be suppressed. The name of this method is 

adopted from names of Max Born and J. Robert Oppenheimer. 

Mathematically, this method implies that the total wave function of solid 

materials can be separated into its electronic and nuclear (rotational and vibrational) 

parts, 

 

total
Electronic

Nuclear 
3.4) 

 
 

In quantum chemistry this approximation is the essential tool that can be applied 

in investigation of larger systems than the molecules of H2. The computations of wave 

functions of molecular of complex solid materials make usage of the wave function of 

H2..Thus, total energy with approach of BO can be written as 

 

total
Electronic

Vibrational
Rotational

Nuclear 
                 (3.5) 
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The spin energy of nuclei is small to the point that it is constant and can be 

ignored (R. J.Hill, Craig, & Gibbs, 1979; Lundqvist & March, 2013; Nishikawa, 1915; 

Pilcher & Skinner,1962; John C Slater, 1937). By using BO approximation Eq. (3.3) 

becomes, 

 

̂e
rV̂r,RV̂r                                (3.6) 

 

 

3.4 Hartree-Fock (HF) Technique 

 
The behaviors of the systems of many interacting particles, like the electrons in 

solid or a molecule can be investigated using many-coordinates electron wave function 

r1
,r2

,.             ,rN
in Schrodinger equation. As per HF approach, such wave function 

can be described in the form of multiple of wave functions of separate electrons, given as 

under
 

r1
,r2

,......,rN
1

r1
2

r2
 ......... N

rN
   (3.7) 

 

 

If  i
r is a single-electron wave function, then after HF approximation Schrodinger 

equation becomes 
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            (3.8) 

 

Where, UC (r) is Coulomb potential and (𝑟)is the external potential due to mean 
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field of atomic nuclei. 

As per Fermi statistics the product wave function in Equation (3.8) can be written 

as function of individual detriment so that wave function must be anti-symmetric and 

symmetric for fermions and bosons, respectively. To handle this issue, the wave function 

of normal state of N electrons apprised as a multiple of anti-symmetric N spin orbitals 

𝜓𝑖(𝑟𝑖)  such that spin orbital is a multiple of special orbital ф(𝑟𝑖) and spin function 𝜒𝑖(𝑟𝑖) The 

anti-symmetric wave function is thus written as determinant of Slater, 
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1             (3.9) 

 

            It is known as approximation of Hartee–Fock (HF). In HF self-consistent method, 

Orbital’s of orthogonal wave functions i
r i

 are achieved by minimizing the energy of 

ground –  state wave function 0
in(3.9   

Approach of HF presents a key role in condensed matter physics and quantum 

chemistry by solving the problem of complex correlation of electrons. As such, majority 

of approximations for experimental techniques are usually determined through HF 

approach (Kohn & Sham, 1965; Schwarz & Blaha, 2003). 

However, in HF scheme, although electron exchange is dealt exactly by taking 

Slater determinant, the electron correlation is not considered by definition. This became 

the starting point for DFT which treats both exchange and correlation terms but 

approximately, and briefly is discussed in the following sections. 

3.5 Density Functional Theory (DFT) 

 
The development of DFT traces to Thomas (1927) and Femi (1928) who first 

introduced the idea of charge density n(r) for solution of many-body problem instead of 

wave function. In this method non-interacting uniformly distributed electrons around 

nuclei within six dimensional coordinates are taken as a system of an atom. The total 

energy can be represented as a function of density of electrons (functional). Despite the 

fact that this technique had not achieved fruitful results regarding the complex–body 
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system, it was an initial development for advanced DFT methods, depending on the 

electrons density concept. 

Negligence of electron correlation effects is the main limitation in Thomas-Fermi 

(TF) DFT model (Burke). 

Before going ahead, we first like to mention two land marks that were developed 

in1964, regarding advance DFT in the form of theorem of Kohn-Sham and Hohenberg 

as given below. 

The Hohenberg-Kohn theorems 
 

The Hohenberg-Kohn (HK) theorem is at the heart of DFT (Pierre Hohenberg & 

Walter Kohn, 1964). According to HK theorem, from the ground-state electron charge 

density 𝑛0(𝑟) it is possible to calculate the corresponding ground-state wave function 

Ψ0(𝑟1 ,𝑟2 ,…,𝑟𝑁 ),in principle. Hence, the ground state wave function Ψ0 is a functional of density 

𝑛0. As such, all ground state observables are also functional of n0. For further detail on 

HK theorem,the Interested readers are referred to see Refs.(da Providência, 1985; 

Gritsenko & Baerends, 2004; Strange, 1998; Theophilou, 1979).The theorem can be 

stated into two parts: 

Part a: The external potential Vext(r) has a correspondence of one-to-one between 

the ground state electron density n0(r). Thus, any observable such as energy at ground-

state is a unique functional of the density n0(r). It implies that a functional of universal 

nature for the total energy E[n(r)] can be described in the form of the density n(r) for any 

external potential Vext(r) 

Part b:. Any external potential that minimizes the ground state energy of the 

system is the one for which the input density n(r) is the true density n0(r). 

The importance of DFT is described in first theorem and all the properties of 

materials at ground-state can be computed by invoking this theorem. 

3.6 Kohn-Sham Equations (KSE) 

 
The energy based on motion of electrons of the specific system can be computed by 

the density of electrons via variational principle as explained in HK formalism, but the 

exact energy functional is yet to be known fully and hence different approximations are 

used for exchange- correlation energy. Hence, the properties of the solid materials can be 
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i 

obtained from numerical solution of KSE with different forms of energy functional. The 

KSE equation is given by 
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            (3.10) 

where the first term in bracket on the l.h.s. of Eq.(3.10) is K.E. of electrons, i(r) are 

KS orbitals and iare the corresponding eigen energies, Vext (r) is the external or back 

ground potential due to positively charged M nuclei given by 

   

A1 r-r

(r)
(r)

N
V

M

A

ext                                                        (3.11) 

 

 

n(r) 
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(r) 
2
 is the electron density. The exchange potential Vxc (r) is a functional 

derivative of the exchange-correlation energy functional Exc n: 

N 
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Thus, the total energy functional is 
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  (r)(r)(r)r

2

13

0
                                    (3.13) 

 
Where T0 nis the K.E. of electrons with charge density nof N free electrons, 

 
(r) 

 
is the 

Coulomb potential of interacting electrons. Each term in Eq.(3.13) is known exactly except 

Exc nwhich can be approximated by minimizing the ground state energy of the system. 

The determination of ground-state energy in a fixed external potential is a main concern 

of researchers to study many problems in physics and chemistry. The exact form of Exc n 

must solve the KS equations with exactly the same ground-state energy as obtained by 

solving many- body Schrödinger equation. Therefore, the accurate prediction of the 

exchange-correlation functionals warrants modern DFT with immense success. As such, 

any failure to obtain accurate results from DFT that usually happens by no means is the 

actual failure of DFT,but a failure of the approximations used in DFT. The most 

commonly used forms of Exc nin DFT theory are local-density-approximation (LDA) 

and general-gradient-approximation (GGA) alone and with some corrections as discussed 

in this article. In LDA, the energy density is assumed to be uniform while in GGA it 

depends on local gradient of electron charge density |n(r)| .We discuss little more about 

LDA and GGA approximation as follows 

 
Local density approximation (LDA) 

 
In LDA technique the negative charges (electrons) are considered to be moving 

with a background of positive charge and the system is taken as neutral electrically The 

amount of complete volume and number of electrons to consider the density of electrons 

as infinite, such that V → ∞, N → ∞, N/V = ρ containing fixed amount of volume 

throughout. Actually the assumption of LDA technique is suitable ideal for metals by 

comparing positive charge cores and valence electrons. The background of positive 

charge can be taken as the core. The exchange- correlation energy functional in LDA in 

short is 
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                       (3.14) 

 

XC 
is exchange-correlation potential per particle of a average density(𝑟 )⃗ of electron gas. The 

XC 
potential may further be categorized into correlation and exchange terms, 

 

         rrr
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                   (3.15) 

 

The LDA failed to accurate predict behavior of real electron system; for example it 

neglects electron interactions. 

The range of energy of correlation by LDA may be overestimated up to 2-3% but 

the magnitude of exchange energy may be underestimated up to 10%. As a whole these 

both provide underestimation of a total of 7%. 

Local spin density approximation (LSDA) 

 
LDA with inclusion of spin is called LSDA approximation. Herein, the spin densities 

 r





  r





of electron are taken instead of density of electron  r


 .The complete density 

of electron is thus given as 
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Hence in the form of LSDA, the exchange-correlation energy can be described as 
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The easy compensated of the spin issue is      rrr



 2

1
 . For the polarized form of spin case,

   rr





 . The value of polarization of spin is mostly computed in terms of parameter of 

polarization of spin given as under 
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                                                         (3.18) 

The ξ gives the amount of values of 0 (compensated spin) to 1 (polarized spin) 

when total electrons containing only a single type of spin. LDA and LSDA are fruitful in 

the computations of structural related properties at the ground state, like lattice 

parameters and moduli of bulk materials but they overestimate the constants of dielectric 

as per comparison with data of experiments. The negligence of a polarization dependent 

exchange correlation field is the cause of overestimation. These approximations have 

difficulties in solving the problems of solid materials containing strictly localized and 

electron of correlated nature electrons like REEs and compounds of metal oxides with 

transition elements (Boese & Handy, 2001). 

In LDA,   r
XC


 is only based upon  r


  (potential of local density),  on the 

other hand it must be based upon each point of space regarding the system with non-local 

features, the new approximation is called GGA as described below. 

Generalized gradient approximation (GGA) 

 
The LDA gives effective results only for specific solid materials and is not good for large 

variety of materials. To overcome some issues related with uniform density  r


  in LDA, the 

gradient of the electron density  r


  is considered in the generalized gradient 

approximation (GGA), given as 

 

                
             rdrrrrr
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GGA

XC





   ,,,               (3.19) 

 

The ground state physical properties of materials are improved by GGA than 

LDA. GGA has about 1 % inaccuracy in the computation of the exchange correlation but 

LDA’s error is up to 14 % (Perdew, 1986; Perdew et al., 1992). LDA and GGA 

calculations underestimate the band-gap computations for highly correlated electron 

system but work good for III-V semiconductors. LDA and GGA are poor in the 

computations of thermal properties of compounds of materials (Boese & Handy, 2001; 
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Dal Corso, Pasquarello, Baldereschi, & Car,1996). Perdew (1986) and Beck (1988) 

developed GGA functional by which mostly energy related to cohesive interactions is 

accurately computed while underestimation of bulk moduli (Dal Corso, Baroni, & Resta, 

1994; Dal Corso et al., 1996). Burke, Perdew, and Ernzerhof (PBE) established other 

simplified version of GGA technique, called PBE-GGA that meets most demands of DFT 

model (Kurth, Perdew, & Blaha, 1999; Perdew et al., 1992). Goddard and Xu (Xu & 

Goddard III, 2004) enhanced the PBE approach and made functional of xPBE. It is more 

favorable in investigations of total energy and structural related parameters of solid 

materials. 

 
 

3.7 Full-potential linearized augmented plane wave method 

(FP-LAPW) 

In FP-LAPW methodology, the space is divided into two parts: 1) the interstitial 

region (IR) and 2) non-overlapping spheres called the muffin tin (MT) spheres such that 

their centres are at the atomic sites. Inside IR region, the basis vectors are considered 

plane waves which are the solutions of free particle Schrodinger's equation. On the other 

hand, within MT spheres the basis vectors are considered spherical harmonics which are 

the solution of radial Schrodinger's equation (Schwarz, 2003), thus 
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                            (3.20) 
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exp                  (3.21) 

Eq.(3.20) described potential inside atomic spheres and Eq.(3.21) is for interstitial 

region, that is the outside of the atomic sphere. 

 

 

3.8 Hubbard Model of DFT- LDA+U Model 
 

 

In order to comprehend the system of highly correlated electrons, the Hubbard model
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k k 

DFTA+U, where U is the Hubbard potential, can be adopted for more accuracy 

(Hubbard, 1963, 1964; J.Hubbard, 1964). 

The interacting localized electrons in a lattice are taken in this model. The Hamiltonian is given by 
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Here terms i, j are for lattice sites. In order to keep brevity, the first addition term 

is commonlyconfinedtothenearestneighbors,while due to principle it can be taken on for 

all Sites of lattice. Them, m ,m ,m are depicting for the quantum number m of magnetic 

quantum of  a  presented  state  with  quantum  number  of  orbital   l,is,  quantum  

number  of  the spin. Parameter of hopping t is for the energy obtained from an electron 

moving from one site to other, attempting to make system delocalized, a+, a are related to 

the operators of creation and annihilation of various orbitals. 

The energy of the local Coulomb repulsion is described in second term that is amount of 

energy received from two electrons present on single site, and are described as under: 
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Here SL represents a factor of screening, in which such orbitals are being 

explained which are not considered in the model of Hubbard. Discrimination of screening 

of each I like p,s or d states, clearly, is not so easy. Therefore, for the achievement of 

properties like physical inconsistent with data obtained from experimental technique we 

usually adopt U parameter. Two scalar parameters J and U made the parameterization for 

U matrix. Where J and U are exchange potential of Hund’s and the mean value of 

interaction of the local Coulomb, respectively. The term of hopping in k space however, 

may be written as under: 

 

k 
k 

a


a.                (3.24) 
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The approach to rectify the strong interaction of coulomb with DFT model is 

made by using correction like HF to the orbitals that are localized (Anisimov et al., 

1991). Approximation described here is usually called the LDA+U model. The LDA+U 

model utilizes the delocalized orbitals, like p, s states, and the correlated orbitals, such as 

f, d states separately. In the LDA+U model Hamiltonians consisted of standard form of 

DFT Hamiltonian, and section of Hubbard regarding correlated states of the set, given as 

under: 
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Where denotes the quantum numbers related to atomic l, m, , and a, a
,are the 

operators of annihilation and creation Hubbard 𝐻𝐿𝐷𝐴is the Hamiltonian of LDA, while the 

term computing double is 𝐻𝐷𝐶. Difficulty occurs when explicit U term is included, hence 

the computation of interaction of coulomb regarding correlated electron will be calculated 

twice. Hence, the portion integrated doubly must be excluded from the interaction of 

coulomb. As the HF approximation is devoid of effects of screening, mostly 

overestimated energy gained is reported in LDA+U model. The impacts regarding term 

of the Hubbard in LDA+U technique change the localized states relative to the 

delocalized states, disrupting symmetries, enhancing gaps, etc.(Anisimov et al.,1997; 

Anisimov et al., 1991) 

 
 

 3.9 WIEN2k 

 
 

It is a computer program described in Fortran 90 and requires a Linux operating 

system and is applied for the investigations of different properties of solid materials like, 

structural, magnetic, thermoelectric, optical, thermodynamic, elastic, and structures of 

electronic energy band. This code is formulated on the basis of quantum mechanics and 

performs efficiently through the DFT formalism. Two scientists namely Karlheinz 

Schwarz and Peter Blaha from the University of Technology of Vienna of physical 
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chemistry developed this technique. Different versions like WIEN95, WIEN93, and 

WIEN97, of this software are available and is well known for its universality, speed, 

user-friendliness and new features. 

WIEN2K is based upon the distribution of MT spheres in the cores of ions of unit 

cell of space and interstitial region. The features of atomic core along with little bit 

function of basis are applied in old version while plane waves are implemented in its new 

version. The said mixed functions of basis are called as the linearized augmented plane 

wave (LAPW ). The set of basis of APW+lo is applied in the modern version of WIEN2k 

for the significant states within the atomic, so it is developed over the collection of the 

APW+lo and LAPW. 

The maximum accuracy of code of wien2k is obtained through functions of 

atomic and a balance of set of basis mixed regarding plane wave. The parameters, 

RKmax (the multiple of the maximum vector of plane wave Kmax and minimum of the 

radius R) are used for largely control of convergence regarding size of basis. Simulation 

of space of the reciprocal lattices needs a suitable mesh of the k-point in the irreducible 

Brillion zone (BZ) (Schwarz, 2003; Schwarz,Blaha, & Trickey, 2010). 

In the code of wien2k many approximations like GGA, LDA, mBJ and 

BOLTZTRAP can be implemented. In all these approaches we make application of 

Wien2k about which interface of graphical user, web based w2web is taken. The cycle of 

Self Consistent Field and initialization of the compound are the two basic steps in this 

code (Blaha, Schwarz, Madsen,Kvasnicka, & Luitz, 2001; Cottenier, 2004; G. K. H. 

Madsen, Blaha, Schwarz, Sjöstedt, &Nordström, 2001; Mikheev, 1995; Ortiz, 1992; 

Perdew, Burke, & Ernzerhof, 1996; Scuseria,1999; Städele, Moukara, Majewski, Vogl, & 

Görling, 1999; Takeda & Kubler, 1979). After employing these basic steps we can 

compute different properties like energy, volume, lattice constants Density of states 

(DOS), bulk modulus, band structure, spin magnetic moments, Optical properties or x-ray 

spectra. 
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  4  Results and Discussion 

 

In this chapter we present a systematic report on the computed structural, electronic, 

magnetic and thermoelectric properties of doped and undoped Thorium mono-pnictides ThPn 

(Pn=N, P, As, Sb, Bi). The list of our published results in international journals is given 

below 

1. Muhammad Siddique et al., Computational Condensed Matter 13 (2017) 111–

119;http://dx.doi.org/10.1016/j.cocom.2017.10.003). 

2. Muhammad Siddique et al., Computational Condensed Matter 21 (2019) 

e00403;https://doi.org/10.1016/j.cocom.2019.e00403). 

3. Muhammad Siddique et al., Nuclear Engineering and Technology 51(2019)1373-

1380;https://doi.org/10.1016/j.net.2019.03.003). 

4. Muhammad Siddique et al., International Journal of Thermophysics, (2019) 40:104; 

https://doi.org/10.1007/s10765-019-2572-7. 

 

4.1 First-principles study of structural, electronic, magnetic and 

thermoelectric properties of the cubic mono-pnictides of 

thorium ThPn (Pn = Sb and Bi) 

 

                           Abstract 

 
This study presents the density-functional-theory (DFT) calculations of B1-phase 

cubic mono-pnictides of thorium, i.e., ThSb and ThBi regarding their structural, 

electronic, magnetic and thermoelectric properties. We calculated lattice constant, bulk 

moduli and their pressure derivative, and ground-state energy by the full-potential 

linearized augmented plane wave (FPLAPW) method. We employed local-density 

approximation (LDA), with and without spin- polarization effect, and generalized-

gradient approximations (GGA) as the exchange-correlation functionals for structural 

properties. Further comparison of DFT calculations is made with Perdew-Burke-

Ernzerrhof (PBE) and Wu-Cohen (WC) corrections. For the comparative study of 

http://dx.doi.org/10.1016/j.cocom.2017.10.003
https://doi.org/10.1016/j.cocom.2019.e00403
https://doi.org/10.1016/j.net.2019.03.003
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magnetic and electronic properties, DFT+U (Hubbard parameter) model is implemented. 

In addition, we used semiclassical Boltzman theory to explore the thermoelectric 

properties such as electrical conductivity, Seebeck coefficient, power factor, and figure of 

merit which present ThSb and ThBi as promising thermoelectric and thermonuclear 

materials and potential candidates for practical uses in nuclear power and thermoelectric 

devices. 

Key Words: Cubic mono-pnictides; Generalized-gradient approximations; 

Thermo electric devices; Density-functional theory; Seebeck coefficient; Local-density 

approximations. 

4.1.1 Introduction 

 
The remarkable advancement in condensed-matter physics and materials 

chemistry largely owes to the advent of innovative computational tools and methods 

enabling researchers to investigate the diverse properties of materials for fundamental 

and technological applications. For instance, the electronic, structural, magnetic, 

mechanical, optical and thermoelectric properties of simple to complex materials have 

been studied by DFT using various codes with less computational efforts.DFTis a many-

body quantum theory (Kohn&Sham,1965) which employs electron’s charge density 

n(r)Ndr1...drN*(r,r1,...,rN)(r,r1,...,rN)  instead of wave function to calculate properties 

of materials. As electron’s charge density is a function of only three spatial coordinates 

so it can be easily calculated as compared to the detailed prescription of many-body wave 

function(R. O. Jones & Gunnarsson, 1989) which usually depends on large number of 

variables (e.g. spatial and spin coordinates). Thus, analytical solution of many-body 

Schrodinger equation is more challenging; especially in the presence of many-body 

correlations rendering Schrodinger equation inseparable. As such, DFT offers an elegant 

alternative by separating the many-body Schrödinger equation into a set of coupled one- 

electron equations called Kohn–Sham (KS) equations which can be solved numerically 

with much ease. Thus, amidst the analytical and experimental challenges posed by the 

complex many- body problems in condensed-matter physics and material chemistry, DFT 

has opened the doors of ever exciting scenario by providing tremendous facilitation to 
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calculate materials’ properties numerically. 

According to Hohenberg–Kohn (HK) theorem (P. Hohenberg & W. Kohn, 1964; 

Mattsson, 2016a) , which laid the foundation of DFT, the ground state properties of a 

quantum system can be determined from the electron’s charge density which contains all 

physical information of the system. The KS equation for N electrons is given by 

             NirrV
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(4.1.1)       

where the first term in bracket on left-hand side of Eq.(4.1.1) is kinetic energy of 

electrons, (r)extV is the external potential due to average field of other electrons, 
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in
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(r)(r)   is the electron density. The exchange potential (r)xcV  is a functional 

derivative of the exchange-correlation energy functional: 
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Thus, the total energy functional is  
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whereT0 nis the kinetic energy of electrons with charge density n without electron-

electron interactions, is the Coulomb potential of interacting electrons. All the terms in 

Eq.(4.1.3)can be  determined exactly except the exchange-correlation energy functional 

Exc nwhich can be  approximated according to the nature of the problem. The exact 

form of this functional should solve the Kohn–Sham equations with exactly the same 

ground-state energy as obtained by many- body Schrödinger equation. The most 

commonly used exchange-correlation functionals are local-density-approximation (LDA) 

and general-gradient-approximation (GGA) with some other combinations. In LDA, the 

exchange-correlation energy density is taken to be uniform while in GGA it is other way 

round and depends on local gradient of electron charge  density |n(r)| (Hafner, 

Wolverton, & Ceder, 2006). 
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In this article, we present first-principles DFT calculations for the structural, 

electronic, magnetic and thermoelectric properties of two cubic mono-pnictides of 

thorium: ThPn (where Pn= Sb, Bi). Thorium is the most stable and accessible actinide 

with many known compounds including chalcogenised and pnictides. Despite its place 

among the f-block elements, thorium in the ground state has anomalous [Rn]6d
2
7s

2
 

electron configuration. Binary compounds of thorium with s- and p- block elements have 

attracted a considerable interest because of their peculiar chemical and physical 

properties offering them as potential candidates for thermo-electric and thermo-nuclear 

materials (Hafner et al., 2006). Lack of appropriate DFT functionals, the characterization 

of d-electron materials, actinides and other f-electron materials offer huge challenge as 

compared to s- and p-electrons materials (Mattsson, 2016b). Previously, the mono- 

chalcogenides and mono-pnictides of rare-earth elements have been paid much attention 

owing to their peculiar magnetic, electronic, structural and elastic properties. Mostly, 

mono- chalcogenides and mono-pnictides of rare-earth materials exist in NaCl (B1) phase 

structure. Thorium mono-pnictides ThPn crystallize in the cubic B1-like structure, where 

pnictogens Pn atoms occupy the octahedral interstitial sites in the face-centered cubic 

thorium sublattice (I.Shein & A. Ivanovskii, 2010). The mono-chalcogenides and mono-

pnictides compounds of heavy nuclides such as U, Th, Np and Pu, and Po are of great 

concern both experimentally and theoretically(Arya et al., 2009; S. Dabos-Seignon, U. 

Benedict, S. Heathman, J. C. Spirlet, & M.Pages, 1990; Dabos-Seignon et al., 1989; 

Dabos,et,al.,1986;Gensini,et,al.,1990;Jha&,Sanyal,1992;Kanchanaetal.,2006;J.S.O.L.Ger

ward,U.Benedict,H.Luo.S.Dabos,J.P.Itie,O.Vogt,1988a, 1988b;J.S.O.L.Gerward, U 

.Benedict ,S.Dabos,O.Vogt,, 1989; M.Bickel, 1993; Olsen,Gerward, Benedict, Dabos, et 

al., 1989; Olsen et al., 1988; Srivastava & Sanyal, 2004) . The compounds of heavy 

nuclides have high density, melting point, greater thermal conductivity and as such are 

suitable in many applications such as nuclear fuel reactors. The peculiar exotic properties 

of these compounds arise because of partially-filled (d,f)-orbitals. 

Gerward et al. (Olsen, Gerward, Benedict, Dabos, et al., 1989)[ presented 

pressure- induced phase transition of ThSb and ThAs. Srivastava et al. (Srivastava & 

Sanyal, 2004) studied elastic and structural properties of plutonium mono-chalcogenides 

and mono-pnictides. 

https://en.wikipedia.org/wiki/F-block
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Kanchana et al.(Kanchana et al., 2014) explored structural properties of series of 

mono-pnictides and mono-chelcogenides of thorium with a general formula: ThY (where 

Y= N, C, P, Bi, As, Se, S & Te) by full-potential linear muffin-tin-orbital technique 

within GGA approximations. Amari et al. (Amari et al., 2014) presented first-principles 

DFT calculations for electronic, structural and elastic properties of thorium mono-

pnictides ThZ (Z=P, N, As, Bi and Sb). Anayas et al.(Aynyas, Jha, & Sanyal, 2005) 

analyzed the phonon dynamics of thorium pnictides and chalcogenides using breathing-

shell model and two-body rigid-ion model. Venkatasubramaniam et al. 

(K.Venkatasubramaniam, 1997) computed the structural phase transition of thorium 

pnictides compounds namely ThAs and ThSb by the tight-binding linear muffin-tin 

orbital technique. The structural, electronic and optical properties of ThAs, ThP and ThSb 

were studied by Kumar and Auluck (Kumar & Auluck, 2003) using LMTO-ASA method. 

In another study, Kholiya and Gupta(Kholiya & Gupta, 2007) carried out the structural 

and elastic properties of ThAs, UAs and NpAs compounds under pressure variations with 

the help of Born-Moyer type potential. In a recent study, Kapoor et al. (Kapoor et al., 

2016) reported the elastic behavior and transformation in phase of binary compounds of 

ThY ( Y= P, N, Sb,As). 

According to our knowledge, so far no work has been reported on thermoelectric 

and magnetic properties of the two-phase cubic-monopnictides of thorium ThSb and 

ThBi; which is the main motivation of the current study. In addition, we also report the 

electronic and structural properties of these compounds. The physical properties we have 

computed are: optimized lattice constants (A
o
), volume (V0), bulk modulus (Bo) and its 

pressure derivative (B0'), total energy (E), density of states and energy band structure. In 

addition, magnetic moments, electrical conductivities (σ), power factors, Seebeck 

coefficients (S) and figure of merit ZT of the compounds have been investigated. 

This piece of research work is arranged as follows: In part 2 we describe the 

computational details. Section 3 presents results and discussion. At the end, conclusion is 

presented in section 4 with brief summary of findings and applications. 

4.1.2 Materials and Computational Methods 

 
The two mono-pnictides compounds of thorium, i.e., ThSb and ThBi are modeled 
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0 

in the space group Fm 3m (225) with fcc crystal symmetry (Fig.4.1). Atomic-positions 

configuration of the species in the compounds are similar to NaCl-type structure as 

follows: Th (0,0,0) and Sb/Bi (1/2,1/2,1/2). Each Pn and Th atom is surrounded by six Th 

or Pn atoms, respectively with a regular octahedral shape. The first-principles DFT 

structural calculations are made in this study using full-potential linearized-augmented 

plane wave plus local orbitals (FPLAPW+lo) method by Wien2k code (Blaha et al., 

2001). We used LDA/LSDA, PBE-GGA (Perdew et al., 1996; Wu& Cohen, 2006) and 

WC-GGA (Wu & Cohen, 2006) approximations to solve Kohn-Sham equation for the 

calculations both for with-spin and without-spin polarization. Magnetic properties are 

calculated using LDA plus Hubbard parameter (U) for U= 5 eV for both spins.  The 

plane-wave expression is administered by choosing RMT × Kmax equal to 7. The k-points 

are taken at 10000 in the irreducible part of the Brillion Zone (BZ). Self-consistency is 

taken to be converged at total energy of 0.1 mRy giving stable structure. 

 

4.1.3 Structural Properties 

 
The two compounds of thorium, i.e., ThSb and ThBi, are characterized for their 

structural properties such as lattice constant, ground-state volume, bulk modulus and their 

pressure derivatives and ground-state energies by DFT calculations. In order to study the 

structural properties of ThSb and ThBi compounds, especially to calculate ground state 

energy, the total energy of the compounds is minimized at various volumes by 

Murnaghan’s equation of state (Murnaghan, 1944) given as follows 

 

 }])(46{}1){(}1)[{(
16

9
)( 3

2

23

2

23

2

V

V

V

V
B

V

VBV
EVE 




  (4.1.4) 

where 𝐵′
= 𝑑𝐵0⁄𝑑𝑃, is the pressure derivative of Bulk modulus 𝐵0while 𝐸0and 𝑉0are 

minimum energy and volume. 
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( a ) ( b) 

 

Figure4.1 Crystal structures of (a) ThBi and (b) ThSb in NaCl B1-phase 

configuration. 
 

 

The structural properties of the compounds computed by exploiting LSDA, 

PBE-SOL, PBE- GGA and WC-GGA potentials with and without spin polarization are 

given in Table 4.1. By choosing minimum energy of the compounds, volume verses 

total energy (V-E) plots are made (Fig.4.2). Only approximations having values of 

lattice parameters near to experimental values are selected for the compounds. The 

results of the approximations WC-GGA and PBE-GGA are considered for the two 

compounds ThSb and ThBi, respectively. 
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Figure4.2 The total energy optimization vs volume plots of ThBi and ThSb 

compounds with WCGA and PBEGGA approximations. 
 

. 

 
The comparison of our calculated structural properties with and without spin with 

experimental results for both compounds with LSDA, PBE-SOL PBE-GGA and WC-

GGA approximations are shown in Table 4.1. It is found that PBE-GGA overestimates 

the lattice constants with and without spin, while the approximations LSDA, PBE-SOL 

and WC-GGA underestimate the lattice constants with and without spin for ThBi 

compound. WC-GGA and PBE-GGA results are quite comparable with the previous 

experimental and theoretical values (Gensini et al., 1990) for both spins showing that 

these compounds are stable. In Ref. (Gensini et al., 1990) authors used full-potential 

linearized augmented plane wave plus local- orbitals (FPLAPW+lo) method with GGA-

PBE and LDA approximations without spin polarization. Comparison of lattice constant 
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and bulk modulus for ThSb is also made with results of (I. Shein & A. Ivanovskii, 2010) 

based on Ab initio calculations using FPLAPW+lo with GGA corrections to exchange-

correlation potential of PBE. 

Table4.1 Structural properties of ThSb and ThBi 

A. ThSb : (i) Calculation without spinpolarization 
 

 

 
 

 
Sr. 

No 

 
Appro 

xi- 

matio

n 

Exp. 

Lattice 

Const. 

A0 

Calculated 

Lattice 

Const. 

A0 

Groun

d state 

Volume 

V0(A0)3 

 

 
Bulk Mod. 

B0(GPa) 

 

 
dB0/dP  B 

0 

 
 

Ground-

state Energy 

E(Ry) 

 

1 
 

LDA 
 

6.318 

(PDF#65

- 1713) 

 

6.2551 

 
6.25(Amari 
etal., 2014) 

 

412.8192 
 

97.928 

97.79(Amari

et al., 2014) 

 

5.00 

3.90(Amari

et al., 

2014) 

 

-

66002.75

96 

 

2 

 

PBE- 

SOL 

 

Do 

 

6.2874 

 

419.3330 

 

93.2219 

 

5.00 

 

-

66021.76

32 

 

3 
 

PBE- 

GGA 

 

Do 
 

6.3709 

 
6.36(Amari 

etal., 2014) 
6.3723(I. 

Shein & 
A.Ivanovsk
ii, 

 

436.2456 
 

77.4016 

 
83.96(Amari
etal.,2014) 

83.2(I. 
Shein&A. 

Ivanovskii, 

 

5.00 

 
3.91(Amari
etal.,2014) 

 

-6666040. 

6398 
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   2010)  2010)   

 
 

4 

 

WC- 

GGA 

 
 

Do 

 
 

6.2961 

 
 

421.0714 

 
 

92.8311 

 
 

5.00 

 
 

-66035.9732 

 

 

 

 

(ii) Calculation with spinpolarization 
 

 

 
 

1 LSDA 6.318 6.2551 412.8949 97.9659 5.00 -66002.7596 

2 PBE-SOL Do 6.2874 419.3305 93.2424 5.00 -66021.7632 

3 PBE-GGA Do 6.3577 433.5572 83.6258 5.00 -66040.5854 

4 WC-GGA Do 6.2961 421.0684 92.8536 5.00 -66035.9732 
 

 

 

B. ThBi: (i) Calculation without spinpolarization 
 

 

 

 
Sr. 

No 

 

 
Approxi- 

mation 

Exp. 

Lattic

e 

Const. 

A0 

Calculate

d Lattice 

Const. 

A0 

Ground

- state 

Volume 

V0(A
0
)
3
 

 

Bulk 

Mod. 

B(GPa) 

 

dB0/dP 

 

B 0 

Ground- 

state 

Energy 

E(Ry) 

1 LDA 6.49 6.3649 

 

6.38(Amari

et al., 

2014) 

435.031 

 

8 

88.9159 

88.28(A 

mari 

etal., 

5.00 

3.92(A 

mariet 

al., 

- 

96186.4253 
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     2014) 2014)  

2 PBE- 

 

SOL 

Do 6.4002 442.292 

 

3 

84.4652 5.00 - 

 

96211.9638 

3 PBE- 

GGA 

Do 6.4775 

6.49(Amari

et al., 

2014) 

458.521 

 

8 

75.716 

77.95(A 

mariet 

5.00 

3.91(A 

mari 

- 

96236.3396 

     al., et al.,  

     2014) 2014)  

4 WC- 

 
GGA 

Do 6.3038 422.604 

 
9 

89.9709 5.00 - 

 
66035.7488 

 

 

(ii) Calculation with spinpolarization 
 

 

 
 

1 LSDA 6.49 6.3649 435.0308 88.8975 5.00 -96186.4252 

2 PBE-SOL Do 6.4002 442.3017 84.5075 5.00 -96211.6938 

3 PBE-GGA Do 6.4776 458.5335 75.6983 5.00 -96236.3396 

4 WC-GGA Do 6.4095 444.2331 84.3281 5.00 -96230.5266 
 

 

 
 

4.1.4 Electronic Properties 

 
Regarding electronic properties, we have calculated energy band, total density of 

states (DOS) and partial density of states spectra for both compounds as shown in Fig.4.3 

and Fig4.4, respectively.In order to obtain the electronic properties of ThSb andThBi 

compounds, the energy band spectrum (EBS) and DOS are calculated both for spin up 

and spin down using LDA+U (for U= 5 eV) in an energy range -14eV to 8eV. The Fermi 
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level is set at 0 eV in both cases as represented by the dashed line. The lower valence 

bands of ThSb and ThBi occur around -11 eV and -12 eV, respectively, (Fig.4.3) and 

arise from Sb/Bi 5s and 5p states as shown in plots of partial density of states (PDOS) for 

spin up and spin down (Fig.4.5a). The next valence band in each compound starting from 

-5eV is separated by an energy gap and overlaps with the conduction band expanded 

below the Fermi energy at -2eV. The corresponding peaks of valence bands in DOS plots 

are shown around -10 eV and -7eV, respectively (Fig.4.4). The major contribution of f-

orbitals of Th in the conduction bands correspond to a large peak around 2 eV in DOS 

plot as shown in Fig.4.5b. Similar trend can be found for ThBi. Both compounds show 

metallic behavior as there is overlapping between the upper part of valance bands and 

lower part of conduction bands. 

