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 2 

A study of rare earth elements with emphasis on magnetism and electronic band 
structures 

 
 
 

INTRODUCTION 
 
 

The rare-earth metals are distinguished by their unique magnetic, electric and 

optical properties. They are of great practical interest because of their role in hard 

magnetic intermetallics and high-density storage media. The rare earth metals are 

strongly correlated materials. The open shell of highly localized 4f electrons is 

responsible for their large magnetic moments. The overlap with the 4f shells on 

neighbouring lattice sites is negligible. Therefore, the 6s,6p, and 5d states play an 

essential role in the magnetism, because they mediate the magnetic interaction through 

the Ruderman-Kittel-Kasuya-Yosida-(RKKY-) (Rado and Suhl, 1996) type exchange, 

although their contribution to the magnetic moment is small. This complicated coupling 

mechanism leads to exotic magnetically ordered structures such as helical spin structures. 

Due to their localized f electrons that lie in the same energy range as the itinerant s, p and 

d electrons, they represent a challenge for first-principles theory. 

In particular Gd, one of the four ferromagnetic (FM) elementary metals (Fe, Co, 

NI and Gd) known to occur in nature, has been studied extensively by experiment and 

theory. It has become a model system for the application of new relativistic theoretical 

methods, because of the unique combination of ferromagnetism and relativistic effects. 

Experimentally many of the magnetic properties of Gd metal are well understood. The 

half-filled 4f shell (S=7/2, L=0) leads to the formation of a well localized spin-only 

magnetic moment. These moments couple via RKKY-type exchange to form an FM 

Heisenberg system with a bulk Curie temperature of B
CT = 294 K. The f-electron magnetic 

moment polarizes the valence electrons, resulting in a magnetic moment of 7.63 B . 

However, the appropriate treatment of the localized 4f electrons in the first-principles 

calculations is still a matter of debate. Several approaches have been suggested in 

addition to the treatment of the 4f bands as valence states, including the treatment as core 

states, for example application of Hartee-Fock exchange and density functional theory 
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(DFT). In DFT, the basic principle is to calculate the energy bands of electrons and its 

contribution to the optical and magnetic properties etc. by considering the most 

appropriate choice of basis functions for the electrons. For this purpose, one therefore, 

needs to solve the Kohn-Sham equations for the correct wave functions for the 

distributions of electrons in the valence and core states, Martin (2005). 

The 4f-core model has already been introduced in a very early study by Singh 

(1991). Within the 4f core model, the 4f electrons are treated as core states, i.e. 

hybridization of the 4f states with other (valence) states and also with any states from 

other lattice sites are neglected. Much later Kurz et al. (2002) performed self-consistent 

calculations in the local density approximation (LDA) comparing the 4f-core model and 

the 4f-band model, where the 4f electrons are treated as valence states. They obtained a 

much larger value for the magnetic moment from their 4f core model calculation and 

concluded that this model was not an acceptable approximation. However, the large 

magnetic moment has not been reproduced by later by later 4f core model calculations. 

From their 4f-band model calculation, Kurz et al. (2002) found a magnetic moment, in 

better agreement with experimental value. By comparison of the density of states (DOS) 

at the Fermi energy, N(EF), with specific-heat experiments they found that the calculated 

DOS was too large. They noted that the subtraction of the 4f contribution to the DOS 

resulted in a much better agreement, They also remarked that the binding energy of the 

majority 4f states was too small (4.5eV) compared with photoemission date. Singh (1994) 

carried out a detailed study using the 4f-band model, also finding that the DOS at Fermi 

energy was too large. Kurz et al. (2002) has assigned significant part of the DOS to 

minority 4f states. However, he conclude  that the band model is more appropriate for Gd, 

because he found Fermi surface are in agreement with de Haas-van Alphen experimental 

measurement for hybridization of 4f bands with other valence bands. 

The first total-energy full-potential linearized augmented plane-wave (FP-LAPW) 

calculation of the magnetic ordering at the Gd(0001) surface using the 4f core model 

reported an antiferromagnetic (AFM) coupling of the surface layer with respect to the 

bulk, in agreement with an early interpretation of experimental data. This result 

stimulated a number of theoretical studies by several authors, investigating the magnetic 

coupling of Gd, both at the (0001) surface and in the bulk. Heinmann and Temmerman 
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(1994) were the first to show that the 4f band model in LDA which predicted not only an 

AFM coupling between the first and second surface layers, but also a layer wise AFM 

order in hexagonal closed packed (hcp) bulk Gd. On the contrary, the ground state was 

found to be FM, applying the generalized gradient approximation (GGA). Using the 

linear muffin-tin orbital (LMTO) method in the atomic sphere approximation (ASA), 

Bylander and Kleinman (1983) published a series of studies, concentrating on the 

adequacy of LDA for Gd 4f states. By comparing Hartee-Fock with atomic LDA 

calculations they concluded that the minority 4f resonance in the metal right above EF, 

which is responsible for the enhanced DOS N(EF), is an artifact of the LDA. The authors 

suggested that one should treat the majority 4f states as localized and fully occupied and 

the minority states in the Hamiltonian. The effective potential in the latter calculations 

was constructed from Hartee-Fock theory for the core density and from LDA for the 

valence charge density. 

In continuation with these methods, we intend to do systematic studies on the 

magnetism and bands structure of Gd. We will employ the full-potential linear 

augmented plane wave (FP-LAPW) which is more accurate and sophisticated technique 

based on DFT. This approach of calculations includes the spins of the electrons and 

hence the magnetism of the systems can be well studied. FP-LAPW method will also be 

employed to do the band structural studies of Gd and other systems like Lu and RB6, and 

we will be trying to correlate the explanation of magnetism with the electronic bands. For 

calculations of energy bands, we will employ the standard code called WIEN2k (Blaha et 

al.2002). The reason for these choices of Lu and RB6 is that they are prototype elements 

and compounds like Gd, for determining the physical and magnetic properties. 

In the similar spirit, we also intend to use the method of multiple scattering theory 

(MST). This method is also one of the best ab inito types of calculations as proposed by 

Ernst et al.(1998) which is being used extensively for electronic properties, 

photoemission and magnetic property studies. The method is primarily based on the 

calculation of scattering matrix T which is related to the energy, density of states, surface 

states, thin film layers (Ernst et al., 2005). We will be applying this technique to Gd, Lu 

and RB6. 
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SURVEY OF LITERATURE 

The effective linearization method as proposed by Anderson (1975) is the most 

effective method of calculations of band structure in solids. This method has the DFT 

formalism used in which the basis functions are the linear combinations of energy-

independent augmented plane wave (APW) and muffin-tin orbital (MTO) respectively 

(Anderson 1975), Sashin et al. (2001) had measured the bulk energy-momentum-resolved 

density of the conduction band of metal Be by means of electron momentum 

spectroscopy followed by the band dispersion, occupied bandwidth, electron momentum 

density and density of states. Mattheiss (1972) had also applied augmented plane wave 

method to calculate electronic band structure of niobium nitride (NbN) and found that the 

Fermi level falls in the lower portion of the t2g manifold of 4d bands of Nb was 

responsible for conduction of 4d character. Later Chadi and Cohen (1974) also presented 

the nonlocal-pseudo potential calculations of band structures of niobium carbide (NbC) 

and niobium nitride (NbN) in which the major contribution of the electrons of 2p states of 

C and N were discussed along with the first partially filled 4d bands of Nb by referring 

the shape of the Fermi surface for those bands. Self consistent semi-relativistic pseud-

opotential calculation for the band structure of tungsten was done by Bylender and 

Kleinman (1983) in which the pseudopotential contained all the relativistic effects except 

spin-orbit and hence were in good agreement to the experimental values. The technical 

aspect of LAPW along with pseudopotential method for plane waves was implemented 

by Singh (1994). Spin-polarized bands were explained more precisely with the band 

structures studies of strained and unstrained Gd (0001) surface by Yakovkin et al. (2002) 

with spin-polarized photoemission spectroscopy and spin-polarized inverse 

photoemission spectroscopy. The computational aspect such as k-space, integration 

methods and phonons were studied by Pisani (1996). The method of band structure 

calculations by the FP-LPAW method had been used by several people. Paiva et al. 

(2007) have recently done the electronic structure calculation s in the case of 4d transition 

metals like nitrides, Hoctiri et al.(2007) had used the method for the band structure 

calculations in the case of beryllium chalcogenides. Dreizler et al. (1993) gave the 

overview of density functional theory (DFT) along with generalization of exchange 

correlation energy. Optical properties of rare earth metals like Gd and Lu had been also 
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studied by Saini et al. (2006). Atomic scale computation by using the FP-LAPW method 

of Saini et al.(2006) determined the electronic and optical properties in the case of rare 

earth sequioxides. A faster converging basis sets were introduced by Madsen et al. 

(2001). Kurz et al.(2002) have studied dhcp Gd and Gd (0001) to establish a relation for 

supporting the LDA and GGA and the overestimated 4f electron states earlier. Recent 

work of Hughes el al. (2007) revealed that different types of valence electrons play their 

part in determining the magnetic structures of heavy rare earth elements, the electrons in 

the s, p and d states which move from one place to other are, common to all the heavy 

rare earth elements, try to negotiate the interaction between magnetic moments and it is 

the nesting of their Fermi surfaces which can lead to instabilities in the paramagnetic 

phase with respect to the formation of incommensurate spin density waves. The electrons 

in the f state, on the other hand, are responsible for setting up the magnetic moments and, 

as their number increases across the heavy rare earth series, they play an indirect role in 

promoting incommensurate order by shrinking the unit cell volume through lanthanide 

contraction (Hughes, 2007). 

 

SCOPE OF STUDY   

The heavy rare earth metals are known for their magnetic behavior and their uses 

in electronic devices. So, the main focus of our present study will be to exploit the 

magnetic properties of these rare earth materials, which finds place as use in the magnetic 

storage devices. In this respect, our study will be trying to understand the origin of 

magnetic susceptibility in the rare earth metals like Gd, Lu and RB6 in terms of the 

correlation function which is the direct measurement of local magnetic moments and is 

the analogue of the exchange integral in the classical Heisenberg model of interacting 

spins. This will be supplemented by energy band studies of these systems which will help 

in understanding the origin of magnetism in rare earth systems. 

 

OBJECTIVE 

The objective of this work is to study hcp Gd and Gd (0001) surface on the basis 

of density functional theory. We will study the magnetism in Gd and the other prototype 

systems like Lu and RB6, and will try to correlate with the findings of band structures. 
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Electron energy bands will be calculated by using the full-potential linearized augmented 

plane wave (FP-LAPW) method as formulated by Singh et al. (2006). In particular our 

interest will be to see the large density of states at the Fermi energy due to the minority 4f 

electron. This we will try to calculate by including LDA and GGA approximations. With 

these models, ground-state properties such as the magnetic moment and band structures 

will be determined and we will see to what extent it is in agreement with experiment. We 

will also try to study the location of the surface states of Gd (0001) surface which will be 

compared with the available experimental data. Results will also be compared with other 

techniques of calculation MST. 

THEORY 

Density functional theory (DFT) is involved with the solving of the Kohn-Sham 

equation for energy functional in terms of the density of the system derivable from the 

basis functions. These basis functions are framed by appropriately considering the spins 

and the allowable symmetry conditions for the systems to be studied. It is one of the most 

accurate schemes for solving the systems to be studied. It is one of the most accurate 

scheme for solving the many-electron problem of a crystal (with nuclei at fixed) with 

appropriate approximations. We will consider the local spin density approximation 

(LSDA) in which the total energy with spin densities )(r  is given by  

          NNxcNeeeStot EEEETE    ,,,,,  

with NNE  the repulsive Coulomb energy of the fixed nuclei and the electronic 

contributions, labeled conventionally as, respectively, the kinetic energy (of the non-

interacting particles), the electron-electron repulsion, nuclear-electron attraction, and 

exchange-correlation energies. Two approximations comprises the LSDA, (i), the 

assumption that xcE  can be written in terms of a local exchange-correlation energy 

density xc times the total (spin-up plus spin-down) electron density as 

  , ,xc xcE dr                (1) 

And (ii), the particular form chosen for that xc . The most effective way known to 

minimize totE  by means of the variational principle is to introduce orbitals  ik  

constrained to construct the spin densities as  
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2|)(|)( rr ikik ik


         (2) 

Here, the ik  are occupation numbers. Then variation of totE  gives the Kohn-

Sham equation (in Ry atomic units), 

  )()(2 rrVVV ikikikxceeNe
       (3) 

which must be solved and thus constitute the primary computational task. 

We will use the linearized augmented plane wave (LAPW) method which is among the 

most accurate methods for performing electronic structure calculations for crystals. It is 

based on the DFT for the treatment of exchange and correlation and uses e.g, the local 

spin density approximation (LSDA). For valence states, relativistic effects can be 

included either in a scalar relativistic treatment or with the second variational method 

including spin-orbit coupling. Core states are treated fully relativistically. Like most 

energy band methods, LAPW is a procedure for solving the Kohn-Sham equations for the 

ground state density, total energy and energy eigen values of many electron systems for 

introducing a basis set which is especially adapted to the problem here. This is achieved 

by dividing the unit cell into a non-overlapping atomic spheres centered at the atomic 

sites and in the interstitial region. For these specific regions, basis functions are defined 

to get the charge densities which will give the respective potentioal. As the potential 

involved is spread over the atomic spheres and the interstitial regions in the crystal, it is 

known as full-potential linearized augmented plane wave (FP-LAPW). Linearized 

orbitals in this case can be represented by 
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We will apply the method to calculate magnetism and electronic energy bands in the Gd, 

Lu and RB6 

In the same spirit using the DFT methods, we also want to include the method of 

multiple scattering theory (Ernst et al. 1998). In this method, by including the same 

potentials as proposed above, we would like to calculate Green functions and solve for 



 9 

the scattering matrix ( ) which will describe the energy bands and density of states. We 

will also use this scheme for interpreting the magnetism in rare earth systems like Gd, Lu 

and RB6. Our main interest will be in determining the spin fluctuations and then evaluate 

the paramagnetic susceptibility  Tq,  (Staunton et al. 1986). 

 

METHODOLOGY 

 

In the DFT method used in this study, the Kohn-Sham equations are solved for a 

general potential without any shape approximation, Kohn et al. (1965) LDA 

approximation along with Perdew-Wang general gradient approximation (GGA) are 

tested. In this method, space is divided into two regions namely region I, the non-

overlapping sphere (muffin- tin) and region II, interstitial region. The basis functions 

used are energy-independent Bloch functions that give some modifications to the two 

regions mentioned above. With the help of variational principle linear equations are 

constructed from secular equation which then reduces to the generalize eigen value 

equations that can be solved by diagonalization. In region II, as charge density being 

slowly varying the natural basis is functions here are the solutions of spherical Helmholtz 

equation with non-zero kinetic energy. The so formed Fourier series corresponding to the 

interstitial region outside the atomic sphere is the pseudo-wave function, whose exact 

shape inside the muffin-tin sphere is of no importance for continuous and differentiable 

boundary conditions with zero slopes at the origin of the sphere. 

