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Abstract. The first-principles calculations of structural, elastic and electronic properties of NdTe, (C38) and TINdTe,
(L2;) compounds are investigated using the methods of density functional theory within the generalized gradient
approximation (GGA) based on exchange-correlation energy optimization. We have calculated the lattice constants,
bulk modulus and its pressure derivative agrees with the available experimental data. We have investigated the elastic
properties to obtain further information. Second-order elastic constants, Zener anisotropy factor, Poisson’s ratio,
Young’s modulus, isotropic shear modulus, B/G ratios and Kleinman parameter are calculated in this study.
Electronic band structures are investigated using the total and partial density of states, charge distribution and
electronic localization function.
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1. INTRODUCTION

The rare-earth compounds have recently attracted special attention in many applications
owing to their interesting physical, electronic, and mechanical properties that make them
significant materials for technological and many areas of industrial applications [1-28]. The use
of rare-earth compounds in technological applications has increased over the past years. Rare-
earth compounds are used in many technological devices such as optoelectronic and
communication devices. Recently, the semi-empirical quantum chemical models for the
calculation of complexes of lanthanide ions are defined for neodymium. Several lanthanides
such as neodymium are exhibited luminescence in the telecommunication low-loss near infrared
regions of standard silica based optical fibers [28, 29]. Structural, elastic, electronic and
thermodynamic properties of Nd,Te via first principle calculations have been investigated by us
[30]. The X-ray diffraction single-crystal structure analysis of NdTe, which is prepared by
chemical vapor transport reactions in the presence of traces of iodine also revealed
superstructure reflections in order that NdTe, crystallizes orthorhombic [31]. Experimental

work of the TINdTe, compound is studied by Godzhaev et al. [32].
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In this work, first-principles calculations within the framework of the density functional
theory (DFT) have been processed [33, 34]. In calculations, plane-wave pseudopotential is used
to obtain the equation of state (EOS) and related equilibrium quantities of the energy, the bulk
modulus, derivative of bulk modulus of NdTe, and TINdTe,. In addition, in order to obtain
further information about elastic properties, second-order elastic constants, Zener anisotropy
factor, Poisson’s ratio, Young’s modulus, isotropic shear modulus, B/G, and Kleinman
parameter of NdTe, and TINdTe, have been calculated at zero pressure. The final section,
electronic structure and electron localization function section, with all-electron calculations of
band structure, PDOS and electron localization function (ELF) [35] of these compounds are

investigated and related analysis are discussed.

2. METHOD of CALCULATIONS

The Vienna Ab-initio Simulation Package (VASP) code [36, 37] based on DFT is
employed to examine the behavior of tetragonal (C38) structure of NdTe, and the Heusler
structure (L2,) of TINdTe, compounds. The calculation is carried out with projector augmented
wave (PAW) [38, 39] potentials are built within the generalized gradient approximation (GGA)
[40]. In the present calculation, the potpaw GGA pseudopotentials of Nd, Te and T1 are used.

The equilibrium lattice parameters have been computed by minimizing the crystal total
energy calculated for different values of lattice constant by means of Murnaghan’s equation of
state (eos) [41]. The wave functions are expanded in the plane waves up to a kinetic energy cut-
off 650 eV. This cut-off value is found to be convenient for the electronic band structures. The
Monkhorst and Pack grid of k-points used for integration in capable of being reduced part of the
Brillouin zone are (12x12x8) and (12x12x12) of NdTe,(C38) and TINdTe,(L2,) compounds,
respectively. The total energy is nearly seen to be independent of the number of k-points,

expectedly if all our calculations in k-space are numerically well converged.

3. RESULTS and DISCUSSION

3.1. Structural and elastic properties

Crystal structures of NdTe, and TINdTe, compounds are obtained using the energy
minimization method. Calculated lattice constants, bulk modulus and its pressure derivative are

presented in Table 1.
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Table 1. The calculated lattice constants, bulk modulus (B) and its pressure derivative (B') of NdTe, and TINdTe,

Material Structure  Reference Lattice constant [A] B [GPa] B'

NdTe; Tetragonal This work a=4.586 ¢=9.360 64.55 5.28
(C38)
Exp.” a=4.419 ¢=9.021
TINdTe, The This work  a=7.95 46.58 4.36
Heusler
(L2y)
%[28]

Our result for lattice constant of NdTe; is nearly 0.370% lower than the other

experimental result for C38 crystal structure.