For the comparison sake, we implemented GGA+U approximation to investigate 

the electronic properties of ThSb. As shown in Fig.4.6 and Fig.4.7, the EBS, DOS and 

PDOS spectra for ThSb are identical to the ones obtained with LDA+U approximation 

for both compounds. 

 

 

 

Figure4.3 Energy band structure diagram for ThSb and ThBi compounds with 

LDA+U approximation. 
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Figure4.4 Variation of total density of states with energy for ThSb an d ThBi with LDA+U 

approximation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

` (a) (b) 
 

Figure 4.5 Plots of partial density of states for Sb and Th with LDA+U approximation 
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Figure4.6 Energy band spectrum and total density of states for ThSb with GGA+U approximation 
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Figure4.7Partial density of states for Sb and Th with GGA+U approximation. 

 

 

 
The EBS, DOS and PDOS for ThSb and ThBi were calculated by Shein and 

Ivanovskii(I.Shein & A. Ivanovskii, 2010) by means of Ab initio calculations using 

FLAPW both with GGA and LDA corrections to exchange-correlation potential of PBE. 

Their results are identical for both approximations. The EBS and DOS spectra are also 

identical to our results. 

 
4.1.5 Magnetic Properties 

 
The first-principles DFT+U calculations for spin magnetic moments are presented 

for both compounds ThSb and ThBi in Table 4.2. We found more correlational effects for 

LSDA, PBE-SOL, PBE-GGA, WC-GGA calculations for both compounds without U 

parameter. In order to overcome these effects, we carried out calculations employing 

DFT+U approach. The values of magnetic moments at different values of U (up to 7eV) 

were investigated but we considered the maximum values observed with LDA+U as 

0.00039 and 0.00009 at 5eV for ThSb and ThBi compounds, respectively. For the 

comparison sake, we obtained the maximum value of magnetic moment 0.00057 for 
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ThSb with GGA+U observed at7eV.The respective Hubbard potentials are used to 

compute electronic properties of the compounds. These values show that both compounds 

are non magnetic metals having almost zero magnetic moments. 

Table4.2 Spin magnetic moments of mixed charged density m 
 

 
 

ThSb: LDA+U(5eV) ThBi: LDA+U(5eV) ThSb: GGA+U(7eV) 

 
mof interstitial =0.00023 

 
mof interstitial =0.00000 

 
mof interstitial =0.00038 

mof Th =0.00008 mof Th =0.00008 mof Th =0.00007 

mof Sb=0.00008 mof Bi=0.00001 mof Sb=0.00012 

mof ThSb=0.00039 mof ThSb=0.00009 mof ThSb=0.00057 

 

 

 

 

 

4.1.6 Thermoelectric Properties 

 
Due to effective transformation of energy from thermal to electrical (using 

Seebeck effect) and vice versa with thermoelectric materials (TM), scientists have shown 

great interest in the study of thermoelectric behavior of materials. Keeping in view the 

enormous utilization of TM in components of detectors, refrigerators, thermoelectric 

generators and computer cooling (Behram et al., 2016; Bilal et al., 2014; Inagoya et al., 

2011; X. Lu, Morelli, Xia, & Ozolins,2015; Nolas, Slack, Morelli, Tritt, & Ehrlich, 1996; 

Saucke et al., 2015; Tritt, 1999) , the study of thermoelectric properties of the compounds 

under investigation is of crucial research interest. ThSb and ThBi compounds may be 

used as thermoelectric materials in various afore mentioned devices. By using the 

optimized lattice parameters, the thermoelectric transport tensors can be evaluated 

through the Boltzman’s transport theory (Allen, 1996) . Thermoelectric calculations 

require a denser k-mesh for the convergence; so a k-mesh of 150000 k-points for the 

transport properties convergence is employed. We have calculated the Seebeck 
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coefficient, electrical conductivities, power factor and the figure of merit (ZT) to be 

discussed in the sections to be followed. 

Seebeck coefficient (S) is a measure of induced voltage across a junction between 

two dissimilar materials subjected to temperature difference, from which we can 

determine the efficiency in terms of ZT for TM. Material with stable high S are efficient 

as thermoelectric coolers and thermoelectric generators. The ZT is proportional to square 

of S, temperature T and electrical conductivity σ and is inversely proportional to thermal 

conductivity K as given below, 

ZT=S
2
σT/K,  (4.1.5) 

 
where T is Kelvin temperature, and K = ke + kl; so thermal conductivity results 

from both electrons and lattice vibration contributions, i.e., ke and kl respectively 

(Bentouaf, Hassan,Reshak, & Aïssa, 2017; Khan et al., 2017). 

From the expression for figure of merit in Eq.(4.1.5), it is obvious that a material 

with large electrical conductivity, Seebeck coefficient, and less thermal conductivity 

warrants large efficiency represented by ZT. However, the complex mutual relation of 

these quantities offers challenges to improve ZT. The thermoelectric materials with high 

efficiency have high electrical conductivity (H.A.Rahnamaye Aliabad, 2016; J Zhang et 

al., 2014). Hence, performance of thermoelectric materials can be determined by 

calculating the ZT. 

 

The plots of electrical conductivity and power factor (PF) S
2
σ versus chemical 

potential for ThBi and ThSb compounds are displayed in Fig.4.8. Behavior of electrical 

conductivity for both compounds is almost identical in the chemical potential range -1.5 

eV to 1.5 eV with a little variation in conductivity amplitude. Both compounds reveal 

metallic nature with maximum values of electrical conductivity ≈10
21
Ω

−1
m

−1
s
−1

. For both 

compounds, conductivity first decreases almost linearly from its maximum value of 4.5 

×10
20
Ω

−1
m

−1
s
−1

at 𝜇= -1.5 eV to ≈0 Ω
−1

m
−1

s
−1

at 𝜇=-1.0 eV and then increases linearly upto 

𝜇=0.25 eV.Afterwards, there is an oscillatory structure with a small dip at 𝜇 ≈ 0.5 eV and 

large peak with σ =12.0 × 10
20
Ω

−1
m

−1
s
−1

at𝜇=1.52eV for ThSb and σ=9.7×10
20
Ω

−1
m

−1
s
−1

at 

𝜇=1.52eV for ThBi. As shown, in the given chemical potential range electrical 

conductivity is independent of temperature variation. 
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Figure4.8 Variation of electrical conductivity and power factor of ThSb and ThBi with 

chemical potential 

 

 

Regarding transport properties, chemical potential (𝜇) plays a vital role. For 

instance, the location of 𝜇in the energy band structure provides information as to which 

electrons in the conduction or valence band contribute to the electronic transport. 

Electrical conductivity of free electron gas in view of classical Drude model is defined as 

𝜎 = 𝑛𝑒2𝜏⁄𝑚∗; where n is the electronic density, m* is electron effective mass and 𝜏is 

average time between two collisions, called the relaxation time. Thus, the change in 

electrical conductivity with chemical potential may result from change of number of 

charge concentration and the relaxation time. The Drude conductivity can be derived 

from the semiclassical Boltzmann theory (Kitamura, 2015) which calculates electrical 

conductivity by incorporating the relaxation time as a parameter in the form 𝜎/𝜏(R. O. 

Jones & Gunnarsson, 1989). As such, 𝜇 affects the electrical conductivity, the Seebeck 

coefficient and figure of merit. In fact, the chemical potential represents the central value 
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of the Fermi-Dirac distribution function f(ɛ,T,𝜇) = 1/(1+exp((ɛ-𝜇)/𝑘B𝑇)) and can be determined 

from electron concentration. Where f(ɛ) is the occupation probability of electron in state 

of energy E, kB is Boltzmann's constant, and T is the temperature in Kelvin. The total 

number of electrons per unit volume in a crystal is given by  𝑛= ∫
∞ 

𝑓(ɛ,𝑇,𝜇)𝐷(𝐸)𝑑𝐸, where 

D(𝐸) is the density of states and 𝑓(ɛ,𝑇,𝜇) is the Fermi-Dirac distribution function.The 

value of the chemical potential at absolute zero is termed as the Fermi energy. If for a 

solid material there exists a surface constructed in the reciprocal space such that 𝜇=ɛ at T=0, 

the material is a matal. 

As shown in Fig.4.8, power factor increases with temperature at fixed chemical 

potential. However, this variation is not regular. The PF has maximum value of about 5.6 

× 10
11

Wm
−1

K
−2

s
−1

at𝜇=1.52eV for ThSb at temperature 500K.While the maximum value 

of PF for ThBi occurs at about 5.5 × 10
11

Wm
−1

K
−2

s
−1

at 𝜇= 1.52 eV for ThBi at 500 K. 

The variation in PF with chemical potential is same for both the compounds at any fixed 

temperature except the difference in values of PF. 

The temperature-dependent variation of S and ZT vs chemical potential is shown 

in Fig.4.9. The maximum value of Seeback coefficient for ThSb and ThBi, respectively, 

are ~75𝜇V/K and ~70𝜇V/K at =-1.5eV and 500K.It drops to the minimum values of~- 

45𝜇V/K and ~ -36𝜇V/K at 𝜇=−1.15eV and -1.12 eV, respectively, for ThSb and ThBi. The S 

slowly attains zero value with further increase in chemical potential and then slightly 

oscillates. Temperature variation also affects values of ZT at some fixed values of 𝜇 more 

appreciably as compared to others. The maximum value of ZT for ThSb and ThBi are 

recorded as 0.18 and 0.14 respectively at 500K and 𝜇=-1.52eV.It drops to zero afterwards 

and rises to about 0.06 around -1.1 eV and drops to zero again at 0.00 eV. Further 

variation of temperature and chemical potential does not affect its value to any 

appreciable amount. 
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Figure 4.9Variation of figure of merit and Seebeck effect for ThSb and ThBi with 

chemical potential 

 

 

4.1.7 Conclusion 

 
In conclusion, we have presented density-functional theory calculations for the 

structural, electronic, magnetic and thermoelectric characterization of thorium 

monopnictides ThPn (Pn= Sb, Bi) in the B1 cubic phase. We exploited PBE and WC 

corrections to GGA and LDA/LSDA exchange-correlation functionals to calculate 

structural properties. While we employed LDA+U and LSDA+U approximations to 

investigate the magnetic properties of the compounds. The structural properties predict 

the stable configuration of the compounds in NaCl B1 phase. The calculated small 

magnetic moments show that the compounds are nonmagnetic in nature as is indicated in 

EBS andDOS which, both for spin up and spin down orientations, are mirror reflection of 
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each other. The zero energy band gaps for both compounds warrant them metallic 

behavior. 

The calculated structural and electronic properties are compared with the 

available experimental and theoretical results while magnetic and thermoelectric 

properties are calculated for the first time. Electrical conductivity σ has maximum value 

of,12.0×10
20𝛀−𝟏𝐦−𝟏𝐬−𝟏at 𝝁 =1.52eV for ThSb and 9.7×10

20 𝛀−𝟏 𝐦−𝟏 𝐬−𝟏 at 𝝁 = 1.5 2 eV 

for ThBi. The power factor has maximum value of ~ 5.6×10
11 

W𝐦−𝟏 𝐊−𝟐 𝐬−𝟏 at 𝝁 = -1.52 

eV for ThSb at temperature 500 K. While the maximum value of power factor for ThBi is 

~5.5 × 10
11

W𝐦−𝟏𝐊−𝟐𝐬−𝟏 for 𝝁=-1.52 eV and T= 500 K. The maximum values of figure 

of merit for ThBi and ThSb are, respectively, 0.14 and 0.18 at T= 500 K and 𝝁= -1.52 

eV. While the maximum values of Seebeck coefficient observed forThSb andThBi, 

respectively, are~75𝝁V/K and~70 𝝁V/K for 𝝁=-1.52 eV and T= 500 K. As such, ThSb 

and ThBi may be promising candidates for potential applications as thermonuclear and 

thermoelectric materials in different devices such as nuclear reactors, electric coolers and 

heat generators. 
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4.2 Effect of pressure and Hubbard potential on the 

electronic and magnetic properties of thorium 

monopnictides ThPn (Pn = N, P, As, Sb, Bi) in 

respect of crystal field splitting, charge transfer and 

spin flipping of magnetic moments 

 
Abstract 

Thorium pnictides, besides their fundamental implications, are potential 

candidates for the emerging clean nuclear energy technology. Hereby, we investigate 

from first-principles the structural, electronic and magnetic properties of thorium 

monopnictides ThPn (Pn = N, P, As, Sb, Bi) subjected to high pressure with the Hubbard 

correction. The total energy is calculated by employing the full-potential linearized 

augmented plane wave plus local orbitals (FP-LAPW + lo) method. The structural 

properties of the compounds subjected to elevated pressure are computed by treating the 

exchange-correlation energy terms in Kohn-Sham equation (KSE) within Perdew-Burke-

Ernzerhof (PBE) corrected generalized gradient approximation (GGA). However, in 

order to investigate the electronic band structure, density of states and spin magnetic 

moments of the monopnictides, we employed Hubbard DFT model (LDA + U) at various 

pressures. In conformation to the earlier studies, the monopnictides show nonmagnetic 

metallic character having small spin magnetic moments. The external pressure plays a 

role in mechanism of charge transfer, crystal field splitting as well as spin flipping of 

magnetic moments. 

 

Keywords: charge transfer; crystal field splitting; spin magnetic moment; spin 

flipping; high pressure; density functional theory; thorium cubic monopnictides 

 

 

4.2.1 Introduction 

 
Thorium is an important member of 5f electrons actinide systems which, besides 

their technological implications as best alternative nuclear fuels (Moore, Marianetti, & 

Lander, 2010), are test beds for the understanding of the chemical and physical role of 5f 

electrons regarding the peculiar properties of actinides compounds. For instance, the 
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degree of localization/delocalization of 5f electrons in actinides compounds dictates 

peculiar magnetic and conducting behavior of the compounds. In particular, binary 

compounds of thorium with closed shell elements such as of pnictogen family ( e.g. N, P, 

As, Sb, Bi), besides their fundamental implications because of unique structure, high 

density, good thermal conductivity, are considered as potential candidates for next 

generation nuclear reactors for clean energy. It is well established that atomic and ionic 

energy levels belonging to 7s, 6d and 5f orbitals of actinides have similar energies 

(A.J.Freeman and D.D Koeling, 1974). As such, the orbitals chemical reactivity may 

strongly alter the properties of actinides compounds. In contrast to 5f orbitals, however, 

owing to their larger spatial size the 6d and 7s states can contribute significantly to the 

chemical bonding. Therefore, it will be interesting to investigate thorium pnictides from 

fundamental as well as technological point of view to better understand the stability of 

the mixed ionic and metallic species and the role of 5f electrons in chemical bonding and 

charge transfer mechanism. Besides, in the case of light actinide metals a charge transfer 

is observed from spd to 5f band subjected to high pressure which in turn causes structural 

phase transition (Vohra & Akella, 1991) . In contrast to the localized behavior of 4f 

electrons of rare-earth compounds, the observed hybridization of 5f electrons in actinides 

systems with the conduction band leads to novel phenomenon like crystal-field splitting 

or Kondo compensation (Coqblin & Schrieffer, 1969). These in turn affect the electronic 

band structure and magnetic properties of the actinides. Therefore, it is worthwhile to 

investigate the structural, electronic and magnetic properties of ThPn subject to high 

pressure so as to better explore the role of 5f electrons in actinides compounds. 

Pressure has been suggested a useful thermodynamic parameter so as to tune the 

electronic structure and hence the electronic and magnetic properties of rare-earth and 

actinides compounds (Benedict, 1995) for various applications. With pressure changes, 

materials undergo crystal-structure transition which may be accompanied by magnetic-

phase transition. In particular, with pressure enhancement the otherwise localized 5f 

electrons start participating bonding with spd electrons to some extent (Moore & van der 

Laan, 2009); a phenomenon called charge transfer. However, the complete 

understanding of pressure induced properties in actinides compounds is debated (Moore 

& van der Laan, 2009) . This has partly motivated high pressure research on actinides 
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compounds, recently. Regarding thorium pnictides ThPn (where Pn belongs to pnictogen 

family), the X-ray diffraction measurements for ThP (Olsen, Gerward, 

Benedict,Luo,etal.,1989),andThAs,ThSb(J.S.O.L.Gerward,U.Benedict,H.Luo.S.Dabos,J.

P.Itie,O.Vogt, 1988a) monopnictides revealed structural phase transition at 30GPa, 

25GPa and 9-12 GPa, respectively. Aid et al. (R. K. A.Aid,A.Bouhemandou,T.Seddik 

and Ali H.Reshak., 2009) have reported structural and elastic properties of thorium 

pnictides and chalcogenides ThX(X=S, Se, P, As, Sb) at high pressure within local 

density approximation (LDA) and GGA methods. They observed the structural transition 

from phase B1-NaCl to B2-CsCl at 25.26 GPa, 20.52GPa, 14.76GPa and 11.73 GPa 

pressures for ThS, ThP, ThAs and ThSb pnictides, respectively. Recently, Kanchana et al. 

(Kanchana et al., 2014) have reported high pressure experimental and theoretical study on 

thorium binary compounds ThX (X=C, N, P, As, Sb, Bi, S, Se, Te). They observed 

structure transition in ThP, ThAs and ThSb at pressure of 26.1 GPa, 22.1GPa and 8.1 

GPa, respectively. For the first-principles calculations they used GGA approximation for 

exchange-correlation energy terms. Recently, thorium pnictides have been investigated 

theoretically to study their structural, elastic, electronic, magnetic and thermoelectric 

properties at ambient conditions using GGA(Amari et al., 2014) , LDA, GGA (I. Shein & 

A. Ivanovskii, 2010) and LDA plus LDA+U and GGA methods (Siddique et al.,2017). 

Main derive behind the high pressure study of actinides binary compounds stems 

from their potential as promising nuclear fuels in the future clean nuclear 

technology(Moore et al.,2010) . Actinides compounds, such as pnictides and 

chalcogenides, have high melting point, high density, high thermal conductivity and 

chemical stability. Therefore, it is imperative to investigate the structural, electronic and 

magnetic properties of materials at high pressure to better understand their behavior in 

nonambient conditions, in particular at high pressure. Owing to complex nature of 

actinides compounds, most of the earlier high pressure experimental studies were focused 

on the structural properties of actinides compounds. However, interest in high- pressure 

theoretical research on actinides compounds has been reinvigorated recently 

(Devi,Pagare, Chouhan, & Sanyal, 2013; Kapoor et al., 2016; Singh, Srivastava, Aynyas, 

& Sanyal,2010; Söderlind, Moore, Landa, Sadigh, & Bradley, 2011). On the other hand, 

owing to lack of suitable DFT functionals, investigation of rare earth and actinides 
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compounds also present formidable challenges to theorists (Devi et al., 2013; 

Mattsson,2016b). 

The prominent delocalization/localization of 5f orbitals complicates the 

theoretical description of actinide compounds (Baaziz et al., 2017). The localization of 5f 

states in actinides metals with large atomic number directly affects the overlapping of 

orbitals and hence the electronic band structure of actinide compounds (Claisse, Klipfel, 

Lindbom, Freyss, & Olsson,2016) . As such, it is difficult to account the exact role of 

strongly-correlated 5f electrons in electronic structure and other physical properties of 

heavy actinides compounds with conventional DFT methods, such as LDA(Kohn & 

Sham, 1965) , GGA (Perdew, 1986) etc. In this respect, DFT+ U method (J.Hubbard, 

1996b) has been implemented as one of the alternatives for rare -earth and actinides 

compounds (Claisse et al., 2016; Devi et al., 2013; Obodo & Chetty, 2013; Peters et al., 

2014) which overcomes some of the deficiencies present in the DFT methods. In 

particular, the Hubbard U potential is introduced to account for the on-site Coulomb 

repulsion of 4f or 5f electrons of rare-earth and actinides compounds. 

The aim of this paper is to investigate the impact of pressure and the Hubbard U 

on the structural, electronic and magnetic properties of monopnictides ThPn (Pn=N, P, 

As, Sb and Bi) within first-principles DFT formalism. In particular, the impact of 

pressure and U will be explored on the charge transfer mechanism, crystal field splitting 

and the flipping of spin magnetic moments. The exchange-correlation terms in Kohn-

Sham equation (KSE) were treated by PBE-GGA (Perdew et al., 1996) method for the 

structural properties. However, LDA+U method was implemented to compute electronic 

properties and spin magnetic moments of the pnictides. According to our knowledge, no 

work has been reported on the structural, electronic and magnetic properties of the 

thorium monopnictides under consideration at high pressure within PBE-GGA and 

LDA+U methods. We have compared the obtained results with those of recent high 

pressure studies on the same thorium pnictides within LDA, GGA(R. K. 

A.Aid,A.Bouhemandou,T.Seddik and Ali H.Reshak., 2009) and GGA approximations  

(Kanchana etal., 2014)and their family partners namely- curium pnictides CmPn (Pn = N, 

P, As, Sb, Bi)(Deviet al., 2013) . Besides, a comparison is also made with properties of 

ThPn carried out under ambient conditions (Amari et al., 2014; I. Shein & A. Ivanovskii, 
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2010; Siddique et al.,2017). 

Although extensive research on structural properties of ThPn (Pn = N, P, As, Sb, 

Bi) has been done in the past, however, there is hardly any work reported on structural 

properties at high pressure within PBE-GGA approximations. Besides, there is lack of 

research on the electronic properties of ThPn with LDA+U method both at ambient 

conditions and high pressure. In particular, no work has been reported on the spin 

magnetic moments of ThPn from the first- principles calculations at high pressure. There 

is also a need to further investigate the charge transfer mechanism owing to overlapping 

of 5f orbitals of Th with spd orbitals of pncitides by varying pressure and the Hubbard U. 

As such, it is worth while to investigate the combined impact of pressure and Hubbard 

potential U on the electronic band structure, density of states, and the spin magnetic 

moments of Th monopnictides. 

This paper is organized as follows. In Section 2, computational detail is briefly 

given. Section 3 presents the results and discussions. In the last, conclusion is described 

in Section 4 with brief summary of findings. 

4.2.2 Theory and Computational Detail 

 
In this study, we have employed FP-APW+lo method within DFT formalism as 

implemented in WIEN2k numerical code (Blaha et al., 2001) to calculate the total energy 

of the system. In this method, the k-space is divided into two regions, the interstitial 

region (IR) and non-overlapping spheres called the muffin tin (MT) spheres with centres 

at the respective atomic sites. Within IR region, the set of basis vectors are supposed to 

be plane waves which are the solutions of free particle Schrodinger’s equation. In 

contrast, within MT spheres the basis set isdescribed by spherical harmonics as the 

solution of radial Schrodinger’s equation. The structures of the compounds were modeled 

on the basis of Fm3m (225) space group within FCC–type crystal structure. In order to 

compute the ground state lattice and structural parameters, the total energy was fitted into 

the following Mornaghan’s equation of state (MES) (Murnaghan,1944), 
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In order to compute structural parameters at various pressure of the order of 10 



61  

i 

GPa, 20 GPa, 30 GPa, 40 GPa, 50 GPa, and 60 GPa, the ground state parameters obtained 

from Eq. (4.2.1) were fitted into the modified form of MES(Tyuterev & Vast, 2006), 

 

                               𝑉𝑃 = 4𝑉𝑜  1 +
𝐵′𝑃

𝐵
 
−1/𝐵′

                                                                (4.2.2) 

where Vp is volume at pressure P, V0 is volume at zero pressure, B is bulk modulus and 

B’its derivative. 

The compounds of ThPn with nitrogen family have NaCl-type (B1-phase) 

structure with following atomic positions of Th and Pn atoms: Th (0,0,0); Pn 

(1/2,1/2,1/2). For the convergence of eigenvalue problems, the wave function in 

interstitial space was expanded by plane wave such that RMTKmax=7, where RMT is the 

minimum radius of atomic sphere and Kmax is the maximum value of the interstitial plane 

wave in the expansion. The k-points selected in the irreducible part of the Brillion Zone 

are 12000. Self consistency is chosen to be converged with total energy of 0.1 mRy. 

 
For calculation of structural properties of these compounds, we employed PBE-

GGA approximations for exchange-correlation energy terms in the KSE given by 
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where the first term in bracket on the l.h.s. of Eq.(4.2.3) is kinetic energy (K.E.) of 

electrons, Vext (r) is the external potential,     
N

i

ri
r 

2

    is the electron density. 

i(r) are Kohn-Sham orbitals, and  I are the corresponding eigenenergies, the 

exchange potential   Vxc(r) is a functional derivative of the exchange-correlation energy 

functional Excn,

 

          V
xc 
rExc (r)

(r)   
 

Thus, the total energy functional is 
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whereT0nis the K.E. of N free electrons, (r) is the Coulomb potential of 

interacting electrons. The only unknown term Exc nin Eq. (4.2.4) can be approximated 

by minimizing the ground state energy of the system. Theoretically, the exact form of Exc 

nmust solve the KSE with exactly the same ground-state energy as obtained by solving 

many-body Schrödinger equation of the system. Therefore, the accurate prediction of the 

exchange-correlation functionals warrants modern DFT with immense success.
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4.2.3 Structural Properties 

 
Fig.4.10 shows the total energy versus unit cell volume plots of the monopnictides 

ThPn (Pn = N, P, As, Sb, Bi) in NaCl B-phase computed at pressure of 60 GPa for 

nonmagnetic (a-e) and magnetic (f) states. The total energy to be fitted into MES was 

computed theoretically from DFT calculations using FP-LAPW + lo method within PBE-

GGA approximation. The stability of the compounds is depicted by the energy minima at 

various volumes of the unit cell for each compound. The corresponding unit cell face-

centred cubic structures of the compounds are shown in Fig.4.12. The variation of lattice 

constants of the compounds with various pressures is shown in Fig.4.11. 

 

(a) (b) 
 

 

(c) (d) 
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(e) (f) 
 

Figure4.10Total energy versus unit cell volumes of ThPn (Pn= N, P, As, Sb, Bi) computed 

at 60 GPa within PBE-GGA approximation in NaCl-B1 phase for: (a-e) non-magnetic state 

and (f) magnetic state. 
 

 

 

 

Figure4.11 Variation of lattice parameters of ThPn compounds with pressure computed with 

PBE-GGA approximation. 

 

 

 

As can be seen, each curve shows a minimum ground state energy where the respective 

compounds are stable both in non-magnetic and magnetic state 
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Figure4.12 The face-centred cubic FCC crystal structure of unit cell for ThPn(Pn=N, 

P, As, Sb and Bi) monopnictides modeled within PBE-GGA method at pressure 60 

GPa. 
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Table4.3 Pressure induced structural properties of ThPn(Pn=N, P, As, Sb and Bi) in B1-NaCl 

phase computed at 60 GPa within PBE-GGA  

 
 

ThPn Lattice constant (A
0
) Volu 

me 

V0 

(A
0
)

3
 

Bulk modulus B (GPa) �′ Energy E0 

(Ry) 

Theory Exp. Theory Exp. 

Exp. Theory 

ThN 5.167 

(Gerwa 

5.183, 
5.11 (Amari 

234.8 

44 

178.217, 

199.47(Amari et 

175(Ger 

ward et 

3.674, 

3.07(Amari

et al.,2014) 

3.07(Amari

et al.,2014) 

 -53182. 

986 

 
rd et et al., 2014)  

al., 2014) al., 
 

 
al., 5.19 (Amari  

179 (Amari et 1985) 
 

 
1985) 

5.160 

et al.,2014) 

5.156(Kanchan 

a et al., 2014) 

 
al., 2014) 

201.7 (Kanchana et 

211(Kancha 

na et al., 

2014) 

 

 (Kanchana   al., 2014)   

 et al.,      

 2014)      

ThP  
5.827(G 
erward 

etal., 

1985) 

5.882, 

5.8(I. 

Shein& 

A.Ivanovsk

ii, 

2010) 

343.3 

86 

108.137, 

136(Kanchana

et al., 2014) 
107.4(I. Shein & 

A. Ivanovskii, 

2010) 

 

125(Ger 
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etal.,19

85) 
137(Olsen, 

Gerward, 

3.4051, 

3.37 

(Amari 

etal., 

2014) 

3.26(Amari 

etal., 2014) 

5.1(Olse 

n,Gerward
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Luo, et 

al.,1989) 

-53757. 
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  5.78(Amari  131.42 (Amari Benedict,    

  et al.,2014) 

5.85, (Amariet 

 
et al., 2014) 

123.56 (Amari 

Luo, et 

al.,1989) 

   

  al., 2014)  
et al., 
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    k and Ali H.Reshak.,     
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L.Gerward, 

6.0349, 
6.014(I. 

Shein& A. 

Ivanovskii, 
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01 

99.267, 

119(Kanchana
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119.73[(Amari

et al.,2014) 

104.11 

(Amariet 

al.,2014) 
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etal.,2014)3
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 bos,J.P.Itie,
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 e,O.Vogt,

1988b) 

6.01(Amari

et al., 2014) 

5.930,(R. K. 

A.Aid, 

A.Bouhema 

ndou,T.Sed 

dik and Ali 

H.Reshak., 

2009) 

6.019 (R. K. 
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 A.Aid,  
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ThBi 6.49 6.514, 466.3 73.165, 88.28  3.802,  -96236. 
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The computed high pressure structural parameters of the compounds are 

presented in Table 4.3. The comparison is also extended with earlier theoretical and 

experimental study of thorium and curium pnictides carried out at ambient and high 
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pressure conditions with X-ray diffraction and various DFT methods mentioned in 

bracket. Our computed results with PBE-GGA method are presented without reference 

and bracket. As can be seen from Table 4.3, for ThN our computed lattice constant is 

consistent with the earlier value in Ref. (Amari et al., 2014) employing the same PBE-

GGA method but at ambient conditions, while it is overestimated in contrast to 

experimental values in Refs. (Gerward et al., 1985; Kanchana et al., 2014). Similarly, 

calculated value of bulk modulus for ThN is close to that in Ref.(Amari et al., 2014). Our 

computed results for ThN, ThP, ThS, ThAs and ThBi monopnictides have been 

compared with other results as given in Table 4.3. As can be seen, pressure has altered 

the size of the constituent species to different degrees in each compound. 

4.2.4 Electronic Properties 

 
In order to compute the electronic properties of ThPn (Pn = N, P, As, Sb and Bi) 

compounds, we implemented the Hubbard corrected DFT method LDA+U, where we 

selected U= 7 eV with J = 0.0 eV. The selection of U value is based on the maximum 

values of the corresponding spin magnetic moments. The conventional LDA and GGA 

approximations have bias towards bonding character of highly correlated electrons such 

as 4f and 5f electrons of lanthanides and actinides, which justifies our choice of using 

LDA+ U method to compute the electronic structure of the compounds. The Hubbard 

potential U is introduced to better accounts the onsite Coulomb interactions of 5f 

electrons of Th atoms. The LDA+U method incorporates an orbitally free potential U for 

the chosen set of 5f electron states of Th actinide. The added potential is analogous to 

Hartree–Fock atomic potential containing screened Coulomb and exchange interaction 

parameters (Reim, Schoenes, & Vogt, 1984). 

The conventional KS DFT method based on LDA and GGA approximation posits 

only non-interacting electrons and thus underestimates the electronic properties. For 

example, standard DFT fails to predict correct occupation number, charge densities and 

hence insulating ground state under pressure for strongly correlated quantum systems. 

The LDA+U model efficiently accounts for the on-site Coulomb correlations (J.Hubbard, 

1996b) and hence accurately describes the electronic and magnetic properties of strongly 

correlated systems.Our selected value of U parameter reproduced the calculated 
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properties close to the experimental values. 

The electronic band structures (EBS) and partial density of states (PDOS) of the 

compounds were computed at various values of pressure both for minority and majority 

spin channels. However, only plots of EBS and PDOS at 60 GPa have been shown. The 

Fermi level is set at 0.0 eV. The computed EBS and PDOS both for spin up and spin 

down channels using LDA+U method are shown in Figs. (4.13-4.16). As the plots of EBS 

showed identical trend for each compound for both spin states, i.e., majority spin (spin 

up) and minority spin (spin down), we have included plots of EBS only for ThN and ThP. 

The Fermi level is set at 0 eV. In general, there is an overlapping between the valance and 

conduction energy bands for both spin channels, which confirms the metallic nature of 

the monopnictides. This agrees with the earlier studies conducted on thorium pnictides at 

ambient conditions with GGA by Shein et al. (I. Shein & A.Ivanovskii, 2010), and with 

GGA+U and LDA+U methods (Siddique et al., 2017) . However, this is in contrast to the 

high pressure study of same pnictides of curium which revealed intermetallic nature as 

investigated by Devi et al. with LDA+U scheme (Devi et al., 2013) . Our prediction of 

metallic nature of compounds with LDA + U approach is also consistent with earlier 

study of thorium pnictides with GGA method by Kanchana et al.(Kanchana et al., 2014) , 

carried out with GGA and LDA conducted by Amari et al. (Amari et al., 2014), of curium 

pnictides conducted by Baaziz et al. using LSDA and GGA method (Baaziz et al., 2017), 

and of curium pnictides conducted by Roondhe et al. with PBE and PW method 

(Roondhe et al., 2017). 

More specifically, the lowest valence energy band (say VB1) of ThN lies between 

-22 eV and -14eV as can be seen from PDOS of ThN shown in Fig. 4.14. The next 

valance band (VB2), which is also visible in Fig.4.14, extends from -14eV to -11.5eV. 

The third valence band (VB3) spans between -5eV and the Fermi level (𝐸𝐹) at 0 eV. The 

conduction band (CB) lies above the 𝐸𝐹. 
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Figure4.13 Energy band structures for both up and down spin states for ThN (a,b), and 

ThP (c,d) calculated at pressure of 60 GPa with LDA+U method. 
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Regarding the role of 5f electrons in bonding, our results on partial density of states show 

that Th 5f electrons are delocalized and show considerable overlapping with spd states of 

pnictogen anions Pn (N, P, As, Sb, Bi) in agreement with earlier studies (Amari et al., 2014; 

Devi et al., 2013; Gerward et al., 1985; Kanchana et al., 2014; I. Shein & A. Ivanovskii, 2010). 