The basis functions are Bloch functions of radial functions times spherical harmonics, 

inside the atomic sphere. The basis function has the radial part from numerical solutions 

 rEvL , of the radial Schrodinger equation in a spherical potential at the fixed energy vE , 

and their energy derivatives  rrEvL ,, . Here, the index L stands for a collection of 

quantum numbers: the principle quantum number n, the orbital quantum number l, 

azimuthal quantum number m, and the kinetic energy 2 . The treatment of the entire 

basis set within one single energy panel allows all states, including the pseudocore states, 

to hybridize fully with each other. The method is linear, i.e., the basis functions are 

constructed by expanding around fixed energies vE . Such an approach normally leads to 



 10

linearization errors for higher lying bands. However, this difficulty is to large extent 

overcome in the present calculation by allowing for an extended basis set where every 

orbital is described by several kinetic energies in the interstitial region. The crystal wave 

functions are matched to the interstitial crystal wave at boundaries to ensure the 

continuity and differentiability of the crystal wave function. 

In solving the radial Schrodinger equation potential is obtained from the charge 

density through Poisson’s equation. Overlapping atomic charge density is taken as the 

density for first iteration. A new solution is obtained by constructing a new charge 

density from the eigenvectors calculated variationally. This is repeated until some 

criterion of self-consistency is reached. 

Taking these into consideration, Blaha et al. (2001) developed a code based on 

this method and the code is called WIEN2k. We intend to employ this code for the 

computational purpose. 

 

TENTIVE CHAPTERISATION 

The tentative organization of the thesis will be as follows chapter-wise 

 

Chapter-1: 

This chapter will contain the introduction and the properties of Gd, Lu and RB6 with 

regard to their structure and the electronic configurations. The details of the application 

and recent developments in the field of rare earth elements and compounds will also be 

discussed here. 

Chapter-2: 

This will discuss the theoretical formalism and the methodology adopted for the 

calculations of magnetic properties and energy bands. 

Chapter-3: 

In this chapter, the results obtained by using FP-LAPW and MST will be discussed. 

Chapter-4: 

This chapter will give the conclusion emphasizing on the objectives attained by using the 

formalism used. 

 This will be followed by references and appendices. 
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CHAPTER- 1 INTRODUCTION 



 
 

Introduction 

1.1      Rare earth elements and compounds 

The rare earth metals are strongly correlated materials. The localized 4f electrons 

of the atom are responsible for their large magnetic moments. The overlap with the 4f 

shells on neighbouring lattice sites is negligible. Due to their localized f electrons that lie 

in the same energy range as the itinerant s, p and d electrons, they represent a challenge 

for first-principles theory. Experimental and theoretical research works were done 

extensively for understanding of these interactions, in order to give the qualitative and 

quantitative explanation for such magnetic behaviour of these systems. The magnetism 

of the rare earths has its origin in the angular momenta of the 4f electrons in the atoms. 

The quantum theory of magnetism was first placed on a sound footing in 1932 by J.H. 

Van Vleck (Vleck, 1932). He extended the calculations of the magnetic susceptibilities 

of isolated rare earth ions which had been performed by Hund (Hund, 1925) to 

encompass the anomalous cases of Eu and Sm which have low-lying multiplets, giving 

rise to Van Vleck paramagnetism. He was thus able to obtain good agreement with 

experiment over the whole series from Lanthanum (La) to Lutetium (Lu). Klemm and 

Bommer (1937) determined the paramagnetic Curie temperatures of the heavy rare earths 

Numerous anomalies of magnetic origin in heat capacity were detected (Lawson and 

Tang, 1949; Parkinson et al., 1951). The observation of extra magnetic neutron-

diffraction peaks in polycrystalline Er by Koehler and Wollan (1955) was a significant 

development.  

 The theoretical components which were later brought together to form the 

standard model of rare earth magnetism were also formulated in the 1950s. Zener (1951) 

suggested that localized moments could be coupled together by an indirect exchange 
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through the medium of the conduction electrons. Ruderman and Kittel (1954) infact had 

calculated this coupling quantitatively for nuclear moments embedded in a free-electron 

gas. Kasuya (1956) and Yosida (1957) extended the treatment of RKKY (Ruderman-

Kittel-Kasuya-Yosida) interaction to localized electronic moments (Kittel, 1996). 

Stevens (1952) invented his method of operator equivalents, which was of decisive 

importance for a satisfactory treatment of the crystal fields. Mason (1954) formulated a 

theory of magnetoelastic effects, while Zener (1954) showed how to calculate the 

temperature dependence of the magnetic anisotropy. The magnetization measurements 

on monocrystalline Dy were carried out by Behrendt et al. (1957). The fabrication of 

single crystals of all the heavy rare earths followed successively, and their bulk magnetic 

properties were studied (Legvold et al., 1961). Almost simultaneously with the 

observation of the helical structure in Dy, it was shown that the magnetization curves 

implied such a structure, and pointed out the importance of magnetoelastic effects in 

inducing the transition to the ferromagnetic phase (Enz, 1960). Niira, (1960) successfully 

interpreted the magnetization of Dy in the ferromagnetic phase by calculating the spin-

wave spectrum of an anisotropic magnet, showing that a finite energy is required to 

create a long-wavelength excitation. This energy gap gives rise to an exponential 

decrease of the magnetization at low temperatures. Elliott (1961) considered the 

magnetic structures of the heavy rare earths and their temperature dependences, utilizing 

a phenomenological molecular-field model. A similar approach was under taken by 

Miwa and Yosida (1961), while Nagamiya et al. (1962) calculated the effect of magnetic 

field on some of these structures and showed that a fan structure may exist between the 

helix and the ferromagnet. The first resistivity measurement on single crystals of Er was 

performed by Green et al. (1961). The unusual temperature dependence of the resistance 
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in the c-direction was explained by Mackintosh (1962) as a consequence of the 

incommensurable magnetic ordering, leading to magnetic superzones. Miwa (1963) and 

Elliott and Wedgwood (1963) made calculations of the magnitude of this effect using the 

free electron model, which were in semi-quantitative agreement with the experimental 

results. Until this time, the conduction electrons in the rare earths had been described by 

the free-electron model, but Dimmock and Freeman (1964) demonstrated that this 

simplification was unjustified when they calculated the band structure of Gd by the 

Augmented Plane Wave (APW) method. The conduction electrons were found to be 

largely d-like, as in the case of transition metals and the Fermi surface far from being 

spherical. Later measurements on single crystals of the heavy rare earths showed that the 

conduction electrons are indeed far from free electron-like, and the experimental results 

could be well accounted for by relativistic APW calculations (Williams et al., 1966). The 

calculation of the spin-wave dispersion relations in a variety of heavy-rare-earth 

magnetic structures were carried out by Cooper et al. (1962). The first observations of 

spin waves carried out by inelastic neutron scattering were made by Moller and 

Houmann (1966) who obtained rather complete dispersion relations for Tb at 90 K. 

Callen and Callen (1963) also developed the theory of magnetostriction, putting it in the 

form used by Rhyne and Legvold (1965) to interpret their pioneering measurements on 

single crystals. They (Callen and Callen, 1965) also generalized the treatment of the 

temperature dependence of crystal-field and magnetoelastic parameters. Cooper (1968) 

considered in detail the role of the magnetoelastic effects in the helicalferromagnetic 

transition, and included them in calculations of the spinwave energies. Of particular 

interest were experiments on the isotropic ferromagnet Gd, in which the magnetic form 

factor was studied by Moon and Koehler (1971) and the spin waves by Koehler et al. 
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(1970). With the increasing understanding of the magnetic behaviour of the heavy rare 

earths, it was natural that attention began to turn to the lighter metals. Moon et al. (1964) 

began what was destined to become a long-lasting study by a number of groups of the 

magnetic structure of Nd, and Cable et al. (1964) found indications of antiferromagnetic 

ordering in polycrystalline Pr. Bleaney (1963) had earlier shown that the crystal-field 

ground states in Pr should be singlets, and in such singlet ground-state systems no 

magnetic ordering should occur unless the exchange exceeds a critical value. Shortly 

afterwards, the crystal-field excitations, or magnetic excitons, were observed by Rainford 

and Houmann (1971) and on the basis of these results, proposed a crystal-field level 

scheme which is very close to that accepted today. In the modern era, the principles 

which had been established by the early 1970s have been applied to attaining a deeper 

and more complete understanding of the elements, even though the primary interest has 

increasingly turned towards rare earth compounds and alloys. Tb were studied in 

exhaustive detail with inelastic neutron scattering by Jensen et al. (1975). The crystal-

field dominated system Pr was subjected to a similarly careful investigation (Houmann et 

al., 1979) and, from his analysis of these results, Jensen (1976) concluded that Pr could 

be induced to order antiferromagnetically either by the application of a modest stress or 

through the hyperfine interaction, as first proposed by Murao (1971) by cooling to about 

40mK. The effects of the crystal field alone were studied by Touborg and Hog (1974) by 

dissolving small amounts of the magnetic rare earths in Sc, Y, and Lu and determining 

the crystal-field level scheme through susceptibility measurements, in conjunction with 

inelastic neutron scattering (Rathmann and Touborg 1977). Efforts to increase the purity 

of rare earth samples were rewarded by the observation of the de Haas–van Alphen 

(dHvA) effect in Gd by Young et al. (1973) and the subsequent detailed elucidation of its 
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Fermi surface could satisfactorily be accounted by band structures calculations with the 

inclusion of the exchange splitting between up- and down-spin levels. More recently, the 

careful study of the dHvA effect in paramagnetic Pr by Wulff et al. (1988) has confirmed 

the success of the band model in describing the conduction electrons, and has given 

extensive information on their interaction with the 4f electrons. The electronic structure 

of Ce has been of continued interest. Johansson (1974) elaborated the suggestion of 

Gustafson et al. (1969) that α–Ce is a 4f-band metal, and Glotzel (1978) and others have 

further explored this model by band structure calculations. Single crystals of α–Ce 

suitable for dHvA experiments are extremely difficult to prepare but Johanson et al. 

(1981) have studied the related compound CeSn3, observing the 4f character of the 

electrons at the Fermi surface. Photoemission experiments by Wieliczka et al. (1982) and 

Martensson et al. (1982) proved highly informative in exploring the electronic structure 

of Ce. This work reflects the intense interest in the 1980s in the problem of non-integral 

4f occupancy which gives rise to a variety of phenomena subsumed under the description 

mixed-valent behaviour. The discovery of superconductivity in CeCu2Si2 by Steglich et 

al. (1979) stimulated a major effort in studying lanthanide and actinide heavy-fermion 

systems, and underlined the significance of the earlier observation of superconductivity 

in Ce under pressure by Probst and Wittig (1975). The properties of itinerant 4f electrons 

have predominantly been studied through rare earth compounds. Indeed the main thrust 

of the rare earth research has recently been towards understanding compounds and 

alloys. The essential features of the classic puzzle of the magnetic structure of Nd have 

been clarified by McEwen et al. (1985). Gibbs et al. (1985) have re-examined the 

configurations of the moments in Ho and other heavy rare earths, using a combination of 
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synchrotron radiation, which shows promise for very high-resolution structural studies, 

and neutron diffraction.  

The rare-earth metals are distinguished by their unique magnetic, electric and 

optical properties (Jensen, 1991). They are of great practical interest because of their role 

in hard magnetic intermetallics and high-density storage media. Lanthanum metal is used 

in many applications similar to those of cerium such as alloys and flints (Heiman et al., 

1979). The metal is also used in the fabrication of nodular cast iron. Lanthanum's 

favorable presence in fuel-cracking catalysts have made a market for the plentiful rare 

earth in the petroleum industry while it also finds use in the glass market as a dopant to 

increase resistance to alkali compounds. The most recent interest in lanthanum has come 

from its use in Hydrogen Sponge Alloys, which are an important component of solid 

oxide fuel cells (Siegmann et al., 1978). 

Cerium metal is a prime component of mischmetal, which is used in the 

manufacture of pyrophoric alloys such as ignition flints for welding torches and lighters 

(Zhang et al., 2009). The oxide is very commonly used in glass applications as both a 

component and a decolorizing agent while it is also finding vast use as a polishing 

medium as well. Cerium is also used in the production of television phosphors, auto-

catalysts and petroleum refining (Yokota et al., 2010).  

Praseodymium is used in applications common to rare earth elements. The metal 

is a modest constituent of mischmetal, which is an alloy of rare earth metals, primarily 

cerium, lanthanum, praseodymium and neodymium. Mischmetal is used in heat-

conducting and pyrophoric alloys. Other compounds of praseodymium are used for their 

unique colors. Praseodymium is mixed in glass along with other compounds to produce a 

bright but smooth yellow color while didymium, a mix of praseodymium and 
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neodymium (among others) is used to color the glass in welding goggles. Praseodymium 

also finds some use in lighting applications like many rare earth elements. Neodymium 

metal is used extensively to produce Nd-Fe-B magnets, which have energy densities as 

high as 27 to 35 million gauss oersteds. They are the most compact magnets 

commercially available. Neodymium compounds are extensively used in glasses and 

coatings for their unique colors and ultraviolet absorption abilities. Welding goggles are 

commonly darkened with didymium, a neodymium-containing compound, and 

neodymium alone is used to color glass delicate shades of red, blue, purple and gray. 

Neodymium's coloring characteristics are used in applications ranging from small artistic 

products to large mass-production. Neodymium is also used widely in electronic, auto 

catalyst and rubber catalyst applications (Li et al., 2005). 

Gadolinium metal is used to enhance iron, chromium and similar alloys to 

increase their resistance to oxidation at high temperatures. The metal is also an unusually 

good superconductor, which also finds its use in some special materials and alloys. 

Gadolinium Yttrium Garnets (Eckel et al., 2009) are used in microwave applications 

(Shastry et al., 2004) and other gadolinium compounds are used in color television 

phosphors. In the medical realm, solutions of gadolinium compounds are used as 

intravenous contrasts to enhance images in patients undergoing magnetic resonance 

imaging (MRI). Lutetium is used in cracking and polymerization catalysts other than 

lighting phosphor industry (Li et al., 2008). 

The rare earth hexaboride nanowires were used as a test material for the 

development of a TEM based local electrode atom probe tomography (LEAP) technique. 

