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Structural, elastic, electronic and thermodynamic
properties of Nd,Te via first principle calculations
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The structural, elastic, electronic and thermodynamic properties of Nd,Te compound are investigated using the methods of
density functional theory within the generalized gradient approximation (GGA). The thermodynamic property is obtained
through the quasi-harmonic Debye model. The results on the basic physical parameters, such as the lattice constant, bulk
modulus, pressure derivative of bulk modulus, phase-transition pressure (P;), second-order elastic constants, Zener
anisotropy factor, Poisson’s ratio, Young's modulus, and isotropic shear modulus are presented. In order to gain further
information, the pressure and temperature- dependent behaviour of the volume, bulk modulus, thermal expansion
coefficient, heat capacity, entropy, Debye temperature and Griineisen parameter are also evaluated over a pressure range

of 0 - 15 GPa and a wide temperature range of 0-1200 K.
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1. Introduction

The rare-earth compounds have recently attracted
special attention in many applications due to their
interesting physical, electronic, and mechanic properties.
There is worthy of consideration in multi-component
systems based on chalcogenides [1-8].

An interaction of chalcogenides in the Nd,Te system
leads to formation of binary chemical compounds with
different formal compositions. In this work we have
studied the structural, elastic, electronic and
thermodynamic properties of Nd,Te in C3 (cuprite) and
C15 structures using first principle methods using Vienna
Ab-initio Simulation Package (VASP).

2. Method of calculation

In this work, all the calculations were carried out
using the Vienna Ab initio Simulation Package (VASP)
based on the density functional theory (DFT). The
electron-ion interaction was taken into consideration in the
form of the potential projector-augmented-wave (pot
PAW) method [9-12].

The wave functions are expanded in the plane waves
up to a kinetic energy cut-off 500 eV. This cut-off energy
value was found to be convenient for the electronic band
structures and the thermodynamic properties.

The Monkhorst and Pack [13] grid of k-points was
used for integration in capable of being reduced part of the
Brillouin zone.

We have used the quasi-harmonic Debye model for
thermodynamic calculations [14-17]. The quasi-harmonic
Debye model has been carried out to calculate the

thermodynamic properties of NdTe compounds. The non-
equilibrium Gibbs function G*(V; P, T) can be written as
follow [14]:

G'(V;P,T)=E(W)+ PV +4,[00)T] )

where E(V) is the total energy for per unit cell of Nd,Te,
PV is the constant hydrostatic pressure condition |,
®(V) is the Debye temperature and A, is the vibrational

Helmbholtz free energy which can be written as [18-20]
A,,(0,7)= nkT{§+ 3 1n(1 —e O )— DO/ T)} )

where n is the number of atoms per formula unit,
D(@/ T ) describes the Debye integral. The Debye

temperature ® is meant as [20]

0= %[672’2V”2n]”3 7o) % 3

where M is the molecular mass per unit cell and Bg is the
adiabatic bulk modulus which is approximated given by
the static compressibility [14]

B, ~B(V)= V(MJ , )

av?

f (o) is given by [19, 20]
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where O is Poisson ratio. Therefore, the non-equilibrium

Gibbs function G*(V; P, T) as a function of (V; P, T) can
be minimized according to volume J as

{—aG v.P.r )} 0. ©)
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The thermal equation-of-state (EOS) V(P, T) can be

obtained by solving the equation (6). The isothermal bulk
modulus Bris given by [14]

2 ~*(1/.
%G (v;P,T)

B, (P,T)= po

(7

P,T

The thermodynamic quantities, e.g., heat capacities Cy at
stable volume and Cp at stable pressure, and entropy S
have been calculated by applying the following relations
[14]:

®)

o/T
e’ —1

C, = 3nk[4D(®/T)—M} ,

Cp =Gy (1+arT), ©)

S =nkl4D(©/T)-3In(1-e°7")]. (10)

where ¢ is the thermal expansion coefficient and y are

the Griineisen parameters which are given by following
equations [14]:
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3. Results and discussion
3.1. Structural properties