In particular, this is the case with ThN and ThP pnitides as described below. However, this is at 

variance with the results on CmPn (Pn=N, P, As, Sb, Bi) in which 5f electrons are highly 

localized and drastically change their location across 𝐸𝐹 with change in spin mode (Devi et 

al.,2013). 

With regard to ThN, interestingly, the VB1 band stems from contribution of N (s+p) 

states and Th (p+f) states, the VB2 band mainly from N s states and Th (p+f) states. From this we 

conclude that the enhancement of bonding ability of Th f electrons with N (s,p) states comes at 

the expense of external pressure. Almost similar bonding trend can be observed in ThP pnictide. 

This confirms the charge transfer mechanism found in actinide compounds at high pressure. The 

main contribution to density of sates at 𝐸𝐹 comes from N p states. More interestingly, in ThN the 

contribution in the VB1 band comes from Th f states for the up spin while from Th p states for 

the down spin polarized channel. In the case of ThP, contribution of Th in the VB1 band for both 

spin states is from p states. Whereas Th contribution in the CB above the 𝐸𝐹 level comes from f 

states for up spin and from D-eg states for down spin. The crystal field splitting of Th d- orbitals 

into D-eg and D-t2g states can also be observed for other compounds. 

However, there is some difference of degree of delocalization of 5f electrons, strength 

and type of d-orbitals splitting, and degree of asymmetry of PDOS for minority and majority spin 

channels. For instance, in Fig.4.15 (b), instead of moderate Th d-orbitals splitting for ThN, ThP, 

and ThSb there is even larger splitting of As d-orbitals into d-t2g states for ThAs and ThBi  

which contribute differently to the valence and conduction bands in spin down state. The same 

can also affect the magnetic properties of the compounds in different manner. 

From the above discussion of electronic properties, we can conclude that pressure mainly 

enhanced hybridization of spdf states by pushing pnictogen p states or d states (d-eg) upwards to 

the conduction band while pushing downwards the actinides d and f states from the conduction 

band. This enhanced hybridization in turn results in the charge transfer between the 

corresponding states of pnictogen anions and thorium cation. In other words, pressure enhanced 
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the metallic character of the pnictides by increasing delocalization of the respective states, 

especially the Th 5f states which is consistent with earlier study (Modak & Verma, 2016) . The 

Hubbard potential U has also changed the electronic and magnetic properties of the compounds. 

The charge transfer through splitting of Th d states into d-eg and d-t2g is prominent in ThAs. 

Besides, charge transfer can also be observed from partial density of states of ThN, ThAs and 

ThP showing a considerable delocalization of Th 5f orbitals. In contrast, we observed a 

considerable change in energy band structure and density of states after carbon doping into ThN 

(Siddique, Rahman, Iqbal, & Azam, 2019). 

 

 

 

 
Figure4.14 Variation of partial density of states (PDOS) of ThN with energy 

 

 

The Fermi energy level is set at 0 eV. Peaks above the Fermi level are for spin up channel 

while those below the Femi level are for spin down channel. As can be seen Th 5f orbitals show 

a considerable delocalized features, that is, they fall below the Fermi level around -22 eV and -14 

eV for majority spin channel as well as above the Fermilevel. 
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( b ) 

 
Figure4.15 Variation of PDOS with energy for the compounds: (a) ThP, and (b) ThAs. 
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A clear splitting of d-orbitals into D-eg and D-t2g orbitals is present in ThAs, which 

contributes in charge transfer mechanism besides 5f orbitals which show core like 

behavior far below the Fermi level 

 

 
(a) 

 

 

 
(b) 

 
Figure4.16 Variation of PDOS with energy for: (a) ThSb, (b) ThBi 

In contrast to its counterparts, in ThBi there is a large contribution of Th 5f electrons with the 

states at the Fermi level at 0 eV 
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4.2.5 Magnetic Moments 

 
For the computation of spin magnetic moment, we have implemented LSDA and 

LDA+U methods at various pressures. The choice of exchange-correlation functionals (e. 

g., LSDA or GGA) affects considerably the predictability of DFT approach. We preferred 

LSDA and LDA + U methods to compute spin magnetic moments of the monopnictides 

as their predictions on actinide pnictides are in good agreement with experimental data 

than that with GGA or GGA+ U method. Regarding the magnetic nature of thorium 

pnictides, most of them are paramagnetic in nature (Ohmichi & Arai, 2002). 

The spin magnetic moments of diamagnetic materials is essentially zero, for the 

spins of the paired electrons get cancelled owing to opposite polarity. However, 

paramagnetic materials have nonzero but small spin magnetic moment arising from the 

unpaired electrons. However, in contrast to large magnetic moment of ferromagnetic 

materials both diamagnetic and paramagnetic materials are called nonmagnetic. Hill 

theory (H.H.Hill, 1970), posits that the degree of f electrons overlapping with adjacent 

atoms dictates superconducting or magnetic character of a material. It implies that 

materials with large f orbitals distance from f orbitals of nearby atoms are magnetic in 

nature while opposite is true for superconducting materials. This criteria, however, 

usually fails in case of actinide compounds, such as chalcogenides and pnictides, owing 

to delocalization or hybridization of 5f electrons with pdf states to form bands like 

structure, as is the case in current study. 

The smallness of spin magnetic moments shows nonmagnetic character of the 

pnictides, in agreement with earlier reported results of ThSb and ThBi by LDA+U 

method (Siddique et al.,2017). This however, is in contrast to spin magnetic moments of 

ThN doped with carbon with PBE-GGA potential (Siddique et al., 2019). We can also 

predict nonmagnetic character of the materials from small asymmetry of density of states 

obtained for majority and minority spin channels. To our knowledge, spin magnetic 

moments of these compounds subjected to elevated pressure with LDA+U method have 

been not investigated in the past from first-principles calculations. The smallness of spin 

magnetic moment observed in these compounds is attributed,to the
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 absence of any permanent magnetic structures in the compounds like other light actinides 

up to Np(Kassan-Ogly, Korolev, Ustinov, Zuev, & Arkhipov, 2013) . The computed spin 

magnetic moments for ThPn (Pn=N,P,As,Sb,Bi) monopnictides are presented in Table 

4.4 at various pressures 10 GPa,20GPa,30GPa,40GPa,50GPa, and 60 GPa with LSDA 

and LDA+U (U=7eV) methods. 

The spin magnetic moments is defined by 

S
m

e
ms 2


         (4.2.5) 

The negative sign arises if spin 𝑺 angular momentum and magnetic moment of 

particles are antiparallel (Brown et al., 2000) . Therefore, the observed flipping of spin 

magnetic moments as shown in Table 4.4 arise from the alteration of spin orientations of 

electrons with change in pressure. This is in agreement with the fact that forces can flip 

the direction of the spin of electrons, thus changing its components but not its magnitude 

(Martin & Shaw, 2017) . For such systems, it is a good approximation to assume that 

square of total orbital angular momentum 𝐿2and total spin angular momentum 𝑆2are 

conserved. As can be seen, there is irregular change in spin magnetic moments with 

external pressure without and with Hubbard parameter. However, in general value of 

magnetic moment decreases with increase in external pressure owing to crystal-field 

splitting or screening effect (Korotin, Anisimov, & Streltsov,2016). 

 

 
Table4.4 Dependence of spin magnetic moments 𝝁𝑩(in Bohr magneton) of mixed 

charge density of ThPn (Pn=N,P,As, Sb, Bi) monopnictides on pressure and 

Hubbard parameter U 
 

 

 

   ThN compound 

Sr.No Pressure (GPa ) Spin magnetic moment in cell (U=7eV) 

LSDA LDA+U 

1 10 0.0004 0.0013 

2 20 0.0005 0.0016 

3 30 0.0018 0.0015 

4 40 -0.0000 0.0012 

5 50 0.0000 -0.0000 

6 60 -0.0001 0.0002 

ThP compound 
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1 10 -0.0525 0.0001 

2 20 -0.0002 0.0005 

3 30 -0.0303 0.0011 

4 40 -0.0003 0.0003 

5 50 -0.0124 -0.0002 

6 60 0.0034 -0.0001 

ThAs compound 

1 10 0.0016 0.0043 

2 20 0.0005 0.0014 

3 30 -0.0097 0.0006 

4 40 0.0024 -0.0006 

5 50 -0.0001 -0.0008 

6 60 -0.0001 -0.0247 

ThSb compound 

1 10 0.0013 -0.0000 

2 20 0.0006 0.0001 

3 30 0.0018 -0.0086 

4 40 0.0207 0.0032 

5 50 0.0044 -0.0003 

6 60 0.0000 0.0000 

ThBi compound 

1 10 0.0004 0.0009 

2 20 -0.0008 0.0006 

3 30 -0.0020 0.0009 

4 40 -0.0042 -0.0007 

5 50 -0.0001 -0.0108 

6 60 -0.0001 -0.0008 
 

 

 

 

 

4.2.6 Conclusion 

 
We have presented a comparative analysis of first-principles calculations for 

structural, electronic and magnetic properties of thorium monopnictides ThPn (X= N, P, 

As, Sb and Bi) in NaCl-B1 phase structures subjected to high pressure. Total energy was 

computed by FP-APW method within density functional theory procedure. For the 

calculation of the structural properties at 60 GPa, we have employed PBE-GGA 

functional for the exchange-correlation interaction energy terms in KSE. On the other 

hand, we exploited LSDA exchange-correlation functional and LDA + U method to 

investigate the electronic and magnetic properties of the compounds at high pressure 
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values.The overlapping of valence and conduction bands at the Fermi level revealed the 

metallic nature of the monopnictides. Besides, the nonmagnetic nature of the compounds 

is observed from spectra of density of states showing small asymmetric pattern between 

minority and majority spin channels. The maximum calculated values of spin magnetic 

moments for ThN, ThP ,ThAS ,ThSb and with LSDA method in Bohr magneton are 

1.8×10
−3

(at30GPa),5.2×10
−2

(at10GPa),9.7×10
−3

(at30GPa)and2.7×10
−2

(at40GPa),respectively.While 

the maximum value of spin magnetic moment of ThBi 1.08×10
−3

(60GPa) with LDA+U 

method. Interestingly, the external pressure randomly flipped the sign of spin magnetic 

moments from positive to negative and vice versa which is expected to originate from the 

flipping of the spin orientations of electrons with respect to the direction of their spin 

angular momentum. Charge transfer mechanism owing to interaction of Th 5f orbitals 

with spd orbitals of pnictogens Pn is also revealed. The elevated pressure also causes 

crystal field splitting of d orbitals of Th and Pn which enhances considerably the charge 

transfer mechanism in some cases. 

 

 

4.3 A first-principles theoretical investigation of the 

structural, electronic and magnetic properties of cubic 

thorium carbonitrides ThCxN(1-x) 

Abstract 

Besides promising implications as fertile nuclear materials, thorium carbonitrides 

are of great interest owing to their peculiar physical and chemical properties, such as high 

density, high melting point, good thermal conductivity. In this paper, we report first-

principles simulation results on the structural, electronic and magnetic properties of cubic 

thorium carbonitrides ThCxN(1-x) (X=0.03125, 0.0625, 0.09375, 0.125, 0.15625) 

employing formalism of density- functional-theory. For the simulation of physical 

properties, we incorporated full-potential linearized augmented plane-wave (FPLAPW) 

method while the exchange-correlation potential terms in Kohn-Sham Equation (KSE) 

are treated within Generalized-Gradient-Approximation (GGA) in conjunction with 

Perdew-Bruke-Ernzerhof (PBE) correction. The structural parameters are calculated by 
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fitting total energy into the Murnaghan’s equation of state. The lattice constants, bulk 

moduli, total energy, electronic band structure and spin magnetic moments of the 

compounds show dependence on the C/N concentration ratio. The electronic and 

magnetic properties have revealed non-magnetic but metallic character of the compounds. 

The main contribution to density of states at the Fermi level stems from the comparable 

spectral intensity of Th (6d+5f) and (C+N) 2p states. In comparison with spin magnetic 

moments of ThSb and ThBi calculated with LDA+U approach, we observed an 

enhancement in the spin magnetic moments after carbon-doping into ThN monopnictide. 

Key words: thorium carbonitrides; spin magnetic moment; actinides carbonitrides; 

density- functional theory 

4.3.1 Introduction 

 
Carbon bearing materials are of great interest owing to their potential applications 

(see e.g., (Abram & Ion, 2008; Brooks & Kelly, 1983), and references there in). 

Actinides carbides and nitrides, mainly of thorium and uranium, have many technological 

advantages over actinides oxides besides their potential as efficient nuclear energy fuels 

for fourth generation nuclear power reactors (Abram & Ion, 2008; Brooks & Kelly, 1983) 

. The carbides and nitrides of actinides have also attracted considerable attention owing to 

their peculiar electrical, thermal, structural, electronics and magnetic properties(S. A. 

A.B.Auskern, 1967; S. A. A.B.Auskern,J.Sadofsky. and F.J.Salzano,, 1965; Aronson & 

Auskern, 1968; Auskern & Aronson, 1967b; Brooks & Kelly, 1983; J.Piper, 1964; 

Ramond Atta-Fynn and Asok K.Ray, 2009; Shein et al.,2006) . Apart from the actinides 

carbides and nitrides, metal carbonitrides (CNs), especially CNs of the d-transition 

metals, MCxNy (x + y < 1), have attracted much attention. The main motivation lies in the 

hardness, high melting point, good wear resistance, and chemical stability of CNs which 

play essential role in technological applications (Lengauer, 2000). In particular, having 

many properties in common with actinides carbides and nitrides, the CNs of thorium and 

uranium are neutron rich candidates for the emerging safe nuclear technology in contrast 

to the conventional fertile materials. Physically, thorium and uranium CNs are metallic 

conductors with NaCl-type cubic structure and can be described as solid solutions of 

thorium and uranium mononitrides and monocarbides, ThC(1-x)Nx and UC(1-x)Nx (Street & 
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Waters, 1963). The phases of ternary carbonitride Th-C-N mark number of differences 

from d-metals CNs of the Group IV. Thorium CNs may undergo two structural phases in 

theTh–C–N system (Kleykamp,1992). 

        Although, the relationship between chemical composition, physics /chemical 

properties, and the electronic structure for d-metals CNs are well investigated(Abram & 

Ion, 2008; L. Calmels,Mirguet, & Kihn, 2006; Gubanov et al., 2005; Jhi et al., 1999; 

Kieffer et al., 1975; Klein, 1999; Kolb & Hart, 2005; Richter et al., 1996; S.H.Jhi and 

J.Ihm, 1997; Q. Yang et al., 2000; Zaoui etal., 2005) , however, research is scarce on the 

side of f-metals CNs, specifically that of thorium carbonitrides (ThCN). Partly this is due 

to the complex electronic structure and radioactive nature of the actinides which pose 

experimental challenges. 

The ThCN can be prepared from different reagents by the process of cold or heat 

pressing or by heating the mixture of the species in vacuum. The solid solution of ThC 

and ThN, symbolically represented by Th(C,N) or ThCxN(1-x) or ThC(1-x)Nx can be 

prepared from mixtures of ThC and ThN, ThN and C, or from ThN, Th and C (a. S. A. 

A.B. Auskern, ,, 1970; Kleykamp,1992). The carbon-doped ThC1-xNx compounds can 

also be prepared by carbothermic reaction of graphite with ThN (Ozaki et al., 1973). 

Another method of ThCN preparation is by heating powder mixtures of ThN, Th metal 

and carbon in vacuo (Aronson & Auskern, 1968). Apart from the cubic ThCxN(1-x), two 

other phases of ThCN were also observed, namely– the low- temperature α-phase (α-

ThCN) and the high-temperature hexagonal β-phase (β-ThCN) with α–β transition 

temperature of 1125 K(Kleykamp, 1992) . Ozaki et al.(Ozaki et al., 1973) confirmed, 

through X-ray diffraction, the formation of ThCxN1-x as the main product made out from 

carbothermic reaction of thorium mono-nitride with graphite. A review work on the 

electromagnetic, thermochemical and transport properties of ThC(1-x)Nx was presented in 

(Kleykamp, 1992). Auskern and Aronson (a. S. A. A.B. Auskern, ,, 1970) investigated 

electrical properties of thorium carbonitrides experimentally by chemical analysis 

method. 

On theoretical side, work on ThCN is very limited. Shein et al. (Shein et al., 2007) 

presented electronic structure and stability of thorium carbonitrides by the density 
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functional theory (DFT). Shein et al.(Shein & Ivanovskii, 2008) also extended the 

investigation of thorium compounds with non-metals for electronic structure, chemical 

bonding and physico chemical properties by employing density-functional theory. Daroca 

et al.(Daroca et al., 2016) conducted  a first-principle study of thorium nitride for point 

defects. 

In this work we report the ab initio investigations of the electronic structure of the 

thorium carbonitrides (ThCxN1-x) and analyze the changes in the electronic and magnetic 

 properties depending on the change in chemical composition in view of C/N ratio. The 

carbonitride fuel is considered as the most promising for the fast reactors due to some 

advantages (e.g., higher thermal properties and neutron energy neutron spectrum) with 

oxide and metal fuels. Among actinide metals thorium is often used as the Pu–Th and U–

Th mixtures (Shein et al.,2007) . Thorium-232 has attracted attention as on the earth it is 

much more abundant than uranium-233 and is far cheaper to make clean nuclear energy 

than with in contrast to uranium. Thorium has a very long half-life of 14 billion years and 

if it is bombarded with neutrons, it goes through a series of nuclear changes and finally 

transforms to uranium-233. Main motivation of the current work derives from the fact 

that despite their potential fundamental and technological implications, limited work on 

thorium carbonitries has been published so far. According to our knowledge, so far no 

work has been reported on structural, electronic, and magnetic properties of thorium 

arbonitrides with chemical formula ThCxN(1-x) at low carbon doping of various 

concentration, X = 0.03125, 0.0625, 0.09375, 0.125, 0.15625. The motivation of low concentration of 

carbon doping in the ThCN in contrast to the earlier studies is to conform to the spirit of 

practical doping. In particular, hardly any detailed theoretical study on electronic and 

magnetic properties of ThCxN1-x was presented in the past, except with few exceptions 

such as in Ref. (Shein et al.,2007). On the other hand, with exception of some earlier 

studies (a. S. A. A.B. Auskern, ,, 1970; J.Piper, 1964; Lengauer, 2000; Ozaki et al., 

1973), the complex nature of the compounds also hampered the experimental formation 

and analysis of the compounds; particularly, no experimental work has been published on 

the energy band structure and spin magnetic moments of ThCN. Nowadays, it is more 

convenient to design and investigate such compounds theoretically employing the many-

body quantum computational methods such as DFT. Therefore, it is worth while to 
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investigate theoretically the impact of carbon doping concentration on the structural, 

electronic and magnetic properties of thorium carbonitrides. In particularly, we are 

interested to investigate the structural stability and variation in metallic and magnetic 

character of the compounds with carbon doping. The physical properties we have 

computed are the optimized lattice constants (a
o
), volume (v

o
), ground state energy, bulk 

modulus (B), bond lengths, energy band structure, total and partial density of states, and 

spin magnetic moments. 

This paper is arranged as follows. In Section 2, we have described the 

computational details. Section 3 presents results and discussion. At the end, conclusion is 

given in Section4. 

4.3.2 Materials and Computational Methodology 

 
For the target compounds, we doped carbon atoms from the elements of IV group 

of periodic table into ThN compound according to the generic chemical formula ThCxN(1-

x) (X= 0.03125, 0.0625,0.09375,0.125,0.15625). For the first-principles DFT calculations, the cubic 

crystal structures of the doped ThCN compounds are designed with space group Fm3m 

(225). The compounds are investigated in B1-phase with NaCl-type structure under 

ambient conditions of temperature and pressure. The atomic positions of the atoms in 

ThN are, Th (0,0,0) and N(0.5,0.5,0.5), while in the doped compounds only nitrogen 

atoms are replaced with doped carbon atoms without any change of atomic positions. The 

supercell structural models of ThCxN(1-x) compounds are designed by FPLAPW method 

as implemented in WIEN2k package (Blaha et al., 2001) employing the first-principles 

DFT(Pierre Hohenberg & Walter Kohn, 1964; Kohn & Sham,1965) approach. Total 

energy is calculated by treating the exchange-correlation potential terms in KSE within 

Perdew-Bruke-Ernzerhof Generalized-Gradient-Approximation (PBE-GGA) (Perdew et 

al., 1996) both for spin-up and spin-down polarization modes. Kohn-Sham equation is 

given by, 
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i 

where the first term in bracket on the l.h.s. of Eq.(4.3.1) is K.E. ofelectrons,    
N

i

ri
r 

2

  

i 

is the electron charge density, i (r) are Kohn-Sham orbitals, I are the corresponding eigen 

energies and Vext (r) is the external or back ground potential due to positively charged 

nuclei. The exechange potential Vxc (r) is a functional derivative of the exchange-

correlation energy functional Exc n, 
 

 
V
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(4.3.2) 

As such Vxc (r) is a unique functional of (r) . Thus, the total energy functional is given by, 
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where T0nis the K.E of electrons with density of N free electrons ,(r) is the coulomb 

potential of interacting electrons. Each term in Eq. (4.3.3) is known exactly except the exchange- 

correlation Exc nwhich can be approximated by minimizing the ground-state energy of

 the system. The determination of ground-state energy in a fixed external potential is a 

main concern of researchers to study many-body problems in condensed matter physics 

and computational chemistry (Su & Xu, 2017) . Theoretically, the exact form of Exc 

nmust solve the KSE with exactly the same ground-state energy as obtained by solving 

many-body Schrödinger equation of the system. Therefore, the accurate prediction of the 

exchange- correlation functionals warrants modern DFT with immense success. However, 

any failure to obtain accurate results from DFT, that usually happens, by no means is the 

actual failure of DFT, rather it may be attributed to the wrong prediction of the 

functionals used in DFT (M.Levy,2010 Aug 31-Sep  5,). The most commonly used 

approximations of Exc nfor electron correlations are local-spin-density approximation 

(LSDA) and GGA. 

 
The k-points mesh of 100 for ThC0.03125N0.96875 compounds was chosen for 

integration in the irreducible Brillouin zone for the convergence of energy. The chosen k-

points mesh for other compounds was 50. We used RMT × Kmax = 7, where RMT is 
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minimum of the atomic sphere radii and Kmax is the maximum value of the interstitial 

plane wave vector in the expansion. The lattice parameters can be calculated by fitting 

total energy into the Murnaghan’s equation of state (Murnaghan, 1944), 
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To obtain the structural optimization, the computation is carried out by using the 

lattice constants from experimental data of ThN compound. The B1-phase cubic crystals 

of the doped compounds of thorium nitrides are modeled with carbon doping percentage 

of 3.125%, 6.25%, 9.375%, 12.5% and 15.625%. This corresponds to the replacement of 

1,2,3,4 and 5 numbers of nitrogen atoms with carbon atoms, respectively. For 32 atoms 

of N present in supercell of ThCxN(1-x) (X=0.03125, 0.0625, 0.09375, 0.125,0.15625) there are 64 atom 

of ThN (Th = 32, N = 32 ). 
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4.3.3 Structural Properties 

 
Figure4.17 shows the designed supercell for the crystal structures of thorium 

carbonitrides: (a) ThC0.03125N0.9687, (b) ThC0.0625N0.9375, (c) ThC0.09375N0.9062, (d) 

ThC0.125N0.875, (e) ThC0.15625N0.8437. The doping concentration of C atoms in each crystal is, 

respectively, 1,2,3,4,5. The computed optimized structural parameters are presented in Table 4.5, 

which show a considerable change subject to doping concentration. As shown in Table4.5, the 

calculated lattice parameters of ThCxN(1-x) carbonitrides are overestimated to a factor about 2 to 

that of experimental values of ThN and ThC (Gerward et al., 1985; Kanchana et al., 2014; 

Kleykamp,1992; Olsen, Gerward, Benedict, Luo, et al., 1989) and theoretical values calculated 

with various DFT functionals(Amari et al., 2014; Daroca, Jaroszewicz, Llois, & Mosca, 2013; 

Daroca et al.,2016; Kanchana et al., 2014; Olsen, Gerward, Benedict, Luo, et al., 1989) . The 

same overestimation is also noted in contrast to earlier experimental studies on ThCN but with 

different N/C concentration (a. S. A. A.B. Auskern, ,,1970; Aronson & Auskern, 1968) . 

However, the increase in overestimation of lattice constants of ThCxN(1-x) with increasing doping 

concentration of C atoms is consistent with earlier theoretical study of ThC(1-x)Nx (X=0.25,0.5,0.75) 

(Shein et al., 2007). We observe a systematic increase in the crystal-cell volume but a decrease in 

bulk modulus and total energy with increasing doping ratio C/N. The results follow the 

Mornaghan’s equation of state given in Eq. (4.3.4). The computed bulk moduli are 

underestimated in contrast to ThN with respect to theory and experiment (Amari et al., 2014; 

Kanchana et al., 2014; Olsen, Gerward, Benedict, Luo, et al.,1989). 

The computed bonds lengths between atomic species of ThCN compounds are 

shown in Table 4.6. Th-Th bond length for each phase is underestimated a little in 

contrast to that of ThC0.5N0.5 studied in (Shein et al., 2007). The underestimation stems 

from the lower concentration of carbon doping in our case. Similarly, Th-N bond length 

is underestimated to a little value, except with a surprising about double overestimation 

for the phase ThC0.09375 N0.90625. Similarly, Th-C bond length is also overestimated for the 

phases ThC0.03125N0.96875 and ThC0.15625 N0.84375. The origin of overestimation may stem 

from the change in interaction nature of the interspecies’ orbitals with modification in 

C/N concentration ratio in the phase ThC0.09375 N0.90625 as compared to its counterparts. 

The small sized blue and gray atoms are for C and N respectively, while the large brown 

atoms represent Th atoms. 
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Table4.5 Structural properties of doped thorium carbonitrides ThCxN(1-x) 

 

 

 

Sr. 

No 

Phase of 

ThCxN(1-x) 

Lattice 

Parameters 

𝑎𝑜(A
0
) 

V0 

 
 

(A
0
)
3
 

 
B (GPa) 

 
Energy (Ry) 

1. ThC0.03125N0.96875 10.363 7510.284 173.564 -1701822.034 

2. ThC0.0625N0.9375 10.375 7536.883 171.226 -1701788.540 

3. ThC0.09375N0.90625 10.388 7564.754 168.701 -1701755.046 

4. ThC0.125N0.875 10.399 7589.751 165.895 -1701721.551 

5. ThC0.15625N0.84375 10.413 7619.988 164.282 -1701688.065 

 

 

Table4.6 Bond length (in Angstrom Å) calculations for ThCxN(1-x) 

 

Phase N-C Th-Th N-N Th-C Th-N 

ThC0.03125N0.96875 6.34601 3.66387 3.66387 3.66387 2.59075 

ThC0.0625 N0.9375 3.66818 3.66818 3.66818 2.59379 2.59379 

ThC0.09375 

N0.90625 

3.67267 3.67267 3.67267 2.59697 4.49809 

ThC0.125 N0.875 6.36830 3.67674 3.67674 4.50307 2.59985 

ThC0.15625 

N0.84375 

3.68162 3.68162 3.68162 2.60330 2.60330 
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(a) (b) 
 

(c) (d) 

(e) 

Figure4.17 (Color Online) The Fcc NaCl-type crystal structures of thorium carbonitrides: 

(a) ThC0.03125N0.96875 (b) ThC0.0625N0.9375 (c) ThC0.09375N0.90625 (d) ThC0.125N0.875 (e) 

ThC0.15625N0.8437. 
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4.3.4 Electronic Properties 

 
Electronic interactions in solids play a vital role in the formation of continuous 

energy bands, in contrast to discrete energy levels in atoms. The energy bands structure is 

derived from the overlapping of various atomic orbitlas which can be investigated from 

partial density of states (PDOS) and total density of states (TDOS). For the study of 

electronic properties, we have employed LSDA approximation both for spin up and down 

polarization states. 

Comparative energy band spectra of the five samples of thorium 

monocarbonitrides ThCxN(1-x) (X= 0.03125, 0.0625, 0.09375, 0.125, 0.15625) are shown in Fig.4.18. As 

we can observe, all compounds have identical energy bands for both up and down spin 

polarization, except with change in shape of energy band formed by C orbitals with 

change in doping concentration. 

First valence band (VB) from -14 eV to -12.4 eV arises mainly from N 2s states. 

For example, in the case of ThC0.03125N0.96875, a thick VB from -14 to -12.4 eV (Fig.4.18a) 

stems mainly from the occupied N 2s orbitals. This can also be confirmed from spectral 

intensity of N 2s states from PDOS (Fig.4.19b). The next thin atomic-like VB at -9.4 eV 

is formed from C 2s orbitals. However, with increase in C doping concentration, from 

one atom to five atoms in supercell of ThCxN(1-x), the atomic-like C 2s orbitals transforms 

gradually into band-like structure as we move from Fig.4.18(a) to Fig.4.18(e). A wider 

VB from -5.6 eV to the Fermi level EF at 0 eV is formed mainly from the hybridization of 

N and C 2p states with a minute contribution from Th 6d states. The conduction band 

(CB) above EF results mainly from overlapping of Th unoccupied 5f states with some 

contribution of Th 6d states and (C+N) 2p states. This can also be observed from the total 

and partial density of states for ThC0.03125N0.96875 as shown in Fig.4.19. Thick overlapping 

of VB and CB below and above the Fermi level shows that thorium carbonitrides are 

good conductors which is consistent with earlier study on ThCN with various species 

composition (a. S. A. A.B. Auskern,1970; Aronson & Auskern, 1968; Kleykamp, 1992; 

Shein et al., 2007). From this we can conclude that the main contribution to density of 

states N(EF) at EF comes from the comparable contribution of Th (6d+5f), (C+N) 2p 
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states. This is in agreement with a similar study carried out for the cubic ThC0.5N0.5 

(Shein et al.,2007)and for the isoelectronic d-metals carbonitrides of GroupIV 

(Gubanovetal.,2005). However, our results differ largely from 5f metal nitrides and 

carbides where main contribution to N(EF) comes from 5f states (Gubanov et al., 2005; 

Hasegawa & Yamagami, 1990; T.Maehira,1998). Besides, our results are also at variance 

to large extent with that of ThC(Sheinet al., 2006) , where main contribution to N(EF) 

comes from C 2p states with little contribution from Th (6d+5f) states. Electronic 

properties for other samples can be explained on similar grounds. For instance, energy 

band spectrum of ThC0.0625N0.9375 (Fig.4.18b) is identical to that of ThC0.03125N0.96875 

compound except with a wider 2
nd

 valence band between R and X symmetry points, 

formulated by C 2s orbitals with increase in C/N doping ratio. Contribution of C 2s states 

in energy bands can also be seen in PDOS plot from Fig.4.19 (a) for both up and down 

spin polarization which are identical copies of each other. 

The plots of partial and total density of states for other compounds are shown in 

Figs.4.19-4.23. Like their energy band spectra, they have almost identical trends in 

density of states. In particular there is a large contribution of 5f orbitals in the wide 

conduction band located above the Fermi level. Almost asymmetric behavior of density 

of states for majority and minority spin polarization channels endows them with 

nonmagnetic character which can be further confirmed from their small spin magnetic 

moments given in Table4.7. 

Moreover we observe a strong interaction (i.e., hybridization) between the orbitals 

of Th (s, p, d, & f), C (s & p) and N (s & p) around the Fermi levels and in the conduction 

bands. In the TDOS/PDOS the main contribution in the unoccupied states comes from the 

Th (s, p, d, & f), C (p) and N (p). The same phenomena is acknowledged by Li(X. Li, 

2018) , and Li and Li (X. Li & Li, 2019) in their work on the study of novel graphdiyne-

based materials As can be seen all compounds have identical energy bands for both 

majority and minority spin states. However, with increase in C doping concentration the 

width of 2
nd

 valence band arising from C 2s states increases 
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(a) (b) 

 

 

( c) ( d) 
 
 

 

(e) 

Figure4.18 Comparison between energy band spectra of thorium mono-carbonitrides in view of 

doping carbon concentration for spin up and down polarization. (a) ThC0.03125N0.96875, (b) 

ThC0.0625N0.9375, (c) ThC0.09375N0.90625, (d) ThC0.125N0.875, (e) ThC0.15625N0.84375 . 
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(a) (b) 

 
 

 
(c) (d) 

 
Figure4.19 Energy dependent plots of total and partial density of states for 

ThC0.03125N0.96875. (a) PDS of C (b) PDS of N (c) PDS of Th (d) TDS of ThCN. 

 

 

The calculations were carried out by treating exchange-correlation energy terms within 

PBE- GGA approximation. The Fermi energy level is set at 0 eV. Atomic-like C 2s 

orbitals can be seen in Fig.4.19(a) around -2eV and -1eV. Asymmetry of density of states 

between majority and minority spins of Th 5f and 6d states cause spin magnetic moment 

of value 0.24𝜇𝐵. 
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(a) (b) 

 

(c) (d) 

 

Figure4.20 Energy dependent plots of total and partial density of 

states for ThC0.0625N0.9375. (a) PDS of C (b) PDS of N (c) PDS of Th 

(d) TDS of ThCN. 
 

 

 

In contrast to earlier case, width of C 2s bands is increased with doping concentration. 

The mirror reflection of density of states for Th 5f and 6d states results in small spin 

magnetic moment of value 7.55 × 10
−3𝜇𝐵. 
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(a) (b) 
 
 

 

 
(c) (d) 

 

Figure4.21 Energy dependent plots of total and partial density of states for 

ThC0.09375N0.90625 . (a) PDS of C (b) PDS of N (c) PDS of Th (d) TDS of ThCN. 
 

 

 

A little asymmetry exists between Th 5f and 6d states for opposite spin plots, but 

magnitude of density of states is too small for any appreciable spin magnetic moment 
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(a) (b) 
 

 
 

 
(c) (d) 

 

Figure4.22 Energy dependent plots of total and partial density of states for 

ThC0.125N0.875 . (a) PDS of C (b) PDS of N (c) PDS of Th (d) TDS of ThCN 
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(a) (b) 
 
 

(c) (d) 
 

 
 

Figure4.23 Energy dependent plots of total and partial density of 

states for ThC0.15625N0.84375 . (a) PDS of C (b) PDS of N (c) PDS of Th 

(d) TDS of ThCN 
 

 
 

4.3.5 Magnetic Properties 

 
Magnetic properties of materials such as spin magnetic moments stem from the 

constituent unpaired electrons. The effective magnetic moment is essentially zero for the 

diamagnetic materials as the opposite spins of paired-electrons cancel each other, 

whereas paramagnetic materials possess nonzero but small magnetic moment arising 
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from the unpaired electrons. Owing to small effective magnetic moments effects relative 

to ferromagnetic, these materials are called non-magnetic. According to Hill theory 

(H.H.Hill, 1970), the degree of overlapping of f-electrons wave functions between 

adjacent f-electron atoms decide the superconducting or magnetic fate of the materials. 