The TEM based LEAP technique is the first to combine atomic resolution 

crystallographic imaging with angstrom scale 3D compositional mapping. This technique 
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also provided some of the first quantitative compositional information of the rare earth 

hexaboride systems and is applicable to a wide range of nanowire materials. Due to the 

rigidity and excellent conductivity of the rare earth hexaborides, nanostructures were 

grown onto tungsten wires for the development of robust, oxidation resistant 

nanomanipulator electronic probes for semiconductor device failure analysis 

(Brewer, 2010). Rare earth hexaborides have unusual combination of properties with 

metallic conductivity and low work function as well as low volatility at temperatures 

providing technologically useful thermionic electron current density, micro-beam 

applications (Davis et al., 1986).  Hexaborides of the rare-earth elements are considered 

for applications as wear- and corrosion-resistant hard coatings for decoration of 

consumer products such as eye-glass frames and wristwatch casings (Mitterer et al., 

1996). The major technological applications of RCrSb3 compounds are in the field of  

spin electronics, Read Head, magnetic RAM, nano-particles etc (Granado et al., 2002). 

The half metallic rare earth nitrides are also strong candidates for applications in 

spintronics and spin-filtering devices (Birgeneau et al., 1971). The Half metallic semi-

Heusler alloy like NiTbSb are found to be HMF and expected to provide huge tunnel 

magneto-resistance (TMR) and giant magneto-resistance (GMR) in magneto-electronic 

devices. They are also used as perfect spin filters and spin-injection devices as an 

alternative to ferromagnetic 3d metals (de Groot et al., 1986). 

1.2 Band structures calculations: 

The electronic band structure of a solid defines the energy of the electron in 

allowed/forbidden directions of the wave vector (k) depending on the symmtery of the 

crystal (Callaway, 1958). For the calculations of band structures, we need to sample the 
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whole Brillouin zone in a method similar to the self consistent field. k - points are given 

by the specific symmetry operation of the allowed symmetry group. 

The band structure methods have led to considerable amount of understanding of 

the various properties of materials in the past few decades (Papaconstantopoulos, 1986; 

Sutton, 1994; Asokamani and Ravi, 1999; Paxton et al., 2003). The augmented plane 

wave (APW) method which was proposed by Slater (1937) was one of the widely used 

methods to calculate the band structure employing the Slater exchange for the 

contribution of the muffin tin potential.  One of the major steps in the application of band 

structure is to study the mechanical property. The bulk modulus was performed by 

Moruzzi et al., (1978) for several elemental solids using the Korringa-Kohn Rostoker 

(KKR) method. These calculations were extended by Papaconstantopoulos (1986) for 

evaluating their superconducting transition temperatures. Papaconstantopoulos et al., 

(1977) have also used the APW method in the systematic study of the band structures of 

a number of elemental solids which also included the spin polarized calculations of some 

of the ferromagnetic metals. The introduction of linear methods by Andersen (1975) is a 

major breakthrough in the calculations of band structures as it vastly reduces  the 

computational time and they are also self consistent although self consistency can be 

achieved by other methods. Skriver (1984) adopted the linear muffin tin orbital (LMTO) 

method for calculating the total energy for different metals in the periodic table and it has 

improved our knowledge with regard to the correlation between the d electron number 

and crystal structural stability. The total energies and forces were calculated by Savrasov 

and Savrasov (1996, 1997) by using the full-potential linearized muffin-tin orbital (FP-

LMTO) for some systems. The total energy calculations were performed in a similar 

manner using pseudo-potential method by Cohen (1962) for some of the semiconductors. 
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Experimental observations with regard to crystal structure modifications, the 

phenomenon of insulator-metal transition as well as magnetic phase changes at high 

pressures have been made for a large number of systems (Bartynski et al., 1985; 

Wenthold et al., 1997). The spin polarized band structure calculations give the correct 

magnetic ground state, magnetic moments and magnetic phase transitions unless the 

system is strongly correlated (Toropova et al., 2005).  

We will present in this thesis the results of density of states (DOS) and band 

structures calculated by using full-potential linearized augmented plane wave (FP-

LAPW) method. FP-LAPW method of calculation is based on density functional theory 

(DFT). This is one of the methods which give the accurate results for different systems 

like, metals, semi-metals, insulators, alloys etc (Thapa et al., 2010; Thapa et al., 2011). 

Here, core states are treated fully relativistically and valence states are treated semi-

relativistically or with the second variational method including spin-orbit coupling. In 

LAPW, the region of non-overlapping atomic spheres (centered at the atomic sites) is 

treated as a linear combination of radial function time’s spherical harmonics, while the 

function in other regions, a plane wave expansion is used. Each plane wave is augmented 

by an atomic-like function in every atomic sphere. The solution of Kohn-Sham equations 

is expanded in this combined basis set of LAPWs according to the linear variation 

method. In this method (Singh et al., 1994) no shape approximations are used, thus it is 

frequently called a full potential method. For the exchange-correlation potential, the 

generalized gradient approximation (GGA) as given by Perdew et al. (1996) and the 

local-density approximation with the inclusion of Hubbard potential (LDA+U) as given 

by Anisimov et al. (1997) is used.  

The chapters in the thesis are organized in the following manner: 
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In Chapter 2, we will present the theory of density functional theory with 

emphasis on local density approximation (LDA), generalized gradient approximation 

(GGA), full potential linearized augmented plane wave method. 

In Chapter 3, we will discuss the energy bands calculation for rare earth elements 

(i.e. La, Ce, Pr, Nd, Gd and Lu) and RB6. Discussion on the findings of magnetic 

moments of these systems will be presented.  

 In Chapter 4, we will discuss the calculation of energy bands and magnetic 

moments in rare earth antimonides (i.e. LaCrSb3, CeCrSb3 and NdCrSb3), rare earth 

nitrides (EuN and SmN) and semi-Heuslers alloy: NiTbSb by using FP-LAPW method. 

The reason for studies of these systems being that rare earth elements are involved, and 

Rare earth nitrides and NiTbSb showed half metallicity whereas RCrSb3 showed features 

for use as magnetic devices like Read Head, spintronics and RAM etc. 

 In chapter 5, we will present the conclusion of the thesis, which will be followed 

by references and appendices. 



 

CHAPTER- 2  

THEORETICAL FORMALISM 

AND METHODOLOGY 



 
 

Theoretical formalism and methodology 

In this chapter, we will discuss the theory, methods and approximations used in 

the calculations of DOS, band structures and magnetic moments.  

2.1 Density Functional Theory: 

Density functional theory (DFT) is a quantum mechanical theory for calculating 

the electronic structure of a many body systems. DFT is one the most widely used 

technique obtainable on computational condensed matter physics (Hohenberg and Kohn, 

1964; Kohn and Sham, 1965), due to its applicability to large numbers of electron with 

complete precision. The principle of DFT is to explore an interacting many body system 

of fermions by using its density instead of many-body wave function. Although DFT has 

its theoretical roots in the Thomas-Fermi model, it was put on a solid hypothetical 

foundation by two Hohenberg-Kohn theorems (H-K) (Hohenberg and Kohn, 1964).  

The ground state properties of a many-electron system are exclusively 

determined by an electron density that depends only on 3 spatial coordinates. The first H-

K theorem thus reduces the many body problems of N electrons with 3N spatial 

coordinates by employing functional of the electron density. The second H-K theorem 

defines energy functional of the system and gives evidences to prove that the proper 

ground state density minimizes this energy functional. Thus, intractable many-body 

problem of interacting electrons in a static external potential, within the framework of 

Kohn-Sham DFT (KS-DFT) is reduced to a tractable problem of non-interacting 

electrons moving in an effective potential. The effective potential contains the external 

potential and the effects of Coulomb interactions between the electrons, the exchange 

and correlation interactions. Modeling the latter two interactions becomes the challenge 

within KS-DFT.  

Chapter - 2 
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2.2 Theoretical details: 

The nuclei of the many body system in an electronic structure calculations are seen as 

fixed (the Born Oppenheimer approximation), generating a static external state is 

represented by a wave function  1 ,..., Nr r
   satisfying the many-electron Schrodinger 

equation: 

2
2

3 3 3 *
1 2 1 2 1 2

( ) ( , )
2

( ) ... ( ,..., ) ( ,..., )

N N N

i i i j
i i i

N N N

hH T V U V r U r r E
m

n r N d r d r d r r r r r r r

                  

  

  

  

  

      
  (2.1)   

where H is the electronic Hamiltonian, N is the number of electrons, T  is the N-electron 

kinetic energy, V  is the N-electron potential energy from the external field, U  is the 

electron-electron interaction energy for the N-electron system. The operators T  and U  

are common for similar systems, so are called Universal operators. V  is system 

dependent, so is non-universal. Now the difference between a single particle problem and 

the much more complex many particle problem is the interaction term U . DFT provides 

a way to systematically map the many-body problem with U  onto a single particle 

problem without U . In DFT the particle density ( )n r  for a normalized   is given by: 

3 3 3 *
1 2 1 2 1 2( ) ... ( ,..., ) ( ,..., )N N Nn r N d r d r d r r r r r r r    

           (2.2) 

In reverse way, this relation states that for a given ground-sate density 0 ( )n r  it is 

possible to construct the corresponding ground-state wave-function 0 1 2( ,..., )Nr r r
   . In 

other words 0 1 2( ,..., )Nr r r
    is a functional of 0 ( )n r  and hence the ground sate 

expectation values of an observable Ô  is also a functional of 0 ( )n r . 

     0 0 0O n n T V U n            (2.3) 
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In particular, the ground state energy is a functional of 0 ( )n r  

     0 0 0 0 0E E n n T V U n            (2.4) 

           0 0 0 0 0 0n T n n V n n U n            (2.5) 

     0 0 0T n V n U n           (2.6) 

where the contribution of the external    0 0n V n   potential can be written in 

terms of the ground-state density 0n  

  3
0 0( ) ( )V n V r n r d r 

          (2.7) 

More commonly, the contribution of the external potential V   can be written 

clearly in terms of the density n  as 

  3( ) ( )V n V r n r d r 
           (2.8) 

A system is defined by a definite non-universal functional V , as   T n  and  U n  are 

universal.  

For a given system with V as its external potential  

      3( ) ( )E n T n U n V r n r d r   
         (2.9) 

In regard to ( )n r , taking for granted one has got dependable terms for  T n  and  U n . 

A successful reduction of the energy functional will produce the ground state density 

0 ( )n r  and thus all other ground state observables. 

The second KS-theorem makes it possible to use the variational principle of 

Rayleigh-Ritz in order to find the ground-state density. Out of the infinite number of 
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possible densities, the one which minimizes  E n is the ground-state density 

corresponding to the external potential ( )V r . Of course, this can be done only if (an 

approximation to)    n T V n    is known. But having found ( )n r , all knowledge 

about the system is within  reach. 

It is useful to stress the meaning of the energy functional  E n once more. When 

it is evaluated for the density ( )n r corresponding to the particular ( )V r  for this solid, it 

gives the ground state energy. When it is evaluated for any other density however, the 

resulting number has no physical meaning (Cottenier, 2002). 

Taking the energy functional without electron-electron interaction energy term  

   [ ]S S S S SE n n T V n   


       (2.10) 

where ST


 indicates the non-interacting kinetic energy and ŜV  is an external effectual 

potential in which the particles are moving. Clearly, if ŜV  is ˆ ˆ( ) ( )Sn r n r  selected be  

ˆ ˆ ˆ ˆ ˆ( )S SV V U T T             (2.11) 

Consequently, we can solve the Kohn-Sham equations of this assisting non-interacting 

system, 

2
2 ( ) ( ) ( )

2 S i i iV r r r
m

 
 
    
 

           (2.12) 

which produces the i  orbital that reproduces the density ( )n r of the authentic many-

body system 

2( ) ( ) ( )
N

S i
i

n r n r r            (2.13) 

The effective single-particle potential can be written in more detail as  
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2 '

3 '
'

( )( ) ( ) ( )S
S XC S

e n rV r V r d r V n r
r r

  



  
        (2.14) 

The second term in the above Eq. (2.14) stands for the so-called Hartree expression with 

the electron-electron Coulomb repulsion, while the last expression XCV  is called the 

exchange correlation potential. Now, the Hartree expression and XCV  depend on ( )n r  

which depends on the i  which in turn relies on ŜV . Now the problem is that the Kohn-

Sham equation has to be solved in a self-consistent way. One typically begins with a first 

guess ( )n r  then works out the corresponding ŜV  and solves the Kohn-Sham equations 

for the i  (Kohn and Sham, 1965). The techniques in DFT are complex and different and 

can be understood by considering the following two approaches. 

Firstly the techniques that apply a local density rough calculation (LDA). The 

LDA is decided exclusively and based on the qualities of the electron density. The 

significant supposition of this approximation is that for a molecule with many electrons 

in a gaseous state, the density is consistent throughout the molecule. This is not the case 

for molecules where the electron density is decidedly not consistent. This approximation 

does however work well with electronic band structure of solids and hence illustrates the 

scope of energies in which electrons are allowed or not allowed. Outside of these 

applications, however, LDA’s are not very acceptable. 

Secondly, the technique that unites the electron density calculations with a 

gradient correction factor. A gradient in mathematics is a function that measures the rate 

of change of some property. In this case, the gradient seems to explain the non-

uniformity of the electron density, and as such is known as gradient-corrected.  

 

 



Chapter  2 

 
 

17

2.3 Kohn-Sham Equation: 

Since the total energy of the system is  

  ( ) ( ) ( ) [ ] [ ]ext H XCE n T n V r n r dr V n E n         (2.15) 

where T is the kinetic energy of the system, extV  is an external potential acting on the 

system, and  

   '2
'

'2H

n r n reV dr dr
r r


         (2.16) 

is the Hartree energy and XCE  is the exchange-correlation energy. 

The straight forward application of this formula has two barriers:  

First, the exchange-correlation energy XCE  is not known precisely, and second, the 

kinetic term must be created in terms of the charge density. As was first suggested by 

Kohn and Sham (1965), the charge density  n r  can be written as the sum of the squares 

of a set of orthonormal wave functions ( ) :i r  

2( ) ( )
N

i
i

n r r          (2.17) 

Equation (2.17) represents the solution to the Schrodinger equation for N non-interacting 

electrons moving in an effectual potential ( )effV r  given by 

2
2 ( ) ( ) ( ) ( )

2 i eff i i ir V r r r
m

      
        (2.18) 

where the effectual potential is defined to be 

 '
2 '

'

( )( ) ( ) XC
eff ext

n

E nn rV r V r e dr
r r




  
       (2.19) 
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This system is then solved iteratively until self-consistency is approached. Note 

that the eigen values i  have no physical meaning but the total sum matches the energy 

of the entire system E through the equation:  

      ( )
( )

N
XC

i H XC
i

E n
E V n E n n r dr

n r





          (2.20) 

There are several ways in which Kohn-Sham theory can be applied depending on 

what is being examined. In solid state calculations, the local density approximations are 

still commonly used along with plane wave basis sets, as an electron gas approach is 

more suitable for electrons delocalized through an infinite solid. In molecular 

calculations, however, more complicated functional are needed, and a huge variety of 

exchange-correlation functional have been developed for chemical applications. Some of 

these are incompatible with the uniform electron gas approximation; however, they must 

reduce to LDA in the electron gas limit. The main difficulty with DFT is that the precise 

functional for exchange and correlation are not identified except for the free electron gas. 