The calculated equilibrium lattice parameters, bulk
modulus and first pressure derivative of bulk modulus for
Nd,Te compound in C3 and C15 structures were computed
by minimizing the crystal total energy calculated for
different values of lattice constant by means of
Murnaghan’s equation of state (eos) [21] as in Fig. 1.
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Fig. 1: Total energy versus volume curves of Nd,Te
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Fig. 3: Pressure versus volume curves of Nd,Te

Our calculated values of Nd,Te are presented in Table
1. Also, the bulk modulus and its pressure derivative have
been calculated based on the same Murnaghan’s equation
of state and results are given in Table 1.
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Table 1. Calculated equilibrium lattice constant (ay),

bulk modulus (B), the pressure derivative of bulk

modulus (B’) and formation entalphy with together the
experimental values for Nd,Te.

calculated values of elastic constants at zero pressure are
listed in Table 2.

Table 2. The calculated elastic constants (in GPa unit) for
considered phases of Nd,Te at zero pressure.

Material | Structure | Reference | C[GPa] | Ci,[GPa] | C44[GPa]

Material | Structure | Reference | a, B B Formation
[A] |[GPa] Enthalpy

Nd,Te |[C3 Present 6.784 127.78 [4.09 |-16.23

Nd,Te |Cl15 Present 9.127 | 38.12 |4.38 |-17.93

Nd,Te |C3 Present 29.09 28.46 23.92

The calculated values of formation energy in formula
unit are: C3 (-16.23 eV/fu) and C15 (-17.93 eV/fu.)
structures for Nd,Te. These values imply that C15
structure can be synthesized more easily among the
considered phases, and the C15 structure is more stable
than the C3 one for Nd,Te compounds.

3.2. Electronic properties

The calculated band structures and corresponding
electronic density of state (DOS) of Nd,Te (C15) phase
along the high symmetry directions in the first Brillouin
zone are shown in Fig. 4. The position of the Fermi level is
setto 0 eV.
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Fig. 4. Calculated energy band structures and DOS of
Nd,Te (C15)

Nd,Te in C15 exhibits metallic character due to the
fact that it is evidently seen from the Fig. 4 that there is no
band gap at Fermi energy level (Ep).

3.3. Elastic properties

The elastic constants of solids provide a link between
the mechanical and dynamical behaviors of crystals, and
give important information concerning the nature of the
forces operating in solids. In particular, they provide
information on the stability and stiffness of materials.
Their first principle calculation requires precise methods
since the forces and the elastic constants are functions of
the first and second-order derivatives of the potentials.

In this study, stress-strain method [22, 23] was used to
obtain the second-order elastic constants (Cj), and the

Nd,Te |CI15 Present 22.69 22.30 18.84

The second-order elastic constants (Cj) are also
predicted at various pressures for the most stable phase
(C15) of Nd,Te, and the obtained values are given in Fig.
5. As is expected, both C;; and C, increase monotonically
with pressure whereas the slope for C, relatively, is
lower. No experimental and the other theoretical data on
the pressure-dependence of elastic constants are available
in the literature for Nd,Te for the sake of comparison.
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Fig. 5. Calculated second order elastic constants of
Nd,Te (C15)

Table 3. The calculated elastic constants in C15 structure
for Nd,Te at different pressures.

Material | Pressure |Cy, Cpy Cys C
[GPa] [GPa] [GPa] [GPa] [GPa]
Nd,Te 10 52.59 85.04 33.24 -16.23
Nd,Te 20 76.7 111.96 [41.16 -17.63
Nd,Te 30 102.51 139.17 [49.27 -18.33
Nd,Te 40 126.51 164.26 |56.75 -18.87
Nd,Te 50 149.8 187.87 |64.13 -19.04

It is seen that the shear modulus increases with
increasing pressure values in Table 3.

3.4. Thermodynamic properties

In this section, Debye temperature, melting point,
average, transverse and longitudinal sound velocities have
been calculated for Nd,Te system using the following

common relations. Debye temperature (6),) is calculated
from the equation [20].
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where 7 is Planck’s constant, k is Boltzmann’s constant,
Ny is Avogadro’s number, n is the number of atoms per
formula unit, p is the density.