For instance materials with small f-electrons atomic distance behave as superconductors 

while opposite is the case for the magnetic materials. However, this criteria fails usually 

in case of actinides compounds such as pnictides or carbonitrides where 5f-electrons posit 

delocalized character and hybridize with p or d states to form band like structure, as is the 

case in current situation. The smallness of spin magnetic moments shows that these 

compounds are non-magnetic conductors as is the case in the earlier study (Siddique et 

al., 2017) of ThSb and ThBi based on LDA+U approach. This can also be seen by the 

mirror symmetry of density of states obtained for up-spin and down-spin polarization 

sates. To our knowledge, spin magnetic moments of these compounds have been not 

investigated, theoretically or experimentally in the past. The smallness of spin magnetic 

moment observed in these compounds may be attributed to the absence of any permanent 

magnetic structures in the compounds like other light actinides up to Np (Kassan-Ogly et 

al.,2013). 

The computed spin magnetic moments of ThCxN(1-x) carbonitrides with doped 

carbon concentration percentages of 3.125%,6.25%,9.375%,12.5% and 15.625% are 

given in Table 4.7. There is an irregular change in values of the spin magnetic moments, 

with maximum value of 0.24𝜇𝐵for the phase ThC0.03125N0.96875. In conform to the earlier 

experimental results (a. S.A. A.B.  Auskern, ,,  1970;  Aronson  &  Auskern, 1968),  the 

carbon-doped  compounds  of thorium nitride are paramagnetic in nature, with the 

exception of ThC 0.0625 N0.9375 and ThC 0.09375 N0.90625 showing small spin magnetic 

moments and appear to be diamagnetic in nature. We also observed a considerable 

enhancement in the spin magnetic moments with carbon-doping into ThN, in contrast to 

spin magnetic moments of its counter parts thorium monopnictides ThSb and ThBi 

calculated earlier with LDA+U approach (Siddique et al., 2017). 
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Table4.7 Spin Magnetic Moments of Doped Compounds 
 

Sr. 

No. 
Compounds Spin Magnetic Moments (𝜇𝐵) 

1. ThC 0.03125 N0.96875 0.24005 

2. ThC 0.0625 N0.9375 0.00755 

3. ThC 0.09375 N0.90625 0.00250 

4. ThC 0.125 N0.875 0.01187 

5. ThC 0.15625 N0.84375 0.03045 

 

 

 

 

4.3.6 Conclusion 

 
We have reported on theoretical investigation of the structural, electronic and magnetic 

properties of low concentration doped thorium carbonitrides compounds with chemical formula 

ThCxN(1-x) (X= 0.03125, 0.0625, 0.09375 0.125, 0.15625) employing first-principles DFT formalism. For the 

simulation of physical properties, we incorporated full-potential linearized augmented plane- 

wave (FPLAPW) method while the exchange-correlation potential terms in Kohn-Sham 

Equation (KSE) are treated within Generalized-Gradient-Approximation (GGA) in conjunction 

with Perdew-Bruke-Ernzerhof (PBE) correction. The optimized crystal parameters of the cubic 

phase compounds ThCxN(1-x) are obtained and compared with earlier studies. The computed 

energy band spectra, as well as total and partial density of states reveal that ThCxN(1-x) 

carbonitrides are non-magnetic and conductors in nature. The overlapping of (C+N) 2p states and 

Th (5f+6d) states across the Fermi level warrants zero band gap and thus metallic natures of the 

compounds. In contrast to ThSb and ThBi monopnictides, we obtained a broad conduction band 

for ThCxN(1-x) extending deep below the Fermi level EF. Besides, the main contribution to density 

of states N(EF) at EF comes from the comparable weightage of Th (6d+5f), (C+N) 2p states. We 

also observed an enhancement in the spin magnetic moments with carbon-doped ThN, in contrast 

to spin magnetic moments of its counterparts ThSb and ThBi calculated with LDA+U approach. 

The compounds are structurally stable and nonmagnetic in nature with paramagnetic and 

diamagnetic character with maximum spin magnetic moments of 0.24𝜇𝐵 is observed for the 
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phase ThC0.03125N0.96875. Our interesting results call for further research on this end so as to 

clarify the unique features of these compounds. In particular, thermoelectric properties and spin 

magnetic moments of these compounds are yet to be established experimentally to explore the 

potential implications of these compounds both for fundamental and technological point ofview 

 

4.4 A Systematic First-Principles Theoretical Investigation of 

Structural, Electronic, Magnetic, and Thermoelectric 

Properties of Thorium Monopnictides ThPn  (Pn=N,P,As): A 

Comparative Analysis of Theoretical Predictions of LDA, 

PBEsol, PBE-GGA,WC-GGA and LDA+U Methods 

Abstract 

 
Thorium pnictides, besides their simple electronic structure, have been in the spotlight 

because of unique mechanical, electronic and thermal properties. In this paper, we report on the 

first-principles calculations of structural, electronic, magnetic and thermoelectric properties of 

thorium monopnictides ThPn (Pn=N,P,As) within density-functional-theory (DFT) formalism 

under the ambient conditions. The equilibrium lattice parameters and bulk moduli are computed 

by fitting the total energy of the crystal at various volumes to the Murnaghan’s equation of state. 

To compute the structural properties, we have employed all-electrons full-potential linearized 

augmented plane wave plus local orbits (FPLAPW+lo) method by treating exchange-correlation 

energy terms within local density approximation (LDA) and spin-polarized density 

approximation (LSDA). Moreover, a comparative analysis of DFT predictions on electronic 

structure is made with Wu-Cohen (WC) and Perdew-Burke-Ernzerrhof (PBE) corrections to 

GGA as well as newly introduced PBEsol energy exchange-correlation functional. For the 

electronic band structures, total and partial density of states and magnetic moments of the 

compounds, however, we have implemented first time the LDA+U method to account for the 

possible strong correlation effects arising from the 5f electrons of Th atoms. On the other hand 

,Boltzman transport theory is executed within relaxation time approximation, for the first-time 

reported thermoelectric properties of the compounds. Although, the monopnictides have shown 

large values of thermoelectric power factor of the order of 10
12

Wm
-1

K
-2

s
-1

, however, 
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simultaneous higher values of thermal conductivity of the order of 10
16

W/mKs render them with 

lower values of thermoelectric efficiency. The small spin magnetic moments confirm them non 

magnetic Character of the monopnictides. The obtained results have been compared with the 

earlier theoretical and experimental studies. 

Key Words: Density-functional-theory; Boltzman transport theory; thorium monopnictides; 

thermoelectric properties; spin magnetic moment; thermoelectric figure of merit; thermoelectric 

power factor. 

 

4.4.1 Introduction 

 
Apart from their fundamental significance for being class of binary compounds of REs 

and actinides with pnictogen family, the pnictides are of great interest in view of technological 

implications owing to their peculiar structural, electronics, elastic, mechanical and 

thermodynamics properties (R. K. A.Aid, A.Bouhemadou,T.Sedik and H.Reshak,, 2009; Amariet 

al., 2014; Baaziz et al., 2017; Claisse et al., 2016; Cotton, 2006; L Gerward et al., 1989; Gerward 

et al., 1985; Kanchana et al., 2006; Kanchana et al., 2014; Kapoor et al., 2016; Kumar& Auluck, 

2003; J. S. O. L.Gerward, U.Benedict,H.Luo.S.Dabos,J.P.Itie,O.Vogt, 1988a; Y. Lu,Li, Wang, 

Li, & Zhang, 2011; Obodo & Chetty, 2013; Olsen, Gerward, Benedict, Luo, et al.,1989; Peters et 

al., 2014; I. Shein & A. Ivanovskii, 2010; Siddique et al., 2017). In particular, on the basis of 

their novel chemical and physical properties, such as high density, high melting point, chemical 

stability, and high conductivity, the pnictides of REs and actinides have been proposed as 

promising alternate fertile nuclear materials for generation-IV nuclear technology (Amari et al., 

2014; Cotton, 2006; Kapoor et al., 2016) . For instance, Uranium mono- nitride UN with a dense 

fissile nature and better thermal conduction is a promising candidate for nuclear fuels (Kapoor et 

al.,2016).Similarly,Thorium monophosphide ThP being a good heat conductor with chemical 

stability has a potential for the desired applications nuclear fuel (J.S.O. L.Gerward, 

U.Benedict,S.Dabos,O.Vogt,, 1989). 

The current work aims to investigate structural, electronic, and magnetic properties of 

three cubic monopnictides of thorium ThPn (where Pn = N,P,S) by employing first-principles 

DFT formalism within LDA (Kohn & Sham, 1965) and GGA (Perdew, 1986) approximations for 

exchange-correlation potentials. The calculated properties include, optimized lattice constants, 
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ground-state volume and energy, bulk moduli, energy band structure, total and partial density of 

states, and spin magnetic moments. Besides, a comparative analysis of Kohn-Sham DFT 

predictions on the structural properties is presented with WC-GGA (Wu & Cohen, 2006), PBE- 

GGA(Perdew et al., 1996) and the recently introduced modified PBE exchange-energy  

functional PBEsol (Perdew et al., 2008), which is intended for solid-state and surface systems as 

implemented in Wien2k code(Blaha et al., 2001) . In addition, for the accurate electronic band 

structure, total and partial density of states and magnetic moments, we have implemented for the 

first time the DFT+U method to account for the strong on-site correlation effects arising from the 

5f electrons of the monopnictides. 

To our knowledge, apart from the applications of LDA, GGA and/or PBE methods on the 

structural, electronic and magnetic properties of rare-earth compounds, see e.g.(Baaziz et 

al.,2017; Peters et al., 2014) , and that of actinides(R. K. A.Aid, A.Bouhemandou,T.Seddik and 

AliH.Reshak., 2009; Amari et al., 2014; Kanchana et al., 2014; Siddique et al., 2017) , WC-

GGA, PBE-GGA and PBEsol exchange-correlation potentials have been rarely employed on the 

actinides’ pnictides with a few exceptions(Siddique et al., 2017) . This motivated us to explore 

the efficacy of these methods with regard to the structural properties of thorium monopnictides 

ThPn (where Pn = N,P,S). Moreover, although LDA+U method with various from has been 

extensively applied for the investigation of structural, electronic and magnetic properties of rare- 

earths compounds and pnictides, e.g. see (Claisse et al., 2016; Peters et al., 2014), however, this 

method has been rarely employed to explore the electronic and magnetic properties of the 

actinides monopnictides besides recent study(Siddique et al., 2017) . As such, this is worthwhile 

to explore implication and effectiveness of LDA+U method regarding the electronic and 

magnetic properties of the monopnictides. In particular, it is imperative to investigate as to what 

is the role of 5f electrons with regard to the description of electronic and magnetic properties of 

the monopnictides. 

Despite a considerable work on structural, elastic, optical, electronic, mechanical, and 

thermodynamics properties, surprisingly, magnetic and thermoelectric properties of ThPn have 

been rarely studied. Very recently (Siddique et al., 2017) , thermoelectric and magnetic 

properties of ThSb and ThBi monopnictides have been investigated along with structural and 

electronic properties. However, despite the high values of electrical conductivity, Seebeck 

coefficient and thermoelectric power factor, having some practical implications, the reported 

values of thermoelectric conversion efficiency ZT in (Siddique et al., 2017) was small to be 
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effectively used for applications in thermoelectric devices. The question arises as to what is the 

reason behind small ZT for ThSb and ThBi compounds. Besides, it is also worthwhile to explore 

the prospects of thorium monopnictides as efficient thermoelectric materials in the wake of 

depletion conventional energy sources. In hindsight, the small value of ZT was in fact due to the 

unreported simultaneous large value of thermal conductivity 𝜅; which is the case for the 

monopnictides under investigation. To compute thermoelectric properties, we have employed the 

Boltzman transport theory within relaxation-time approximation, while LDA+U method is 

implemented for the spin magnetic moments of the compounds. Besides ZT and 𝜅, the other 

calculated thermoelectric properties include electrical conductivity 𝜎, Seebeck coefficient 𝑆and 

power factor𝑆2
. 

The paper is arranged as follows: In Sec. 2 we briefly describe the computational 

methodology. Sec. 3 presents comparative analysis of our computed results with earlier studies, 

emphasizing on the detailed structural, electronic and thermoelectric properties with the key 

findings from Boltzman transport theory. At the end, conclusion is presented in Sec. 4 with key 

findings and their possible implications. 

 

 

4.4.2 Computational Methodology 

 

 
We have employed first-principles DFT formalism to carry out the structural calculations 

of the monopnictides ThPn (Pn= N, P, As) by employing FPLAPW+lo (Hamann, 1979) method 

within LDA, LSDA, and GGA approximations with and without PBE and WC exchange- 

correlation potentials. In FPLAPW+lo method, the space is divided into non-overlapping muftin- 

spheres (MTS) centred at atomic locations and interstitial region (IR). The basis sets inside the 

MTS representing the localized bound-state particles are expanded in terms of spherical 

harmonics multiplied by one-particle radial solutions of stationary-state Schrodinger equation. 

The potential inside MTS is assumed to be spherically symmetric. However, the basis sets in the 

IR region consist of plane waves representing motion of free electrons in a constant potential. 

The monopnictides ThN, ThP, ThAs with FCC-crystal structure were modeled by Fm-3m (225) 

space-symmetry group. The compounds have NaCl-type (B1-phase) structure with the following 

atomic positions of Th and Pn:Th(0,0,0);N/P/As(1/2,1/2,1/2).Magnetic and electronic properties 
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0 

0 

were computed using Hubbard corrected DFT, i.e. by LDA+U method. The selected values of 

Hubbard Coulomb repulsion parameter U for the optimized electronic structure of ThN, ThAs 

and ThP monopnictides for both spin polarization states were 5eV, 6eV and 7eV, respectively. 

The value of U for each compound corresponding to the maximum magnetic moment and 

structural parameters close to the experimental values was selected. For the convergence of 

energy eigenvalues, the wave functions in the interstitial space was expanded by plane wave such 

that RMT×Kmax =7, where RMT is minimum of the atomic sphere radii and Kmax  is the maximum 

value of the interstitial plane wave vector in the expansion. The k-points mesh taken in the 

irreducible part of the Brillion Zone was 1000. The self-consistent convergence was 

accomplished with total energy 0.1mRy. 

Thermoelectric properties were computed for the optimized lattice parameters by 

thermoelectric transport tensor through the Boltzmann’s transport theory. As thermoelectric 

calculations required a denser k-mesh for the convergence, so a k-mesh of 150000 k-points for 

the transport properties was implemented.Bulk modulus𝐵0 and its pressure derivative 𝐵′
can be 

calculated by the Muranghan’s equation of state(Murnaghan, 1944) , 

 

 

  
}])({}){(})[{()( 3

2

23

2

23

2

4611
16

9

V

V

V

V
B

V

VBV
EVE o





   (4.4.1) 

where 𝐵0is Bulk modulus and 𝑉0is volume of the stable geometry at zero pressure,  

and 𝐵′
=𝑑𝐵0⁄𝑑𝑃. 

For the calculation of thermoelectric properties, Boltzman transport theory within 

relaxation time approximation was employed. The Drude conductivity within relaxation time 

approximation can be obtained from the semiclassical Boltzman theory in the form 

𝜎/𝜏(Kitamura, 2015). According to Boltzman theory (Scheidemantel, Ambrosch-Draxl, 

Thonhauser,Badding, & Sofo, 2003) electrical conductivity, to be computed on BoltzTrap code 

(G. K.Madsen & Singh, 2006), is given by 

                                        𝜎(𝑇, 𝜇) = 𝑒2 ∫−
𝜕𝑓 (𝜀 ,𝑇,𝜇)

𝜕𝜀
𝑑𝜀𝜁(𝜀)                                  (4.4.2) 

 

where 𝑓is Fermi-Dirac distribution function for fermions and transport distribution 

coefficient 𝜁(𝜀)=∑ �⃗⃗��⃗� �⃗⃗��⃗� �⃗⃗�𝜏 �⃗⃗�, where  �⃗��⃗⃗�is group velocity at state �⃗⃗� , 𝜇 is the chemical potential  𝜇 represents 

the central value of the Fermi-Diracdistributionfunction of electrons (𝜀 ,𝑇 ,𝜇)=1/(1+exp(𝜀−𝜇)/𝑘𝐵𝑇,and can 
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be determined from electron densityn=2∫
0
𝑓(ɛ𝐸)𝒩(𝐸)𝑑𝐸,where𝒩(𝐸)is electronic density of states,kB  

is Boltzmann's constant and Tis the temperature in Kelvin. The value of 𝜇 at absolute zero is 

termed as the Fermi energy of the highest occupied energy level. Within the rigid-band 

approximation of Boltzman theory 𝜇 measures the carrier concentration or doping level of the 

species. 

4.4.3 Structural Properties 

 
Most of the ThPn pnictides exist in B1-phase, i.e., rock-salt type cubic crystal structure 

except ThBi and ThTe which may also exist in B2-phase, i.e., CsCl crystal structure (Srivastava 

& Sanyal, 2004) . In ThPn crystal structure, pnictogens Pn atoms occupy the octahedral 

interstitial sites in the Fcc Th sublattice (Charles & Rondinelli,2016). Tables 4.8-4.10 show the 

optimized structural parameters of the compounds computed by LDA, PBE-sol, PBE-GGA and 

WC-GGA exchange-correlation potentials with and without spin polarization. The PBE-GGA is 

among the mostly used exchange- correlation functionals by the researchers to compensate the 

overbinding errors of the LDA, however, the PBE tends to overestimate the bond lengths and cell 

volumes (Kanchana et al., 2006) . Such overestimation in solids can be improved by another 

functionals such as, PBE-sol, WC etc. (Wu & Cohen, 2006) to improve DFT results. As such, we 

implemented the PBE-sol exchange-correlation functional so as to improve the lattice constants, 

unit-cell volume and energies of the ThPn pnictides. The comparison of our calculated structural 

properties with experimental and theoretical results is also presented in Table 4.8. As is obvious, 

the PBE-GGA potential overestimates the lattice constant and bulk modulus for ThN both for 

with and without spin polarization. However, LDA without spin underestimates but with spin 

almost agrees with the experimental value. Similarly, results for WC-GGA and PBE-sol almost 

agree with experiment in both spin sates. Our results with WC-GGA and PBE-GGA potentials 

are quite comparable with experiment and the earlier theoretical results by GGA(J. S. O. 

L.Gerward, U.Benedict,S.Dabos,O.Vogt,, 1989) , PBE-GGA and LDA (Amari et al., 2014) 

scheme of Perdew and Wang(Perdew, 1992)Similar trends in the structural parameters have been 

observed inThP and ThAs pnictides as presented in Tables 4.9-4.10 The overestimation of lattice 

constants for ThP and ThAs compounds with PBE-GGA approximation can also be observed in 

(Amari et al., 2014). Gerward et al. in (Gerward et al., 1985; J. S. O.L. Gerward, U.Benedict, 

H.Luo.S.Dabos, J.P.Itie, O.Vogt, 1988b; J.S.O.L.Gerward, U.Benedict, S.Dabos, O.Vogt, 1989) 
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presented high‐ pressureX-ray diffraction studies on ThPn with observation of phase change from 

B1 to B2. In (Kanchana et al., 2014), Kanchana et al. presented high pressure theoretical lattice 

parameters and bulk moduli for ThN, ThAp, ThAs with GGA; however, among the three 

compounds, the experimental study of only ThN is conducted for these properties. In (R. K. 

A.Aid,A.Bouhemandou,T.Seddik and Ali H.Reshak., 2009) high pressure theoretical  DFT study 

was presented by LDA and GGA as energy functionals. 

 

 
Table4.8 Structural properties ofThN 

 

A. Comparison of structural parameters without spin 

 
Used DFT 

Functionals 

Lattice constant 𝑎𝑜(Å) 
Volume 

V0(Å
3
) 

 
Bulk Modulus 𝐵0(GPa) 

Calculate 

d Energy 

E0 (Ry) Theory Exp. 
Calculate 

D Theory Exp. 

 

 

 

 
 

LDA 

 

 

 
5.12 

5.11 (Amari et 

al., 2014) 

 

 
5.167(Gerwar

d et al., 1985) 

5.160 

(Kanchana 

etal., 2014) 

 

 

 

 
 

226.57 

196.69 

199.47 

(Amari et 

al.,2014) 

201.7 

(Kanchana 

etal., 2014) 

175 

(Gerward

et al., 

1985) 

211 

(Kanchan 

a et

 al.,201

4) 

 

 

 

 
 

-53155.33 

PBE-sol 5.15  229.81 187.08  -53169.36 

PBE-GGA 
5.20 

5.19 (Amariet 

 
236.46 

168.78 

179.33(Amar 

 
-53182.95 

 al., 2014) 

5.156(Kanchan

a et al., 2014) 

  i et al., 2014)   
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WC-GGA 5.15  230.81 185.71  -53179.64 

 
B. Comparison of calculated structural parameters with spin 

 
Used DFT 

Functionals 

Lattice Constant 𝑎𝑜 

(Å) 

VolumeV0 

(Å
3
) 

Bulk 

Modulus 

𝐵0(GPa) 

Calculated 

Energy 

E0(Ry) 

 

Current Exp. Calculated 

 
LDA 5.15 

5.16(Kanchana 

et al., 2014) 
230.81 185.66 -53179.64 

 PBE-sol 5.14  229.81 187.02 -53169.36 

 PBE-GGA 5.19  236.47 168.81 -53182.95 

 
WC-GGA 5.15 

5.16(Kanchana 

et al., 2014) 
230.81 185.66 -53179.64 

 

 

 

 

Table4.9 Structural properties of ThP 
 

 

 

 

A- Comparison of structural parameters without spin 

Used 

DFT 

Function 

als 

Latticeconstant 

𝑎𝑜 

(Å) 

VolumeV 

0 (Å
3
) 

Bulk Modulus𝐵0 

(GPa) 

 
Calculated 

Energy 

𝐸0(Ry) 
Theory Exp. 

Calculate 

D 
Theory Exp. 
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5.827 

(Han,S

un,Li, 

&Dou,

2016) 

 129.46  

 

 

 

 

 

 

 

 

 

 

 

 
137( 

Olsen 

, 

Gerw

ard,B

enedi

ct,Lu

o,et 

al.,19

89) 

 

   131.42  

 5.77  (Amari et  

 5.78(A  al., 2014)  

 mari et  136.0  

 al.,  (Kanchana  

 2014)  et al.,  

 5.83(G  2014)  

 erward  125.0624(  

 et al.,  R. K.  

 1985)  A.Aid,  

 5.822(  A.Bouhem  

 Kancha  andou,T.Se  

 na et  ddik and  

LDA al., 324.70 Ali -53728.58 

 2014)  H.Reshak.,  

 5.788(  2009)  

 R. K.  137.1  

 A.Aid,  (Olsen,  

 A.Bouh  Gerward,  

 emando  Benedict,  

 u,T.Sed  Luo, et al.,  

 dikand  1989)137.5  

 Ali  (Olsen,  

 H.Resh  Gerward,  

 ak.,  Benedict,  

 2009)  Luo, et al.,  

   1989)  

PBE-sol 5.80  328.83 124.27  -53743.31 
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PBE- 

GGA 

5.85 

5.86(I.

R. 

Shein& 

A.L. 

Ivanovs

kii,201

0) 

5.85 

(Amari 

etal.,2014

) 

5.868( 

R.

 K.

A.Aid, 

A.Bouh 

emando 

u,T.Sed 

dik 

andAli 

H.Resh 

ak., 

2009) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
338.02 

 

 

 
113.15 

107.4(I. R. 

Shein & 

A.L. 

Ivanovskii,

2010) 

123.56(Am 

ari et

 al.,201

4) 

116.465(R. 

K.

 A.Aid,

A.Bouhem 

andou,T.Se 

ddik 

 andAli 

H.Reshak., 

2009) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
-53757.66 

WC- 

GGA 
5.81 

 
330.18 123.47 

 
-53754.07 
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Used DFT 

Functionals 

Lattice Constant 𝑎𝑜 

(Å) 

Volume 

V0 

(Å
3
) 

Bulk 

Modulus 

𝐵0(GPa) 

Calculated 

Energy 

𝐸0(Ry) 
Theory Exp. Calculated 

 

 

 

 

 

LSDA 

5.77 

5.83(Ol 

sen,Ger

ward,B

enedict, 

Luo,et

 al., 

1989) 

 

 

 
5.16(Kan 

chana 

etal.,201

4) 

 

 

 

 

 

324.70 

 

 

 

 

 

129.46 

 

 

 

 

 

-53179.64 

PBE-sol 5.80  328.83 124.28 -53169.36 

PBE-GGA 5.85  328.03 113.16 -53182.95 

 

 
WC-GGA 

 

 
5.81 

5.16(Kan 

chana 

etal., 

2014) 

 

 
330.12 

 

 
123.48 

 

 
-53179.64 

B- Comparison of structural parameters with spin 

 

 

Where in (H.H.Hill, 1970): ME is for Muranghan’s equation of state and BE is for 

Birch’s equation of state. 
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Table4.10 Structural properties of ThAs 
 

 

 
 

A- Comparison of calculated structural parameters without spin 

Used 

DFT 

Functiona 

ls 

Lattice constant 

𝑎𝑜 

(Å) 

Volume 

𝑉0(Å
3
) 

Bulk Modulus 𝐵0 

(GPa) 

 

 
Calculated Energy 

𝐸0(Ry) 

Theory Exp. 
Calculat 

ed 
Theory Exp. 

 

 

 

 

 

 

 

 

 

 

 

LDA 

5.94 

5.91(A 

mari 

etal.,20

14) 

5.975(K 

anchana

et 

al.,2014

) 

5.930(R 

. K. 

A.Aid, 

A.Bouh 

emando 

u,T.Sed 

dik and 

Ali 

H.Resh 

 

 

 

 

 

 

 

 

 
5.978 

(Olsen

et

 al.,

1988) 

 

 

 

 

 

 

 

 

 

 

 

382.60 

 

 

 
119.25 

119.73 

(Amari 

etal.,2014)

115. 

0336(R. 

K. 

A.Aid,A.B

ouhe 

mandou,T. 

Seddik 

and

 Ali

H.Reshak. 

, 2009) 

 

 

 

 

 

 

 

 

 
118( 

Olsen

et 

al.,19

88) 

 

 

 

 

 

 

 

 

 

 

 

-57562.64 
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 ak.,2

009) 

     

PBE-sol 5.96 
 

357.72 113.82 
 

-57579.23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
PBE- 

GGA 

6.02 

6.01](I.

R. 

Shein & 

A.

 L.

Ivanovs 

kii, 

2010) 

6.01(A 

mari 

etal., 

2014) 

6.019 

(R.

 K.

A.Aid, 

A.Bouh 

emando 

u,T.Sed 

dik 

andAli 

H.Resh 

ak., 

2009) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

368.88 

 

 

 

 
 

102.71 

100.0(I.R. 

Shein & 

A. L. 

Ivanovskii 

, 2010) 

104.11 

(Amari 

etal., 2014) 

100.07(R. 

K. 

A.Aid,A.B

ouhe 

mandou,T. 

Seddik 

and

 Ali

H.Reshak. 

, 2009) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

-57595.60 

WC- 

GGA 

6.02  
359.18 113.20 

 
-57541.51 
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B- Comparison of calculated structural parameters with spin 

 Used DFT 

Functionals 

Lattice Constant 𝑎𝑜 

(Å) 

Volume 

𝑉0 

(Å
3
) 

Bulk Modulus 

𝐵0 

(GPa) 

Calculated 

energy

 𝐸0(

Ry) Current Exp Calculated 

  

 
LSDA 

 

 
5.93 

5.978(Ol 

sen

 et

al., 

1988) 

 

 
352.61 

 

 
119.22 

 

 
-57562.64 

 PBE-sol 5.94  354.52 112.08 -57578.96 

 
PB-EGGA 

 

6.02 
 

368.88 102.68 -57595.60 

 
WC-GGA 

 
5.97 

 
359.18 113.16 

-57591.51 

 

 

4.4.4 Electronic Band Structure and Density of Sates 

 

Electronic properties of solids are mostly dictated by the electronic interactions of 

the constituent elements. As such, before describing the electronic properties of the 

monopnictides under investigation, it is pertinent to look at the valence-orbitals electronic 

scheme of the elements which is as follows: Th: [Rn] 5f 
0
 6s

2
 6p

6
 6d

2
 7s

2
, N: 1s

2
 2s

2
 2p

3
, 

P: [Ne] 3s
2
 3p

3
, and As: [Ar] 3d

10
 4s

2
 4p

3
. The calculated electronic properties of ThPn 

compounds include electronic energy band structure (EBS), total density of states (TDS) 

and partial density of states (PDS) both for spin up and spin down states. For doing this, 

we implemented the simple Hubbard parametrized DFT method, i.e. LDA +U method 

carrying out self-consistent-field calculations. The conventional DFT formalism based on 

LDA and GGA approximations assumes the non- interacting electronic system by 

ignoring the strong on-site correlation interactions and thus underestimates the electronic 

properties. For instance, standard DFT fails to predict correct occupation number, charge 
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densities and hence insulating ground state for strongly correlated quantum systems 

(Baaziz et al., 2017; Claisse et al., 2016; J.Hubbard, 1996a; Peters et al., 2014), such as 

pnictides bearing heavy elements such as lanthanides and actinides. The LDA+U model 

explicitly accounts for the on-site Coulomb repulsion and hence accurately predicts the 

electronic and magnetic properties of strongly correlated systems having localized d or f 

electrons. In LDA+U approach, we treated 5f electrons of Th as valence electrons (Peters 

et al.,2014) by selecting the values of U parameter for which our compounds are stable 

for accumulative spin up and spin down polarizations. The reason for not implementing 

LDA + U model for the structural properties is that, unlike electronic and magnetic 

properties, the Hubbard parameter hardly affects structural properties as the charge 

density being the fundamental ingredient for the prediction of equation of state and 

structural properties can be estimated correctly by standard DFT (Baaziz et al., 2017) 

along with other exchange-correlation potentials as introduced above. 

The computed electronic properties of ThN, ThP and ThAs with LDA+U model 

are shown in Figs.(4.24-4.28). We observed identical EBS both for majority and minority 

spin configurations which is also reflected from the mirror symmetry of the density of 

states. Besides, the observed topology of EBS for the three compounds is identical, each 

one showing a little valence-conduction-bands overlapping around -2 eV at point X. 

However, shape/location of energy bands and the in nature at various points on k vector 

differs to some extent (e.g.direct for ThN and indirect for ThP and ThS at point) 

because of difference in correlations effects of 5f electrons. Similar trends in EBS can be 

seen in Fig.4.25 of (I. Shein & A. Ivanovskii, 2010) .The overlapping of the valence and 

conduction bands warrants zero band gap and thus reveal the metallic nature of the three 

ThPn compounds consistent with the earlier studies in (Amari et al.,2014; I. Shein & A. 

Ivanovskii, 2010). Interestingly, the monopnictides of N, P and As with Curium as 

investigated in (Baaziz et al., 2017) with EV-GGA potentials as exchange and correlation 

energy functionals reveal half-metallic nature. 

To further interpret the electronic properties of the three monopnictides, we 

consider thorium mononitride ThN as an example. The EBS of ThN is shown in Figure 

4.24 with Fermi level EF is set at 0eV. The lowest valence band of ThN around -13eV 

arises mainly from N 2s orbitals which can also be observed from PDS plot shown in 

Figs.4.26a. The next valence band from -6eV to -1eV arises mainly from N 2p orbitals. 
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The conduction band is formed by major contribution from Th 5f states and N 2p states 

with a little contribution from Th 6d states. The hybridization of Th 5f electrons with N 

2p states below the Fermi level indicates the delocalization. Small splitting of Th d 

orbitals into d-eg and d-t2g states due to crystal field can also be seen in Fig.4.26 (b) 

above the Fermi level. A delocalization spread (band structure) of Th 5f states can be 

seen in all plots of density of states. This in turn makes materials non-magnetic in nature 

without having any magnetic order. 

We observed a suppression in spectral intensity of PDS calculated with LSDA+U 

method compared to the earlier results of TDS and PDS obtained with PBE-GGA 

potential for ThP and ThAs in(L Gerward et al., 1989) and for ThN, ThP, ThAs with 

PBE-GGA and LDA-PW potentials in (Olsen, Gerward, Benedict, Luo, et al., 1989). 

Besides, there is a decrease in the intensity of 5f orbiltas at the Fermi level for ThP and 

ThAs as compared to the results in(J. S. O.L.Gerward, U.Benedict,S.Dabos,O.Vogt,, 

1989) . We can also notice the suppression in intensity of TDS for ThSb and ThBi in the 

earlier studies done with LDA+U model in (Siddique et al.,2017). The degree of spread 

of Th 5f electrons shows the extent of delocalization which in turn quenches the magnetic 

order in the compounds. 

 

 
 

 
 

 

Figure4.24 The LDA+ U based energy band structures of: (a) ThN, (b) ThP, and (c) 

ThAs with U values of 5eV, 7eV and 5eV, respectively 
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                                     (a)                                           (b)                                               (c) 

 

 

Figure4.25 Plots for total density of states by LDA+U model both for spin-up and spin- down 

polarizations. (a) ThN, (b) ThP, and (c) ThAs. 
 

 

 

 

 

 

 

(a)                                                              (b) 

 

 

 
Figure4.26Plots of partial density of states showing N and Th orbitals contribution in ThN 

compound both for spin up and spin down polarization with LDA+U model.  

 

Splitting of Thorbitals into and states can be observed in (b). 
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(a) (b) 

 

 

Figure4.27 Plots of partial density of states showing P and Th orbitals contribution in ThP compound 

both for spin up and spin down polarization with LDA+U model 
 

 

 

 

 

 

(a) (b) 

 

 

 
 

Figure4.28 Plots of partial density of states showing As and Th orbiatals contribution in 

ThAs compound both for spin up and spin down polarization with LDA+U model. 
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4.4.5 Magnetic Properties 

 
Magnetic moment arises from the unpaired electrons of the compounds. For 

diamagnetic materials, the effective magnetic moment is essentially zero as the counter 

spins of up and down states in pair cancel each other. On the other hand, paramagnetic 

materials have small nonzero magnetic moment owing to unpaired electrons. Owing to 

negligibly small diamagnetic and paramagnetic effects relative to ferromagnetic, these 

materials are said to be non-magnetic. For the calculations of spin magnetic moments of 

ThN, ThP and ThAs we implemented the LDA+U method. The computed small values of 

spin magnetic moments (in Bohr magnetons) at different Hubbard parameter, i.e. 5eV, 

6eV and 7eV for ThN, ThAs, ThP compounds, respectively, are     

8×10
−5

,4×10
−5

and33×10
−5

(Table4.11).Thesmallnessofspinmagneticmoments shows that 

these compounds are non-magnetic metals as is the case in the earlier study(Siddiqueet 

al., 2017) of ThSb and ThBi. This can also be seen by the mirror symmetry of density of 

states obtained for up-spin and down-spin polarization sates. To our knowledge, spin 

magnetic moments of these compounds have been not investigated, theoretically or 

experimentally, in the past. The smallness of spin magnetic moment observed in ThPn 

pnictides may be attributed to the absence of any permanent magnetic structures in the 

compounds like other light actinides up to Np (Kassan-Ogly et al., 2013) . The 

localization-delocalization of 5f electrons determines the peculiar magnetic properties of 

actinides and their compounds. Although, actinides compounds possess abundant 

magnetic ordering arising from the strong exchange interactions, however, the spin 

moments are generally reduced to great extent in contrast to a fully spin-polarized value. 