However, rough calculations exist which allow the calculation of certain physical 

parameters rather precisely. In physics the most widely used approximation is the local-

density approximation (LDA). 

2.4 Local Density Approximation: 

One of the efficient rough calculation techniques for working out the exchange-

correlation term in the density functional theory (DFT) is the local density approximation 

(LDA). LDA has widely been applied to portray a variety of close-ranged exchange-

correlation interactions for instance, covalent bonding systems. However, LDA has 

serious limitation that this approximation cannot provide estimation to the long-ranged 

exchange-correlation interaction as typified by the Van der Waals (VdW) interaction. 

The VdW interaction is one of the long-ranged electronic interactions which mainly add 
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to the first stage of the material reactions such as the chemical reaction, crystal growth 

and physical absorption. To assess the VdW interaction, many efforts have been devoted 

to develop useful calculating recipes for the non-local exchange-correlation term.  

Kohn and Sham applied LDA approximation to DFT of Kohn and Sham (1965). The 

Hohenberg-Kohn theorem states that the energy of the ground state of a system of 

electrons is a functional of the electronic density especially, the exchange and correlation 

(XC) energy is also a functional of the density (this energy can be seen as the quantum 

part of the electron-electron interaction). This XC functional is not identified accurately 

and must be approximated. LDA is the simplest approximation for this functional, it is 

local in the sense that the electron exchange and correlation energy at any point in space 

is a function of the electron density at that point only.  

The XC functional is the total of a correlation functional and an exchange 

functional:  

XC X CE E E           (2.21)  

LDA uses the exchange for the uniform electron gas of a density equal to the density at 

the point where the exchange is to be assessed 

 2 13 2 33( ) 3 ( )
4XC

eE d r n r n r


 
  

 


         (2.22) 

It is found that all quantities are represented as functional of the electronic charge 

density. The significant point that makes this system easier to solve is that the efficient 

possibility is local. Therefore there is no more complication added in solving 

Schrodinger equation. Of course, this is only true if the exchange-correlation energy can 

be portrayed as a function of the local charge density. A technique of doing this is known 

as the local density approximation (LDA). As mentioned above in LDA, the exchange-
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correlation energy of an electronic system is built by taking for granted that the 

exchange-correlation energy for each electron at a point r  in the electron gas is equal to 

the exchange-correlation energy for each electron in a identical electron gas that has the 

same electron density at the point r . It follows therefore  

 ( ) ( ( )) ( )XC XCE n r n r n r dr 
          (2.23) 

with 

hom( ( )) ( ( ))xc xcn r n r           (2.24) 

where hom ( ( ))xc n r  is exchange-correlation energy in identical electron gas. Equation 

(2.24) is the supposition that the exchange-correlation energy is purely local. Several 

parameterizations for hom ( ( ))xc n r   exist, such as parameterization of Perdew and Zunger 

(1981).  

2.5 Generalized Gradient Approximation:  

The generalized gradient approximation (GGA) has attracted much attention for 

its abstract simplicity and moderate computational workloads. At present, two GGA 

functional, one suggested by Becke and Perdew (BP) and one suggested more recently 

by Perdew and Wang (PW), are the most popular ones in the literature (Perdew et al., 

1996). Many calculations assessing the accuracy of the GGA have been reported and 

commonly demonstrate that the GGA substantially corrects the LDA error in the 

cohesive energies of molecules and solids. Generalized gradient approximations 

(GGA’s) to the exchange-correlation (XC) energy in density-functional theory are at 

present receiving increasing attention as a straightforward substitute to improve over the 

local-density approximation (LDA) in ab initio total-energy calculations (Kresse and 

Furthmuller, 1996). The lattice parameters always rise in comparison with the LDA, a 
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closer agreement with experimental data is reported for alkali metals, 3d metals, and 

some 4d metals. 

 

2.6 Local Spin density approximation: 

For magnetic materials, the LDA is extended to include spin-polarization, 

resulting in the local spin density approximation or LSDA. The [ ( )]xcE n r  energy is a 

functional of both the spin-up and down spin densities. With such distinction, the Kohn-

Sham equation can be written as: 

21 ( ) ( )
2 KS i i iV r r           

       (2.25) 

where  KSV   and ( )n r are the spin extension of the previous quantities. 

'
2 '

'

[ , ]( )( ) ( )
( )

xc
KS

E n nrV r v r e dr
rr r







 
  

  

2[ , ]( ) , ( ) , ( ( )
( )

xc
xc i

E n nv r r r r
r

   
 


   


 

         (2.26) 

The imbalance between n   and n   producing the magnetization M = n  - n  , is 

given by the exchange-correlation potential Uσ xc (r) which accounts for the different 

populations n   and n   by the derivative. In the local spin density approximation 

(LSDA), the exchange and correlation contributions are separated as: 

hom[ ( )] ( ( )) ( )

[ ( ), ( )] ( ( )) ( ( ))( ( ( )) ( ( ))) ( )

LSDA
x xc

LSDA U P U
c c c c

E r r r dr

E r r r f r r r r dr

 



   

         



    




  (2.27) 

where   ( ( )) ( ( )) / ( ( )) ( ( ))r n r n r n r n r            is the normalized 

magnetization, ( ( ))f r  is a smoothing function, and P
c  and U

c are proper functional 
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representing the correlation energies for the spin-polarized and unpolarized systems, 

respectively. 

2.7 The full-potential linearized augmented-plane wave (FP-LAPW) method: 

The full-potential linearized augmented-plane wave (FP-LAPW) technique is 

well known to allow most precise calculation of the electronic structure and magnetic 

qualities of crystals and surfaces. The application of atomic forces has greatly maximized 

its applicability, but it is still commonly supposed that FP-LAPW computations need 

considerable higher computational effort in comparison with the pseudopotential plane  

wave (PPW) based techniques. FP-LAPW has recently showed important progress. For 

example, researchers habitually work out magnetism and nuclear quantities (for example, 

isomer shifts, hyperfine fields, electric field gradients, and core level shifts). Also, forces 

and molecular dynamics have been applied, and recent optimizations have decreased the 

CPU time of FP-LAPW calculations significantly. Nevertheless, because the 

conputational expense and memory requirements are still fairly high, FP-LAPW 

implementations are suitable only to fairly complicated systems. One successful 

implementation of the FP-LAPW technique is the program package WIEN2K, a code 

enhanced by Blaha, Schwarz and coworkers (Blaha et al., 2008). It has been successfully 

implemented to a various scope of difficulties such as electric field gradients and systems 

such as high-temperature superconductors, minerals, surfaces of transition metals, or 

anti- ferromagnetic oxides and even molecules (Ernst et al., 2005). So far the main 

disadvantage of the FP-LAPW-technique in comparison with the pseudopotential plane-

wave (PPW) method has been its higher computational expense. This may be largely 

because of an inconsistency in optimization efforts spent on both techniques, and so we 

have investigated the FP-LAPW technique from a computational arithmetical viewpoint. 
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Lately, the development of the Augmented Plane Wave (APW) techniques from 

Slater’s APW, to LAPW and the new APW+lo was portrayed by Schwarz et al. (2003).  

One of the most precise techniques for performing electronic structure calculations for 

crystals is the FP-LAPW technique. It is based on DFT for the handling of exchange and 

correlation and uses (for example, the LSDA). Effects, for valence states relativistic, can 

be incorporated either in a scalar relativistic handling or with the second dissimilarity 

technique including spin-orbit coupling. Core states are treated fully relativistically.  

The FP-LAPW technique, which is like most energy-band techniques is a process 

for solving the Kohn-Sham equations for the ground state density, total energy, and 

(Kohn-Sham) eigen values (energy bands) of a many-electron system by presenting a 

basis set which is particularly modified to the problem.   

This alteration is achieved by partitioning the unit cell (Fig. 2.1) into (I) non- 

overlapping atomic circles (centered at the atomic sites) and (II) an interstitial region, 

that’s to say, a region between two spaces. In the two sorts of regions diverse basis sets 

are used: 

(i) Inside atomic sphere t of radius Rt a linear combination of radial functions times 

spherical harmonics ( )lmY r  is used:  

 , ( , ) ( )kn lm l l lm l l lm
lm

A u r E B u r E Y r       
       (2.28) 

where ( , )l lu r E  is the (at the origin) normal way out of the radial Schrodinger equation 

for energy E1 and the spherical part of the potential inside sphere, ( , )l lu r E  is the energy 

derived of lu  taken at the similar energy. A linear mixture of these two functions 

comprise the linearization of the radial function; the coefficients Alm and Blm are 

functions of  kn decided  by  requiring that this  root function lu  goes with the equivalent  
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Figure 2.1: Partitioning of the unit cell into atomic spheres (I) and an interstitial region 

(II) 
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basis function of the interstitial region; lu  and are achieved by numerical integration of 

the radial Schrodinger equation on a radial mesh inside the sphere. 

(ii) In the interstitial zone a plane wave extension is applied 

1
nik r

kn e
w

            (2.29)  

 where kn = k + kn, kn, are the mutual lattice vectors and k is the wave vector inside the 

first Brillouin zone . Each plane wave is increased by an atomic-like function in every 

atomic sphere. 

The solutions to the Kohn-Sham equations are extended in this joint basis set of 

LAPW’s according to the linear dissimilarity technique 

                             k n n
n

C k         (2.30)  

and the coefficients nC , are decided by the Rayleigh-Ritz variation rule. The union of 

this basis set is controlled by a disconnected parameter Rmt Kmax = 6 - 9, where Rmt is the 

smallest atomic sphere radius in the unit cell and Kmax is the magnitude of the largest K 

vector.  

Additional (Kn independent) basis functions can be added to improve upon the 

linearization and to make possible a reliable treatment of semi core and valence states in 

one energy window .They are called “local orbitals” and consist of a linear combination 

of 2 radial functions at 2 dissimilar energies and one energy derivative: 

 1. 1. 2. , ˆ( , ) ( , ) ( , ) ( )LO
lm lm l l lm l l lm l l lA u r E B u r E C u r E Y r   

  
     (2.31)  

The coefficients Alm, Blm, and Clm, are decided by the necessities that LO
lm  should be 

regularized and has zero value and slope at he sphere border. 
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The FP- LAPW technique, in its general form, extends the potential in the following 

form  

ˆ( ) ( )
( )

lm lm
lm

ikr
K

K

V r Y r inside sphere
V r

V e outside sphere


 








       (2.32) 

 

2.8 The WIEN2k Code: 

The calculations in this work are performed using the WIEN2k computer package 

(Blaha et al., 2008). This program contains several sub-programs, which are described 

briefly below. There are two major parts in the program, the initialization and the self-

consistent field (SCF) cycle. The flow chart of the code is given in Fig. 2.2. 

• Initialization (Setting up the unit cell and generating the initial density): 

In this sub-program, atomic densities are generated and superimposed to obtain a initial 

crystal density for the SCF calculation. Additionally, the atomic potentials and, 

optionally, atomic valence densities are created. Information about l,m values of the 

lattice harmonics representation and number of Fourier coefficients of the interstitial 

charge density are inserted as input file in this part. 

• LAPW0 (Construction of the effective potential): 

The Poisson equation is solved and the total potential is computed as the sum of the 

Coulomb and the exchange-correlation potential in the LAPW0 program. The electron 

(spin) density is used as input and the spherical (l=0) and the non-spherical parts of the 

potential are generated. The exchange-correlation potential is computed numerically on a  
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Figure 2.2 : Flow chart of WIEN2k code 

 



Chapter  2 

 
 

28

grid. Additionally, the Hellmann-Feynman force contribution to the force is also 

determined  

• LAPW1 (Solving the Kohn-Sham equations of valence electrons): 

The Hamiltonian and the overlap matrix are set up in LAPW1. Their 

diagonalization provides the eigenvalues and eigenvectors. Both the LAPW and the 

APW+lo methods are supported. For maximum efficiency a mix of both is 

recommended, i.e. the APW+lo basis functions are used for physically meaningful l 

values, while LAPW basis functions are employed to describe higher l-values functions.  

• LAPW2 (Construction of the new electron density): 

The Fermi-energy is computed. The electronic charge densities are expanded 

according to the representation of Eq. 2.28 for each occupied state and each k-vector. 

Afterwards the corresponding (partial) charges inside the atomic spheres are obtained by 

integration.  

• LCORE (The treatment of the core electrons): 

The potential and the charge density of the core electrons are computed. 

• LMIXER (Generating the input density for the next iteration): 

The electron densities of core, semi-core, and valence states are combined to 

yield the total new density. Taking only the new densities would, however, lead to 

instabilities in the iterative SCF process. To have a stable SCF cycle new and old 

densities need to be mixed, to obtain a new density. 

1 (1 )m m m
new new oldn n n           (2.32) 

here α is a mixing parameter. In the WIEN2k code this is done (mainly) using the 

Broyden scheme. The total energy and the atomic forces are computed in mixer, as well. 
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It is well known that for localized electrons LDA and GGA methods are not 

accurate enough for a proper description of some of the strongly correlated systems. 

Thus other methods like LDA+U and Orbital polarization are also implemented in this 

program. In Wien2k (Blaha, 2008) the effective Coulomb- exchange interaction (Ueff = U 

−J) is used for the LDA+U calculations (Anisimov, 1997). This particular scheme is used 

in Wien2k to include double-counting corrections, however, it neglects multipole terms. 

It should be mentioned that the +U was used on top of GGA rather than LSDA 

parametrization of the exchange-correlation functional. No significant differences were 

observed using one or the other of the parameterizations. 

 



 

CHAPTER- 3  

ELECTRONIC AND MAGNETIC 

PROPERTIES OF RARE EARTH 

ELEMENTS AND HEXABORIDES 



 

Electronic and magnetic properties of rare earth  
elements and hexaborides 

 

In this chapter, calculations of density of states (DOS), energy band structures and 

magnetic moments of rare earth elements will be presented. The rare earth elements 

considered for the study are La, Ce, Pr, Nd, Gd and Lu. Wherever possible, the calculated 

results will be compared with the experimental results available and also with previously 

calculated data. This will also be followed by the results of DOS, energy band structures 

and magnetic moments on the case of rare earth hexaborides like RB6 (where R= La, Ce, 

Pr, Nd and Sm).  