The related structures of these compounds are given in Figure 1 and 2 for NdTe,

and TINdTe,, respectively.

Figure 1. A unit cell of NdTe,

The crystal structure of NdTe; is given in Figure 1 in which the brown spheres

are shown as Nd and the light green spheres are shown as Te.
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Figure 2. A unit cell of TINdTe,

The crystal structure of TINdTe, is presented in Figure 2 in which TI’s are
shown as red spheres, Nd’s are shown as blue spheres, and Te’s are shown as green

spheres.

Elastic properties of materials are very important because of various
fundamental solid state properties, such as Zener anisotropy factor, Poisson’s ratio,

Young’s modulus, and shear modulus.

The elastic constants determine the response of the crystal to external forces and
play a big role in specifying the strength of the materials. The elastic properties of these
compounds are at zero pressure value using the basis of structural observations. There
are two common methods [42-45] for obtaining the elastic constants through the ab-
initio model of materials from their well-known crystal structures: an approach based on
analysis of the total energy of properly strained states of the material in the volume
conserving technique and an approach based on the analysis of changes in calculated
stress values resulting from changes in the stress-strain technique. In this study, stress-
strain method is used to obtain the second-order elastic constants (Cj) that are
calculated and presented in Table 2. The elastic constants of the crystal whose structure
has been fully relaxed under a given set of exchange—correlation potential functions are
calculated in which minimize the total energy of whole system. The Born’s stability
criteria’s [46] should be satisfied for the stability of lattice. The known conditions for

mechanical stability of cubic crystals are: C;;>0, C;;-C;2>0, C4s>0, C;;+2C2>0 and
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C12<B<Cj;. the mechanical stability criteria are C;;>0, C33>0, C44>0, Cec>0, (Cii-
C12)>0, (C11+C33-2C12)>0 and 2(C;1+Ci2)+C33+4C13>0 for tetragonal structure. These
traditional mechanical stability conditions are investigated by using the calculated
elastic constants for considered structures. The calculated values of Cj; are given in
Table 2 for NdTe, and TINdTe,. The related mechanical stability conditions are
satisfied for C38 structure in NdTe, and L2; structure in TINdTe,. Therefore, C38

structure in NdTe; and L2, structure in TINdTe, are mechanically stable.

Table 2. The calculated second-order elastic constants (Cj), Zener anisotropy factor (A), Poisson’s ratio (v), isotropic
shear modulus (G), B/G and Kleinman parameter(§) of NdTe, TINdTe, at zero pressure

Material C] 1 C]z C44 A A% G B/G &
[GPa] [GPa] [GPa] [GPa]
NdTe, 81.09 56.29 37.39 3.02 0.32 13.99 4614 0.781

TINdTe, 79.47 30.19 15.88 0.64 031 18.95  2.459 0.521

The Zener anisotropy factor (A), Poisson’s ratio (v), Young’s modulus (E),
isotropic shear modulus (G) and Kleinman parameter (&) which are the most interesting
elastic parameters for applications, are also calculated in terms of the computed by the

following relations [47] and presented in Table 2.

2(’144
G .
1 (B_iGj
v=—| ——< (2)
2 (B+;G]

where G=(Gy+Gr)/2 is the isotropic shear modulus, Gy is Voigt’s shear modulus

corresponding to the upper bound of G values and Gr is Reuss’s shear modulus
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corresponding to the lower bound of G values and can be written as Gyv=(C;—

C12+3C44)/5 and 5/Ggr= 4/(C11—C12)+3/C44.

One of the distinct parameter is Kleinman parameter that describes the relative
positions of the cation and anion sub-lattices under volume conserving strain distortions

for which positions are not fixed by symmetry [48]. Kleinman parameter is defined as

below
£ = C, +8C, 3)
7C,, +2C,,

Kleinman parameter value is found to be 0.781 for NdTe, and 0.521 for
TlNdTez.