This happens because of crystal-field effects or hybridization of 5f electrons 

(Bultmark,Cricchio, Grånäs, & Nordström, 2009). The compounds, where Th cation, e.g., 

Th
4+

, has zero effective magnetic moment show the non-ordered diamagnetic state (Pegg, 

Aparicio-Angles,Storr, & de Leeuw, 2017). According to Hill theory (H.H.Hill, 1970), 

the degree of overlapping of 5f electrons wave functions between adjacent f-electron 

atoms decide the superconducting or magnetic fate of the materials. For instance 

materials with small f electrons atomic distance behave as superconductors while 

opposite is the case for the magnetic materials. However, this criteria fails usually in case 

of actinides compounds such as pnictides or carbonitrides where 5f electrons posit 
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delocalized character and hybridize with p, or d states to form band like structure, as is 

the case in current situation. 

 

Table4.11 Spin magnetic moments 𝝁𝑩(in Bohr magneton) of mixed charged 

density 

 

Spin magnetic moment of ThN with LDA + U (=5eV) 

 Magnetic moment in interstial = 13 × 10
−5

 

Magnetic moment of Th = 15 × 10
−5

 

Magnetic moment of N = −20 × 10
−5

 

Total magnetic moment of ThN = 8 × 10
−5

 

Spin magnetic moment of ThP with LDA + U (=7eV) 

 Magnetic moment in interstial = 4 × 10
−5

 

Magnetic moment of Th = 0 

Magnetic moment in P = 0 

Magnetic moment in ThP = 4 × 10
−5

 

Spin magnetic moment of ThAs with LDA + U (=6eV) 

 Magnetic moment in interstial = 13 × 10
−5

 

Magnetic moment of Th = 19 × 10
−5

 

Magnetic moment of As = 1× 10
−5

 

Magnetic moment of ThAS = 33 × 10
−5

 

 

4.4.6 Thermoelectric Properties 

 
In the current scenario of replenishing of fossil energy sources and their 

increasing green house side effects, Thermo electric materials (TEMs) are supposed to be 

potential candidates for the alternative sustainable and environment-friendly energy 

source. Effective energy transformation from heat to electricity and vice versa by TEMs 

has motivated immense interest in the study of thermoelectric properties of materials. For 

instance, TEMs are being extensively utilized as energy efficient materials in components 

of detectors, nuclear reactors, refrigerators and computer cooling system (Allen, 1996; 
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B.Khan, 2015; Behram et al., 2016; Bentouaf et al.,2017; Bulusu & Walker, 2008; 

H.A.Rahnamaye Aliabad, 2016; Han et al., 2016; Hongzhi Fu,2008; C.-J. Liu, Bhaskar, 

& Yuan, 2011; T.M. Tritt, 2004; Tian, Lee, & Chen, 2014; Tritt, 1999). The discovery of 

Seebeck, Peltier, and Thomson effects in the early 1800s gave birth to the concept of 

thermoelectricity. The technology of thermoelectricity is based on a mechanismof 

producing voltage between two ends of a material as charges move from its hot side to 

the cold side on heating. The resultant current flow in the connected load makes the 

material a thermoelectric generator. However, to make the material working as a 

thermoelectric refrigerator it is connected to a power source and the temperature 

difference between its ends is maintained. 

In contrast to metallic materials, (doped)semiconductor materials having small 

energy band gap and sharp density of states at the Fermi level are considered as best 

candidates for thermoelectric applications . This is mainly due to their large Seebeck 

coefficient and electrical conductivity while small thermal conductivity. However, 

(inter)metallic compounds have also gained some interest for thermoelectric applications 

at low temperature (Han et al., 2016) because of sharp density of states around the Fermi 

energy level. Metal chalcogenides have also been shown as excellent thermoelectric 

materials (TEMs) with high value of ZT (J. Zhang et al.,2014). 

The computed thermoelectric properties of the compounds so as to explore their 

possible prospects for the applications in thermoelectric devices for energy applications 

are discussed in the sections to be followed. 

 
Electrical Conductivity 

Flow of free electric charges in a TEM owing to heating effect constitutes electric 

current and hence electrical conductivity. For instance, free electrons in a material after 

absorbing heat energy move towards the low-temperature region of the material thus 

producing electric current. According to classical Drude model, electrical conductivity of 

conduction electrons or holes is 𝜎=𝑛𝑒2𝜏/𝑚∗.Thus,the variation in 𝜎 at a fixed temperature 

may result from change incharge density n, relaxation time 𝜏and effective mass 𝑚∗. The 

latter for electron can be determined from the curvature of the conduction band. 

According to Wiedemann-Franz law, thermal conductivity of metals is approximately 

proportional to electrical conductivity times the absolute temperature (in kelvins). 
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The dependence of electrical conductivity on 𝜇 for ThAs, ThN and ThP 

compounds is shown in Fig.4.29 (top horizontal panels) at temperatures 300, 400 and 

500K. Large value of electrical conductivity shows metallic characteristics of the mono-

pnictides. In contrast to earlier results for ThSb and ThBi (Siddique et al., 2017), 𝜎 shows 

a strong irregular oscillatory structure.The maximum values of 𝜎 are measured 

as:1.3×10
21

Ω
−1

m
−1

s
−1

at 𝜇=0.025eV and 300K for ThN, 1.5 × 10
21

Ω
−1

m
−1

s
−1

at 𝜇=0.14 eV 

and 400K for ThP and 1.0 × 10
21

Ω
−1

m
−1

s
−1

at 𝜇=0.125 eV and 300K for ThAs. Thus, 

regarding maximum value so f𝜎 we have improved on the earlier results.Electrical 

conductivity in the given 𝜇 ranges shows more variation with temperature gradient at 

some values of 𝜇 as compared to others. 

As the monopnictides under consideration behave as metals, so relaxation time taken 

is of the order of 10
-14

 s, for all calculations were taken about room temperature. Drude 

model is based on free electrons assumption considering electrons as non- interacting 

classical gas, however they can collide with stationary ions like positive nuclei of 

pnictides. The conventional DFT also assumes system of non-interacting electrons, 

therefore, we can predict the electrical conductivity of monopnictides ThPn using DFT 

formalism. 

Seebeck Coefficient 

Seebeck coefficient (S) of a material also called thermoelectric power is a 

measure of induced voltage developed across a physical contact between two dissimilar 

materials subjected to temperature gradient. The same principle is used in thermocouples 

for thermal-to-electric energy conversion. As electrons density is greater at high-

temperature end of the material thus electrons move from high- to low-temperature end 

while the electric current (conventional) flows towards high-temperature end and vice 

versa for the hole-rich materials. 
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Figure4.29 Dependence of electrical conductivity (top horizontal panels) and 

Seebeck coefficient (bottom horizontal panels) of ThPn on chemical potential 

and temperature. 

 

The thermal diffusion of elections or holes across the junction of two metals 

creates potential difference of micro-volts size per Kelvin change in temperature. The 

Seebeck coefficient in most metallic materials is usually around tens of μV/K. This 

smallness owes to position of electrochemical potential 𝜇 lying deep inside the band gap. 

In metals, electrons distribution below and above the Fermi level is symmetric and hence 

cancels the net heat transportation carried by the respective charges. Low-dimensional 

materials with large band gap are supposed to have large 𝑆(J. Zhang et al., 2014). 

Fundamentally, 𝑆 is a measure of average entropy contained by a charge in a material. 

Materials with high stable S are efficient as thermoelectric coolers and thermoelectric 

generators. Mathematically, we have 

                                              𝑆(𝑇, 𝜇) =
𝑒𝑘𝐵

𝜎
∫𝑑𝜀  −

𝜕𝑓0

𝜕𝜀
 𝜁(𝜀)

𝜀−𝜇

𝑘𝐵𝑇
      (4.4.3) 
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The temperature dependent plots of S versus chemical potential are shown in 

Fig4.29 (bottom horizontal panels) displaying a see saw structure. The approximate 

inverse relation between 𝑆and 𝜎from Eqs.(4.42) and (4.43) is shown in the corresponding 

plots. Physically, as electrical conductivity increases, flow of electrons from high to low 

temperature region  decreases the temperature gradient and hence the Seebeck coefficient 

and vice versa. As such, value of 𝑆for ThN and ThP is low as compared to that for ThAs, 

which is due to large electrical conductivity for ThN and ThP as compared to ThAS. 

Approximately, the peak values of 𝑆usually occurs at 𝜇 where electrical conductivity is 

less which is consistent with the earlier results both for bulk and nano materilas. 

Maximum values of S for ThN, ThP and ThAs are ≈ 38 μV/K ,≈85μV/K and ≈100μV/K 

respectively at 𝜇-0.12eV and 500K.Thus,S forThP and ThAs shows improvement on the 

earlier results (Siddique et al.,2017). 

 
Thermoelectric Power factor (PF) 

 
Thermoelectric power factor (PF) shows dependence on Seebeck coefficient and 

electrical conductivity in the form 𝑆2𝜎. The oscillatory structure of PF with 𝜇 at fixed 

temperature arises from the corresponding oscillations in S and 𝜎(top horizontal panels in 

Fig.4.30). However, because of competitive relation between the two quantities PF is not 

maximum at the peak values of each quantity simultaneously which is consistent with 

earlier studied (Bilal et al., 2014; Ding, Gao, & Yao, 2015; Izquierdo, Bolaños, & Morán, 

2015; J.Wang2017;Siddiqueetal.,2017).The maximum values of PF are 

:4.5×10
12

Wm
−1

K
−2

s
−1

forThN at 𝜇=0.025eV and 300K, 1.7×10
12

Wm
−1

K
−2

s
−1 

for ThP at 

𝜇=0.09eV and 400K,and 1.6× 10
12

 Wm
-1

K
-2

 s
-1

for ThAs at 𝜇= 0.01 eV and 300K. These 

values are large as compared to that computed for the intermetallic compounds in 

(Siddique et al., 2017). This is due to interdependent relation between electron 

conductivity and Seebeck coefficient and also due to difference in electrons and phonons 

conductivity at various temperatures. Usually, the electronic conductance of metals 

decreases increases while that for semiconductors increases with increase in temperature. 

However, the increased electrons flow and hence the electrical conductance decreases the 

thermal electromotive force which in turn decreases the Seebeck coefficient. The 

competitive compromise between the two quantities, i.e. 𝜎 and 𝑆 is well reflected in the 
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PF of the materials.Moreover,electronic thermal conductivity also increases with increase 

in temperature due to transfer of heat through electrons as heat carriers. However, with 

the increase in temperature the phononic thermal conductivity decreases due to large 

phonon-phonon interaction. Hence, at low temperature thermal conductivity of phonons 

is large as compared to that of electrons and vice versa. It is worth noting, however, that 

the maximum values of PF in our results appear only for positive values of 𝜇 showing 

dominant electronic contribution in conduction and hence the metallic nature of the 

materials. There is one prominent peak of PF for ThN while fluctuating oscillations of 

large amplitude are observed in PF for ThP and ThS. The large value of PF for ThN may 

be attributed to the large value of 𝜎as shown inFig.4.30. 

 

 

Figure4.30 Dependence of power factor (top horizontal panels) and thermal 

conductivity (bottom horizontal panels) of ThPn on chemical potential and 

temperature. 

 

 

Thermoelectric Figure of Merit (ZT) 

 

 
The ability of a material to convert thermal energy into electrical energy is known 

as thermoelectric conversion efficiency or figure of merit denoted by ZT. Efforts have 

been devoted to harness materials with optimized ZT for energy efficient devices. The 
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applications of TEM are, however, is mainly limited by the low value of ZT. The 

hindrance stems from the interdependent variables defining ZT as given below 

𝑍𝑇 = 
𝑆2𝜎𝑇 

𝜅 
(4.4.4) 

 

Thus, ZT is directly proportional to square of Seebeck coefficient S, electrical 

conductivity 𝜎, Kelvin temperature T and is inversely proportional to the thermal 

conductivity 𝜅 which is the sum of electron and phonon thermal conductivities 𝑘𝑒 and 𝑘𝑝 

,respectively. Phonon conductivity results from thermal vibration of lattice. In 

semiconductors and insulators, main contribution of the thermal conductance arises from 

phonons with negligible electronic thermal conductance. In metals, however, the 

electronic thermal conductivity also plays significant role (Bilal et al., 2014; J.Wang 

2017) . From the above expression for ZT, it is obvious that a material having large 

electrical conductivity, Seebeck coefficient, and small thermal conductivity warrants 

large efficiency ZT. A TEM with ZT of magnitude 1 or above is considered a potential 

candidate for thermoelectric devices applications. This corresponds to a device efficiency 

of 10- 20% of Carnot engine as compared to that of 40-50% ˙of heat engines. However, 

achieving high ZT is a formidable task because of intricate mutual dependence of these 

quantities as explained earlier. Usually, thermoelectric materials with high efficiency 

have high electrical conductivity(Bilal et al., 2014; C.Liv, 2014; Ding et al., 2015; 

Inagoya et al., 2011; Izquierdo etal., 2015; J.Wang 2017; Kabir et al., 2014; Kimura et 

al., 2003; X. Lu et al., 2015; Nolas et al.,1996) . It is observed that ZT for bulk materials 

is small as compared to their low-dimensional counter parts because of increased thermal 

conductivity of phonons and small PF on account of less quantum confinement effects 

(Bilal et al., 2014; J.Wang 2017) . One way to harness TEM for optimization ZT value is 

to modify 𝜇 by chemical doping. 

    The low 𝜅 causes a large temperature gradient between two ends of the material whereas 

the high S and 𝜎 induce large voltage per unit temperature gradient and reduce the 

internal resistance of the material, respectively. For heavily doped semiconductors, high 

Seebeck coefficient and the expected decrease of total thermal conductivity with 

temperature increase from the phonon-phonon Umklapp scattering increase ZT. The 

temperature dependent thermal conductivity of ThN,ThP andThAs is shown in 
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Fig.4.30.As expected,𝜅 increases with increase in temperature. Among the three 

compounds, ThP has maximum value of 𝜅around 1.75×10
20

 Wm
-1

K
-2

s
-1

 at T = 500K. 

From the obtained values of power factor and thermal conductibility, we can estimate that 

the maximum value of ZT for the compounds ThN, ThP and ThAs is small. 

4.4.7 Conclusion 

In conclusion, we have presented first-principles DFT calculations along with 

Boltzman transport equation within relaxation time approximation for the structural, 

electronic, magnetic and thermoelectric properties of the thorium monopnictides ThPn 

(Pn= N, P and As) under ambient conditions. We have employed the all-electron 

FPLAPW+lo method within LDA, LSDA and PBEsol approximations as well as by 

extending WC and PBE corrections to DFT for the computation of structural properties. 

The LDA+U method was implemented to account for the strongly correlated 5f electrons 

for the investigation of electronic and magnetic properties of the compounds. The 

monopnictides are found to be non-magnetic metallic in nature having zero- energy band 

gap structure. The nonmagnetic nature of the compounds is revealed from the resultant 

zero spin magnetic moments; besides TDS and PDS spectra for both spin orientations are 

mirror reflection of each other. The computed maximum electrical conductivity has 

values of 13×10
20

Ω
−1

m
−1

s
−1

at 𝜇=0.025eV for ThN;15×10
20

Ω
−1

m
−1

s
−1

at 𝜇=0.14eV for 

ThP; and 10 × 10
20

Ω
−1

m
−1

s
−1

at 𝜇= 0.125 eV for ThAs. The maximum values of Seebeck 

coefficient for ThN,ThP and ThAs are, respectively,about 38μ V/K,85μV/K and μV/K 

100 at 𝜇=-0.12eV and 500K.The maximum values of PF are 4.5×10
12 

Wm
−1 

K
−2

s
−1 

for 

ThN at 𝜇 = 0.025 eV and 300K; 1.7×10
12

Wm
−1

K
−2

s
−1 

for ThP at 𝜇=0.09 eV and 400K ; 

and1.6×10
12

 Wm
-1

K
-2

 s
-1

 for ThAs at 𝜇= 0.01 eV and 300K. High values of PF of the 

order of 10
12

Wm
-1

K
-2

s
-
 present ThN, ThP and ThAs as potential candidates for 

technological implications. However, the simultaneous large values of thermal 

conductivities of the order of 10
16

W/mKs renders the monopnictides with low values for 

the thermo electric efficiency ZT that may hamper their effective utilization in some 

thermo electric applications. 
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5 Summary and Prospects 

In this thesis we have investigated the physical properties of doped and un-

doped thorium mono-pnictides ThX (X=N,P,As,Sb,Bi) using density functional 

formulism at ambient and non-ambient conditions. For the simulation of properties like 

structural, electronic, magnetic and thermoelectric we have employed various 

approximated potentials such as LDA, LSDA, PBE-sol,WC-GGA, PBE-GGA, LDA+U 

and GGA+U. Thermoelectric properties have been investigated using Boltzman 

transport theory within relaxation time approximation. The study concludes that the 

thorium mono-pnictides are structurally stable, metallic, non-magnetic and light 

thermoelectric materials. The valance and conduction bands of these compounds overlap 

rendering them metallic, whereas DOS, PDOS for both minority and majority spin 

polarizations are mirror reflections of each other thus confirming nonmagnetic nature. 

 The computed maximum electrical conductivity has values of 13×10
20 

Ω
−1

m
−1

s
−1 

at μ = 0.025 eV for ThN;15×10
20

Ω
−1

m
−1

s
−1 

at μ =0.14 eV for ThP; and 10×10
20 

Ω
−1 

m
−1

s
−1 

at μ = 0.125 eV for ThAs. The maximum values of See-beck coefficient for ThN, 

ThP and ThAs are, respectively, about 38 μV/K, 85 μV/K and μV/K 100 at μ = -0.12 eV 

and 500 K. The maximum values of PF are 4.5 × 10
12 

Wm
−1 

K
−2

s
−1 

for ThN at μ = 0.025 

eV and 300K;1.7× 10
12 

Wm
−1

K
−2

s
−1 

for ThP at μ=0.09 eV and 400K; and 1.6×10
12 

Wm
-

1
 K

-2 
s

-1
 for ThA sat μ = 0.01 eV and 300K. High values of PF of the order of 10

12
Wm-

1K-2s- present ThN, ThP and ThAs as potential candidates for technological 

implications. However, the simultaneous large values of thermal conductivities of the 

order of 10
16

W/mKs render the monopnictides with low values for the thermo electric 

efficiency ZT that may hamper their effective utilization in some thermoelectric 

applications. Similarly, electrical conductivity σ has maximum value of 

12.0×10
20

Ω
−1

m
−1

s
−1 

at μ=-1.52eV for ThSb and 9.7×10
20

Ω
−1

m
−1

s
−1 

at μ=-1.52 eV 

forThBi.The largest value of the power factor is~5.6×10
11

Wm
−1

K
−2

s
−1

at μ=−1.52eV of 

ThSb at temperature 500 K. Whereas the large amount of power factor reported for 

ThBiis ~5.5× 10
11

Wm
−1

K
−2

s
−1

for μ = -1.52 eV and T = 500 K. The figure of merits 

computed about ThBi and ThSb largely in order are 0.14 and 0.18 at T = 500 K and μ = 

-1.52 eV. The greatest values of Seebeck coefficient observed for ThSb andThBi,are-

75μV/Kand-70μV/Kforμ=−1.52 eV and T = 500 K. 
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When carbon is doped in ThN compound, the doped compounds remain also stable, 

showing metallic and non-magnetic character with slightly large magnetic moments in 

contrast to their undoped counterparts. We also observed the flipping of spin magnetic 

moments in monopnictides arising from the alteration of spin orientations of electrons 

with respect to angular moments with change in pressure. These compounds can be 

potential candidates for electronic, non-magnetic, thermoelectric and nuclear fuel 

applications. 

Actinides compounds such as thorium mononitrides ThN and thorium 

monocarbides ThC etc are solid materials having high melting points and thermal 

conductivity than their oxide counter parts; and due to high melting point, thermal 

conductivity and high density they are vastly being used in new generation nuclear 

reactors, fuel breeding, nuclear safety reactor and products of reactive fission. The 

compounds of nitrides with actinides are solid materials of most advanced fuel for fast 

breeder reactor and accelerator driven system. 

As future propsepects, it is suggested that further study on said thorium 

monopnictide compounds can be conducted with induction of spin orbit coupling(SOC) 

for better understanding of the electronic band structures of the said compounds.Besides, 

energy band can be further tuned by doping with various elements to enhance the 

electronic, magnetic, thermoelectric and thermonuclear properties of thorium with 

doping of both pnictogen and chalcogenide family which are yet less studied, such as 

thorium-phosphide silicides etc. It is also suggested to explore on the thermodynamic, 

properties, phonon spectrum and topological insulating properties of doped and undoped 

actinide pnictides and chalcogenides which are rarely studied such as ThSiP, ThSiN, 

ThSiSb etc. 
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A B S T R A C T

This study presents the density-functional-theory (DFT) calculations of B1-phase cubic mono-pnictides of
thorium, i.e., ThSb and ThBi regarding their structural, electronic, magnetic and thermoelectric properties. We
calculated lattice constant, bulk moduli and their pressure derivative, and ground-state energy by the full-po-
tential linearized augmented plane wave (FPLAPW) method. We employed local-density approximation (LDA),
with and without spin-polarization effect, and generalized-gradient approximations (GGA) as the exchange-
correlation functionals for structural properties. Further comparison of DFT calculations is made with Perdew-
Burke-Ernzerh (PBE) and Wu-Cohen (WC) corrections. For the comparative study of magnetic and electronic
properties, DFT+U (Hubbard parameter) model is implemented. In addition, we used semiclassical Boltzman
theory to explore the thermoelectric properties such as electrical conductivity, Seebeck coefficient, power factor,
and figure of merit which present ThSb and ThBi as promising thermoelectric and thermonuclear materials and
potential candidates for practical uses in nuclear power and thermoelectric devices.

1. Introduction

The remarkable advancement in condensed-matter physics and
materials chemistry largely owes to the advent of innovative compu-
tational tools and methods enabling researchers to investigate the di-
verse properties of materials for fundamental and technological appli-
cations. For instance, the electronic, structural, magnetic, mechanical,
optical and thermoelectric properties of simple to complex materials
have been studied by DFT using various codes with less computational
efforts. DFT is a many-body quantum theory [1] which employs elec-
tron's charge density ∫ ∫= ∗n N d d Ψ Ψr r(r) ... (r, r , ..., r ) (r, r , ..., r )N N N1 1 1
instead of wavefunction to calculate properties of materials. As elec-
tron's charge density is a function of only three spatial coordinates so it
can be easily calculated as compared to the detailed prescription of
many-body wavefunction [2] which usually depends on large number
of variables (e.g. spatial and spin coordinates). Thus, analytical solution
of many-body Schrodinger equation is more challenging; especially in
the presence of many-body correlations rendering Schrodinger equation

inseparable. As such, DFT offers an elegant alternative by separating the
many-body Schrödinger equation into a set of coupled one-electron
equations called Kohn–Sham (KS) equations which can be solved nu-
merically with much ease. Thus, amidst the analytical and experimental
challenges posed by the complex many-body problems in condensed-
matter physics and material chemistry, DFT has opened the doors of
ever exciting scenario by providing tremendous facilitation to calculate
materials' properties numerically.

According to Hohenberg–Kohn (HK) theorem [3,4], which laid the
foundation of DFT, the ground state properties of a quantum system can
be determined from the electron's charge density which contains all
physical information of the system. The KS equation for N electrons is
given by
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where the first term in bracket on the left-hand side of Eq. (1) is kinetic
energy of electrons, V (r)ext is the external potential due to average field
of other electrons, = ∑n ψ(r) (r)i

N
i

2 is the electron density. The ex-
change potential V (r)xc is a functional derivative of the exchange-cor-
relation energy functional:

=V δE n
δn

(r) [ (r)]
(r)xc

xc

(2)

Thus, the total energy functional is

∫= + ⎛
⎝

+ ⎞
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+E n T n d n V Φ E n[ ] [ ] r. (r) (r) 1
2

(r) [ ]ext xc0
3
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where T n[ ]0 is the kinetic energy of electrons with charge density n
without electron-electron interactions, Φ is the Coulomb potential of
interacting electrons. All the terms in Eq. (3) can be determined exactly
except the exchange-correlation energy functional E n[ ]xc which can be
approximated according to the nature of the problem. The exact form of
this functional should solve the Kohn–Sham equations with exactly the
same ground-state energy as obtained by many-body Schrödinger
equation. The most commonly used exchange-correlation functionals
are local-density-approximation (LDA) and general-gradient-approx-
imation (GGA) with some other combinations. In LDA, the exchange-
correlation energy density is taken to be uniform while in GGA it is
other way round and depends on local gradient of electron charge
density ∇n (r) [5].

In this article, we present first-principles DFT calculations for the
structural, electronic, magnetic and thermoelectric properties of two
cubic mono-pnictides of thorium: ThPn (where Pn= Sb, Bi). Thorium is
the most stable and accessible actinide with many known compounds
including chalcogenised and pnictides. Despite its place among the f-
block elements, thorium in the ground state has anomalous [Rn]6d27s2

electron configuration. Binary compounds of thorium with s- and p-
block elements have attracted a considerable interest because of their
peculiar chemical and physical properties offering them as potential
candidates for thermo-electric and thermo-nuclear materials [5]. Lack
of appropriate DFT functionals, the characterization of d-electron ma-
terials, actinides and other f-electron materials offer huge challenge as
compared to s- and p-electrons materials [4]. Previously, the mono-
chalcogenides and mono-pnictides of rare-earth elements have been
paid much attention owing to their peculiar magnetic, electronic,
structural and elastic properties. Mostly, mono-chalcogenides and
mono-pnictides of rare-earth materials exist in NaCl (B1) phase struc-
ture. Thorium mono-pnictides ThPn crystallize in the cubic B1-like
structure, where pnictogens Pn atoms occupy the octahedral interstitial
sites in the face-centered cubic thorium sublattice [6]. The mono-
chalcogenides and mono-pnictides compounds of heavy nuclides such
as U, Th, Np and Pu, and Po are of great concern both experimentally
and theoretically [7–19]. The compounds of heavy nuclides have high
density, melting point, greater thermal conductivity and as such are
suitable in many applications such as nuclear fuel reactors. The peculiar
exotic properties of these compounds arise because of partially-filled (d,
f)-orbitals.

Gerward et al. [10] presented pressure-induced phase transition of
ThSb and ThAs. Srivastava et al. [16] studied elastic and structural
properties of plutonium mono-chalcogenides and mono-pnictides.
Kanchana et al. [20] explored structural properties of series of mono-
pnictides and mono-chelcogenides of thorium with a general formula:
ThY (where Y= N, C, P, Bi, As, Se, S & Te) by full-potential linear
muffin-tin-orbital technique within GGA approximations. Amari et al.
[21] presented first-principles DFT calculations for electronic, struc-
tural and elastic properties of thorium mono-pnictides ThZ (Z = P, N,
As, Bi and Sb). Anayas et al. [22] analyzed the phonon dynamics of
thorium pnictides and chalcogenides using breathing-shell model and
two-body rigid-ion model. Venkatasubramaniam et al. [23] computed
the structural phase transition of thorium pnictides compounds namely
ThAs and ThSb by the tight-binding linear muffin-tin orbital technique.

The structural, electronic and optical properties of ThAs, ThP and ThSb
were studied by Kumar and Auluck [24] using LMTO-ASA method. In
another study, Kholiya and Gupta [25] carried out the structural and
elastic properties of ThAs, UAs and NpAs compounds under pressure
variations with the help of Born-Moyer type potential. In a recent study,
Kapoor et al. [26] reported the elastic behavior and transformation in
phase of binary compounds of ThY (Y= P, N, Sb, As).

According to our knowledge, so far no work has been reported on
thermoelectric and magnetic properties of the two-phase cubic-mono-
pnictides of thorium ThSb and ThBi; which is the main motivation of
the current study. In addition, we also report the electronic and struc-
tural properties of these compounds. The physical properties we have
computed are: optimized lattice constants (Ao), volume (V0), bulk
modulus (Bo) and its pressure derivative (B0′), total energy (E), density
of states and energy band structure. In addition, magnetic moments,
electrical conductivities (σ), power factors, Seebeck coefficients (S) and
figure of merit ZT of the compounds have been investigated.

This piece of research work is arranged as follows: In part 2 we
describe the computational details. Section 3 presents results and dis-
cussion. At the end, conclusion is presented in section 4 with brief
summary of findings and applications.

2. Materials and computational methods

The two mono-pnictides compounds of thorium, i.e., ThSb and ThBi
are modeled in the space group Fm 3m (225) with fcc crystal symmetry
(Fig. 1). Atomic-positions configuration of the species in the compounds
are similar to NaCl-type structure as follows: Th (0,0,0) and Sb/Bi (1/
2,1/2,1/2). Each Pn and Th atom is surrounded by six Th or Pn atoms,
respectively with a regular octahedral shape. The first-principles DFT
structural calculations are made in this study using full-potential line-
arized-augmented plane wave plus local orbitals (FPLAPW+lo) method
by Wien2k code [27]. We used LDA/LSDA, PBE-GGA [28] and WC-GGA
[29] approximations to solve Kohn-Sham equation for the calculations
both for with-spin and without-spin polarization. Magnetic properties
are calculated using LDA plus Hubbard parameter (U) for U = 5 eV for
both spins. The plane-wave expression is administered by choosing
RMT × Kmax equal to 7. The k-points are taken at 10000 in the irre-
ducible part of the Brillion Zone (BZ). Self-consistency is taken to be
converged at total energy of 0.1 mRy giving stable structure.

3. Results and discussion

3.1. Structural properties

The two compounds of thorium, i.e., ThSb and ThBi, are char-
acterized for their structural properties such as lattice constant, ground-
state volume, bulk modulus and their pressure derivatives and ground-
state energies by DFT calculations. In order to study the structural
properties of ThSb and ThBi compounds, especially to calculate ground
state energy, the total energy of the compounds is minimized at various
volumes by Murnaghan's equation of state [30] given as follows
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where ′ =B dB dP/0 0 , is the pressure derivative of Bulk modulus B0 while
E0 and V0 are minimum energy and volume.

The structural properties of the compounds computed by exploiting
LSDA, PBE-SOL, PBE-GGA and WC-GGA potentials with and without
spin polarization are given in Table 1. By choosing minimum energy of
the compounds, volume verses total energy (V-E) plots are made
(Fig. 2). Only approximations having values of lattice parameters near
to experimental values are selected for the compounds. The results of
the approximations WC-GGA and PBE-GGA are considered for the two
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compounds ThSb and ThBi, respectively.
The comparison of our calculated structural properties with and

without spin with experimental results for both compounds with LSDA,
PBE-SOL PBE-GGA and WC-GGA approximations are shown in Table 1.
It is found that PBE-GGA overestimates the lattice constants with and
without spin, while the approximations LSDA, PBE-SOL and WC-GGA
underestimate the lattice constants with and without spin for ThBi
compound. WC-GGA and PBE-GGA results are quite comparable with
the previous experimental and theoretical values [14] for both spins
showing that these compounds are stable. In Ref. [14] authors used full-
potential linearized augmented plane wave plus local-orbitals (FPLAPW
+lo) method with GGA-PBE and LDA approximations without spin

polarization. Comparison of lattice constant and bulk modulus for ThSb
is also made with results of [6] based on Ab initio calculations using
FPLAPW+lo with GGA corrections to exchange-correlation potential of
PBE.

3.2. Electronic properties

Regarding electronic properties, we have calculated energy band,
total density of states (DOS) and partial density of states spectra for
both compounds as shown in Figs. 3 and 4, respectively. In order to
obtain the electronic properties of ThSb and ThBi compounds, the en-
ergy band spectrum (EBS) and DOS are calculated both for spin up and

Fig. 1. Crystal structures of (a) ThBi and (b) ThSb
in NaCl B1-phase configuration.

Table 1
Structural properties of ThSb and ThBi.

Sr. No Approximation Exp. Lattice Const. A0 Calculated Lattice Const. A0 Ground- state Volume
V0

Bulk Mod. B0(Gp) dB0/dt ′B0 Ground-state Energy
E0

A. ThSb: (i) Calculation without spin polarization
1 LDA 6.318 (PDF#65-1713) 6.2551

(6.2521)
412.8192 97.928 (97.7921) 5.00 (3.9021) −66002.7596

2 PBE-SOL do 6.2874 419.3330 93.2219 5.00 −66021.7632
3 PBE-GGA do 6.3709

(6.3621, 6.37236)
436.2456 77.4016

(83.9621, 83.26)
5.00
(3.9121)

−6666040. 6398

4 WC-GGA do 6.2961 421.0714 92.8311 5.00 −66035.9732
(ii) Calculation with spin polarization
1 LSDA 6.318 6.2551 412.8949 97.9659 5.00 −66002.7596
2 PBE-SOL do 6.2874 419.3305 93.2424 5.00 −66021.7632
3 PBE-GGA do 6.3577 433.5572 83.6258 5.00 −66040.5854
4 WC-GGA do 6.2961 421.0684 92.8536 5.00 −66035.9732

Sr. No Approximation Exp. Lattice Const.
A0

Calculated Lattice Const.
A0

Ground- state Volume
V0

Bulk Mod.
B(Gpa)

dB0/dt
′B0

Ground-state Energy
E0

B. ThBi: (i) Calculation without spin polarization
1 LDA 6.49 6.3649 (6.3821) 435.0318 88.9159

(88.2821)
5.00
(3.9221)

−96186.4253

2 PBE-SOL do 6.4002 442.2923 84.4652 5.00 −96211.9638
3 PBE-GGA do 6.4775 (6.4921) 458.5218 75.716 (77.9521) 5.00 (3.9121) −96236.3396
4 WC-GGA do 6.3038 422.6049 89.9709 5.00 −66035.7488
(ii) Calculation with spin polarization
1 LSDA 6.49 6.3649 435.0308 88.8975 5.00 −96186.4252
2 PBE-SOL do 6.4002 442.3017 84.5075 5.00 −96211.6938
3 PBE-GGA do 6.4776 458.5335 75.6983 5.00 −96236.3396
4 WC-GGA do 6.4095 444.2331 84.3281 5.00 −96230.5266
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spin down using LDA +U (for U = 5 eV) in an energy range −14eV to
8eV. The Fermi level is set at 0 eV in both cases as represented by the
dashed line. The lower valence bands of ThSb and ThBi occur around
−11 eV and −12 eV, respectively (Fig. 3), and arise from Sb/Bi 5s and

5p states as shown in plots of partial density of states (PDOS) for spin up
and spin down (Fig. 5a). The next valence band in each compound
starting from -5eV is separated by an energy gap and overlaps with the
conduction band expanded below the Fermi energy at -2eV. The

Fig. 2. The total energy optimization vs volume plots of ThBi and ThSb compounds with WCGA and PBEGGA approximations.