3.1 Rare earth elements: 

The calculations are performed (Sandeep et al., 2010a) in the frame work of DFT 

as stated by Hohenberg and Kohn (1964). The LDA+U (Anisimov et al., 1997) 

calculations were performed in the parametrization of Perdew and Burke (1996) for the 

exchange-correlation potential to include the effects of 4f-state electrons which is not 

determined in LDA or GGA approximations. RMT X KMAX will calculate the LAPW basis 

functions for the expansion of the charge density and the potential in the interstitial 

region and lattice harmonics for the expansion inside the muffin-tin spheres (where RMT 

is the average radius of the muffin-tin spheres and KMAX is the maximum value of the 

wave vector K = k + G). The dependence of the total energy  on the number of  k points 

in the irreducible wedge of the first Brillouin zone  has been explored within the 

linearized tetrahedron scheme (Bloch et al., 1994). Core states will be treated in a fully 

relativistic  manner  and  the  valence  states  are  treated  semi-relativistically.  No  shape  
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approximations has been made for the potential and the charge density. A convergence 

criteria using self-consistent field was achieved by considering a number of  FP-LAPW 

basis functions with RMT X  KMAX. The use of the full-potential ensures that the 

calculation is completely independent of the choice of the sphere radii, inside the muffin-

tins. An energy cut-off of -122.4 eV is taken to separate the core states from the valence 

states. Self-consistency is achieved by setting the convergence of both the total energy and the eigen 

values to be smaller than 10 - 4 eV. WIEN2k code (Blaha et al., 2008) is employed for the 

computation of DOS and bandstructures of La, Ce, Pr, Nd, Gd and Lu.  The lattice 

parameters were taken to be a = b =3.75 Å and c= 6.07 Å for La, a=b=3.65Å and c= 5.96 

Å for Ce, a=b=3.67Å and c= 5.92 Å for Pr, a=b=3.66 Å and c= 5.90 Å for Nd, a=b=3.64 

Å and c= 5.78 Å for Gd and a=b=3.50 Å and c= 5.55 Å for Lu (Wyckoff, 1963; Spedding 

et al., 1956). All the rare earth elements considered in the present work are studied in 

their hexagonal structure with space group P63/mmc. The lattice co-ordinates used for 

rare earth atom is (1/3, 2/3, 1/4). There was 1 independent atom with a total of 2 atoms 

per unit cell for all the elements. The radius for the muffin tin sphere was chosen to be 

2.5 a.u. for all the elements. The RMT X KMAX is taken to be 7.00 with Gmin = 5.6 and Gmax 

= 12.  

The values of various parameters used in the calculations are given in Table 3.1. 

Theoretical lattice constants for each system are calculated by volume optimization 

method (Murnaghan, 1944) using experimental lattice constants. RMT values are chosen in 

such a way that the charges do not leak out of the spheres.  
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Table 3.1 :  Parameters used for the calculations of DOS and band structures of rare earth elements 

under study. 

 

Sl. 

No. 

Element Space 

group 

Our 

calculated 

Lattice 

constants 

(Å) 

RMT

X 

KMAX 

k-

points 

GMAX RMT 

(a.u.) 

Our 

calculated 

Magnetic 

Moment 

(µB) 

1. La P6_3/mmc a=b=4.22 

c=6.88 

7.0 560 12 2.5 0.72 

2. Ce P6_3/mmc a=b=4.22 

c=6.88 

7.0 560 12 2.5 1.78 

3. Pr P6_3/mmc a=b=4.22 

c=6.88 

7.0 459 12 2.5 3.09 

4.      Nd P6_3/mmc a=b=4.22 

c=6.88 

7.0 563 12 2.5 4.43 

5. Gd P6_3/mmc a=b=4.22 

c=6.88 

7.0 652 12 2.5 7.22 

6. Lu P6_3/mmc a=b=3.66 

c=5.98 

7.0 761 12 2.5 0.24 
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3.1.1   Results and discussions 

In this section, we will present the calculated results (Sandeep et al., 2010b) of the 

density of states (DOS) and energy band structures in the case of rare earth elements in 

hexagonal phase. The rare earth elements include Lanthanum (La), Cerium (Ce), 

Praseodymium (Pr), Neodymium (Nd), Gadolinium (Gd) and Lutetium (Lu).  In 

hexagonal phase the rare earth elements were found to have 2 atoms in the unit cell. The 

magnetic moments were contributed by the two atoms of the rare earth and the interstitial 

magnetic moment. 

(a)  Lanthanum   

In Fig 3.1, we have shown the spin up and down band structures along with the 

DOS. Sharp peaks were observed in both the spin up and spin down channel at energy 1.0 

eV due to the 4f states of La atom. A small contribution towards of the total DOS was 

also observed from the interstitials in the h.c.p. structure of La atom not shown in the 

plots. The valence bands were more dispersive than the conduction band. The results 

were in qualitative agreement to those obtained by Lang et al. (1981) in their XPS and 

BIS spectra. The peak in the conduction region was observed at 5.5 eV by Lang et al. 

(1981) (Fig. 3.7). The contributions at and around the EF in the valence region were found 

to agree satisfactorily. The magnetic moment of La was observed to be 0.72 B  

contributed by the atoms as well as the interstitials.. For La the flat bands at 1.0 eV were 

observed in both spin channels along all the symmetry directions supplementing the DOS 

results (Fig 3.1)  
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Figure 3.1: Spin up band structure (left), total DOS (middle) and Spin-down band 

structure (right) of La. (EF=0 eV corresponds to the Fermi level) 

 

 

Figure 3.2: Spin up band structure (left), total DOS (middle) and Spin-down band 

structure (right) of Ce. (EF=0 eV corresponds to the Fermi level) 
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(b) Cerium 

A similar DOS is observed for Ce in the hexagonal phase in terms of contribution 

from its 4f-state electrons towards the total DOS. Unlike La, the DOS for Ce has a peak 

at 0.4 eV in the spin up channel and 0.8 eV in the spin down channel. The XPS and BIS 

measurements of Lang et al. (1981) have found peaks at 4.0 eV (BIS) and around EF 

(XPS). A qualitative agreement was found except for the fact that the BIS peaks were 

located at a higher level (Fig. 3.7). An exchange splitting of 0.6 eV was observed and the 

magnetic moment for Ce was due to this splitting in the spin up and down channel. The 

value of total magnetic moment 1.78 B  calculated in the hexagonal phase of Ce is 

composed of moments from the moments of Ce atom and the interstitial moment. The 

magnetic nature of the system is indicated by the total magnetic moment. The band 

structures for Ce also produces the regions around 0.49 eV in the spin up and 0.8 eV in 

the spin down channel with close lying energy bands to support the calculated DOS for 

the system (Fig 3.2). A typical metallic character is observed from the band structures for 

both La and Ce. 

(c) Praseodymium 

The total DOS for the Pr atom shows an unsymmetrical DOS peaks in the spin-up 

and spin-down configurations. The spin up DOS is distributed mainly at the Fermi level, 

DOS peaks were observed at -0.35 eV, -1.5 eV, 0.2eV and 0.6 eV. In the spin down 

configuration, DOS contributions were observed mainly in the conduction region with 

two  peaks  at  1.55 eV  and  1.8 eV  in  the  spin  down channel. Lang  et al. (1981)  have  
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Figure 3.3: Spin up band structure (left), total DOS (middle) and Spin-down band 

structure (right) of Pr. (EF=0 eV corresponds to the Fermi level) 

 

Fig 3.4: Spin up band structure (left), total DOS (middle) and Spin-down band structure 

(right) of Nd. (EF=0 eV corresponds to the Fermi level) 
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reported qualitatively similar results with peaks at -3.0 eV (XPS) and 2.0 eV and 4.0 eV 

(BIS) (Fig. 3.7). These DOS features are mainly due to the 4f-states of the Pr-atom. An 

exchange splitting of the order of 0.7 eV was observed which was responsible for the net 

magnetic moment of the Pr atom. The calculated magnetic moment for Pr atom was 

3.09 B . The spin-up and spin-down band structures shown in Fig. 3.3 for Pr also have 

supported for the metallic nature of the Pr. Further, the spin–up band structure 

complements the peaks observed in the DOS with flat bands lying at and above the Fermi 

level. In the spin-down configuration, bands were seen mostly at 1.6 eV. A ferromagnetic 

nature of Pr was interpreted from the DOS and band structures plots. 

(d) Neodymium 

Fig. 3.4 showed that the total contributions of the DOS as given by the 4f-state 

electrons of Nd atom. In the spin-up configuration, sharp peak at EF was observed. In the 

spin down configuration, peaks at 2.1eV and 2.3 eV were noted. Negligible DOS 

contributions were observed near the Fermi level in the spin down channel. Lang et al. 

(1981) have shown peaks at -5 eV (XPS) and 2 eV and 4 eV (BIS) in their results (Fig. 

3.7). Heden et al. (1971) presented XPS have shown sharp peaks at EF and -4.0 eV which 

qualitatively supports our DOS results in the spin up channel. The exchange splitting 

between the spin up and spin down channels were observed to be of the order of 2.3 eV 

to give a high magnetic moment of Nd. The magnetic moment calculated for Nd is 

4.43 B  including the contribution from the interstitial. This supports the magnetic nature 

of the element Nd in the h.c.p. structure. The spin-up and spin-down  band  structures  for  
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Nd in Fig. 3.4 also showed similar results. Spin-up configuration reveals the bands 

interacting at the Fermi level which are due to the 4f-bands observed in the DOS plot. 

The spin-down configuration shows number of bands at 2.2 eV supporting the results 

observed from the DOS for Nd. This also indicated a FM ground state for Nd. 

(g) Gadolinium 

In the spin up channel, the total DOS contribution is contributed by 4f state 

electrons at -4.7 eV below EF (Sandeep et al., 2009). The spin down channel showed a 

peak at EF due to 4f state electrons of Gd-atom. From the total DOS the majority (spin 

up) electrons do not contribute near the Fermi energy (EF) whereas the minority electrons 

(spin down) contribute near EF. The total DOS is almost reproduced by the 4f state DOS 

plot as shown in Fig. 3.5. This shows that near the Fermi level total contribution is 

mainly due to 4f states. We have found that LDA+U do not produce significant change in 

the energy positions of 4f states when compared to Shick et al. (2000). Lang et al. (1981) 

have shown sharp peaks at -2.0 eV (XPS) in the valence and 4.0 eV (BIS) in the 

conduction region. The calculated band structures showed flat energy bands at -4.7 eV 

and at EF supplementing the calculated band structures. The magnetic moment for Gd 

was calculated to be 7.22 B . 

(f) Lutetium 

In case of Lu (Fig. 3.6), both spin-up and spin down channel showed peaks at -7.8 

eV below EF. These  peaks were due to Lu-4f  state electrons. DOS contributions near  EF  
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Figure 3.5: Spin up band structure (left), total DOS (middle) and Spin-down band 

structure (right) of Gd. (EF=0 eV corresponds to the Fermi level) 

 

 

Figure 3.6: Spin up band structure (left), total DOS (middle) and Spin-down band 

structure (right) of Lu. (EF=0 eV corresponds to the Fermi level) 
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Figure. 3.7:  Experimental results of Lang et al. (1981) for rare earth elements: combined 

XPS and BIS spectra (points) with the fitted (full and broken) curves. 
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were negligible and were not contributed by the 4f state electrons. Lang et al. (1981) have 

calculated the experimental spectra and the sharp peaks were noted at -7.0 eV and -8.5eV 

in XPS result (Fig. 3.7). The band structures also revealed that the contributions of the 

Lu- 4f with flat bands at -7.8 eV in both spin channels (Fig. 3.6). The magnetic moment 

of Lu was calculated to be 0.24 B . 
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3.2 Rare earth hexaborides : 

The calculations were performed (Rai et al., 2010) by using the theoretically 

optimized lattice parameters and the atomic positions (Wyckoff, 1965) for RB6. RB6 have 

the CaB6 type crystal structure and may be viewed as a CsCl-type lattice with the Cs 

replaced by a R ion and the chlorine by a B6 octahedron. The atomic arrangement is 

described in terms of the space group Pm3m. Since R 4f-orbitals are rather localized, the 

4f-electron correlations are expected to be strong. Consequently, the LSDA+U 

calculations (Anisimov et al., 1997) have been chosen to include the on-site Coulomb 

interaction. The values of on-site Coulomb energies (U) used are 5.00 eV for LaB6 and 

CeB6 (Gschneidner et al., 1995), 6.00 eV for PrB6 and NdB6, 7.00 eV for SmB6 (Antonov 

et al., 2002) and the exchange parameter (J) 1.00 eV was chosen fixed as the usual value 

for R respectively. The density plane cut-off RMT*KMAX is chosen to be 7.0, where KMAX 

is the plane wave cut-off and RMT is the muffin-tin radii. This amounts 419, 407, 408, 413 

and 416 plane waves for LaB6, CeB6, PrB6, NdB6 and SmB6 respectively. To provide a 

reliable Brillouin zone integration, a set of 120, 84, 165, 120 and 120 k points for LaB6, 

CeB6, PrB6, NdB6 and SmB6 respectively in the irreducible wedge of the Brillouin zone 

(IBZ) were used. The self-consistency was better than 0.0001 e/a.u.3 for charge density. 

The stability was better than 0.01 mRy for total energy per cell.  
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Table 3.2: Lattice constant and total magnetic moment of rare earth hexaborides 

 
 

RB6 

 
 

Space 
group 

 
Our 

calculated 
Lattice 

constants 
(Å) 

 
Previous Lattice constants 

(Å) 

 
Magnetic moments  

(µB) 
 
 

Experimental 

 
 

Theoretical 

 
Our results 

 
Previous 

Total Rare 
earth 

 
Total 

 
 

LaB6 

 
 

Pm3m 
 

 
 

4.176 

 
 

4.156  

 
 

4.185 †  

 
 

0.00 

 
 

0.00 

 
0.00 †  

 
0.00 † †  

 
 
 
 

CeB6 
 

 
 
 
 

Pm3m 
 

 
 
 
 

4.144 

 
 
 
 

4.141  

 
 
 
 

4.084 †  

 
 
 
 

0.88       

 
 
 
 

1.03 

 
1.03 † †  

 
0.94  

 
1.1 †  

 
1.00   

 
PrB6 

 

 
Pm3m 

 

 
4.151 

 
4.121  

 
- 

 
2.28 

 
2.52 

 
2.77 † †  

 
NdB6 

 

 
Pm3m 

 

 
4.157 

 
4.128  

 
- 

 
3.38 

 
3.60 

 
3.12 † †  

 
SmB6 

 
Pm3m 

 

 
4.172 

 
4.133  

 
4.156 †  

 
5.67 

 
5.89 

 
5.63 † †  

 
5.8 †  

 Wyckoff (1965); †Gupta et al. (2010); † †Singh et al. (2007) ; Leger et al. (1985); 

 Biasini et al. (1997).  
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3.2.1 Results and Discussions 

The magnetic moments of RB6 are tabulated in table 3.2. We have observed zero 

magnetic moment for LaB6 as was reported by earlier studies of Gupta et al. (2010) and 

Singh et al. (2007). The magnetic moment for CeB6 was calculated to be 1.03 µB which is 

also in  agreement  with  the  results  of  Singh  et al. (2007).  This was found  to  agree 

qualitatively side when compared with the value obtained by Biasini et al. (1997) and 

Gupta et al. (2010). The moment for PrB6 was calculated to be 0.09% less than the value 

reported by Singh et al. (2007). The NdB6 moment was calculated to be 0.15% higher 

than the value reported by Singh et al. (2007). The SmB6 was found to have a moment of 

5.87 µB which agrees well with the result obtained by Gupta et al. (2010) and is higher 

than the moment calculated by Singh et al. (2007) by 4.2%. 