Average (V,,), transverse (V,) and longitudinal (V)

sound velocities are given [23], respectively, as

13

y 1{ 2 N 1

m | | T3 T3 14
3 Vt3 V13 (14)
G

Vi =4 (15)
Yo,
3B+4G

v = . (16)

3p

The melting temperature (T,,) has been calculated using
an empirical relation [23],

To= 553+(591/Bar)C;=300K. (17)

All calculated quantities from (13-17) are listed in
Table 4 for Nd,Te system.

Table 4. The longitudinal, transverse, and average
elastic wave velocity, Debye temperature and melting
temperature of Nd,Te for various phases.

Material | Structure | v, [m/s] | v, [m/s] | vy [m/s] |0p[K] | Tm [K]
Nd,Te |C3 25615 | 11484 12954 | 127.6 | 795 + 300
Nd,Te |CI5 45405 |1629.8 |1851.6 | 1208 | g7 + 300

The Nd,Te (C15) has, relatively, the higher melting
point (687+300K) among the considered phases. This
value is lower than that for constituent atom Nd (1294K)
and for constituent atom Te (722.66K).

Some basic thermo dynamical properties such as bulk
modulus, linear thermal expansion coefficient and heat
capacity have, also, been investigated under various
pressures and temperatures using the quasi-harmonic
Debye approximations for Nd,Te (C15) phases.

The normalized volume and pressure relation is
shown in Fig. 6 for Nd,Te compound. It can be seen that
when the pressure increases from 0 GPa to 15 GPa, the
volume variation decreases for both of them. The expected
volume collapses at phase transition pressure is not seen
clearly in this graph. The reason for this changing can be
attributed to the atoms in the interlayer that become closer
and their interactions become stronger.
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Fig. 6. The normalized volume-pressure diagram for C15
structure of Nd,Te at 100K, 400K, 700K and 1000K

The variation of the bulk modulus with pressure at
different temperatures is shown in Fig. 7. It can be easily
seen that as the bulk modulus increases the pressure
increases and as the temperature increases, the bulk
modulus decreases for both of the compounds.
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Fig. 7. The bulk modulus-pressure diagram for C15
structure of Nd,Te.

The variation of bulk modulus (B) with temperatures
(T) at 0 GPa is shown in Fig. 8 for CI5 phase. As
expected, the bulk modulus dramatically decreases as the
temperature increases at zero pressure for both phases.
Because the lattice parameter, and hence the cell volume
increases with the increasing temperature.
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Fig. 8. The variation of bulk modulus (B) with
temperatures (T) at 0 GPa for Nd,Te.

The bulk modulus for Nd,Te is also fitted data for the
temperature-dependent behavior of bulk modulus to a third
order polynomial fit:

B(T)=58.77379-0.011608T-3.116198T*+1.789357T°

The variations of the linear thermal expansion (o)
with temperature at different pressures are shown in Fig. 9.
The value of o decrease as the pressure increases, at high
temperatures. At low temperatures the thermal expansion
coefficient increases while pressure decreases in C15
phase.
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Fig. 9. The linear thermal expansion versus temperature
Jor C15 structure of Nd,Te.

The temperature dependence of heat capacity (C,) at
various pressures are shown in Fig. 10. It is seen from this
figure that when 7<300 K, C, increases very rapidly with
temperature; when 7> 400 K, C, increases slowly with
temperature and it almost approaches a constant called as
Dulong-Petit limit (C,(7T)~3R for mono atomic solids) at
higher temperatures for Nd,Te. In addition, this figure
implies that the heat capacity is not sensitive to the
pressure at high temperature for this compound.

4, Conclusions

In this study, the ab-initio pseudopotential
calculations have been performed on the Nd,Te using the
plane-wave pseudopotential approach to the density-
functional  theory (DFT) within PAW  GGA
approximation. Our present key results are on the
structural, elastic, electronic and thermodynamic
properties for Nd,Te. The electronic band structures with
density of states are presented. The calculated structural,
elastic and thermodynamic parameters are also given in
this text. The calculated formation energy implies that the
experimentally most favorable phase is C15. The elastic
constants obey the traditional mechanical stability
conditions for the considered structures at zero pressure.
The electronic band structures and the corresponding
density of states showed that the C15 phase is metallic in
nature.
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