Fig. 3. Energy band structure diagram for ThSb and ThBi compounds with LDA+U approximation.
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corresponding peaks of valence bands in DOS plots are shown around
−10 eV and -7eV, respectively (Fig. 4). The major contribution of f-
orbitals of Th in the conduction bands correspond to a large peak
around 2 eV in DOS plot as shown in Fig. 5b. Similar trend can be found
for ThBi. Both compounds show metallic behavior as there is over-
lapping between the upper part of valance bands and lower part of
conduction bands.

For the comparison sake, we implemented GGA+U approximation
to investigate the electronic properties of ThSb. As shown in Figs. 6 and
7, the EBS, DOS and PDOS spectra for ThSb are identical to the ones
obtained with LDA+U approximation for both compounds.

The EBS, DOS and PDOS for ThSb and ThBi were calculated by
Shein and Ivanovskii [6] by means of Ab initio calculations using
FLAPW both with GGA and LDA corrections to exchange-correlation
potential of PBE. Their results are identical for both approximations.
The EBS and DOS spectra are also identical to our results.

3.3. Magnetic properties

The first-principles DFT+U calculations for spin magnetic moments
are presented for both compounds ThSb and ThBi in Table 2. We found
more correlational effects for LSDA, PBE-SOL, PBE-GGA, WC-GGA ap-
proximations for both compounds without U parameter. In order to
overcome these effects, we carried out calculations employing DFT+U
approach. The values of magnetic moments at different values of U (up
to 7eV) were investigated but we considered the maximum values ob-
served with LDA+U as 0.00038 and 0.00009 at 5eV for ThSb and ThBi
compounds, respectively. For the comparison sake, we obtained the
maximum value of magnetic moment 0.00057 for ThSb with GGA+U
observed at 7eV. The respective Hubbard potentials are used to com-
pute electronic properties of the compounds. These values show that
both compounds are nonmagnetic metals having almost zero magnetic
moments.

Fig. 4. Variation of total density of states with energy for ThSb and ThBi with LDA+U approximation.

Fig. 5. Plots of partial density of states for Sb and Th with LDA+U approximation.
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3.4. Thermoelectric properties

Due to effective transformation of energy from thermal to electrical
(using Seebeck effect) and vice versa with thermoelectric materials
(TM), scientists have shown great interest in the study of thermoelectric
behavior of materials. Keeping in view the enormous utilization of TM
in components of detectors, refrigerators, thermoelectric generators and
computer cooling [31–37], the study of thermoelectric properties of the
compounds under investigation is of crucial research interest. ThSb and
ThBi compounds may be used as thermoelectric materials in various
aforementioned devices. By using the optimized lattice parameters, the
thermoelectric transport tensors can be evaluated through the Boltz-
man's transport theory [38]. Thermoelectric calculations require a
denser k-mesh for the convergence; so a k-mesh of 150000 k-points for
the transport properties convergence is employed. We have calculated
the Seebeck coefficient, electrical conductivities, power factor and the
figure of merit (ZT) to be discussed in the sections to be followed.

Seebeck coefficient (S) is a measure of induced voltage across a
junction between two dissimilar materials subjected to temperature

difference, from which we can determine the efficiency in terms of ZT
for TM. Material with stable high S are efficient as thermoelectric
coolers and thermoelectric generators. The ZT is proportional to square
of S, temperature T and electrical conductivity σ and is inversely pro-
portional to thermal conductivity K as given below,

ZT = S2σT/K, (5)

where T is Kelvin temperature, and K = ke + kl; so thermal con-
ductivity results from both electrons and lattice vibration contributions,

Fig. 6. Energy band spectrum and total density of states for ThSb with GGA+U approximation.

Fig. 7. Partial density of states for Sb and Th with GGA+U approximation.

Table 2
Spin magnetic moments of mixed charged density μm.

ThSb: LDA+U(5eV) ThBi: LDA+U(5eV) ThSb: GGA+U(7eV)

μm of interstitial = 0.00023 μm of
interstitial = 0.00000

μm of
interstitial = 0.00038

μm of Th = 0.00008 μm of Th = 0.00008 μm of Th = 0.00007
μm of Sb = 0.00008 μm of Bi = 0.00001 μm of Sb = 0.00012
μm of ThSb = 0.00039 μm of ThSb = 0.00009 μm of ThSb = 0.00057
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i.e., ke and kl respectively [39,40].
From the expression for figure of merit in Eq. (5), it is obvious that a

material with large electrical conductivity, Seebeck coefficient, and less
thermal conductivity warrants large efficiency represented by ZT.
However, the complex mutual relation of these quantities offers chal-
lenges to improve ZT. The thermoelectric materials with high efficiency
have high electrical conductivity [41,42]. Hence, performance of
thermoelectric materials can be determined by calculating the ZT.

The plots of electrical conductivity and power factor (PF) S2σ versus
chemical potential for ThBi and ThSb compounds are displayed in Fig. 8.
Behavior of electrical conductivity for both compounds is almost iden-
tical in the chemical potential range −0.15 eV to 0.15 eV with a little
variation in conductivity amplitude. Both compounds reveal metallic
nature with maximum values of electrical conductivity ≈1021 − − −Ω m s1 1 1.
For both compounds, conductivity first decreases almost linearly
from its maximum value of 4.5 × 1020 − − −Ω m s1 1 1at μ =−0.15 eV to≈ 0

− − −Ω m s1 1 1 at μ = −0.10 eV and then increases linearly up toμ
= 0.025 eV. Afterwards, there is an oscillatory structure with a small dip
at μ ≈ 0.05 eV and large peak with σ = 10.5 × 1020 − − −Ω m s1 1 1at μ
= 0.0125 eV for ThSb and σ = 9.5 × 1020 − − −Ω m s1 1 1at μ = 0.0126 eV
for ThBi. As shown, in the given chemical potential range electrical
conductivity is independent of temperature variation.

Regarding transport properties, chemical potential µ plays a vital
role. For instance, the location of µ in the energy band structure pro-
vides information as to which electrons in the conduction or valence
band contribute to the electronic transport. Electrical conductivity of
free electron gas in view of classical Drude model is defined as

= ∗σ ne τ m/2 ; where n is the electronic density, m* is electron effective
mass and τ is average time between two collisions, called the relaxation
time. Thus, the change in electrical conductivity with chemical poten-
tial may result from change of number of charge concentration and the
relaxation time. The Drude conductivity can be derived from the
semiclassical Boltzmann theory [43] which calculates electrical

conductivity by incorporating the relaxation time as a parameter in the
form σ τ/ [2]. As such, µ affects the electrical conductivity, the Seebeck
coefficient and figure of merit. In fact, the chemical potential represents
the central value of the Fermi-Dirac distribution function f(ɛ, T, µ) = 1/
[1+exp(ɛ −µ/kBT)] and can be determined from electron concentra-
tion. Where f(ɛ) is the occupation probability of electron in state of
energy E, kB is Boltzmann's constant, and T is the temperature in Kelvin.
The total number of electrons per unit volume in a crystal is given by n

= ∫
∞

f T μ D E dE(ε, , ) ( )
0

, where D(E) is the density of states and f(ɛ, T,

µ) is the Fermi-Dirac distribution function. The value of the chemical
potential at absolute zero is termed as the Fermi energy. If for a solid
material there exists a surface constructed in the reciprocal space such
that μ = ɛ at T = 0, the material is a metal.

As shown in Fig. 8, power factor increases with temperature at fixed
chemical potential. However, this variation is not regular. The PF has
maximum value of about 6.0 × 1011 W − − −m K s1 2 1 atμ = −0.12 eV for
ThSb at temperature 500 K. While the maximum value of PF for ThBi
occurs at about 5.5 × 1011 W − − −m K s1 2 1 atμ = −0.12 eV for ThBi at
500 K. The variation in PF with chemical potential is same for both the
compounds at any fixed temperature except the difference in values of
PF.

The temperature-dependent variation of S and ZT vs chemical po-
tential is shown in Fig. 9. The maximum value of Seeback coefficient for
ThSb and ThBi, respectively, are ∼75μK/V and ∼70 μK/V at μ
= −0.12 eV and 500 K. It drops to the minimum values of ∼ −45μK/
V and ∼ −36μK/V at = −μ 0.75eV and -1eV, respectively, for ThSb
and ThBi. The S slowly attains zero value with further increase in
chemical potential and then slightly oscillates. Temperature variation
also affects values of ZT at some fixed values of μ more appreciably as
compared to others. The maximum value of ZT for ThSb and ThBi are
recorded as 0.18 and 0.14 respectively at 500 K and μ = −0.13 eV. It
drops to zero afterwards and rises to about 0.06 around 0.07 eV and

Fig. 8. Variation of electrical conductivity and power factor of ThSb and ThBi with chemical potential.
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drops to zero again at 0.00 eV. Further variation of temperature and
chemical potential does not affect its value to any appreciable amount.

4. Conclusion

In conclusion, we have presented density-functional theory calcu-
lations for the structural, electronic, magnetic and thermoelectric
characterization of thorium monopnictides ThPn (Pn= Sb, Bi) in the B1
cubic phase. We exploited PBE and WC corrections to GGA and LDA/
LSDA exchange-correlation functionals to calculate structural proper-
ties. While we employed LDA+U and LSDA+U approximations to in-
vestigate the magnetic properties of the compounds. The structural
properties predict the stable configuration of the compounds in NaCl B1
phase. The calculated small magnetic moments show that the com-
pounds are nonmagnetic in nature as is indicated in EBS and DOS
which, both for spin up and spin down orientations, are mirror reflec-
tion of each other. The zero energy band gaps for both compounds
warrant them metallic behavior.

The calculated structural and electronic properties are compared
with the available experimental and theoretical results while magnetic
and thermoelectric properties are calculated for the first time. Electrical
conductivity σ has maximum value of 10.5 × 1020 − − −Ω m s1 1 1at μ
= 0.0125 eV for ThSb and 9.5 × 1020 − − −Ω m s1 1 1at μ = 0.0126 eV
for ThBi. The power factor has maximum value of
∼6.0 × 1011 W − − −m K s1 2 1 at μ = −0.12 eV for ThSb at temperature
500 K. While the maximum value of power factor for ThBi is
∼5.5 × 1011 W − − −m K s1 2 1 for μ = −0.12 eV and T = 500 K. The
maximum values of figure of merit for ThBi and ThSb are, respectively,
0.14 and 0.18 at T = 500 K and μ = 0.13 eV. While the maximum
values of Seebeck coefficient observed for ThSb and ThBi, respectively,
are ∼75μK/V and ∼70 μK/V for μ = −0.12 eV and T = 500 K. As
such, ThSb and ThBi may be promising candidates for potential appli-
cations as thermonuclear and thermoelectric materials in different

devices such as nuclear reactors, electric coolers and heat generators.
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Erratum
Erratum to “First-principles study of structural, electronic, magnetic
and thermoelectric properties of the cubic mono-pnictides of thorium
ThPn (Pn ¼ Sb and Bi)” [Comput. Condens. Matter 13 (2017) 111e119]
In this note we report corrections to some errors found in our
original manuscript [1]. The correct units for Seebeck S coefficient
in plots of Figure 9 and in the related discussion, wherever appli-
cable, is V=K . In the 2nd line on page 112, the following correction
is made: VextðrÞis the external potential due to average field of pos-
itive ions. The correct wavefunction notation in Eq.(1) representing
the Kohn-Sham orbitlas is jiðrÞinstead of jiðriÞ. In the caption of
Figure 2, the corrected DFT functional is WCGGA instead of
WCGA. Regarding the discussion of thermoelectrical properties of
ThSb and ThBi with respect to chemical potential m in the range
from �0.15eV to þ0.15eV [Figures (8e9)], the following correction
are made.

a) The maximum value of electrical conductivity s for ThSb and
ThBi, respectively, is z12� 1020 U�1m�1s�1 and
z9:7� 1020 U�1m�1s�1 at mz1:52 eV.

b) The maximum power factor S2s for ThSb and ThBi, respec-
tively, is 5.6� 1011 Wm�1K�2s�1 and 5.5� 1011

Wm�1K�2s�1 at mz� 1:52 eV and T¼ 500 K.
c) The maximum value of Seeback coefficient S for ThSb and

ThBi, respectively, is ~75 mV=K and ~70 mV/K at mz� 1:5 eV
and T¼ 500 K.

d) The maximum values of figure of merit ZT for ThSb and ThBi,
respectively, are 0.18 and 0.14 at about the same values of m
and T.

Other numerical values of thermoelectrical properties with
DOI of original article: https://doi.org/10.1016/j.cocom.2017.10.003.

https://doi.org/10.1016/j.cocom.2019.e00367
2352-2143/© 2019 Elsevier B.V. All rights reserved.
respect to m in the range �2 eV to þ 2eV are self evident.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cocom.2019.e00367.
Reference

[1] Muhammad Siddique, Amin Ur Rahman, Bakhtiar Ul Haq, Azmat Iqbal,
Afaq Ahmad, Iftikhar Ahmad, Comput. Condens. Matter 13 (2017) 111e119.
Muhammad Siddiquea, Amin Ur Rahmana, Bakhtiar Ul Haqb,
Azmat Iqbala,*, Afaq Ahmadc, Iftikhar Ahmadd

a Department of Physics, The University of Lahore, Raiwind Road
Campus, Lahore, Pakistan

b Department of Physics, King Khalid University, Saudi Arabia

c Centre of Excellence in Solid State Physics, University of the Punjab,
Lahore, Pakistan

d Abbotabad University of Science and Technology, Pakistan

* Corresponding author.
E-mail address: azmatiqbal786@gmail.com (A. Iqbal).

18 January 2019

https://doi.org/10.1016/j.cocom.2019.e00367
http://refhub.elsevier.com/S2352-2143(19)30019-X/sref1
http://refhub.elsevier.com/S2352-2143(19)30019-X/sref1
http://refhub.elsevier.com/S2352-2143(19)30019-X/sref1
mailto:mailtoknunesfitedu
https://doi.org/10.1016/j.cocom.2017.10.003
www.sciencedirect.com/science/journal/23522143
http://ees.elsevier.com/cocom/default.asp
https://doi.org/10.1016/j.cocom.2019.e00367
https://doi.org/10.1016/j.cocom.2019.e00367


lable at ScienceDirect

Computational Condensed Matter 21 (2019) e00403
Contents lists avai
Computational Condensed Matter

journal homepage: ht tp: / /ees.e lsevier .com/cocom/defaul t .asp
Effect of pressure and Hubbard potential on the electronic and
magnetic properties of thorium monopnictides ThPn (Pn ¼ N, P, As, Sb,
Bi) in respect of crystal field splitting, charge transfer and spin flipping
of magnetic moments

Muhammad Siddique a, Amin Ur Rahman b, Azmat Iqbal b, *, Sikander Azam b

a Department of Physics, The University of Lahore, Raiwind Road Campus, Lahore, Pakistan
b Faculty of Engineering and Applied Sciences, Department of Physics, Riphah International University, Islamabad, Pakistan
a r t i c l e i n f o

Article history:
Received 21 March 2019
Received in revised form
14 May 2019
Accepted 16 May 2019

Keywords:
Charge transfer
Crystal field splitting
Spin magnetic moment
Spin flipping
High pressure
Density functional theory
Thorium cubic monopnictides
* Corresponding author.
E-mail address: azmatiqbal786@gmail.com (A. Iqb

https://doi.org/10.1016/j.cocom.2019.e00403
2352-2143/© 2019 Elsevier B.V. All rights reserved.
a b s t r a c t

Thorium pnictides, besides their fundamental implications, are potential candidates for the emerging
clean nuclear energy technology. Hereby, we investigate from first-principles the structural, electronic
and magnetic properties of thorium monopnictides ThPn (Pn ¼ N, P, As, Sb, Bi) subjected to high pressure
with the Hubbard correction. The total energy is calculated by employing the full-potential linearized
augmented plane wave plus local orbitals (FP-LAPW þ lo) method. The structural properties of the
compounds subjected to elevated pressure are computed by treating the exchange-correlation energy
terms in Kohn-Sham equation (KSE) within Perdew-Burke-Ernzerhof (PBE) corrected generalized
gradient approximation (GGA). However, in order to investigate the electronic band structure, density of
states and spin magnetic moments of the monopnictides, we employed Hubbard DFT model (LDA þ U) at
various pressures. In conformation to the earlier studies, the monopnictides show nonmagnetic metallic
character having small spin magnetic moments. The external pressure and Hubbard potential play a key
role in mechanism of charge transfer, crystal field splitting as well as spin flipping of magnetic moments.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Thorium is an important member of 5f electrons actinide sys-
tems which, besides their technological implications as best alter-
native nuclear fuels [1], are test beds for the understanding of the
chemical and physical role of 5f electrons regarding the peculiar
properties of actinides compounds. For instance, the degree of
localization/delocalization of 5f electrons in actinides compounds
dictates peculiar magnetic and conducting behavior of the com-
pounds. In particular, binary compounds of thorium with closed
shell elements such as of pnictogen family (e.g. N, P, As, Sb, Bi),
besides their fundamental implications because of unique struc-
ture, high density, good thermal conductivity, are considered as
potential candidates for next generation nuclear reactors for clean
energy. It is well established that atomic and ionic energy levels
belonging to 7s, 6d and 5f orbitals of actinides have similar energies
al).
[2]. As such, the orbitals' chemical reactivity may strongly alter the
properties of actinides compounds. In contrast to 5f orbitals,
however, owing to their larger spatial size the 6d and 7s states can
contribute significantly to the chemical bonding. Therefore, it will
be interesting to investigate thorium pnictides from fundamental
as well as technological point of view to better understand the
stability of the mixed ionic and metallic species and the role of 5f
electrons in chemical bonding and charge transfer mechanism.
Besides, in the case of light actinide metals a charge transfer is
observed from spd to 5f band subjected to high pressure which in
turn causes structural phase transition [3]. In contrast to the
localized behavior of 4f electrons of rare-earth compounds, the
observed hybridization of 5f electrons in actinides systemswith the
conduction band leads to novel phenomenon like crystal-field
splitting or Kondo compensation [4]. These in turn affect the
electronic band structure and magnetic properties of the actinides.
Therefore, it is worthwhile to investigate the structural, electronic
and magnetic properties of ThPn subject to high pressure so as to
better explore the role of 5f electrons in actinides compounds.

Pressure has been suggested a useful thermodynamic parameter

mailto:azmatiqbal786@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cocom.2019.e00403&domain=pdf
www.sciencedirect.com/science/journal/23522143
http://ees.elsevier.com/cocom/default.asp
https://doi.org/10.1016/j.cocom.2019.e00403
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so as to tune the electronic structure and hence the electronic and
magnetic properties of rare-earth and actinides compounds [5] for
various applications. With pressure changes, materials undergo
crystal-structure transition which may be accompanied by
magnetic-phase transition. In particular, with pressure enhance-
ment the otherwise localized 5f electrons start participating
bonding with spd electrons of ligand to some extent [6]; a phe-
nomenon called charge transfer. However, the complete under-
standing of pressure induced properties in actinides compounds is
debated [6]. This has partly motivated high pressure research on
actinides compounds, recently. Regarding thorium pnictides ThPn
(where Pn belongs to pnictogen family), the X-ray diffraction
measurements for ThP [7], and ThAs, ThSb [8] monopnictides
revealed structural phase transition at 30 GPa, 25 GPa and
9e12 GPa, respectively. Aid et al. [9] have reported structural and
elastic properties of thorium pnictides and chalcogenides
ThX(X¼ S, Se, P, As, Sb) at high pressure within local density
approximation (LDA) and GGA methods. They observed the struc-
tural transition from phase B1-NaCl to B2-CsCl at 25.26 GPa,
20.52 GPa, 14.76 GPa and 11.73 GPa pressures for ThS, ThP, ThAs and
ThSb pnictides, respectively. Recently, Kanchana et al. [10] have
reported high pressure experimental and theoretical study on
thorium binary compounds ThX (X¼C, N, P, As, Sb, Bi, S, Se, Te).
They observed structure transition in ThP, ThAs and ThSb at pres-
sure of 26.1 GPa, 22.1 GPa and 8.1 GPa, respectively. For the first-
principles calculations they used GGA approximation for
exchange-correlation energy terms. Recently, thorium pnictides
have been investigated theoretically to study their structural,
elastic, electronic, magnetic and thermoelectric properties at
ambient conditions using GGA [11], LDA, GGA [12] and LDA plus
LDA þ U and GGA methods [13].

Main derive behind the high pressure study of actinides binary
compounds stems from their potential as promising nuclear fuels in
the future clean nuclear technology [1]. Actinides compounds, such
as pnictides and chalcogenides, have high melting point, high
density, high thermal conductivity and chemical stability. There-
fore, it is imperative to investigate the structural, electronic and
magnetic properties of materials at high pressure to better under-
stand their behavior in nonambient conditions, in particular at high
pressure. Owing to complex nature of actinides compounds, most
of the earlier high pressure experimental studies were focused on
the structural properties of actinides compounds. However, interest
in high-pressure theoretical research on actinides compounds has
been reinvigorated recently [14e17]. On the other hand, owing to
lack of suitable DFT functionals, investigation of rare-earth and
actinides compounds also present formidable challenges to theo-
rists [17,18].

The prominent delocalization/localization of 5f orbitals com-
plicates the theoretical description of actinide compounds [19].
The localization of 5f states in actinides metals with large atomic
number directly affects the overlapping of orbitals and hence the
electronic band structure of actinide compounds [20]. As such, it is
difficult to account the exact role of strongly-correlated 5f elec-
trons in electronic structure and other physical properties of heavy
actinides compounds with conventional DFT methods, such as LDA
[21], GGA [22] etc. In this respect, DFT þ U method [23] has been
implemented as one of the alternatives for rare–earth and acti-
nides compounds [17,20,24,25] which overcomes some of the
deficiencies present in the DFTmethods. In particular, the Hubbard
U potential is introduced to account for the on-site Coulomb
repulsion of 4f or 5f electrons of rare-earth and actinides
compounds.

The aim of this paper is to investigate the impact of pressure and
the Hubbard U on the structural, electronic and magnetic proper-
ties of monopnictides ThPn (Pn¼N, P, As, Sb and Bi) within first-
principles DFT formalism. In particular, the impact of pressure
and U will be explored on the charge transfer mechanism, crystal
field splitting and the flipping of spin magnetic moments. The
exchange-correlation terms in Kohn-Sham equation (KSE) were
treated by PBE-GGA [26] method for the structural properties.
However, LDAþUmethodwas implemented to compute electronic
properties and spin magnetic moments of the pnictides. According
to our knowledge, no work has been reported on the structural,
electronic and magnetic properties of the thorium monopnictides
under consideration at high pressure within PBE-GGA and LDA þU
methods. We have compared the obtained results with those of
recent high pressure studies on the same thorium pnictides within
LDA, GGA [9] and GGA approximations [10] and their family part-
ners namely- curium pnictides CmPn (Pn¼N, P, As, Sb, Bi) [17].
Besides, a comparison is also made with properties of ThPn carried
out under ambient conditions [11e13].

Although extensive research on structural properties of ThPn
(Pn¼N, P, As, Sb, Bi) has been done in the past, however, there is
hardly any work reported on structural properties at high pressure
within PBE-GGA approximations. Besides, there is lack of research
on the electronic properties of ThPn with LDA þ U method both at
ambient conditions and high pressure. In particular, no work has
been reported on the spin magnetic moments of ThPn from the
first-principles calculations at high pressure. There is also a need to
further investigate the charge transfer mechanism owing to over-
lapping of 5f orbitals of Th with spd orbitals of pncitides by varying
pressure and the Hubbard U. As such, it is worthwhile to investigate
the combined impact of pressure and Hubbard potential U on the
electronic band structure, density of states, and the spin magnetic
moments of the monopnictides.

This paper is organized as follows. In Section 2, computational
detail is briefly given. Section 3 presents the results and discus-
sions. In the last, conclusion is described in Section 4 with brief
summary of findings.
2. Theory and computational detail

In this study, we have employed FP-LAPW þ lo method within
DFT formalism as implemented in WIEN2k numerical code [27] to
calculate the total energy of the system. In this method, the k-
space is divided into two regions, the interstitial region (IR) and
non-overlapping spheres called the muffin tin (MT) spheres with
centres at the respective atomic sites. Within IR region, the set of
basis vectors are supposed to be plane waves which are the so-
lutions of free particle Schr€odinger's equation. In contrast, within
MT spheres the basis set is described by spherical harmonics as
the solution of radial Schr€odinger's equation. The structures of the
compounds were modeled on the basis of Fm3m (225) space group
within FCCetype crystal structure. In order to compute the
ground state lattice and structural parameters, the total energy
was fitted into the following Mornaghan's equation of state
(MES) [28],

EðV0Þ¼ E0 þ
9V0B0
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In order to compute structural parameters at various pressure of
the order of 10 GPa, 20 GPa, 30 GPa, 40 GPa, 50 GPa, and 60 GPa, the
ground state parameters obtained from Eq. (1) were fitted into the
modified form of MES [29],



Fig. 1. Total energy versus unit cell volumes of ThPn (Pn¼N, P, As, Sb, Bi) computed at 60 GPa within PBE-GGA approximation in NaCl-B1 phase for: (aee) non-magnetic state and
(f) magnetic state. As can be seen, each curve shows a minimum ground state energy where the respective compounds are stable both in non-magnetic and magnetic state.
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Fig. 2. Variation of lattice parameters of ThPn compounds with pressure computed
with PBE-GGA approximation.
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VP ¼ 4Vo

�
1þ B0P

B

��1=B0

(2)

where Vp is volume at pressure P, V0 is volume at zero pressure, B is
bulk modulus and B0 its derivative.

The compounds of ThPn with nitrogen family have NaCl-type
(B1-phase) structure with following atomic positions of Th and
Pn atoms: Th (0,0,0); Pn (1/2,1/2,1/2). For the convergence of
eigenvalue problems, the wave function in interstitial space was
expanded by plane wave such that RMTKmax¼ 7, where RMT is the
minimum radius of atomic sphere and Kmax is the maximum value
of the interstitial plane wave in the expansion. The k-points
selected in the irreducible part of the Brillion Zone are 12000. Self
consistency calculations were chosen to be converged with total
energy of 0.1 mRy.

For calculation of structural properties of these compounds, we
employed PBE-GGA approximations for exchange-correlation en-
ergy terms in the KSE given by"
�Z2

2m
V2 þVextðrÞþ

ð
dr

rðrÞ
jr� r0j þVxcðrÞ

#
4iðrÞ¼ εi4iðrÞ;

i¼1; 2; :::; N:

(3)

where the first term in bracket on the l.h.s. of Eq. (3) is kinetic
energy (K.E.) of electrons, VextðrÞ is the external potential, rðrÞ ¼PN

i j4iðrÞj2 is the electron density, 4iðrÞ are Kohn-Sham orbitals, and
εi are the corresponding eigenenergies, the exchange potential
VxcðrÞ is a functional derivative of the exchange-correlation energy

functional Exc½n�, VxcðrÞ ¼ dExc½rðrÞ�
drðrÞ

Thus, the total energy functional is

E½n� ¼ T0½n� þ
ð
d3r:rðrÞ

�
VextðrÞ þ 1

2
FðrÞ

�
þ Exc½n� (4)

where T0½n� is the K.E. of N free electrons, FðrÞ is the Coulomb po-
tential of interacting electrons. The only unknown term Exc½n� in Eq.
(4) can be approximated by minimizing the ground state energy of
the system. Theoretically, the exact form of Exc½n� must solve the
KSE with exactly the same ground-state energy as obtained by
solving many-body Schr€odinger equation of the system. Therefore,
the accurate prediction of the exchange-correlation functionals
warrants modern DFT with immense success.
Fig. 3. The face-centred cubic FCC crystal structure of unit cell for ThPn(Pn¼N, P, As,
Sb and Bi) monopnictides modeled within PBE-GGA method at pressure 60 GPa. As can
be seen, pressure has altered the size of the constituent species to different degrees in
each compound.
3. Results and discussion

3.1. Structural properties

Fig. 1 shows the total energy versus unit cell volume plots of
thorium monopnictides ThPn (Pn ¼ N, P, As, Sb, Bi) in NaCl B-phase
computed at pressure of 60 GPa for nonmagnetic (a-e) and mag-
netic (f) states. The total energy to be fitted intoMESwas computed
theoretically from DFT calculations using FP-LAPW þ lo method
within PBE-GGA approximation. The stability of the compounds is
depicted by the energy minima at various volumes of the unit cell
for each compound. The corresponding unit cell face-centred cubic
structures of the compounds are shown in Fig. 2. The variation of
lattice constants of the compounds with various pressures is shown
in Fig. 3.

The computed high pressure structural parameters of the
compounds are presented in Table 1. The comparison is also
extended with earlier theoretical and experimental study of
thorium and curium pnictides carried out at ambient and high
pressure conditions with X-ray diffraction and various DFT
methods mentioned in square bracket. Our computed results with



Table 1
Pressure induced structural properties of ThPn(Pn¼N, P, As, Sb and Bi) in B1-NaCl phase computed at 60 GPa within PBE-GGA method without spin. The values without
reference are the calculated ones in this study.

ThPn Lattice constant (A0) Volume
V0 (A0)3

Bulk modulus B (GPa) B
0 Energy

E0 (Ry)
Exp. Theory Theory Exp. Theory Exp.

ThN 5.167 [30],
5.160 [10]

5.183,
5.11 [11],
5.19 [11],
5.156 [10]

234.844 178.217,
199.47 [11],
179 [11],
201.7 [10]

175 [30],
211 [10]

3.674,
3.07 [11],
3.07 [11],

�53182.
986

ThP 5.827 [30] 5.882,
5.86 [12],
5.78 [11],
5.85 [11],

5.868 [9].

343.386 108.137,
136 [10],
107.4 [12],
131.42 [11],
123.56 [11], 125.063 [9]
116.465 [9]

125 [30], 137 [7] 3.4051,
3.37 [11],
3.26 [11]

5.1 [7] �53757.
666

ThAs 5.978 [8] 6.0349,
6.014 [12],
5.91 [11]
6.01 [11],
5.930 [9],
6.019 [9]

370.801 99.267,
119 [10],
119.73 [11],
104.11 [11]

118 [8] 3.740,
3.85 [11], 3.80 [11]

�57595.
607

ThSb 6.318 [8] 6.390,
6.237 [9], 6.374 [9],
6.351 [10], 6.25 [11], 6.36 [11]

440.284 82.932,
83.7 [10], 90.312 [9], 85 [9],
97.79 [11], 83.96 [11]

173 [10], 84 [7] 3.632, 3.90 [11], 3.91 [11] �66040.
585

ThBi 6.49 6.514,
6.38 [11], 6.49 [11]

466.364 73.165, 88.28 [11], 77.95 [11] 3.802, 3.92 [11], 3.91 [11] �96236.
339
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PBE-GGA method are presented without reference and bracket. As
can be seen from Table 1, for ThN our computed lattice constant is
consistent with the earlier value in Ref. [11] employing the same
PBE-GGA method but at ambient conditions, while it is over-
estimated in contrast to experimental values in Refs. [10,30].
Similarly, calculated value of bulk modulus for ThN is close to that
in Ref. [11]. Our computed results for ThN, ThP, ThS, ThAs and ThBi
monopnictides have been compared with other results as given in
Table 1.

3.2. Electronic properties

In order to compute the electronic properties of ThPn (Pn ¼ N, P,
As, Sb and Bi) compounds, we implemented the Hubbard corrected
DFT method LDA þ U, where we selected U¼ 7 eV with J¼ 0.0 eV.
The selection of U value was based on the maximum values of the
corresponding spin magnetic moments. The conventional LDA and
GGA approximations have bias towards bonding character of highly
correlated electrons such as 4f and 5f electrons of lanthanides and
actinides, which justifies our choice of using LDA þ U method to
compute the electronic properties of the compounds. The Hubbard
potential U is introduced to better accounts the on-site Coulomb
interactions of 5f electrons of Th atoms. The LDA þ U method in-
corporates an orbitally free potential U for the chosen set of 5f
electron states of Th actinide. The added potential is analogous to
HartreeeFock atomic potential containing screened Coulomb and
exchange interaction parameters [31].

The conventional KS DFT method based on LDA and GGA
approximation posits only non-interacting electrons and thus un-
derestimates the electronic properties. For example, standard DFT
fails to predict correct occupation number, charge densities and
hence insulating ground state under pressure for strongly corre-
lated quantum systems. The LDA þ Umodel efficiently accounts for
the on-site Coulomb correlations [32] and hence accurately de-
scribes the electronic and magnetic properties of strongly corre-
lated systems. Our selected value of U parameter reproduced the
calculated properties close to the experimental values.

The electronic band structures (EBS) and partial density of states
(PDOS) of the compounds were computed at various values of
pressure both for minority and majority spin channels. However,
only plots of EBS and PDOS at 60 GPa have been shown. The Fermi
level is set at 0.0 eV. The computed EBS and PDOS both for spin up
and spin down channels using LDA þ U method are shown in
Figs. (4-7). As the plots of EBS showed identical trend for each
compound for both spin states, i.e., majority spin (spin up) and
minority spin (spin down), we have included plots of EBS only for
ThN and ThP. The Fermi level is set at 0 eV. In general, there is an
overlapping between the valance and conduction energy bands for
both spin channels, which confirms the metallic nature of the
monopnictides. This agrees with the earlier studies conducted on
thorium pnictides at ambient conditions with GGA by Shein et al.
[12], and with GGA þU and LDA þUmethods [13]. However, this is
in contrast to the high pressure study of same pnictides of curium
which revealed intermetallic nature as investigated by Devi et al.
with LDA þ U scheme [17]. Our prediction of metallic nature of
compounds with LDA þ U approach is also consistent with earlier
study of thorium pnictides with GGA method by Kanchana et al.
[10], carried out with GGA and LDA conducted by Amari et al. [11],
of curium pnictides conducted by Baaziz et al. using LSDA and GGA
method [19], and of curium pnictides conducted by Roondhe et al.
with PBE and PW method [33].

More specifically, the lowest valence energy band (say VB1) of
ThN lies between �22 eV and �14eV as can be seen from PDOS of
ThN shown in Fig. 5. The next valance band (VB2), which is also
visible in Fig. 4(a and b), extends from �14eV to �11.5eV. The third
valence band (VB3) spans between -5eV and the Fermi level (EF ) at
0 eV. The conduction band (CB) lies above the EF .

Regarding the role of 5f electrons in bonding, our results on
partial density of states show that Th 5f electrons are delocalized
and show considerable overlapping with spd states of pnictogen
anions Pn (N, P, As, Sb, Bi) in agreement with earlier studies [10e12,
[17,30]. In particular, this is the case with ThN and ThP pnictides as
described below. However, this is at variance with the results on
CmPn (Pn¼N, P, As, Sb, Bi) inwhich 5f electrons are highly localized
and drastically change their location across EF with change in spin
mode [17].