The calculated elastic constants (Cj), isotropic shear modulus (G), B/G, Zener
anisotropy factor (4), Poisson’s ratio (v), Young’s modulus (E) and Kleinman parameter
are given in Table 2. Commonly used empirical relations are between bulk and isotropic
shear modulus. Their brittle/ductile behaviors are determined with ratio of B/G. The
present values of B/G are 4.614 for NdTe, and 2.459 for TINdTe,. These values are

higher than the critical value of 1.75. These results also support their ductile characters.

The Zener anisotropy factor 4 is a measure of the degree of elastic anisotropy in
solids. The A takes the value of 1 for a completely isotropic material. If the value of 4
smaller or greater than unity it shows the degree of elastic anisotropy. The calculated
Zener anisotropy factor is equal to 3.02 for NdTe, and 0.64 for TINdTe, at 0 GPa,

which indicates that these compounds are entirely anisotropic.

The Poisson’s ratio provides more information about the characteristics of the
bonding forces than any of the other elastic constants. Calculated Poisson’s ratios are
0.32 for NdTe; and 0.31 for TINdTe,. It shows that the inter atomic forces in NdTe, and

TINdTe, are central in nature.
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3.2. Electronic properties

The calculated band structures and corresponding electronic density of state
(DOS) of NdTe, (tetragonal) and TINdTe, (the Heusler) structures along the high
symmetry points in the first Brillouin zone are shown in Figure 3 and 4. The position of

the Fermi level is set to 0 eV.

L BEAN

Energy(eV)
o

) ' éF NdTe,

T M Z A R DOS (States/eV)

Figure 3. The energy bands and corresponding total DOS of NdTe,

The calculated band structure and density of states of NdTe, (C38) is presented
in Figure 3. The symmetry points are I'(0,0,0), M(1/2,1/2,0), Z(0,0,1/2), A(1/2,1/2,1/2)
and R(0,1/2,1/2) for tetragonal structure. The absence of energy gap in DOS shown in

Figure 3 confirms the metallic nature of NdTe,.
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Figure 4. The energy bands and corresponding total DOS of TINdTe,

The calculated band structure and density of states of TINdTe, (L2,) are
presented in Figure 4.The symmetry points are L(1/4,1/4,1/4), 1°(0,0,0), X(0,1/2,0),
W(1/4,1/2,0) and K(1/3,1/3,0) for face-centered cubic structure. In Figure 4, band
structures of TINdTe, show the semi-metallic character. The general methodology for

the calculation of the band structure is established by the same process.

The partial DOS (PDOS) are very useful as they give information on
hybridization and the orbital character of the states. From the PDOS we are able to

identify the angular momentum character of the different structure.

The calculated PDOS is presented in Figure 5 for NdTe,. It is recognized that the
lowest band as arising from a bonding state of s character. Nd-p, Nd-d, Te-p and Te-d
states are more dominated than both s-states. The next two bands intersect each other at
several points in the Brillouin Zone (BZ). The total DOS at Fermi level is nearly

n(Ef)=2.98 states/eV/unit cell.
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Figure 5. Electronic density of states of NdTe, in tetragonal structure

Calculation of the electron density of states for TINdTe, shows that Tl-d, Te-d
and Nd-d orbitals have been given much more contribution according to its p and d
orbitals in Figure 6. On the other hand, contribution of Te-p orbital is quite much. From
Figures 5 and 6, one can see that the positions of Fermi level for NdTe, and TINdTe,

are all near a minimum of DOS. This supports their ductile behaviors.
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Fig. 6. Electronic density of states of TINdTe, in the Heusler structure
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In order to mention the relationship between the electronic structure and ductility
properties of related compounds, the electron localization function (ELF) is exploited. It
is essential to consider that ELF is more appropriate than the electronic charge density
in describing chemical bonds due to the fact that it amplifies the bonding properties of a
given electron distribution and permits comparison of the bonding of different electron
distributions on an certain scale [49]. The ELF value is scaled between 0 and 1. The

formula of ELF is given by

ELF =——— 4
14| PO
D, (F)
with
L1 . WGl
D(r)_ngivaf'p(r’r) F=F _gw (5)
and
D, (7)== (7 n() (6)

where p is the first-order reduced (spin integrated) density matrix. D(7) is the von
Weizsdcker kinetic-energy functional and D,(7)is the kinetic-energy density of a
uniform electron gas with a spin density equal to the local value of n(¥) . In the case of
exceeding delocalization, assumed ELF values close to zero while in the case of high

localization, ELF values close to one.