From the DOS plots of LaB6, we obtained various peaks in both spin channels 

[Fig 3.8 (a)]. The peaks at -17.5 eV is due to La-5p electrons, -15.5 eV is due to B-2sp 

electrons [Fig 3.8 (b, d)]. The extending DOS between -10.75 eV to -1.9 eV in the 

valence region is observed. The DOS of La-5d electrons [Fig 3.8 (c)] cuts the EF in both 

spin channels showing the metallic behavior of the system. Sharp peak at 1.25 eV in the 

conduction region is found due to La-4f electrons [Fig 3.8 (d)]. We also observe 

hybridization between La-5d and B-2sp electrons [Fig 3.8 (b-c)] above 1.25 eV for both 

spin channels. The total and partial DOS shown in [Fig. 3.8 ] is in qualitative agreement 

with Singh et al. (2007). The band structure plots of LaB6 are shown in  Fig. 3.9 (a-b)  for  
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Figure 3.8: DOS plots of (a) LaB6 total DOS, (b) B-2s and B-2p DOS (c) La-5deg 

and t2g and (d) La-5p and La-4f. (EF=0 eV corresponds to the Fermi level) 
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Figure 3.9 (a-b): Spin polarized band structure of LaB6; (a) majority spin (b) minority 

spin. (EF=0 eV corresponds to the Fermi level) 
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spin up and spin down configurations along various symmetry directions. The lowest 

lying bands at -17.5 eV in both the spin channels were due to La-5p electrons. The energy 

bands at -15.5 eV were due to B-2sp electrons. The groups of bands formed from -10.75  

eV  to  -1.9eV were due to B-2sp electrons. The conduction bands were less dispersive 

than the valence bands and the bands at 1.25 eV were due La-4f states in both spin 

channels. Above 1.25 eV in the conduction region, energy bands are due to La-5d 

electrons with few B-2sp states. The energy bands at EF along ГM direction are due to the 

hybridization of B-2sp and La-5d bands. This was also reported by Hossain et al. (2005) 

in their plane wave pseudopotential energy calculation method as the existence of 

electron pocket. 

The total and partial DOS plots of CeB6 are shown in Fig. 3.10 (a-d) for spin up 

and spin down configurations. Sharp peaks were observed at -15.5 eV due to B-2sp 

electrons. The DOS extending from -9.9 eV upto 2.3 eV in the valence region are due to 

B-2sp electrons with few Ce-5d electrons. We observe that Ce-5d and 4f electrons cuts 

the EF level with peaks at 0.0 eV and 0.3 eV in spin up channel. While in spin down 

channel, sharp peak was observed at 1.0 eV due to Ce-4f electrons in the spin down 

channel. We observe an exchange splitting of Ce-4f states in spin up and spin down with 

an energy difference of 0.8 eV. The magnetic moment value is contributed by this 

splitting of the Ce-4f state electrons. Hybridization between Ce-5d  and B-2sp electrons 

for both the channels were seen in the conduction region beyond 1.2 eV. From the total 

and partial DOS plots we observe  that  B-sp  states  [Fig 3.10 (b)]  slightly  changes  with  
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Figure 3.10: DOS plots of (a) CeB6 total DOS, (b) B-2s and B-2p DOS (c) Ce-

5deg and t2g and (d) Ce-5p and Ce-4f. (EF=0 eV corresponds to the Fermi level) 
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results of Singh et al. (2007). It is also observed that the peak occurring at -2.5 eV of spin 

up channel in their calculation is contradicting to our result as we observe a peak at 0.0 

and 0.3 eV due to Ce-4f electrons in spin up channel. In addition to B-5sp and Ce-5d 

contributions at EF, we have also seen Ce-4f contributions at EF in the spin up channel 

which was not observed earlier. The 4f  bands were  noted  with much higher DOS states 

when compared to other electronic states (B-2sp, Ce-5p and Ce-5d) unlike results 

provided by Singh et al. (2007) where the intensity of Ce-4f DOS were shown 

comparable. The band structures plots for spin up and down channels for CeB6 are shown 

in Fig 3.11 (a-b) along various symmetry directions. The bands in the core and semi core 

regions were contributed by B-2sp and Ce-5p as were contributed in the case of LaB6. 

The qualitative difference noted for CeB6 was the position of Ce-4f bands at and above 

the EF in the spin up and spin down channels respectively. The bands in the conduction 

regions were due to Ce-5d, B-2sp state electrons.  

Fig 3.12 (a-d) shows the total and partial DOS plots of PrB6 in spin up and spin 

down configurations. The peaks at -15.1 eV in both the spin channels were contributed by 

B-2sp and Pr-5p state electrons. The DOS of Pr-5d with few B-2sp electrons are 

contributing in the conduction region above 2.0 eV in both spin channels. In spin up 

channel, DOS due to Pr-4f was seen to contribute exactly at EF whereas in the spin down 

channel Pr-4f were found to contribute in the conduction region with peak situated at 1.65 

eV [Fig. 3.12 (d)]. The magnetic moment of PrB6 was due to the occurrence of exchange  
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Figure 3.11 (a-b): Spin polarized band structure of CeB6; (a) majority spin (b) minority 

spin. (EF=0 eV corresponds to the Fermi level) 
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Figure 3.12: DOS plots of (a) PrB6 total DOS, (b) B-2s and B-2p DOS (c) Pr-5deg 

and t2g and (d) Pr-5p and Pr-4f. (EF=0 eV corresponds to the Fermi level) 
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Figure 3.13: (a-b): Spin polarized band structure of PrB6; (a) majority spin (b) minority 

spin. (EF=0 eV corresponds to the Fermi level) 
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splitting which is of the order of 1.5 eV between the Pr-4f state electrons in spin up and 

down channel [Fig. 3.12 (d)]. Two DOS peaks were noted by Singh et al. (2007) in the 

spin up channel below and at EF. This contradicts our findings as there is a sharp peak at 

EF in our result due to Pr-4f state electrons. In the spin down channel of the conduction 

region, Singh et al. (2007) have reported the peak due to Pr-4f at 10 eV and the localized 

nature is less pronounced when compared to our results. 

Fig 3.13 (a-b) shows the band structures of PrB6 in the spin up and down channels 

along various symmetry directions. The band at -15.1 eV was due to B-2sp and Pr-5p 

electrons. In the semi core and valence regions, bands were due to the B-2sp and Pr-d 

electrons. These bands were seen more dispersive than the conduction region bands as 

was also noted in the case of LaB6 and CeB6. In the spin up region, bands at EF were seen 

to be due to Pr-4f and in the spin down the bands were noted at a slightly higher energy 

(1.65 eV). The energy bands in the conduction region are due to B-2sp and Pr-5d state 

electrons mostly above 2.0 eV for both spin channels. 

Fig 3.14 (a-d), shows the total and partial DOS plots of NdB6 in spin up and spin 

down configurations. From the total DOS we have observed peaks at -15.1 eV due to B-

2sp state electrons [Fig. 3.14(b)]. Energy ranging between -10.25 eV to -1.38 eV, the 

DOS contributions are due to B-2sp and Nd-5d electrons [Fig. 3.14 (b-c)]. At EF, sharp 

peak due to Nd-4f was observed for spin up channel, while it observed at 2.25 eV in the 

conduction region for spin down channel [Fig. 3.14 (d)]. The exchange splitting of the 

Nd-4f bands was of the order of 3.5 eV which is responsible  for  the  magnetic  nature  of  
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Figure 3.14: DOS plots of (a) NdB6 total DOS, (b) B-2s and B-2p DOS (c) Nd-5deg and 

t2g and (d) Nd-5p and Nd-4f. (EF=0 eV corresponds to the Fermi level) 



Chapter 3 

 
 

55

 

 

 

 

 

 

Figure 3.15 (a-b): Spin polarized band structure of NdB6; majority spin (a) minority spin 

(b). (EF=0 eV corresponds to the Fermi level) 
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NdB6. DOS contribution above 3.5 eV were mainly due to the Nd-5d electrons. The Nd-

4f peak was found to occur at -7.5 eV in the spin up channel by Singh et al. (2007) which 

is contradicting to the peak in our result. In the spin down channel Singh et al. (2007) 

have shown the peak due to Nd-4f occurring at similar energy value above EF. The band 

structures of NdB6 are shown in Fig 3.15 (a-b) for spin up and spin down configurations 

along various symmetry directions. The bands at -17.5 eV were due to Nd-5p electrons. 

The bands at -15.0 eV in both spin channels are contributed mainly by B-2sp electrons. 

Energy ranging between -10.25 eV and -1.38 eV, energy bands were contributed by both 

B-2sp and Nd-5d state electrons. The bands at EF in the spin up channel were due to Nd-

4f state electrons, while in spin down it is observed at 2.25 eV of the conduction region. 

In the conduction region bands were seen less dispersive in nature and were contributed 

by B-2sp and Nd-5d electrons. The position of the sharp peak at EF in the spin up channel 

is contradicting to the results reported by Singh et al. (2007) whereas it agrees with the 

peak above EF in the spin down channel. The bands in the conduction regions were seen 

comparatively less dispersive when compared to those of Singh et al. (2007). 

The total and partial DOS plots of SmB6 in both spin channels are shown in Fig. 

3.16 (a-d). The DOS contributions were seen at -15.0 eV and between -10.25 eV to -1.0 

eV are due to B-2sp electrons below EF [Fig. 3.16 (b)]. Sharp peak in the spin up channel 

at -0.5 eV, -0.25 eV and 0.1 eV due to Sm-4f electrons are observed. Similarly, for spin 

down case peaks due to Sm-4f electrons are noted at 3.0 eV and 3.9 eV respectively in 

the conduction region. The exchange splitting of the Sm-4f state electrons  were  noted  to  
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Figure 3.16: DOS plots of (a) SmB6 total DOS, (b) B-2s and B-2p DOS (c) Sm-5deg and 

t2g and (d) Sm-5p and Sm-4f. (EF=0 eV corresponds to the Fermi level) 
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Figure 3.17 (a-b): Spin polarized band structure of SmB6; majority spin (a) minority spin 

(b). (EF=0 eV corresponds to the Fermi level). 
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be 4.0 eV which is the origin of its magnetic ground state. In the conduction region, DOS 

contributions   were   mainly   due   to   Sm-5d   [Fig. 3.16 (d)]  and  B-2p  state  electrons 

[Fig. 3.16 (b)]. The Sm-4f peak was found to agree with Singh et al. (2007) in the spin up 

region while for spin down, the peak observed by them are lower in energy. The band 

structures plots of SmB6 for spin up and spin down channels are shown in Fig. 3.17 (a-b) 

along various symmetry directions. The energy bands at -14.75 eV is due to B-2sp state 

electrons. The bands occurring between -10.25 eV and -1.0 eV are mostly contributed by 

B-2sp and few Sm-5d electrons. In the vicinity of the Fermi level, energy bands are 

contributed by Sm-4f electrons in spin up channel, while energy bands due to them in 

spin down occurs between 3.0 eV and 3.9 eV. Above EF, the bands were less dispersive 

and were mainly contributed by Sm-5d and B-2p state electrons. Thus, the full potential 

spin polarized electronic and magnetic properties were calculated for RB6 with the 

calculations of the optimized value of the lattice constants. For this purpose, we have the 

LSDA + U method. Metallic ground states with band overlap (R-5d and B-2p) at the X 

symmetry point were indicated by the band structures. More importantly, the overlap of 

spin up and spin down is the same. The value of the total magnetic moment increases 

from LaB6 to NdB6. We have presented calculations for the rare earth hexaborides in the 

FM, because most of the rare earth hexaborides are ferromagnetic at low temperatures. 

The main reason behind the contradictions noted in our studies when compared to the 

results of Singh et al. (2007) must be due the variance in lattice parameters which were 

optimized in the present case. Also the k points were chosen such that the corresponding  
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self consistent field energy value remains almost constant. We have provided the band 

structure plots for RB6 in addition to DOS which were not shown by Singh et al. (2007) 

except for LaB6, NdB6 and GdB6. In our studies we have shown each of the partial DOS 

for the description of s, p, d and f states of the atoms forming the compounds. The 4f 

DOS contributions were found to have higher intense DOS when compared to those 

reported by Singh et al. (2007). 
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Chapter4 
 

Electronic and magnetic properties of rare earth 
antimonides, nitrides and semi-Heusler’s alloy  

 

In this chapter, we present the DOS, energy band structures and magnetic 

moments for Rare earth antimonides (LaCrSb3, CeCrSb3 and NdCrSb3), Rare earth 

nitrides (SmN and EuN) and semi-Heusler’s alloy NiTbSb. The calculated results will be 

compared with the experimental results available and also with previously calculated 

data. 

4.1 Rare earth antimonides : 

The density of states (DOS) and magnetic moments of the compounds were 

studied (Sandeep et al., 2010c, 2011a) by using the FP-LAPW method, in the framework 

of DFT (Kohn and Sham, 1965). We have performed our calculations using the 

experimentally determined lattice parameters and the atomic positions (Brylak and 

Jeitschko, 1995) for RCrSb3. Spin polarization has been taken into account. WIEN2k 

code (Blaha et al., 2001) is used for computations. Since La, Ce and Nd 4f-orbitals are 

rather localized, the 4f-electron correlations are expected to be strong. Consequently, the 

LSDA+U calculations (Anisimov et al., 1997) have been chosen to include the on-site 

Coulomb interaction. The onsite Coulomb energy (U) and the exchange parameter (J) 

applied are 0.52 and 0.00 Ry. respectively. We have used 47 k points in the irreducible 

Brillouin zone, and the muffin-tin radii for La, Ce, Nd, Cr, Sb1, Sb2, Sb3 are 2.5, 2.5, 2.5, 

2.5 2.35, 2.35 and 2.35 a.u. respectively. The density plane cut-off RMT*KMAX is 7.0, 

where KMAX is the plane wave cut-off and RMT is the smallest of all atomic  sphere  radii.  
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The self-consistency is better than 0.001e/a.u.3 for charge and spin density and the 

stability is better than 0.01 mRy. for total energy per cell. 