With regard to ThN, interestingly, the VB1 band stems from
contribution of N (s þ p) states and Th (p þ f) states, the VB2 band
mainly from N s states and Th (p þ f) states. From this we can
conclude that the enhancement of bonding ability of Th f electrons



Fig. 4. Energy band structures for both up and down spin states for ThN (a,b), and ThP (c,d) calculated at pressure of 60 GPa with LDA þ U method.
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with N (s,p) states comes at the expense of external pressure.
Almost similar bonding trend can be observed in ThP pnictide. This
confirms the charge transfer mechanism found in actinide com-
pounds at high pressure. The main contribution to density of sates
at EF comes from N p states. More interestingly, in ThN the
contribution in the VB1 band comes from Th f states for the up spin
while from Th p states for the down spin polarized channel. In the
case of ThP, contribution of Th in the VB1 band for both spin states
is from p states. Whereas Th contribution in the CB above the EF
level comes from f states for up spin and from D-eg states for down
spin. The crystal field splitting of Th d-orbitals into D-eg and D-t2g
states can also be observed for other compounds.

However, there is some difference of degree of delocalization of
5f electrons, strength and type of d-orbitals splitting, and degree of
asymmetry of PDOS for minority and majority spin channels. For
instance, in Fig. 6(b), instead of moderate Th d-orbitals splitting for
ThN, ThP, and ThSb there is even larger splitting of As d-orbitals into
D-t2g states for ThAs and ThBi which contribute differently to the
valence and conduction bands in spin down state. The same can
also affect the magnetic properties of the compounds in different
manner.

From the above discussion of electronic properties, we can
conclude that pressure mainly enhanced hybridization of spdf
states by pushing pnictogen p states or d states (D-eg) upwards to
the conduction band while pushing downwards the actinides d and
f states from the conduction band. This enhanced hybridization in
turn results in the charge transfer between the corresponding
states of pnictogen anions and thorium cation. In other words,
pressure enhanced the metallic character of the pnictides by
increasing delocalization of the respective states, especially the Th



Fig. 5. Variation of partial density of states (PDOS) of ThN with energy. The Fermi
energy level is set at 0 eV. Peaks above the Fermi level are for spin up channel while
those below the Femi level are for spin down channel. As can be seen Th 5f orbitals
show a considerable delocalized features, that is, they fall below the Fermi level
around �22 eV and �14 eV for majority spin channel as well as above the Fermi level.

Fig. 6. Variation of PDOS with energy for the compounds: (a) ThP, and (b) ThAs. A clear
splitting of d-orbitals into D-eg and D-t2g orbitals is present in ThAs, which contributes
in charge transfer mechanism besides 5f orbitals which show core like behavior far
below the Fermi level.
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5f states which is consistent with earlier study [34]. The Hubbard
potential U has also changed the electronic and magnetic proper-
ties of the compounds. The charge transfer through splitting of Th
d states into D-eg and D-t2g is prominent in ThAs. Besides, charge
transfer can also be observed from partial density of states of ThN,
ThAs and ThP showing a considerable delocalization of Th 5f or-
bitals. In contrast, we observed a considerable change in energy
band structure and density of states after carbon doping into ThN
[35].

3.3. Calculations of spin magnetic moments

For the computation of spin magnetic moment, we have
implemented LSDA and LDA þ Umethods at various pressures. The
choice of exchange-correlation functionals (e. g., LSDA or GGA) af-
fects considerably the predictability of DFT approach. We preferred
LSDA and LDA þ Umethods to compute spin magnetic moments of
the monopnictides as their predictions on actinide pnictides are in
good agreement with experimental data than that with GGA or
GGA þ U method. Regarding the magnetic nature of thorium
pnictides, most of them are paramagnetic in nature [36].

The spin magnetic moments of diamagnetic materials is
essentially zero, for the spins of the paired electrons get cancelled
owing to opposite polarity. However, paramagnetic materials have
nonzero but small spin magnetic moment arising from the un-
paired electrons. However, in contrast to largemagnetic moment of
ferromagnetic materials both diamagnetic and paramagnetic ma-
terials are called nonmagnetic. Hill theory [37], posits that the
degree of f electrons overlapping with adjacent atoms dictates
superconducting or magnetic character of a material. It implies that
materials with large f orbitals distance from f orbitals of nearby
atoms are magnetic in nature while opposite is true for super-
conducting materials. This criteria, however, usually fails in case of
actinide compounds, such as chalcogenides and pnictides, owing to
delocalization or hybridization of 5f electrons with pdf states to
form bands like structure, as is the case in current study.

The smallness of spin magnetic moments shows nonmagnetic
character of the pnictides, in agreement with earlier reported re-
sults of ThSb and ThBi by LDA þ Umethod [13]. This however, is in
contrast to spin magnetic moments of ThN doped with carbon
with PBE-GGA potential [35]. We can also predict nonmagnetic
character of the materials from small asymmetry of density of
states obtained for majority and minority spin channels. To
our knowledge, spin magnetic moments of these compounds
subjected to elevated pressure with LDA þ Umethod have been not
investigated in the past from first-principles calculations. The
smallness of spin magnetic moment observed in these compounds
is attributed to the absence of any permanent magnetic structures
in the compounds like other light actinides up to Np [38]. The
computed spin magnetic moments for ThPn (Pn¼N,P,As,Sb,Bi)
monopnictides are presented in Table 2 at various pressures



Fig. 7. Variation of PDOS with energy for: (a) ThSb, (b) ThBi. In contrast to its coun-
terparts, in ThBi there is a large contribution of Th 5f electrons with the states at the
Fermi level at 0 eV.

Table 2
Dependence of spin magnetic moments mB (in Bohr magneton) of mixed charge
density of ThPn (Pn¼N,P,As, Sb, Bi) monopnictides on pressure and Hubbard
parameter U.

ThN compound

Sr.No Pressure (GPa) Spin magnetic moment in cell (U¼ 7eV)

LSDA LDA þ U

1 10 0.0004 0.0013
2 20 0.0005 0.0016
3 30 0.0018 0.0015
4 40 �0.0000 0.0012
5 50 0.0000 �0.0000
6 60 �0.0001 0.0002
ThP compound
1 10 �0.0525 0.0001
2 20 �0.0002 0.0005
3 30 �0.0303 0.0011
4 40 �0.0003 0.0003
5 50 �0.0124 �0.0002
6 60 0.0034 �0.0001
ThAs compound
1 10 0.0016 0.0043
2 20 0.0005 0.0014
3 30 �0.0097 0.0006
4 40 0.0024 �0.0006
5 50 �0.0001 �0.0008
6 60 �0.0001 �0.0247
ThSb compound
1 10 0.0013 �0.0000
2 20 0.0006 0.0001
3 30 0.0018 �0.0086
4 40 0.0207 0.0032
5 50 0.0044 �0.0003
6 60 0.0000 0.0000
ThBi compound
1 10 0.0004 0.0009
2 20 �0.0008 0.0006
3 30 �0.0020 0.0009
4 40 �0.0042 �0.0007
5 50 �0.0001 �0.0108
6 60 �0.0001 �0.0008
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10 GPa,20 GPa,30 GPa,40 GPa,50 GPa, and 60 GPa with LSDA
and LDA þ U (U¼ 7eV) methods.

The spin magnetic moments is defined by

ms ¼ � eZ
2m

S

The negative sign arises if spin S angular momentum and
magnetic moment of particles are antiparallel [39]. Therefore, the
observed flipping of spin magnetic moments as shown in Table 2
arise from the alteration of spin orientations of electrons with
change in pressure. This is in agreement with the fact that forces
can flip the direction of the spin of electrons, thus changing its
components but not its magnitude [40]. For such systems, it is a
good approximation to assume that square of total orbital angular
momentum L2 and total spin angular momentum S2 are conserved.
As can be seen, there is irregular change in spin magnetic moments
with external pressure without and with Hubbard parameter.
However, in general value of magnetic moment decreases with
increase in external pressure owing to crystal-field splitting or
screening effect [41].

4. Conclusions

We have presented a comparative analysis of first-principles
calculations for structural, electronic and magnetic properties of
thorium monopnictides ThPn (X ¼ N, P, As, Sb and Bi) in NaCl-B1
phase structures subjected to high pressure. In particular, the role
of pressure and Hubbard U potenitail on the crystal field splitting of
orbitals, charge transfermechanism and alteration of spinmagnetic
moments is investigated. Total energy was computed by FP-APW
method within density functional theory procedure. For the
calculation of the structural properties at 60 GPa, we have
employed PBE-GGA functional for the exchange-correlation inter-
action energy terms in KSE. On the other hand, we exploited LSDA
exchange-correlation functional and LDAþUmethod to investigate
the electronic and magnetic properties of the compounds at high
pressure values. The overlapping of valence and conduction bands
at the Fermi level revealed the metallic nature of the monopnic-
tides. Besides, the nonmagnetic nature of the compounds is
observed from spectra of density of states showing a small asym-
metric pattern between minority and majority spin channels. The
maximum calculated values of spin magnetic moments for ThN,
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ThP, ThAS, ThSb and with LSDA method in Bohr magneton are 1:8�
10�3 (at 30 GPa), 5:2� 10�2 (at 10 GPa), 9:7� 10�3 (at 30 GPa) and
2:7� 10�2 (at 40 GPa), respectively. While the maximum value of
spinmagneticmoment of ThBi is1:08� 10�3 (60 GPa)with LDAþU
method. Interestingly, the external pressure randomly flipped the
sign of spin magnetic moments from positive to negative and vice
versa which is expected to originate from the flipping of the spin
orientations of electrons with respect to the direction of their spin
angular momentum. Charge transfer mechanism owing to inter-
action of Th 5f orbitals with spd orbitals of pnictogens Pn is also
revealed. The elevated pressure also causes crystal field splitting of
d orbitals of Th and Pn which enhances considerably the charge
transfer mechanism in some cases.
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a b s t r a c t

Besides promising implications as fertile nuclear materials, thorium carbonitrides are of great interest
owing to their peculiar physical and chemical properties, such as high density, high melting point, good
thermal conductivity. This paper reports first-principles simulation results on the structural, electronic
and magnetic properties of cubic thorium carbonitrides ThCxN(1-x) (X ¼ 0.03125, 0.0625, 0.09375, 0.125,
0.15625) employing formalism of density-functional-theory. For the simulation of physical properties, we
incorporated full-potential linearized augmented plane-wave (FPLAPW) method while the exchange-
correlation potential terms in Kohn-Sham Equation (KSE) are treated within Generalized-Gradient-
Approximation (GGA) in conjunction with Perdew-Bruke-Ernzerhof (PBE) correction. The structural
parameters were calculated by fitting total energy into the Murnaghan's equation of state. The lattice
constants, bulk moduli, total energy, electronic band structure and spin magnetic moments of the
compounds show dependence on the C/N concentration ratio. The electronic and magnetic properties
have revealed non-magnetic but metallic character of the compounds. The main contribution to density
of states at the Fermi level stems from the comparable spectral intensity of Th (6dþ5f) and (CþN) 2p
states. In comparison with spin magnetic moments of ThSb and ThBi calculated earlier with LDAþU
approach, we observed an enhancement in the spin magnetic moments after carbon-doping into ThN
monopnictide.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Carbon bearing materials are of great interest owing to their
potential applications (see e.g., Ref. [1,2], and references there in).
Actinide carbides and nitrides, mainly of thorium and uranium,
have many technological advantages over actinide/oxides besides
their potential as efficient nuclear energy fuels for fourth genera-
tion nuclear power reactors [1,2]. The carbides and nitrides of ac-
tinides have also attracted considerable attention owing to their
peculiar electrical, thermal, structural, electronic and magnetic
properties [2e9]. Apart from the actinide carbides and nitrides,
metal carbonitrides (CNs), especially CNs of the d-transitionmetals,
MCxNy (xþy<1), have attracted much attention. The main motivation
lies in the hardness, high melting point, good wear resistance, and
chemical stability of CNs which play essential role in technological
iqbal786@gmail.com, amin_
Iqbal).

by Elsevier Korea LLC. This is an
applications [10]. In particular, having many properties in common
with actinide carbides and nitrides, the CNs of thorium and ura-
nium are neutron rich candidates for the emerging safe nuclear
technology in contrast to the conventional fertile materials. Phys-
ically, thorium and uranium CNs are metallic conductors with NaCl-
type cubic structure and can be described as solid solutions of
thorium and uranium mononitrides and monocarbides, ThC(1-x)Nx
and UC(1-x)Nx [11]. The phases of ternary carbonitride Th-C-N mark
number of differences from d-metals CNs of the Group IV. Thorium
CNs may undergo two structural phases in the TheCeN system
[12]. Although, the relationship between chemical composition,
physic/chemical properties, and the electronic structure for d-
metals CNs are well investigated [1,13e22], however, research is
scarce on the side of f-metals CNs, specifically that of thorium
carbonitrides (ThCN). Partly this is due to the complex electronic
structure and radioactive nature of the actinides which pose
experimental challenges.

The ThCN can be prepared from different reagents by the pro-
cess of cold or heat pressing or by heating the mixture of the spe-
cies in vacuo. The solid solution of ThC and ThN, symbolically
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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represented by Th(C,N) or ThCxN(1-x) or ThC(1-x)Nx can be prepared
from mixtures of ThC and ThN, ThN and C, or from ThN, Th and C
[12,23]. The carbon-doped ThC(1-x)Nx compounds can also be pre-
pared by carbothermic reaction of graphite with ThN [24]. Another
method of ThCN preparation is by heating powder mixtures of ThN,
Th metal and carbon in vacuo [8]. Apart from the cubic ThCxN(1-x),
two other phases of ThCN were also observed, namelye the low-
temperature a-phase (a-ThCN) and the high-temperature hexago-
nal b-phase (b-ThCN) with aeb transition temperature of 1125 K
[12]. Ozaki et al. [24] confirmed, through X-ray diffraction, the
formation of ThCxN(1-x) as the main product made out from car-
bothermic reaction of thorium mono-nitride with graphite. A re-
view work on the electromagnetic, thermochemical and transport
properties of ThC(1-x)Nx was presented in Ref. [12]. Auskern and
Aronson [23] investigated electrical properties of thorium car-
bonitrides experimentally by chemical analysis method.

On theoretical side, work on ThCN is very limited. Shein et al.
[25] presented electronic structure and stability of thorium car-
bonitrides by the density functional theory (DFT). Shein et al. [26]
also extended the investigation of thorium compounds with non-
metals for electronic structure, chemical bonding and physico-
chemical properties by employing density-functional theory.
Daroca et al. [27] conducted a first-principles study of thorium
nitride for point defects.

In this work we report the ab initio investigations of the elec-
tronic structure of the thorium carbonitrides ThCxN(1-x) and
analyze the changes in the electronic and magnetic properties
depending on the change in chemical composition in view of C/N
ratio. Thorium carbonitride fuel is considered as the most prom-
ising for the fast reactors due to some advantages (e.g., higher
thermal properties and rich neutron energy spectrum) over oxide
andmetal fuels. Among actinidemetals thorium is often used as the
PueTh and UeTh mixtures [25]. Thorium-232 has attracted
attention as on the earth it is much more abundant than uranium-
233 and is far cheaper to make clean nuclear energy in contrast to
uranium. Thorium has a very long half-life of 14 billion years and if
it is bombarded with neutrons, it goes through a series of nuclear
changes and finally transforms to uranium-233. Main motivation of
the current work derives from the fact that despite their potential
fundamental and technological implications, limited work on
thorium carbonitrides has been published so far. According to our
knowledge, so far no work has been reported on structural, elec-
tronic, and magnetic properties of thorium carbonitrides with
chemical formula ThCxN(1-x) at low carbon doping and various C/N
concentration ratio: X¼0.03125, 0.0625, 0.09375, 0.125, 0.15625. The moti-
vation of low concentration of carbon doping in the ThCN in
contrast to earlier studies is to conform to the spirit of practical
doping. In particular, hardly any detailed theoretical study on
electronic and magnetic properties of ThCxN(1-x) was presented in
the past, except with few exceptions such as in Ref. [25]. On the
other hand, with exception of some earlier studies [6,8,23,24], the
complex nature of the compounds also hampered the experimental
formation and analysis of the compounds; particularly, no experi-
mental work has been published on the energy band structure and
spin magnetic moments of ThCN. Nowadays, it is more convenient
to design and investigate such compounds theoretically employing
the many-body quantum computational methods such as DFT.
Therefore, it is worthwhile to investigate theoretically the impact of
carbon doping and ratio of C/N concentration on the structural,
electronic and magnetic properties of thorium carbonitrides. In
particularly, we are interested to investigate the structural stability
and variation in metallic and magnetic character of the compounds
with carbon doping and ratio of C/N concentration. The physical
properties we have computed are the optimized lattice constants
(ao), ground state volume (vo), ground state energy, bulk modulus
(B), bond lengths, energy band structure, total and partial density of
states, and spin magnetic moments.

This paper is arranged as follows. In Section 2, we have
described the computational details and methodology. Section 3
presents results and discussion. At the end, conclusion is given in
Section 4.

2. Materials and computational methodology

For the target compounds, we doped carbon atoms from the
elements of IV group of periodic table into ThN compound ac-
cording to the generic chemical formula ThCxN(1-x) (X¼ 0.03125,

0.0625,0.09375,0.125,0.15625). For the first-principles DFTcalculations, the
cubic crystal structures of the doped ThCN compounds were
designed with space group Fm3m (225). The compounds were
investigated in B1-phase with NaCl-type structure under ambient
conditions of temperature and pressure. The atomic positions of the
species in ThN are, Th (0,0,0) and N (0.5,0.5,0.5), while in the doped
compounds only nitrogen atoms are replaced with doped carbon
atoms without any change of atomic position. The supercell
structural models of ThCxN(1-x) compounds are designed by
FPLAPW method as implemented in WIEN2k package [28]
employing the first-principles DFT [29,30] approach. Total energy
is calculated by treating the exchange-correlation potential terms
in KSE within Perdew-Bruke-Ernzerhof Generalized-Gradient-
Approximation (PBE-GGA) [31] both for spin-up and spin-down
polarization modes. The Kohn-Sham equation is given by,"
�Z2

2m
V2 þ VextðrÞ þ

ð
dr

rðrÞ
jr � r0j þ VxcðrÞ

#
4iðrÞ ¼ εi4iðrÞ;

i ¼ 1; 2; :::; N:

(1)

where the first term in bracket on the l.h.s. of Eq. (1) is K.E. of
electrons, rðrÞ ¼ PN

i j4iðrÞj2 is the electron density of noninter-
acting electrons, 4iðrÞ are Kohn-Sham orbitals, εi are the corre-
sponding eigen energies, and VextðrÞis the external or back ground
potential. The exchange potential VxcðrÞ is a functional derivative of
the exchange-correlation energy functionalExc½n�,

VxcðrÞ ¼ dExc½rðrÞ�
drðrÞ (2)

As such VxcðrÞis a unique functional of rðrÞ. Thus, the total energy
functional is given by,

E½n� ¼ T0½n� þ
ð
d3r:rðrÞ

�
VextðrÞ þ 1

2
FðrÞ

�
þ Exc½n� (3)

where T0½n� is the K.E. of electrons with density of N free electrons,
FðrÞ is the Coulomb potential of interacting electrons. Each term in
Eq. (3) is known exactly except the exchange correlation energy
Exc½n�which can be approximated by minimizing the ground state
energy of the system. The determination of ground-state energy in
a fixed external potential is a main concern of researchers to study
many-body problems in condensed matter physics and computa-
tional chemistry [32]. Theoretically, the exact form of Exc½n� must
solve the KSE equations with exactly the same ground-state energy
as obtained by solving many-body Schr€odinger equation of the
system. Therefore, the accurate prediction of the exchange-
correlation functionals warrants modern DFT with immense suc-
cess. However, any failure to obtain accurate results from DFT, that
usually happens, by no means is the actual failure of DFT, rather it
may be attributed to the wrong prediction of the functionals used
in DFT [33]. The most commonly used approximations of Exc½n�for
electron correlations are local-spin-density approximation (LSDA)



Table 2
Bond length (in Angstrom Å) calculations for ThCxN(1-x).

Phase N-C Th-Th N-N Th-C Th-N
ThC0.03125N0.96875 6.34601 3.66387 3.66387 3.66387 2.59075
ThC0.0625 N0.9375 3.66818 3.66818 3.66818 2.59379 2.59379
ThC0.09375 N0.90625 3.67267 3.67267 3.67267 2.59697 4.49809
ThC0.125 N0.875 6.36830 3.67674 3.67674 4.50307 2.59985
ThC0.15625 N0.84375 3.68162 3.68162 3.68162 2.60330 2.60330
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and GGA.
The k-points mesh of 100 for ThC0.03125N0.96875 compounds was

chosen for integration in the irreducible Brillouin zone for well
convergence of energy. The chosen k-points mesh for other com-
pounds was 50. We used RMT� Kmax ¼ 7, where RMT is minimum of
the atomic sphere radii and Kmax is the maximum value of the
interstitial plane wave vector in the expansion. The lattice param-
eters can be calculated by fitting total energy into the Murnaghan's
equation of state [34],

EðVÞ ¼ E� þ 9V�B�

16
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To obtain the structural optimization, the computation is carried
out by using the lattice constants from experimental data of ThN
compound. The B1-phase cubic crystals of doped compounds of
thorium nitrides are modeled with carbon doping percentage of
3.125%, 6.25%, 9.375%,12.5% and 15.625%. This corresponds to the
replacement of 1,2,3,4 and 5 numbers of nitrogen atoms with car-
bon atoms, respectively. Corresponding to 32 atoms of N present in
the supercell of ThCxN(1-x) (X¼0.03125, 0.0625, 0.09375, 0.125,0.15625) there
are 64 atoms of ThN (Th ¼ 32, N ¼ 32).
3. Results and disscussions

3.1. Structural properties

The doping concentration of C atoms in each crystal is, respec-
tively, 1,2,3,4,5. The computed optimized structural parameters of
the compounds are presented in Table 1, which show considerable
changes subject to doping concentration. As shown in Table 1, the
calculated lattice parameters of ThCxN(1-x) carbonitrides are over-
estimated to a factor about 2 to that of experimental values of ThN
and ThC [12,35e37] and theoretical values calculated with various
DFT functionals [27,35,36,38,39]. The same overestimation is also
noted in contrast to earlier experimental studies on ThCN but with
different N/C concentration [8,23]. However, the increase in over-
estimation of lattice constants of ThCxN(1-x) with increasing doping
concentration of C atoms is consistent with earlier theoretical study
of ThC(1-x)Nx (X¼0.25,0.5,0.75) [25]. We observe a systematic increase
in the crystal-cell volume but a decrease in bulk modulus and total
energy with increasing doping ratio C/N. The results follow the
Mornaghan's equation of state given in Eq. (4). The computed bulk
moduli are underestimated in contrast to ThN with respect to
theory and experiment [35,36,38].

The computed bond lengths between atomic species of ThCN
compounds are shown in Table 2. Th-Th bond length for each phase
is underestimated a little in contrast to that of ThC0.5N0.5 studied in
Ref. [25]. The underestimation may stem from the lower concen-
tration of carbon doping in our case. Similarly, Th-N bond length is
underestimated to a little value, except with a surprising about
Table 1
Structural properties of doped thorium carbonitrides ThCxN(1-x).

Sr. No Phase of ThCxN(1-x) Lattice Parameters (A0)

1. ThC0.03125N0.96875 10.363
2. ThC0.0625N0.9375 10.375
3. ThC0.09375N0.90625 10.388
4. ThC0.125N0.875 10.399
5. ThC0.15625N0.84375 10.413
double overestimation for the phase ThC0.09375 N0.90625. Similarly,
Th-C bond length is also overestimated for the phases
ThC0.03125N0.96875 and ThC0.15625 N0.84375. The origin of over-
estimation may stem from the change in interaction nature of the
interspecies orbitals withmodification in C/N concentration ratio in
the phase ThC0.09375 N0.90625 as compared to its counterparts.
3.2. Electronic properties

Electronic interactions in solids play a vital role in the formation
of continuous energy bands, in contrast to discrete energy levels in
atoms. The energy bands structure is derived from the overlapping
of various atomic orbitlas which can be investigated from partial
density of states (PDOS) and total density of states (TDOS). For the
study of electronic properties, we have employed LSDA approxi-
mation both for spin up and down polarization states. Comparative
energy band spectra of the five samples of thorium mono-
carbonitrides ThCxN(1-x) (X¼ 0.03125, 0.0625, 0.09375, 0.125, 0.15625) are
shown in Fig. 1. As we can observe, all compounds have identical
energy bands for both up and down spin polarization, except with
change in shape of energy band formed by C orbitals with change in
doping concentration.

First valence band (VB) from �14 eV to �12.4 eV arises mainly
from N 2s states. For example, in the case of ThC0.03125N0.96875, a
thick VB from �14 to �12.4 eV (Fig. 1a) stems mainly from the
occupied N 2s orbitals. This can also be confirmed from spectral
intensity of N 2s states from PDOS (Fig. 2b). The next thin atomic-
like VB at �9.4 eV is formed from C 2s orbital. However, with in-
crease in C doping concentration, from one atom to five atoms in
the supercell of ThCxN(1-x), the atomic-like C 2s orbital transforms
gradually into band-like structure as we move from Fig. 1ae1e. A
wider VB from�5.6 eV to the Fermi level EF at 0 eV is formedmainly
from the hybridization of N and C 2p states with minute contri-
bution from Th 6d states. The conduction band (CB) above EF results
mainly from overlapping of Th unoccupied 5f states with some
contribution of Th 6d states and (CþN) 2p states. This can also be
observed from the total and partial density of states for
ThC0.03125N0.96875 as shown in Fig. 2. Thick overlapping of VB and CB
below and above the Fermi level shows that thorium carbonitrides
are good conductors which is consistent with earlier study on ThCN
carried out with various species composition [8,12,23,25]. From this
we can conclude that the main contribution to density of states N
(EF) at EF originates from the comparable contribution of Th (6dþ5f)
and (CþN) 2p states. This is in agreement with a similar study
carried out for the cubic ThC0.5N0.5 [25] and for the isoelectronic d-
V0 (A0)3 B (GPa) Energy (eV)

7510.284 173.564 �1701822.034
7536.883 171.226 �1701788.540
7564.754 168.701 �1701755.046
7589.751 165.895 �1701721.551
7619.988 164.282 �1701688.065



Fig. 1. Comparison between energy band spectra of thorium mono-carbonitrides in view of doping carbon concentration for spin up and down polarization. (a) ThC0.03125N0.96875,

(b) ThC0.0625N0.9375, (c) ThC0.09375N0.90625, (d) ThC0.125N0.875, (e) ThC0.15625N0.84375. As can be seen all compounds have identical energy bands for both majority and minority spin
states. However, with increase in C doping concentration the width of 2nd valence band arising from C 2s states increases.
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metals carbonitrides of Group IV [21]. However, our results differ
largely from 5f metal nitrides and carbides where main contribu-
tion to N (EF) stems from 5f states [21,40,41]. Besides, our results are
also at variance to large extent with that of ThC [9], where main
contribution to N (EF) comes from C 2p states with little contribu-
tion from Th (6dþ5f) states. Electronic properties for other samples
can be explained on similar grounds. For instance, energy band
spectrum of ThC0.0625N0.9375 (Fig. 1b) is identical to that of
ThC0.03125N0.96875 compound except with awider 2nd valence band
between R and X symmetry points, formulated by C 2s orbitals with
increase in C/N doping ratio. Contribution of C 2s states in energy
bands can also be seen in PDOS plot from Fig. 2a for both up and
down spin polarization which are identical copies of each other.

The plots of partial and total density of states for other com-
pounds are shown in Figs. 3-6. Like their energy band spectra, they
have almost identical trends in density of states. In particular there



Fig. 2. Energy dependent plots of total and partial density of states for ThC0.03125N0.96875. (a) PDOS of C (b) PDOS of N (c) PDOS of Th (d) TDOS of ThCN. The calculations were carried
out by treating exchange-correlation energy terms within PBE-GGA approximation. The Fermi energy level is set at 0 eV. Atomic-like C 2s orbitals can be seen in Fig. 3(a) around
-2eV and -1eV. Asymmetry of density of states between majority and minority spins of Th 5f and 6d states cause spin magnetic moment of value 0.24mB .

Fig. 3. Energydependent plots of total andpartial densityof states forThC0.0625N0.9375. (a) PDOSofC (b) PDOSofN (c)PDOSof Th (d)TDOSofThCN. Incontrast to theearlier case,widthofC
2s bands is increased with doping concentration. The mirror reflection of density of states for Th 5f and 6d states results in small spin magnetic moment of value 7.55�10�3 mB .
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Fig. 4. Energy dependent plots of total and partial density of states for ThC0.09375N0.90625. (a) PDOS of C (b) PDOS of N (c) PDOS of Th (d) TDOS of ThCN. A little asymmetry exists
between Th 5f and 6d states for opposite spin plots, but magnitude of density of states is too small for any appreciable spin magnetic moment.

Fig. 5. Energy dependent plots of total and partial density of states for ThC0.125N0.875. (a) PDOS of C (b) PDOS of N (c) PDOS of Th (d) TDOS of ThC.
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Fig. 6. Energy dependent plots of total and partial density of states for ThC0.15625N0.84375. (a) PDOS of C (b) PDOS of N (c) PDOS of Th (d) TDOS of ThCN.
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is a large contribution of 5f orbitals in the wide conduction band
located above the Fermi level. Almost asymmetric behavior of
density of states for majority and minority spin polarization
channels endows them with nonmagnetic character which can be
further confirmed from their small spin magnetic moments given
in Table 3.

Moreover we observe a strong interaction (i.e., hybridization)
between the orbitals of Th (s, p, d, & f), C (s & p) and N (s & p)
around the Fermi levels and in the conduction bands. In the TDOS/
PDOS the main contribution in the unoccupied states comes from
the Th (s, p, d, & f), C (p) and N (p). The same phenomena is
acknowledged by Li [42], and Li and Li [43] in their work on the
study of novel graphdiyne-based materials.
3.3. Magnetic properties

Magnetic properties of materials such as spin magnetic mo-
ments stem from the constituent unpaired electrons. The effective
magnetic moment is essentially zero for the diamagnetic materials
as the opposite spins of paired electrons cancel each other, whereas
paramagnetic materials possess nonzero but small magnetic
moment arising from the unpaired electrons. Owing to small
effective magnetic moments relative to ferromagnetic, these
Table 3
Spin magnetic moments of carbon doped ThN compounds.

Sr. No. Compounds Spin Magnetic Moments (in Bohr Magneton)

1. ThC 0.03125 N0.96875 0.24005
2. ThC 0.0625 N0.9375 0.00755
3. ThC 0.09375 N0.90625 0.00250
4. ThC 0.125 N0.875 0.01187
5. ThC 0.15625 N0.84375 0.03045
materials are called non-magnetic. According to Hill theory [44],
the degree of overlapping of f-electrons wave functions between
adjacent f-electron atoms decide the superconducting or magnetic
fate of the materials. For instance materials with small f-electrons
atomic distance behave as superconductors while opposite is the
case for the magnetic materials. However, this criteria fails usually
in case of actinide compounds such as pnictides or carbonitrides
where 5f-electrons posit delocalized character and hybridize with p
or d states to form band like structure, as is the case in current
situation. The smallness of spin magnetic moments shows that
these compounds are non-magnetic conductors as is the case in the
earlier study [45] of ThSb and ThBi based on LDAþU approach. This
can also be seen by the mirror symmetry of density of states ob-
tained for up-spin and down-spin polarization sates. To our
knowledge, spin magnetic moments of these compounds have
been not investigated, theoretically or experimentally, in the past.
The smallness of spin magnetic moment observed in these com-
pounds may be attributed to the absence of any permanent mag-
netic structures in the compounds like other light actinides up to
Np [46].

The computed spin magnetic moments of ThCxN(1-x) carboni-
trides with doped carbon concentration percentages of 3.125%,
6.25%, 9.375%, 12.5% and 15.625% are given in Table 3. There is an
irregular change in values of the spin magnetic moments, with
maximum value of 0.24mB for the phase ThC0.03125N0.96875. In
conform to earlier experimental results [8,23], the carbon-doped
compounds of thorium nitride are paramagnetic in nature, with
the exception of ThC 0.0625 N0.9375 and ThC 0.09375 N0.90625 showing
small spin magnetic moments and appear to be diamagnetic in
nature. We also observed a considerable enhancement in the spin
magnetic moments with carbon-doping into ThN, in contrast to
spin magnetic moments of its counterparts thoriummonopnictides
ThSb and ThBi calculated earlier with LDAþU approach [45].
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4. Conclusion

We have reported on theoretical investigation of the structural,
electronic and magnetic properties of low concentration doped
thorium carbonitrides compounds with chemical formula ThCxN(1-

x) (X¼ 0.03125, 0.0625, 0.09375 0.125, 0.15625) employing first-principles DFT
formalism. For the simulation of physical properties, we incorpo-
rated full-potential linearized augmented plane-wave (FPLAPW)
method while the exchange-correlation energy functionals in
Kohn-Sham Equation (KSE) are treated within PBE-GGA correc-
tions. The optimized crystal parameters of the cubic phase com-
pounds ThCxN(1-x) were calculated and compared with earlier
studies. The computed energy band spectra, as well as total and
partial density of states reveal that ThCxN(1-x) carbonitrides are
non-magnetic and conductors in nature. The overlapping of (CþN)
2p states and Th (5fþ6d) states across the Fermi level warrants zero
band gap and thus metallic natures of the compounds. In contrast
to ThSb and ThBi monopnictides, we obtained a broad conduction
band for ThCxN(1-x) extending deep below the Fermi level EF. We
also observed an enhancement in the spin magnetic moments with
carbon-doped ThN, in contrast to spin magnetic moments of its
counterparts ThSb and ThBi calculated with LDAþU approach. The
compounds are structurally stable and nonmagnetic in nature with
paramagnetic and diamagnetic character with maximum spin
magnetic moments of 0.24mB is observed for the phase
ThC0.03125N0.96875. Our interesting results call for further research
on this end so as to clarify the unique features of these compounds.
In particular, thermoelectric properties and spin magnetic mo-
ments of these compounds are yet to be established experimentally
to explore the potential implications of these compounds both for
fundamental and technological point of view.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2019.03.003.
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Abstract
Thorium pnictides, besides their simple electronic structure, have been in the spot-
light because of unique mechanical, electronic, and thermal properties. In this paper, 
we report on the first-principles calculations of structural, electronic, magnetic, and 
thermoelectric properties of thorium monopnictides ThPn (Pn =N, P, As) within 
density-functional-theory (DFT) formalism under ambient conditions. The equilib-
rium lattice parameters and bulk moduli are computed by fitting the total energy 
of the unit cell at various volumes into the Murnaghan’s equation of state. To com-
pute the structural properties, we have employed all-electron full-potential line-
arized augmented plane wave plus local orbits (FP-LAPW + lo) method by treating 
exchange–correlation energy terms within local density approximation (LDA) and 
spin-polarized density approximation (LSDA). Moreover, a comparative analysis of 
DFT predictions on electronic structure is made with Wu–Cohen (WC) and Perdew–
Burke–Ernzerhof (PBE) corrections to GGA as well as newly introduced PBEsol 
energy exchange–correlation functionals. For the electronic band structures, total 
and partial density of states, and magnetic moments of the compounds, however, 
we have implemented first time the LDA + U method to account for the possible 
strong correlation effects arising from the 5f electrons of Th atoms. On the other 
hand, Boltzmann transport theory is executed within relaxation time approximation, 
for the first-time reported thermoelectric properties of the compounds. Although the 
monopnictides have shown large values of thermoelectric power factor of the order 
of  1012  Wm−1·K−2·s−1, however, simultaneous higher values of thermal conductivity 
of the order of  1016  Wm−1·K−1·s−1 render them with lower values of thermoelectric 
efficiency. The small spin magnetic moments confirm the non-magnetic character of 
the monopnictides. The obtained results have been compared with the earlier theo-
retical and experimental studies.