In the regions where the valance charge distribution is similar to the
homogeneous electron gas, the ELF gets to 0.5. The electron localization function is
calculated using VASP (Vienna Ab-initio Simulation Package), the periodic plane-wave
density functional code of Kresse and Hafner [51] and Kresse and Furthmiiller [51].

The structural calculations are performed by VASP, which employs pseudopotentials
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and the generalized gradient approximation (GGA) to model the contribution of the
exchange correlation to the total energy and the valence electron density distribution.

The lattice parameters for NdTe; are good agreement with experimental study.

In order to visualize the nature of the bonding character, charge density
distributions are obtained for NdTe, and TINdTe,. To determine the charge densities in
symmetry points at energy-band diagrams, charge density contour plots are needed. In
each case the contour lines are drawn at a constant interval. In Figure 7, the bonding
charge density plotted in the (110) plane. It can be easily seen that a significant
overlapping can be observed between Nd and Te bonding, indicating covalent bonding

in the electronegativity between Nd and Te bonding.

I 0.88178

&

I 0.039521

Figure 7. ELF contour plot of NdTe, on the (110) plane

The red sphere shows Nd element and blue sphere shows Te element that
exhibits rectangular regions along the bond path and blue colored areas in the interstice
with low electron localization (ELF=0.039) compared to the bulk of the interionic space

where ELF reaches respectively 0.805 for Nd and 0.759 for Te in Figure 7.

All these features are identified in the plots of the total charge densities with

ELF contour plots in Figure 7 and 8. Pseudo-wave functions which disappear at the
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position of the ion are used for calculation. The charge is mostly concentrated in the

region among atoms.

(@) (b)

Figure 8. (a) Cross-section (with 45° angle) of ELF contour plot of TINdTe, (b) ELF contour plot of
TINdTe, on the (110) plane in 3D

Contour plot of electron localization function is presented for TINdTe, in Figure
8 in which blue spheres are TIl, red spheres are Nd and the green spheres are Te. In
Figure 8 (a), ELF contour plot of TINdTe; is given in 45° angle. ELF values are given
nearly 0.994 for TI, 0.593 for Nd and 0.121 for Te respectively. There is one
neodymium atom in the middle of unit cell as shown in Figure 8 (b). It is also seen that

the TINdTe, has semi-metalic character.

The ELF contour plot of NdTe, and ELF contour plot of TINdTe, with ELF

isosurfaces where all data has the same value are presented in Figure 9.
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(a) (b)

Fig. 9. (a) ELF contour plot of NdTe, with ELF isosurfaces (b) ELF contour plot of TINdTe, with ELF isosurfaces

The only one arbitrary ELF isosurface (gray colored) displays on the map is
chosen at value of 0.829. The ELF isosurfaces are topologically similar to electron
density gradient domains and the topology of the negative Laplacian of the electron
density [L(r)]. The two-dimensional electron density difference maps provide
information about electron probability density above and below the two-dimensional
plane. Therefore, ELF isosurface maps might be useful tool for visual of the location of

bonded and lone pair electrons [52-54].

CONCLUSIONS

In summary, we have performed GGA calculations to obtain the structural, elastic
and electronic properties of NdTe,(C38) and TINdTe,(L2,). Lattice constants, bulk
modulus and its pressure derivative, second-order elastic constants (Cjj), isotropic shear
modulus (G), B/G, Zener anisotropy factor (A), Young’s modulus (E), Poisson’s ratio
(v) and Kleinman parameter are calculated for these compounds. Brittle/ductile
behaviors are determined. In electronic calculations, calculated band structure and total
DOS and partial DOS are presented. ELF contour plots and ELF isosurfaces are

discussed.
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