4.1.1 Results and discussions  

 The total DOS plots of LaCrSb3 for spin-up and spin-down configurations are 

shown in Fig. 4.1 (a-d). From the total DOS [Fig 4.1 (a)] of LaCrSb3, peaks are observed 

at -8.75 eV in the core regions due to Sb- 5s states [Fig 4.1 (b)] in both spin up and spin-

down configurations. In the semi-core and valence regions (from -5.78 eV upto the Fermi 

level), peak at -3.2 eV was found due to Cr-3d states [Fig 4.1 (c)] in spin-up, while in 

spin down, peaks were observed at -1.2 eV due to Sb-5p states [Fig. 4.1(b)]. The fact that 

the Cr-3d and Sb-5p are strongly hybridized (Choi et al., 2007) was also observed in our 

calculations for spin-up channel [Fig 4.1 (b-c)]. The DOS at and around Fermi level (EF) 

were contributed by Sb-5s, Sb-5p and Cr-3d state electrons in both the spin channels. In 

the conduction region, sharp peaks were observed at 2.0 eV for both spins which were 

due to localized La-4f state electrons [Fig 4.1 (d)]. The exchange-splitting of the Cr-3d 

states were observed to be of the order of 8.0 eV and was the main contributor towards 

the magnetic moment of the system (Sandeep et al., 2010a; Ghimire et al., 2010a). 

The DOS plots of CeCrSb3 are shown in Fig. 4.2 (a-d). In the core region, sharp 

peaks were observed at -8.8 eV in both spins which were due to the contributions from 

Sb-5s states [Fig. 4.2 (b)]. In the semi-core and the valence region, sharp peaks were 

observed  at  -3.25 eV  in  spin  up  and  -0.95  eV  and -1.2 eV in spin down channel. The  
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Figure 4.1 (a-d): Total and partial Density of states for LaCrSb3. (EF=0 eV 

corresponds to the Fermi level) 
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 Figure 4.2 (a-d): Total and partial Density of states for CeCrSb3. (EF=0 eV  

 corresponds to the Fermi level) 

 



Chapter 4 

 65

 

major contributor towards the total DOS in this region as shown in Fig. 4.2 (b-c) is Cr-3d  

electrons  in  spin  up while in spin down it is due to Sb-5p states. At and above the EF, 

Ce-4f states were found to contribute in spin up region with a sharp peak at 0.2 eV while 

in spin down it is observed at 0.9 eV as shown in Fig. 4.2 (d). The Cr-3d state electrons 

as  shown  in  Fig. 4.2 (c)  were  found  to  contribute to the total DOS with sharp peaks at  

-5.1 eV in spin up and 6.9 eV in spin-down. These are responsible for the magnetic 

ground state of the system. The Sb-5p state electrons were observed to be uniformly 

distributed throughout the valence and the conduction regions. The exchange energy 

difference between spin up and spin down of Cr-3d states is approximately 8.0 eV due to 

which it gives net magnetic moment in CeCrSb3 (Sandeep et al., 2010d, Wu et al., 2005). 

The DOS plots of NdCrSb3 along with the partial DOS of Sb-5s, Sb-5p, Cr-3d and 

Nd-4f are shown in Fig. 4.3 (a-d) respectively. The vertical line at 0.0 eV corresponds to 

the Fermi level (EF). From the spin-up configuration peaks were observed below EF in the 

valence region at energies of -3.4 eV, -0.5 eV and -0.3 eV. Above EF in the conduction 

region, we observe a sharp peak in the spin-up DOS at 0.4 eV as shown in Fig 4.3 (a). 

The spin down DOS plot has shown the peaks at 1.9 eV and 2.6 eV above EF and was 

also observed in the form of thick bands in the spin-down band structures plot (Sandeep 

et al., 2011a, b). The contributions in the core regions were mainly found to be due to Sb-

5s and Sb-5p state electrons as shown in Fig 4.3 (b). The individual DOS contributions 

by Cr-3d atoms of NdCrSb3 are shown in Fig 4.3 (c). It is observed that the total DOS is 

mainly contributed by  the  DOS  of Nd and Cr atoms. DOS contributions are observed in  
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Figure 4.3 (a-d): Total and partial Density of states for NdCrSb3. (EF=0 eV 

corresponds to the Fermi level) 
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Fig 4.3 (c) for Cr-3d state electrons in the valence region within -4.4 eV to -2.75 eV with 

a sharp peak at -3.4 eV  below EF. The highest contribution towards the total DOS  of  the 

system is due to the 4f-electrons of Nd atom near EF as shown in Fig 4.3 (d). Towards the 

total DOS, Sb atoms are found to contribute negligibly as compared to the contributions 

from electron states of Cr atoms. Exchange splittings of both the Nd-4f and Cr-3d states 

were found as shown in Fig. 4.3 (c-d). These splitting were observed to be of the order of 

6.0 eV for Cr-3d and 2.0 eV for Nd-4f respectively.  

We have calculated the effective moments of LaCrSb3 and CeCrSb3 to be 3.03 µB 

and 3.73 µB respectively. In Table 4.1, we have summarized the total and individual spin 

moments of LaCrSb3, CeCrSb3 and NdCrSb3. The La individual moment is zero (Hartjes 

et al., 1997) which is in qualitative agreement with the present calculations. Thus the 

magnetic behaviour of Cr can be isolated by investigating the properties of LaCrSb3 

which does not have 4f moments. The moment of Ce atoms is higher than La in CeCrSb3 

due to the presence of 4f electrons with exchange energy splitting. We observe that, as 

the rare-earth ion size increases, the moment contributed by the Cr-3d decreases. This 

may be due to the increase in the involvement of the rare-earth 4f electrons such that Cr-

3d bounds to interact only with the Sb-5p electrons. We also observe that the magnetic 

moment increases from LaCrSb3 to CeCrSb3 (Ghimire et al., 2010a; Sandeep et al., 2010 

c, d). The results of the individual and effective moments of LaCrSb3 and CeCrSb3 are in 

qualitative agreement with those of Choi et al. (2007), Jackson et al. (2001, 2007), 

Hartjes et al. (1997) and Inamdar et al. (2008). Hartjes et al. (197) have calculated the Ce 
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Table. 4.1: Total and individual magnetic moments in LaCrSb3, CeCrSb3 and NdCrSb3 

 

Sl. 

No

. 

RCrSB3                              Magnetic moment of  

   Rare Earth (R) 

Magnetic moment 

of Cr 

Total Magnetic 

moment 

Present Previous 

µB 

Present 

µB 

Previous 

µB 

Present 

µB 

Previous 

µB 

1. LaCrSb3 -0.02 0.0 †  4.04 2.81  3.03 3.01  

3.68 † †  

2.39  

2. CeCrSb3 0.78 2.54 †  - - 3.73 4.06  

3.28 

3. NdCrSb3 3.34 - 3.99 - 5.77 5.2   

 

† Hartjes et al., (1997); Choi et al., (2007) ;  Inamdar et al., (2008a) ;  

† † Jackson et al., (2001); Jackson et al., (2007) ;    Inamdar et al., (2008b) 
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moment in CeCrSb3 to be 2.54 µB which is contradicting to the present calculation as 0.78 

µB. This discrepancy may have arise in their calculation due to the localized nature of the 

4f electrons which has been taken care by using LSDA+U scheme in the present 

calculations. The magnetic moments observed for NdCrSb3 in our calculations were due 

to the exchange splitting of Nd-4f spin up and spin down channels and Cr-3d spin up and 

spin down channels respectively. The individual magnetic moment of Nd and Cr is 

3.34µB and 4.0 µB respectively. The moment due to Sb atoms is negative. The effective 

magnetic moment was calculated (Sandeep et al., 2011a, b) out to be 5.77 µB for 

NdCrSb3 which is comparable with the experimental magnetic moment of 5.2 µB 

observed by Inamdar et al. (2008). 
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4.2 Rare Earth Nitrides: 

We have performed the spin polarized electronic DOS, band structure and 

magnetic moment calculations by using first principle FP-LAPW method (Sandeep et al., 

2011c; Ghimire et al., 2010b). The lattice parameters were taken to be 5.017 Å for SmN 

and 5.014 Å for EuN (Aerts et al., 2004). Both the rare earth nitrides SmN and EuN 

considered in the present work crystallize in the rock-salt structure with space group 

Fm3m. The lattice co-ordinates used for rare earth atom is (0, 0, 0) and nitrogen is (1/2, 

1/2, 1/2). There are 2 independent atoms with a total of 2 atoms per unit cell for both 

SmN and EuN. The radius for the muffin tin sphere was chosen to be 2.5 a.u. for both Sm 

and Eu and 2.21 a.u. for N respectively. The RMT X KMAX is taken to be 7.00 with Gmin = 

6.34 a.u.-1 and Gmax = 12 a.u.-1. A mesh of 1000 k-points is chosen which gives 47 k-

points in the irreducible wedge of the Brillouin zone. 

4.2.1 Results and discussions 

We are presenting here the results obtained for DOS, band structures and 

magnetic properties of SmN and EuN in rock-salt phase (Sandeep et al., 2011c). The net 

magnetic moment is calculated to be 5.0 µB/ formula unit and 6.0 µB/ formula unit for 

SmN and EuN respectively. These results agree well with the theoretical results provided 

by Aerts et al., (2004). It is observed that the total magnetic moments are mainly due to 

the individual moments of the rare earth atoms (RE = Sm and Eu) along with small 

positive moments from the interstitials in both SmN and EuN. The N-atom is found with     

negligible  negative  moments.  The  integral  values   for   the   magnetic   moments  also 
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Table 4.2: Various components of the spin magnetic moments of rare earth nitrides.  

 

Sl. No. REN                              Magnetic moment of  

   Rare Earth (R) 

Magnetic moment   

         of N 

  Total    Magnetic 

      moment 

Present 

µB 

Previous 

µB 

Present 

µB 

Previous 

µB 

Present 

µB 

Previous 

µB 

1. SmN 5.26 5.22  -0.40 -0.24  5.00 5.00  

2. EuN 6.32 6.30  -0.45 -0.30  6.00 6.00  

Aerts et al., (2004)  
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confirms the fact these systems are half-metals. The spin magnetic moment is dominated 

by the 4f-state electrons of the rare earth atoms with some hybridisation yielding small 

contributions from the s-d electrons of rare earth atoms and p-states of nitrogen atoms 

(Aerts et al., 2004). This indicates that the p-states of nitrogen occurs in the same energy 

range as the valence rare earth states, allowing hybridization to occur.  

Fig. 4.4 (a-c) shows the total and partial DOS plots of SmN (Sandeep et al., 

2011c). Two sharp peaks were observed in the majority spin channel below the Fermi 

level at -0.4 eV and -0.2 eV due to 4f- state of Sm [Fig. 4.4 (b)] atoms with a small peak 

at -1.25 eV due to 2p states of N [Fig. 4.4  (c)] atoms. The DOS rises from the valence 

region cutting the Fermi level EF to the conduction regions upto 1.1 eV. This behaviour 

makes the spin-up region metallic. In spin-down configuration, we observe a small peak 

at -1.0 eV which is only due to 2p- state of N [Fig. 4.4  (c)] atoms in the valence region 

with two sharp peaks in the conduction region at 3.5 eV and 3.9 eV due to 4f states of Sm 

[Fig. 4.4  (b)] atoms. The DOS plot for Sm-4f state in Fig. 4.4 (b) shows an exchange 

splitting of the order of 3.1 eV in spin up and down channel. Fig. 4.4 (d-f) shows the total 

and partial DOS plots for EuN (Ghimire et al., 2010b). A similar nature of the DOS is 

seen for Eu-4f and N-2p in EuN as in the case of SmN. The 4f peak of Eu [Fig. 4.4 (e)] 

atoms was observed at -0.5 eV in the valence region of spin up channel while in the spin 

down channel, the peak was observed at 4.2 eV of the conduction region. The 

contribution of N-2p states were seen mainly in the valence region for both the spin 

channels [Fig 4.4 (f)].  
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Figure 4.4: Total and partial DOS plots for SmN and EuN. (EF=0 eV corresponds to the 

Fermi level) 
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Figure. 4.5: Energy band structures plots of SmN and EuN in spin-up and spin-down 

configurations. (EF=0 eV corresponds to the Fermi level) 
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The peaks due to N-2p states at EF in the spin up channel and around was found to 

hybridized with 4f states of Eu. The DOS plot for Eu-4f states in Fig. 4.4 (e) shows an 

exchange splitting of the order of 4.0 eV in the spin up and down channels. The 

electronic band structures are shown in Fig. 4.5 for spin-up and spin-down configuration 

for both SmN and EuN. For SmN, in the spin-up configuration, a typical conducting 

behaviour is noted where as in the spin-down cofiguration an insulting nature is observed, 

which clearly suggests the possible half-metallic (HM) nature for SmN (Aerts et al., 

2004; Sandeep et al., 2011c; Ghimire et al., 2010b). Further, the DOS informations are 

also well supplemented by the band structures in both spin-up and spin-down 

configuration. A band gap of 2.4 eV is observed in the spin down configuration [Fig 4.5 

(a-b)]. A weak hybridization between p-states of N with fully occupied f-states of  Sm is 

found to occur in the valence region. In the band structure for SmN, it is clear from the 

figure that the majority spin crosses the Fermi level EF, whereas the band structures of 

minority spin have an energy gap of 2.4 eV [Fig 4.5(a)]. As can be seen from the figure, 

the energy bands near and below EF up to -4.0 eV are due to the mixing of d states of Sm 

with p states of N showing its metallic nature, while the gap between p state N and d state 

of Sm like states showing its semi-conducting nature and overall resulting them as half-

metallic. Similar analysis is done for EuN where we observe an energy gap of 2.6 eV in 

the spin down channel and therefore the system is half-metallic [Fig 4.5 b]. Our results on 

electronic properties of SmN and EuN (Sandeep et al.,2011c) are in agreement with the 

results provided by Aerts et al., (2004). 
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4.3 Half Metallic semi-Heuslers alloy: NiTbSb 
 
 The inter-metallic compound NiTbSb crystallizes in a cubic structure of MgAgAs 

type with the f.c.c. structure. The space group is F43m. The Tb and Sb atoms are located 

at (0,0,0) and (1/2, 1/2, 1/2) forming rock-salt structure arrangement. The Ni atom is 

located in the octahedral co-ordinated pocket, at one of the cube center positions (1/4, 

1/4, 1/4) leaving the other (3/4, 3/4, 3/4) empty Nanda et al., (2003). The optimization of 

the experimental lattice parameters were performed to determine the optimized lattice 

parameters which corresponds to the minimum total energy. Integrations in reciprocal 

space were performed using 10000 k-points in the first Brillouin zone (BZ) which 

corresponds to 504 spatial k-points in the irreducible wedge of the BZ. The value for the 

convergence parameters are taken to be RMT x KMAX = 7, which controls the size of the 

basis sets consisting of the plane waves. GMAX is chosen to be 12 (a.u.)-1 for consistency. 

Other parameters are chosen as follows: RMT (Ni) = 2.5 a.u, RMT (Tb) = 2.5 a.u, RMT ( Sb) 

= 2.41 a.u. Convergence is achieved with energy tolerance of  10-3 Ry. 