Keywords Boltzman transport theory · Density-functional-theory · Spin magnetic 
moment · Thermoelectric figure of merit · Thermoelectric power factor · 
Thermoelectric properties · Thorium monopnictides
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1 Introduction

Apart from their fundamental significance for being class of binary compounds 
of REs and actinides with pnictogen family, the pnictides are of great interest in 
view of technological implications owing to their peculiar structural, electronic, 
elastic, mechanical, and thermodynamic properties [1–18]. In particular, on the 
basis of their unique chemical and physical properties, such as high density, high 
melting point, chemical stability, and high conductivity, the pnictides of REs and 
actinides have been proposed as promising alternate fertile nuclear materials for 
generation IV nuclear technology [2, 10, 11]. For instance, Uranium mononi-
tride UN with a dense fissile nature and better thermal conduction is a promising 
candidate for nuclear fuels [11]. Similarly, Thorium monophosphide ThP, being 
a good heat conductor with chemical stability, is a potential candidate for the 
desired applications as a nuclear fuel [12].

The current work aims to investigate structural, electronic, and magnetic 
properties of three cubic monopnictides of thorium ThPn (where Pn = N, P, S) 
by employing first-principles DFT formalism within LDA [19] and GGA [20] 
approximations for exchange–correlation potentials. The calculated properties 
include optimized lattice constants, ground-state volume and energy, bulk mod-
uli, energy band structure, total and partial density of states, and spin magnetic 
moments. Besides, a comparative analysis of Kohn–Sham DFT predictions on 
the structural properties is presented with WC-GGA [21], PBE-GGA [22], and 
the recently introduced modified PBE exchange-energy functional PBEsol [23], 
which is intended for solid-state and surface systems as implemented in WIEN2k 
code [24]. In addition, for the accurate electronic band structure, total and partial 
density of states and magnetic moments, we have implemented for the first time 
the LDA + U method to account for the strong on-site correlation effects arising 
from the 5f electrons of the monopnictides.

To our knowledge, apart from the applications of LDA, GGA, and/or PBE meth-
ods on the structural, electronic, and magnetic properties of rare-earth compounds, 
see e.g., Ref. [1, 5], and that of actinides [10, 14, 15, 18], WC-GGA, PBE-GGA, and 
PBEsol exchange–correlation potentials have been rarely employed on the actinides’ 
pnictides with a few exceptions [18]. This motivated us to explore the efficacy of 
these methods with regard to the structural properties of thorium monopnictides—
namely, ThN, ThP, and ThS. Moreover, although LDA + U method (where U is Hub-
bard parameter) with various forms has been extensively applied for the investiga-
tion of structural, electronic, and magnetic properties of rare-earths compounds and 
pnictides [4, 5], however, this method has been rarely employed to explore the elec-
tronic and magnetic properties of the actinides monopnictides besides recent study 
[18]. As such, it is worthwhile to explore implication and effectiveness of LDA + U 
method regarding the electronic and magnetic properties of the monopnictides. In 
particular, it is imperative to investigate as to what is the role of 5f electrons with 
regard to electronic and magnetic properties of the monopnictides.

Despite a considerable work on structural, elastic, optical, electronic, mechani-
cal, and thermodynamics properties, surprisingly, magnetic and thermoelectric 
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properties of ThPn have been rarely studied. Very recently [18], thermoelectric 
and magnetic properties of ThSb and ThBi monopnictides have been investigated 
along with structural and electronic properties. However, despite the high values 
of electrical conductivity, Seebeck coefficient, and thermoelectric power factor 
having some practical implications, the reported values of thermoelectric conver-
sion efficiency ZT in [18] were small to be effectively used for applications in 
thermoelectric devices. The question arises as to what is the reason behind small 
ZT for ThSb and ThBi compounds? Besides, it is also worthwhile to explore the 
prospects of thorium monopnictides as efficient thermoelectric materials in the 
wake of depletion of conventional energy sources. In hindsight, the small value 
of ZT was in fact due to the unreported simultaneous large value of thermal con-
ductivity κ, which is hereby confirmed by the calculated large value of κ for the 
monopnictides under investigation. To compute thermoelectric properties, we 
have employed the Boltzman transport theory within relaxation time approxima-
tion. Besides ZT and κ, the other calculated thermoelectric properties include 
electrical conductivity σ, Seebeck coefficient S, and power factor S2.

The remaining paper is arranged as follows: In Sect. 2, we briefly describe the 
computational methodology. Section  3 presents comparative analysis of our com-
puted results with earlier studies while emphasizing on the detailed structural, elec-
tronic, and thermoelectric properties with the key results from Boltzman transport 
theory. At the end, conclusion is presented in Sect.  4 with main findings and the 
possible implications.

2  Computational Methodology

We have employed first-principles DFT formalism to carry out the structural calcu-
lations of the monopnictides ThPn (Pn = N, P, As) by FP-LAPW + lo [25] method 
within LDA, LSDA, and GGA approximations as exchange–correlation potentials 
with and without PBE and WC corrections. In FP-LAPW + lo method, the space 
is divided into non-overlapping muftin-spheres (MTS) centered at atomic locations 
and interstitial region (IR). The basis sets inside the MTS representing the local-
ized bound-state particles are expanded in terms of spherical harmonics multiplied 
by one-particle radial solutions of stationary-state Schrödinger equation. The poten-
tial inside MTS is assumed to be spherically symmetric. However, the basis sets in 
the IR region consist of plane waves representing motion of free electrons in a con-
stant potential. The monopnictides ThN, ThP, ThAs with FCC-crystal structure were 
modeled by Fm-3 m (225) space-symmetry group. The compounds have NaCl-type 
(B1-phase) structure with the following atomic positions of Th and Pn: Th (0,0,0); 
N/P/As (1/2, 1/2, 1/2). Magnetic and electronic properties were computed using 
Hubbard corrected DFT, i.e., by LDA + U method. The selected values of Hub-
bard Coulomb repulsion parameter U for the optimized electronic structure of ThN, 
ThAs, and ThP monopnictides for both spin polarization states were 5 eV, 6 eV, and 
7 eV, respectively. The value of U for each compound corresponding to the maxi-
mum magnetic moment and structural parameters close to the experimental values 
was selected. For the convergence of energy eigenvalues, the wave functions in the 
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interstitial space were expanded by plane wave such that RMT × Kmax = 7, where RMT 
is minimum of the atomic sphere radii and Kmax is the maximum value of the inter-
stitial plane wave vector in the expansion. The k-points mesh taken in the irreducible 
part of the Brillion Zone was 1000. The self-consistent convergence of calculations 
was accomplished with total energy 0.1 mRy.

Thermoelectric properties were computed for the optimized lattice parameters by 
thermoelectric transport tensor through the Boltzmann’s transport theory. As ther-
moelectric calculations require a denser k-mesh for the convergence, so a k-mesh 
of 150 000 k-points for the transport properties was implemented. Bulk modulus B0 
and its pressure derivative B′

0
 can be calculated by the Muranghan’s equation of state 

[26],

where B0 is Bulk modulus and V0 is volume of the stable geometry at zero pressure, 
and B�

0
= dB0∕dP . For the calculation of thermoelectric properties, Boltzman trans-

port theory within relaxation time approximation was employed. The Drude conduc-
tivity within relaxation time approximation can be obtained from the semiclassical 
Boltzman theory in the form �∕� [27]. According to Boltzman theory [28], electri-
cal conductivity to be computed on BoltzTrap code [29], is given by

where f  is Fermi–Dirac distribution function for fermions and transport distribution 
coefficient 𝜁(𝜀) =

∑
k⃗

v⃗
k⃗
v⃗
k⃗
𝜏
k⃗
 , where v⃗

k⃗
 is group velocity at state k⃗ , � is the chemical 

potential representing the central value of the Fermi–Dirac distribution function of 
electrons f (�, T ,�) = 1∕(1 + exp(� − �)∕kBT  , and can be determined from electron 
density n = 2

∞∫
0

f (�E)N(E)dE , where N(E) is electronic density of states, kB is 

Boltzmann’s constant, and T is the temperature in Kelvin. The value of � at absolute 
zero is termed as the Fermi energy of the highest occupied energy level. Within the 
rigid-band approximation of Boltzman theory � measures the carrier concentration 
or doping level of the species.

3  Results and Discussion

3.1  Structural Properties

Most of the ThPn pnictides exist in B1-phase, i.e., rock-salt type cubic crystal 
structure except ThBi and ThTe which may also exist in B2-phase, i.e., CsCl 
crystal structure [30]. In ThPn crystal structure, pnictogens Pn atoms occupy 

(1)
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the octahedral interstitial sites in the FCC Th sublattice [31]. Tables  1, 2, and 
3 show the optimized structural parameters of the compounds computed by 
LDA, PBEsol, PBE-GGA, and WC-GGA exchange–correlation potentials 
with and without spin polarization. The PBE-GGA is among the widely used 
exchange–correlation functionals by the researchers to compensate the overbind-
ing errors of the LDA. However, the PBE tends to overestimate the bond lengths 
and cell volumes [8]. Such overestimation in solids can be improved by another 
functionals such as PBEsol and WC [21] to improve DFT results. As such, we 
implemented the PBEsol exchange–correlation functional so as to improve the 
lattice constants, unit cell volume, and energies of the ThPn pnictides. The com-
parison of our calculated structural properties with experimental and theoretical 
results is also presented in Table 1. As is obvious, the PBE-GGA potential over-
estimates the lattice constant and bulk modulus for ThN both for with and with-
out spin polarization. However, LDA without spin underestimates but with spin 
almost agrees with the experimental value. Similarly, results for WC-GGA and 
PBEsol almost agree with experiment in both spin polarization sates. Our results 
with WC-GGA and PBE-GGA potentials are quite comparable with experimen-
tal results and the earlier theoretical results by GGA [12], PBE-GGA, and LDA 
[10] scheme of Perdew and Wang [32]. Similar trends in the structural param-
eters have been observed in ThP and ThAs pnictides as presented in Table 1. The 

Table 1  Comparative analysis of structural properties of ThN

A. Comparison of structural parameters without spin

DFT function-
als

Lattice constant a
o
 (Å) Volume  V0 

(Å3)
Bulk modulus B

0
 (GPa) Energy E0 (Ry)

Theory Exp. Theory Theory Exp.

LDA 5.12
5.11[10]

5.167[13] 
5.160[14]

226.57 196.69
199.47[10]
201.7[14]

175[13]
211[14]

− 53 155.33

PBEsol 5.15 229.81 187.08 − 53 169.36
PBE-GGA 5.20

5.19[10]
5.156[14]

236.46 168.78
179.33[10]

− 53 182.95

WC-GGA 5.15 230.81 185.71 − 53 179.64

B. Comparison of calculated structural parameters with spin

DFT functionals Lattice constant a
o

(Å)
Volume  V0 (Å3) Bulk modulus 

B
0
 (GPa)

Energy E0 (Ry)

Theory Exp. Theory

LDA 5.15 5.16[14] 230.81 185.66 − 53 179.64
PBEsol 5.14 229.81 187.02 − 53 169.36
PBE-GGA 5.19 236.47 168.81 − 53 182.95
WC-GGA 5.15 5.16[14] 230.81 185.66 − 53 179.64
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overestimation of lattice constants for ThP and ThAs compounds with PBE-GGA 
approximation can also be observed in [10].

Gerward et al. in [12, 13, 17] presented high-pressure X-ray diffraction studies on 
ThPn with observation of phase change from B1 to B2. In [14], Kanchana et al. pre-
sented high-pressure theoretical calculations on lattice parameters and bulk moduli 
for ThN, ThAp, and ThAs with GGA. However, among the three compounds, the 
experimental study of only ThN is conducted for these properties. In Ref. [15], a 
high-pressure theoretical DFT study was presented by employing LDA and GGA as 
energy functionals.

3.2  Electronic Band Structure and Density of States

Electronic properties of solids are mostly dictated by the electronic interactions of 
the constituent elements. As such, before describing the electronic properties of 
the monopnictides under investigation, it is pertinent to look at the valence-orbitals 
electronic scheme of the elements, which is as follows: Th: [Rn] 5f 0 6s2 6p6 6d2 
7s2, N: 1s2 2s2 2p3, P: [Ne] 3s2 3p3, and As: [Ar] 3d10 4s2 4p3. The calculated elec-
tronic properties of ThPn compounds include energy band structure (EBS), total 
density of states (DOS), and partial density of states (PDOS) both for spin-up and 

Table 3  Structural properties of ThAs

A. Comparison of calculated structural parameters without spin

DFT function-
als

Lattice constant a
o
 (Å) Volume V

0
 

(Å3)
Bulk modulus B

0
 (GPa) Calculated 

energy E
0
 

(Ry)
Theory Exp. Theory Theory Exp.

LDA 5.94 
5.91[10]
5.975[14]
5.930[15]

5.978[17] 382.60 119.25
119.73[10]
115.0336[15]

118[17] − 57 562.64

PBEsol 5.96 357.72 113.82 − 57 579.23
PBE-GGA 6.02

6.014[6]
6.01[10]
6.019[15]

368.88 102.71
100.0[6]
104.11[10]
100.07[15]

− 57 595.60

WC-GGA 6.02 359.18 113.20 − 57 541.51

B. Comparison of calculated structural parameters with spin

DFT functionals Lattice constant a
o
 (Å) Volume V

0
 (Å3) Bulk modulus 

B
0
 (GPa)

Energy E
0
 (Ry)

Theory Exp. Theory

LSDA 5.93 5.978[17] 352.61 119.22 − 57 562.64
PBEsol 5.94 354.52 112.08 − 57 578.96
PB-EGGA 6.02 368.88 102.68 − 57 595.60
WC-GGA 5.97 359.18 113.16 − 57 591.51



 International Journal of Thermophysics          (2019) 40:104 

1 3

  104  Page 8 of 21

spin-down polarization states. For doing this, we implemented the simple Hubbard 
parametrized DFT method, i.e., LDA + U method carrying out self-consistent-field 
calculations. The conventional DFT formalism based on LDA and GGA approxi-
mations assumes the non-interacting electronic system by ignoring the strong on-
site correlation interactions and thus underestimates the electronic properties. For 
instance, the standard DFT fails to predict correct occupation number, charge densi-
ties, and hence insulating ground state for strongly correlated quantum systems [1, 
4, 5, 33], such as pnictides bearing heavy elements like lanthanides and actinides. 
The LDA + U model explicitly accounts for the on-site Coulomb repulsion and 
hence accurately predicts the electronic and magnetic properties of strongly corre-
lated systems having localized d or f electrons. In LDA + U approach, we treated 
5f electrons of Th as valence electrons [5] by selecting those values of U param-
eter for which our compounds are stable for accumulative spin-up and spin-down 
polarizations. The reason for not implementing LDA + U model for the structural 
properties is that, unlike electronic and magnetic properties, the Hubbard parameter 
hardly affects structural properties. It is because the charge density is the fundamen-
tal ingredient for the prediction of equation of state and hence structural properties 
can be estimated correctly by standard DFT [1] along with other exchange–correla-
tion potentials as introduced above.

The computed electronic properties of ThN, ThP, and ThAs with LDA + U model 
are shown in Figs. 1, 2, 3, 4, and 5. One can see identical EBS both for majority 
and minority spin configurations, which is also reflected from the mirror symmetry 
of the density of states. Besides, the calculated topology of EBS for the three com-
pounds is identical, each one showing a little valence–conduction bands overlapping 
around − 2 eV at point X. However, shape/location of energy bands and their nature 
at various points on k vector differs to some extent (e.g., direct for ThN and indirect 
for ThP and ThS at Γ point) because of difference in correlations effects of 5f elec-
trons. Similar trends in EBS can be seen in Fig. 2 of Ref. [6]. The overlapping of the 
valence and conduction bands warrants zero band gap and thus reveals the metallic 
nature of the three ThPn compounds consistent with the earlier studies in [6, 10]. 
Interestingly, the monopnictides of N, P, and As with Curium as investigated in [1] 
with EV-GGA potentials as exchange and correlation energy functionals reveal half-
metallic nature.

To further interpret the electronic properties of the three monopnictides, we con-
sider thorium mononitride ThN as an example. The EBS of ThN is shown in Fig. 1 
with Fermi level  EF set at 0 eV. The lowest valence band of ThN around − 13 eV 
arises mainly from N 2s orbitals which can also be observed from PDOS plot shown 
in Fig. 3a. The next valence band from − 6 eV to − 1 eV arises mainly from N 2p 
orbitals. The conduction band is formed by major contribution from Th 5f states and 
N 2p states with a little contribution from Th 6d states. The hybridization of Th 5f 
electrons with N 2p states below the Fermi level indicates the delocalization. Small 
splitting of Th d orbitals into D-eg and D-t2g states due to crystal field can also be 
seen in Fig. 3b above the Fermi level. A delocalization spread (band structure) of 
Th 5f states can be seen in all plots of density of states. This in turn makes materials 
non-magnetic in nature without having any magnetic order.
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We notice a suppression in spectral intensity of PDOS calculated with LSDA + U 
method as compared to the earlier results of DOS and PDOS obtained with PBE-
GGA potential for ThP and ThAs in [12]; and for ThN, ThP, ThAs with PBE-GGA 
and LDA-PW potentials in [16]. Besides, there is a decrease in the intensity of 5f 
orbitals at the Fermi level for ThP and ThAs as compared to the results in [12]. We 
also notice the suppression in intensity of DOS for ThSb and ThBi in the earlier 
studies done with LDA + U model in [18]. The degree of spread of Th 5f electrons 
shows the extent of delocalization which in turn quenches the magnetic order in the 
compounds.

Fig. 3  Plots of partial density of states showing N and Th orbitals contribution in ThN compound both 
for spin-up and spin-down polarization with LDA + U model. Splitting of Th d orbitals into D-eg and D-
t2g states can be observed in (b)

Fig. 4  Plots of partial density of states showing P and Th orbitals contribution in ThP compound both for 
spin-up and spin-down polarization with LDA + U model
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3.3  Magnetic Properties

Magnetic moment arises from the unpaired electrons of the compounds. For dia-
magnetic materials, the effective magnetic moment is essentially zero as the counter 
spins of up and down states in pair cancel each other. On the other hand, paramag-
netic materials have small non-zero magnetic moment owing to unpaired electrons. 
Owing to negligibly small diamagnetic and paramagnetic effects relative to ferro-
magnetic, these materials are said to be non-magnetic. For the calculations of spin 
magnetic moments of ThN, ThP, and ThAs, we implemented the LDA + U method. 

Fig. 5  Plots of partial density of states showing As and Th orbitals contribution in ThAs compound both 
for spin-up and spin-down polarization with LDA + U model

Table 4  Spin magnetic moments �
B
 (in Bohr magneton) of mixed charged density for ThPn (Pn = N, P, 

As)

Spin magnetic moment of ThN with LDA + U (= 5 eV)
 Magnetic moment in interstitial = 1.3 × 10

−4

 Magnetic moment of Th = 1.5 × 10
−4

 Magnetic moment of N = −2.0 × 10
−4

 Total magnetic moment of ThN = 8.0 × 10
−5

Spin magnetic moment of ThP with LDA + U (= 7 eV)
 Magnetic moment in interstial = 4.0 × 10

−5

 Magnetic moment of Th = 0
 Magnetic moment in P = 0
 Magnetic moment in ThP = 4.0 × 10

−5

Spin magnetic moment of ThAs with LDA + U (= 6 eV)
 Magnetic moment in interstial = 1.3 × 10

−4

 Magnetic moment of Th = 1.9 × 10
−4

 Magnetic moment of As = 1.0 × 10
−5

 Magnetic moment of ThAS = 3.3 × 10
−4
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The computed small values of spin magnetic moments (in Bohr magnetons) at dif-
ferent Hubbard parameters, i.e., 5 eV, 6 eV, and 7 eV for ThN, ThAs, and ThP com-
pounds, respectively, are 8 × 10−5 , 4 × 10−5 , and 33 × 10−5 (Table 4). The smallness 
of spin magnetic moments shows that these compounds are non-magnetic metals 
as is the case in the earlier study [18] of ThSb and ThBi. This can also be seen by 
the mirror symmetry of density of states obtained for up-spin and down-spin polari-
zation sates. To our knowledge, spin magnetic moments of these compounds have 
been not investigated, theoretically or experimentally, in the past. The smallness of 
spin magnetic moment observed in ThPn pnictides may be attributed to the absence 
of any permanent magnetic structures in the compounds like other light actinides 
up to Np [34]. The localization–delocalization of 5f electrons determines the pecu-
liar magnetic properties of actinides and their compounds. Although actinides 
compounds possess abundant magnetic ordering arising from the strong exchange 
interactions, however, the spin moments are generally reduced to great extent in 
contrast to a fully spin-polarized value. This happens because of crystal-field effects 
or hybridization of 5f electrons [35]. The compounds, where Th cation, e.g.,  Th4+, 
have zero effective magnetic moment show the non-ordered diamagnetic state [36]. 
According to Hill theory [37], the degree of overlapping of 5f electrons wave func-
tions between adjacent f-electron atoms decides the superconducting or magnetic 
fate of the materials. For instance materials with small f electrons atomic distances 
behave as superconductors while opposite is the case for the magnetic materials. 
However, these criteria fail usually in case of actinides compounds such as pnictides 
or carbonitrides where 5f electrons posit delocalized character and hybridize with p, 
or d states to form band-like structure, as is the case in current situation.

3.4  Thermoelectric Properties

In the current scenario of replenishing of fossil energy sources and their increas-
ing green house side effects, thermoelectric materials (TEMs) are supposed to be 
potential candidates for the alternative sustainable and environment-friendly energy 
source. Effective energy transformation from heat to electricity and vice versa by 
TEMs has motivated immense interest in the study of thermoelectric properties 
of materials. For instance, TEMs are being extensively utilized as energy-efficient 
materials in components of detectors, nuclear reactors, refrigerators, and computer 
cooling system [38–50]. The discovery of Seebeck, Peltier, and Thomson effects in 
the early 1800s gave birth to the concept of thermoelectricity. The technology of 
thermoelectricity is based on a mechanism of producing voltage between two ends 
of a material as charges move from its hot side to the cold side on heating. The 
resultant current flow in the connected load makes the material a thermoelectric 
generator. However, to make the material working as a thermoelectric refrigerator 
it is connected to a power source and the temperature difference between its ends is 
maintained.

In contrast to metallic materials, (doped)semiconductor materials having small 
energy band gap and sharp density of states at the Fermi level are considered as best 
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candidates for thermoelectric applications. This is mainly due to their large Seebeck 
coefficient and electrical conductivity while small thermal conductivity. However, 
(inter)metallic compounds have also gained some interest for thermoelectric appli-
cations at low temperature [51] because of sharp density of states around the Fermi 
energy level. Metal chalcogenides have also been shown as excellent thermoelectric 
materials (TEMs) with high value of ZT [52].

The computed thermoelectric properties of the compounds so as to explore their 
possible prospects for the applications in thermoelectric devices for energy applica-
tions are discussed in the sections to be followed.

3.4.1  Electrical Conductivity

Flow of free electric charges in a TEM owing to heating effect constitutes electric 
current and hence electrical conductivity. For instance, free electrons in a material 
after absorbing heat energy move towards the low-temperature region of the mate-
rial thus producing electric current. According to classical Drude model, electrical 
conductivity of conduction electrons or holes is � = ne2�∕m∗ . Thus, the variation in 
� at a fixed temperature may result from change in charge density n, relaxation time 
� , and effective mass m∗ . The latter for electron can be determined from the curva-
ture of the conduction band. According to Wiedemann–Franz law, thermal conduc-
tivity of metals is approximately proportional to electrical conductivity  times the 
absolute temperature (in kelvins).

The dependence of electrical conductivity on � for ThAs, ThN, and ThP com-
pounds is shown in Fig. 6 (top horizontal panels) at temperatures 300 K, 400 K, and 
500 K. Large value of electrical conductivity shows metallic characteristics of the 
monopnictides. In contrast to earlier results for ThSb and ThBi [18], � shows a strong 
irregular oscillatory structure. The maximum values of � are measured as 1.3 × 1021 
�−1

⋅m−1
⋅ s−1 at � = 0.025  eV and 300  K for ThN, 1.5 × 1021 �−1

⋅m−1
⋅ s−1 at 

� = 0.14 eV and 400 K for ThP, and 1.0 × 1021 �−1
⋅m−1

⋅ s−1 at � = 0.125 eV and 
300 K for ThAs. Thus, regarding maximum values of � we have improved on the 
earlier results. Electrical conductivity in the given � range shows more variation 
with temperature gradient at some values of � as compared to others.

As the monopnictides under consideration behave as metals, so relaxation time 
taken is of the order of 10−14s , for all calculations were taken about room temper-
ature. Drude model is based on free electron assumption considering electrons as 
non-interacting classical gas, however, they can collide with stationary ions like pos-
itive nuclei of pnictides. The conventional DFT also assumes system of non-inter-
acting electrons, therefore, we can predict the electrical conductivity of monopnic-
tides ThPn using DFT formalism.

3.4.2  Seebeck Coefficient

Seebeck coefficient (S) of a material also called thermoelectric power is a meas-
ure of induced voltage developed across a physical contact between two dissimilar 
materials subjected to temperature gradient. The same principle is used in thermo-
couples for thermal-to-electric energy conversion. As electrons density is greater at 
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high-temperature end of the material thus electrons move from high- to low-temper-
ature end while the electric current (conventional) flows towards high-temperature 
end and vice versa for the hole-rich materials.

The thermal diffusion of elections or holes across the junction of two metals cre-
ates potential difference of micro-volts size per Kelvin change in temperature. The 
Seebeck coefficient in most metallic materials is usually around tens of μV ⋅ K−1 . 
This smallness owes to position of electrochemical potential � lying deep inside 
the band gap. In metals, electrons distribution below and above the Fermi level is 
symmetric and hence cancels the net heat transportation carried by the respective 
charges. Low-dimensional materials with large band gap are supposed to have large 
S [52]. Fundamentally, S is a measure of average entropy contained by a charge in 
a material. Materials with high stable S are efficient as thermoelectric coolers and 
thermoelectric generators. Mathematically, we have

The temperature-dependent plots of S versus chemical potential are shown in 
Fig. 6 (bottom horizontal panels) displaying a see saw structure. The approximate 
inverse relation between S and � from Eqs. 2 and 3 is shown in the corresponding 
plots. Physically, as electrical conductivity increases, flow of electrons from high- to 
low-temperature region decreases the temperature gradient and hence the Seebeck 
coefficient and vice versa. As such, value of S for ThN and ThP is low as com-
pared to that for ThAs, which is due to large electrical conductivity for ThN and 
ThP as compared to ThAS. Approximately, the peak values of S usually occur at 
� where electrical conductivity is less which is consistent with the earlier results 
both for bulk and nano materials. Maximum values of S for ThN, ThP, and ThAs 
are ≈ 38 μV ⋅ K−1, ≈ 85 μV ⋅ K−1 , and ≈ 100 μV ⋅ K−1 , respectively, at � − 0.12 eV 
and 500 K. Thus, S for ThP and ThAs shows improvement on the earlier results [18].

3.4.3  Thermoelectric Power Factor (PF)

Thermoelectric power factor (PF) shows dependence on Seebeck coefficient and 
electrical conductivity in the form S2� . The oscillatory structure of PF with � at 
fixed temperature arises from the corresponding oscillations in S and � (top hori-
zontal panels in Fig.  7). However, because of competitive relation between the 
two quantities, PF is not maximum at the peak values of each quantity simultane-
ously which is consistent with earlier studied [18, 53–56]. The maximum values 
of PF are 4.5 × 1012  Wm−1·K−2·s−1 for ThN at � = 0.025 eV and 300 K, 1.7 × 1012 
 Wm−1·K−2·s−1 for ThP at � = 0.13 eV and 400 K, and 1.6 × 1012  Wm−1·K−2·s−1 for 
ThAs at � = 0.12 eV and 300 K. These values are large as compared to that com-
puted for the intermetallic compounds in [18]. This is due to interdependent rela-
tion between electron conductivity and Seebeck coefficient and also due to differ-
ence in electrons and phonons conductivity at various temperatures. Usually, the 
electronic conductance of metals decreases increases while that for semiconductors 
increases with increase in temperature. However, the increased electrons flow and 

(3)S(T ,�) =
ekB

� ∫ d�

(
−
�f0

��

)
�(�)

� − �

kBT
.
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hence the electrical conductance decreases the thermal electromotive force which 
in turn decreases the Seebeck coefficient. The competitive compromise between the 
two quantities, i.e., � and S is well reflected in the PF of the materials. Moreover, 
electronic thermal conductivity also increases with increase in temperature due to 
transfer of heat through electrons as heat carriers. However, with the increase in 
temperature, the phononic thermal conductivity decreases due to large phonon–pho-
non interaction. Hence, at low temperature thermal conductivity of phonons is large 
as compared to that of electrons and vice versa. It is worth noting, however, that the 
maximum values of PF in our results appear only for positive values of � showing 
dominant electronic contribution in conduction and hence the metallic nature of the 
materials. There is one prominent peak of PF for ThN while fluctuating oscillations 
of large amplitude are observed in PF for ThP and ThS. The large value of PF for 
ThN may be attributed to the large value of � as shown in Fig. 6.

3.4.4  Thermoelectric Figure of Merit (ZT)

The ability of a material to convert thermal energy into electrical energy is known as 
thermoelectric conversion efficiency or figure of merit denoted by ZT. Efforts have 
been devoted to harness materials with optimized ZT for energy-efficient devices. 
The applications of TEM are, however, mainly limited by the low value of ZT. The 
hindrance stems from the interdependent variables defining ZT as given below:

Thus, ZT is directly proportional to square of Seebeck coefficient S, electrical 
conductivity � , Kelvin temperature T, and is inversely proportional to the thermal 
conductivity � which is the sum of electron and phonon thermal conductivities ke 
and kp , respectively. Phonon conductivity results from thermal vibration of lattice. In 
semiconductors and insulators, main contribution of the thermal conductance arises 
from phonons with negligible electronic thermal conductance. In metals, however, 
the thermal conductivity plays the significant role [53, 54].

From the above expression for ZT, it is obvious that a material having large elec-
trical conductivity, Seebeck coefficient, and small thermal conductivity warrants 
large efficiency ZT. A TEM with ZT of magnitude 1 or above is considered a poten-
tial candidate for thermoelectric devices applications. This corresponds to a device 
efficiency of 10 % to 20 % of Carnot engine as compared to that of 40 % to 50 % 
˙of heat engines. However, achieving high ZT is a formidable task because of intri-
cate mutual dependence of these quantities as explained earlier. Usually, thermo-
electric materials with high efficiency have high electrical conductivity [53–62]. It 
is observed that ZT for bulk materials is small as compared to their low-dimensional 
counter parts because of increased thermal conductivity of phonons and small PF on 
account of less quantum confinement effects [53, 54]. One way to harness TEM for 
optimization ZT value is to modify � by chemical doping.

The low � causes a large temperature gradient between two ends of the mate-
rial, whereas the high S and � induce large voltage per unit temperature gradient 

(4)ZT =
S2�T

�
.
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and reduce the internal resistance of the material, respectively. For heavily doped 
semiconductors, high Seebeck coefficient and the expected decrease of total ther-
mal conductivity with increase in temperature from the phonon–phonon Umklapp 
scattering increases ZT. The temperature-dependent thermal conductivity of ThN, 
ThP, and ThAs is shown in Fig. 7. As expected, � increases with increase in tem-
perature. Among the three compounds, ThP has maximum value of � around 
1.75 × 1020 Wm−1·K−2·s−1 at T = 500 K. From the obtained values of power factor 
and thermal conductibility, we can estimate that the maximum value of ZT for the 
compounds ThN, ThP, and ThAs is small.

4  Conclusion

In conclusion, we have reported first-principles calculations by employing DFT for-
malism along with Boltzman transport equation within relaxation time approximation 
for the structural, electronic, magnetic, and thermoelectric properties of the thorium 
monopnictides ThPn (Pn = N, P, and As) under ambient conditions. We have invoked 
the all-electron FP-LAPW + lo method within LDA, LSDA, and PBEsol approxima-
tions as well as by extending WC and PBE corrections to DFT for the computation of 
structural properties. The LDA + U method was implemented to account for the on-
site interactions of strongly correlated 5f electrons for the investigation of electronic 
and magnetic properties of the compounds. The monopnictides are found to be non-
magnetic as well as metallic in nature having zero-energy band gap structure. The non-
magnetic nature of the compounds is revealed from the resulting zero spin magnetic 
moments. Besides, DOS and PDOS spectra for both spin orientations are mirror reflec-
tion of each other which also confirm the non-magnetic nature of the compounds. The 
computed maximum electrical conductivity has values of 13 × 1020 �−1

⋅m−1
⋅ s−1 at 

� = 0.025 eV for ThN; 15 × 1020 �−1
⋅m−1

⋅ s−1 at � = 0.14 eV for ThP; and 10 × 1020 
�−1

⋅m−1
⋅ s−1 at � = 0.125  eV for ThAs. The maximum values of Seebeck coeffi-

cient for ThN, ThP, and ThAs are, respectively, about 38 μV ⋅ K−1 , 85 μV ⋅ K−1 , and 
100 μV ⋅ K−1  at � = − 0.12 eV and 500 K. The maximum values of PF are 4.5 × 1012 
 Wm−1·K−2·s−1 for ThN at � = 0.025 eV and 300 K; 1.7 × 1012  Wm−1·K−2·s−1 for ThP 
at � = 0.13 eV and 400 K; and 1.6 × 1012  Wm−1·K−2·s−1 for ThAs at � = 0.12 eV and 
300 K. High values of PF of the order of  1012  Wm−1·K−2·s−1 present ThN, ThP, and 
ThAs as potential candidates for technological implications. However, the simultane-
ous large values of thermal conductivities of the order of  1016 W·mKs−1 renders the 
monopnictides with low values for the thermoelectric efficiency ZT that may hamper 
their effective utilization in some thermoelectric applications.
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