4.3.1   Results and discussions 

 For NiTbSb, volume optimization was done (Sandeep et al., 2011d) based on the 

Murnaghan equation of state (Murnaghan, 1944) using the experimental lattice constants 

(Kandpal, 2006). The theoretical value of the lattice parameter was calculated using the 

optimized volume. The optimized value of the lattice constant was used for the DOS, 

band structures and magnetic moment calculations to predict the electronic and magnetic 

properties of NiTbSb. The optimized lattice constant of NiTbSb was found 0.8% larger 

than the experimental lattice parameters (Kandpal, 2006). Fig. 4.6 (a-d) shows the total  
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and partial DOS plots of NiTbSb in both spin-up and spin-down configurations. Peaks 

were found below the Fermi level at -9.2 eV, -4.5 eV, -3.2 eV, -1.8 eV and -0.8 eV in 

spin-up configuration with a negligible DOS in the conduction region [Fig. 4.6 (a)]. The 

peak at -9.2 eV is found to be due to Sb-5s and Ni-3d states [Fig. 4.6 (b)] while the peaks 

at -4.5 eV and -3.2 eV are due mostly to Tb-4f [Fig. 4.6 (d)] with few Sb-5p and Ni-4d 

(t2g) states [Fig. 4.6 (b-c)]. The peak at -1.8 eV is due to the Tb-5p and Tb-6s state 

electrons (not shown). The peaks at -0.8 eV are due to Sb-5p and Ni-4d state electrons 

[Fig. 4.6 (b-c)].  

 In spin-down configuration, sharp peaks are observed at -9.1 eV, -2.9 eV, -1.8 eV, -

0.3 eV and 0.0 eV below and at EF [Fig. 4.6 (a)]. Above EF, peaks are found at +0.5 eV 

and +3.4 eV in the conduction region. The peak at -9.1 eV is due to Sb-5s states while the 

peaks at -2.9 eV and -0.3 eV are due to Sb-5p and Ni-3d electrons. The peaks at -4.5 eV 

and -3.2 eV in the spin-up case and -0.3 eV, 0.0 eV and 0.8 eV in spin-down case are 

found to be contributed by the 4f-state of Tb atoms. We observe that Ni mainly 

contributes in the valence band and Tb contributes in the semi-core near and above the 

Fermi level. The DOS plot of Sb shows that 5s states contributes in the core region while 

5p-states contributes in the semi-core, valence and the conduction region. Hybridization 

between Ni-3d, Tb-4f and Sb-5p states are found in the semi-core and the valence region 

below the Fermi level in both spin-up and spin-down configurations. We have observed 

that in spin-up configurations, there is a band gap of 0.2 eV between the maximum of the 

valence band and the minimum of the conduction  band  [Fig. 4.6 (a)].  The  minimum  of  
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Figure 4.6 (a-d): The spin-dependent total DOS of NiTbSb and partial DOS of Sb-5s,5p 

states, Ni-3d states and Tb-4d states. (EF=0 eV corresponds to the Fermi level) 
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the conduction band lies at the Fermi level. In spin-down channel, a sharp peak due to 

Tb-4f state electrons is observed at the Fermi level. The intersection of the total DOS at 

the Fermi level suggests the metallic nature of NiTbSb in the spin-down channel. 

Therefore, NiTbSb is predicted to be HMF with a band gap of 0.2 eV in spin-up channel 

and metallic in spin-down channel. From the partial DOS of Ni, Ni-3d states  are 

decomposed into eg and t2g states [Fig. 4.6 (c)]. It is found that the total d contributions in 

Ni is due to its eg states in the core regions and due to t2g states in the valence and 

conduction region. From the band structures plot of NiTbSb with its total DOS shown in 

Fig. 4.7, the bands are found more concentrated in the valence region when compared to 

the conduction region, in both the spin-up and spin-down channel. The single band in the 

core region at -9.2 eV is due to the 5s state electrons of Sb atoms in both spin channels. 

In the valence region, electronic bands are found to occur starting from -5.2 eV upto EF in 

the spin-up channel. Bands concentrated at -4.5 eV and -3.2 eV are due to the 4f state 

electrons of Tb and 5p state electrons of Sb atom in the spin-up configuration. At -1.8 eV 

bands are seen to concentrate due to 3d state electrons of Ni atoms and 5p state electrons 

of Sb atom. Our observation on the spin up channel shows the energy gap ( -X) with a 

band gap of 0.2 eV (Fig. 4.7). Above and below this gap the 4f electrons of Tb atoms 

were found to contribute in the energy band plot. In the conduction region of the spin-up 

channel, small contributions were observed from 0.2 eV onwards due to the 5s and 5p 

state electrons of Sb along with 3d-state electrons of Tb atoms. There is a small shift of 

energy bands towards the higher energy in the spin-down configuration overlapping the  
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Figure 4.7: Band structures plot of NiTbSb in spin-up (left-panel) and spin-down (right-

panel) channel with the total DOS (middle). (EF=0 eV corresponds to the Fermi level) 
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Fermi region, when compared to the spin-up configuration. This behaviour of the energy 

bands makes it metallic in spin-down channel. In the valence region of the spin down 

channel, bands are less dispersive and concentrations are higher at  -2.9 eV (two bands 

interacting), -1.8 eV and -0.8 eV along different symmetry directions. These are due to 

the contributions from 3d-state electrons of Ni and 5p state electrons of Sb. The 4f state 

electrons of Tb were seen to contribute at -0.3 eV in the spin down channel. In the spin 

down cannel of the conduction region bands are seen mostly just above the Fermi level 

between 0.1 eV and 1.0 eV due to the 4f state electrons of Tb atoms (Kandpal, 2006). The 

less dispersive bands above the Fermi level in the spin-down regions were due to the 

contributions from 3d state electrons of Tb along with 5s and 5p state electrons of Sb 

atoms.   

 The total magnetic moment is just the difference between the number of spin-up 

occupied states and the spin-down occupied states. In the HM compounds all states of the 

spin-down valence band are occupied and thus their total number is an integer and the 

total magnetic moment is also an integer (Dederichs et al., 2005). The moments of 

NiTbSb were compared (Table 4.3) with earlier results and were found to support the 

HMF nature of NiTbSb (Kandpal, 2006). We find that the moments due to individual 

transition Ni -3d and rare-earth (Tb-4f) ions are contributing to the total moments of the 

systems. In Table 4.3, we have summarized the total and species decomposed spin 

moments of NiTbSb. The magnetic moments of NiTbSb agrees well with the FPLMTO 

results of Kandpal (2006). From the partial DOS of Ni, Ni-3d states are decomposed into  
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Table 4.3 : Calculated total and individual moments in HMF NiTbSb 

Kandpal (2006) 

 

 

 

 

 

 

 

 

 

Semi 

Heusler’s 

Alloy 

 

Magnetic moment of 

Ni 

 

Magnetic moment of 

Rare Earth (Tb) 

 

Total Magnetic 

moment 

 

Present 

(µB) 

 

Previous 

(µB) 

 

Present 

(µB) 

 

Previous 

(µB) 

 

Present 

(µB) 

 

Previous 

(µB) 

 

NiTbSb 

 

0.063 

 

- 

 

5.813 

 

- 

 

5.983 

 

5.97  
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eg and t2g states. It is found that a negligible exchange splitting occurs between eg up and 

eg down states in the core regions and between t2g up and t2g down in the valence and 

conduction region. Due to this, the resultant moments of Ni are negligible. The moments 

of NiTbSb is therefore found to be due to the Tb atoms. This is due the exchange splitting 

between the 4f states in both spin-up and spin-down channel which is evident from the 

DOS of Tb-4f states (Fig. 4.6 d). The exchange energy splitting for Tb-4f electrons in up 

and down spin is calculated out to be 5.2 eV.  The total magnetic moments of the systems 

are slightly less than the sum of the moment of individual atoms. It is because, while 

calculating the electronic and magnetic properties of these compounds, we use the 

muffin-tin spheres where some of the area is excluded. 
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Conclusions 
 
 This thesis is concerned with the study of electronic band structures calculations by 

using FP-LAPW method. We have calculated the density of states, energy bands and 

magnetic moments for various systems like Rare earth elements (La, Ce, Pr, Nd, Gd and 

Lu), Rare earth hexaborides (LaB6, CeB6, PrB6, NdB6 and SmB6), Half metallic Rare earth 

nitrides (SmN and EuN). Rare earth antimonides (LaCrSb3, CeCrSb3, NdCrSb3) and semi 

Heusler alloy NiTbSb. DOS and band structures result of La and Ce showed metallic 

behaviour and paramagnetic in nature. In both these elements, the DOS contributions were 

mainly due to the rare earth-4f states in their hexagonal phase. These results were compared 

with the experimentally obtained XPS and BIS spectra of Lang et al. (1981). We have found 

similar behaviour of DOS and band structures in the case of Pr, Nd and Gd showing that 

main contributions were from 4f state electrons. These results were also in qualitative 

agreement with the experimentally obtained XPS spectra of Heden et al. (1971) and Lang et 

al. (1981) as shown in Fig 3.7. Ferromagnetic ground states for these systems were reported 

in our results in their hexagonal phase. The magnetic natures of the rare earth elements are 

due to the 4f- unpaired electrons. The atomic picture of 4f-electrons which are well localized 

holds in metals. The fact that some of the bands cross the Fermi level demonstrates that RE= 

La, Ce, Pr, Nd, Gd and Lu are metals. We have found that LDA+U do not produce 

significant change in the energy positions of 4f states when compared to Shick et al. (2000). 

A ferromagnetic ground states were found for Pr, Nd and Gd through their electronic 

structure and high magnetic moment value (Kittel, 1996). The La and Lu were found to be 
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paramagnetic in their ground state. The exchange splittings of spin-up and spin-down and 

the magnetic moments were found to increase for metals in the series from La to Gd.  

The rare earth hexaborides have also been studied with theoretically optimized lattice 

parameters in which the rare earth 4f states were found to be the main contributors in their 

DOS. Hybridization between the 5p states of B atoms with 5d states of rare earths were also 

seen. The present calculations have shown qualitative agreement with the results obtained by 

Singh et al. (2001), Gupta et al. (2010), Leger et al. (1985) and Bisiani et al. (1997). The 

lattice parameters determined were found with an increment of 0.48%, 0.07%, 0.73%, 

0.70% and 0.90% for LaB6, CeB6, PrB6 and NdB6 and SmB6 respectively with those of the 

experimental values. Gupta et al (2010) calculated the lattice parameters using GGA as well 

as LDA approximations. The results obtained in the case of GGA approximation were found 

closer to the present determination of lattice parameters using LSDA+U approximation. This 

also points the lack of exchange correlation effect in LDA results. 

We have studied the electronic and magnetic properties of LaCrSb3 and CeCrSb3 by 

using the FP-LAPW method. The ground state of LaCrSb3 and CeCrSb3 shows the 

ferromagnetic behaviour for the systems due to the exchange splitting between different 

states of Cr-3d and rare-earth 4f ions. The exchange splittings of Cr-3d state (Raju et al., 

1998) in spin up and spin down were explained on the basis of DOS plots. The energy 

difference between these states showed the variation of magnetic moments in these systems. 

The Cr moment of these systems were found to be greater than the rare-earth moments. The 

Cr atom plays a significant role on the magnetic properties of these compounds due to the 

hybridization between 3d states of Cr and 5p states of Sb atoms (Choi et al., 2007). The 

magnetic moments obtained are compared with the experimental results (Hartjes et al., 
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1997; Choi et al., 2007; Inamdar et al., 2008; Jackson et al., 2001, 2007) and were found to 

be in qualitative agreement for the total moments of LaCrSb3 and CeCrSb3. The difference 

on the individual moments for the Ce atoms were observed which can be attributed to the 

default value of U chosen in our calculation (Wu et al., 2005). The present calculation enables 

us to conclude that rare earth 4f electrons are the major contributor towards the total DOS and the 

band structures of NdCrSb3 in the spin up configuration at and around EF. Nd-4f states were also 

found to contribute in the conduction region of the spin down configuration. This supports the bulk 

ferromagnetic ordering of the spins as suggested experimentally (Inamdar et al., 2008). The 3d- state 

electrons of Cr were also found to contribute significantly in the spin up valence and spin down 

conduction region to support the ferromagnetic behavior of the system as also confirmed by the 

magnetic moment (Inamdar et al., 2008). The effective magnetic moment was found to be in 

qualitative agreement with about 11 % higher than the experimental value. This increase (Wu et al., 

2005) in the value of the moment may be due to the default value of U chosen in our calculations. 

Rare earth nitrides were studied using theoretically optimized lattice parameters. From 

the DOS and the band structures plots we observe that there is a small variation of the 

energy bands and DOS for SmN and EuN. Our observation showed (Sandeep et al., 2011c) 

that SmN and EuN are showing half metallic behaviours with a minority band gap of 2.4 eV 

and 2.6 eV respectively. This is consequence of the 2p states of nitrogen and 4f states of RE 

occurring in the same energy window, in the vicinity of the Fermi level. This leads to strong 

hybridization of these states at EF. With the high magnetic moments and the high DOS in 

one spin channel these material exhibit, these system finds a continuous range of useful 

properties particularly with applications in spintronics and spin filtering devices.  
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We have calculated the optimized value of the lattice constants for HMF NiTbSb using 

the volume optimization method. The obtained lattice constants were used for the 

calculations of DOS, band structure and magnetic moments of NiTbSb in zinc-blende 

structure. From the DOS and band structure results, it is found that NiTbSb has HMF nature 

which was also reported by Kandpal (2006). The DOS of NiTbSb under study are mainly 

characterized by the large exchange splitting of the 4f states of Tb. This splitting leads to 

larger localized spin moments at the Tb sites. We also see from the partial DOS [Fig. 4.6 

(d)] the exchange splittings of Tb-4f states which infact results in the spin-up 

semiconducting nature of NiTbSb. According to DOS and band-structure calculations, the 

ferromagnetism is of highly spin-polarized type for NiTbSb [Fig. 4.6]. The value of 

magnetic moment is 5.983 B  and is close to an integral value which is an indication of half-

metallicity. The calculated magnitude of the energy gaps in the spin-up configuration for 

NiTbSb is 0.2 eV along (Г-X) symmetry directions suggesting the system to be HMF’s. Our 

result when compared with limited earlier results (Kandpal, 2006) is found to be in 

qualitative agreement for magnetic-moments of NiTbSb. A co-existing semi-metallic state 

for NiTbSb system was also supported by the results of Ishida et al. (1997). 

Drawbacks involved in our calculational procedures are like we have used default value 

of Coulomb potential U in certain cases. It is advised that U be calculated efficienly by the 

methods given by Madsen and Novak (2007). Volume optimizations were not performed for 

certain systems which is advisable otherwise. 
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