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General Introduction

The rich solid-state chemistry at the border between classical Zintl phases and normal
metallic phases provides a fertile area to search for materials with complex crystal structures and
intriguing physical properties. Materials belonging to the Zintl border are usually produced by
reactions between alkali metals (group 1) or alkaline earth metals (group 2) with transition
metals or group elements 13, 14, 15 and 16 of the periodic table of elements. They are very
useful in many applications and they include superconducting compounds, thermoelectric

materials, hydrogen storage materials, and improved magnetocaloric materials [1].

This work is part of research efforts on the unexplored physical properties of materials at the
Zintl border. Particular attention is payed to the ternary alkali metal coper pnictides

Na,CuPn (Pn = As, P) belonging to the family of polar intermetallic phases.

The ternary alkali metal coper pnictides Na,CuPn (Pn = As,P) are part of a long list of
polar intermetallic compounds that have been synthesized by Eisenmann et al. [2, 3]. With
regard to the abundant literature on the Zintl phases, there is a scarce research material published
on these compounds. Indeed, to the best of our knowledge, only their structural properties have

been studied [2, 3], thus their physical properties remain out of consideration.

In response to the lack of published research material on the herein considered polar
intermetallic phases, this systematic study sought to gather data from reliable first principle
methods on their electronic structure, elastic and optical properties. This offers unique
opportunity for a wealth of informations to build a knowledge database on their physical
properties so far unexplored. The objective is thus threefold: First, to help understand the
available experimental data, especially the bonding mechanisms and the mechanical stability of
these crystals. Then, to serve as a guide for the experimentation. Finally, to make predictions for

new physical properties.

Our day’s simulations make it possible to explore the structural, electronic and dynamic
properties of matter without prior experimental knowledge of the studied material. In the solid-
state physics and in materials science, Density Functional Theory (DFT), developed by
Hohenberg-Kohn [4] and Kohn-Sham [5], is currently the most widely used first principle
theory. With some practical approximations, DFT based fist principle calculations makes it
possible to predict ever more complex materials and new intriguing properties. On the other
hand, comparing the results obtained with the available experiments makes it possible to validate

the theoretical approaches adopted.

e
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General Introduction

In addition to a general introduction and a general conclusion, this manuscript is structured
in three chapters. The first is a bibliographic synthesis on Zintl phases and polar intermetallics.
Special attention is paid to the crystalline structure of the considered materials. The second

chapter consists of two parts:

» The first part presents an introduction to the fundamentals of density functional theory
(DFT), and the approximations used to solve the Kohn-Sham equations. We also present
the plane wave approach (PW) for the expansion of Kohn-Sham orbitals, and the
pseudopotential approach (PP) as well as the CASTEP code used in this study.

» The second part presents some fundamental knowledge on the elastic properties that we

use later in this study.

These first two chapters provide the necessary elements for understanding the subject and
locate the work carried out here among all possible investigations. Particular attention is paid the
discussion of the results of our calculations in the last chapter. These results were obtained using

the methods described in the second chapter.

Finally, in a general conclusion, a summary of the main results obtained in this work is

presented.
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1.1 Introduction

This part is a bibliographic review on the family of Zintl phases A,BX where A is an alkali
metal, B is a transition metal and X is an element of the 15" group of the Periodic Table of
Elements. In fact, we first propose a general description of the Zintl phases and polar
intermetallic phases. Then we provide a brief history based on works related to the discovery of
these materials. We also give a short description of their structural properties. Finally, we will

take a look to their technological applications.

1.2 The zintel phases

1.2.1 Définition

Zintl phases are those compounds composed of electropositive metals (e.g. alkali metals,
alkaline earth metals, and rare earth metals) and electronegative metals around the “zintl line”,
which divides columns 13 and 14 in the periodic table. Their name comes from the German
chemist Eduard Zintl who was the first to prepare and describe these phases in the 1930s. The
term "Zintl Phase" was first used by F. Laves in 1941. These phases are materials, which contain
a block of electropositive elements and a block of electronegative elements. Polar intermetallic
phases have the definition similar to Zintl phases but, in general, the electronegativity difference
(4yx) between the constituting electropositive and electronegative metals is smaller than in zintl
phases. However, there is no specific critical Ay that separates Zintl phases and polar

intermetallic compounds [1].

Schaefer, Eisenmann and Muller [2] have proposed a more general definition in which the
electron transfer for a Zintl phase is essentially complete between the alkaline or alkaline-earth
cation and the electronegative elements that attract the electrons by covalent bonding or by
formation of isolated lone electrons pairs so that they reach a filled valence band. Therefore,
these phases have salt-like characteristics from the ionic bond between the cation and the anionic
unit. The later can be isolated anions, and if there are not enough electrons for a full filled shell,

they form covalent bonds and poly anionic units[2].

In general, the Zintl phases are compounds which: are brittle with a high melting point, are
diamagnetic or exhibit temperature independent paramagnetism, and are narrow-gap

semiconductors (Eg < 1eV) [2].
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On the other hand, rationalizing their structures imposes theoretical challenges because they
do not fall into any of the three classical categories of crystalline solids — metallic, ionic, and
covalent. This can be conveniently visualized with the van Arkel-Ketelaar triangle (Figure 1.1).
In this triangle, the horizontal axis is the average electronegativity and the vertical axis is the
electronegativity difference between the constituting elements. Here the electronegativity values

are the so called “absolute electronegativity’:
1
X=5(1+A) (1.2)

e | and A are the ionization energy and electron affinity, respectively.

The left base vertex of the triangle represents the classical “metals”, where the constituting
elements are all electropositive, featuring highly delocalized valence electrons. Starting from the
metal vertex, going along the base line, the electronegativity of the constituting elements
increases. As a result, valence electrons tend to localize into spaces between atoms and there is
the transition from “metallic phases” to “covalent phases”. Going from the metal vertex toward
the top vertex, the electronegativity difference gets larger and larger. Valence electrons tend to
localize around the atoms of the constituting elements with higher electronegativity and there is

the transition from “metallic phases” to “ionic phases” [1].

van Arkel-Ketelaar Triangle

CsF

e O e« 4« & PO« »
m
Z
.hZ
bt

Na,AuBi
Li,AuBi

Ge
¢ Si

o =

Average y (aV)

Figure 1.1. The van Arkel-Ketelaar triangle and the locations of the phases investigated [1]
1.2.2 Zintl Klemm concept
The Zintl-Klemm concept, can effectively rationalize the structures of Zintl phases and polar
intermetallic compounds. For example, to rationalize the so-called double diamond structure of
NaTl, the Zintl-Klemm concept claims that, after obtaining one valence electron from each Na
atom, each resulting T1™ “anion” with four valence electrons will follow the octet rule and form

four “covalent” bonds with neighboring T'1™.

e
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However, the simplicity of the Zintl-Klemm concept also causes its limitations. And so, The
electronic structure of NaTl revealed that the T 6s orbitals are virtually filled, so these electrons
are like lone pairs. Therefore, unlike the tetrel atoms in a diamond-type network, the formal
“T1™” does not involve sp3 hybridization. In addition, although most alkali metal trielides adopt
the double diamond structure, LiTl adopts the CsCl type structure, and KTl features [Tlz]~°
octahedra. Neither of these two structural exceptions can be understood from this simple
formalism. [1].

1.3 Polar intermetallic phases Na,CuPn (Pn = As, P)

1.3.1 Historical

In 1974, Eisenmann and al. [3] prepared and determined the crystal structure of new ACuX
ternary compounds with (A = Ca, Sr and X = Sh, Bi). These compounds are compatible with the
structure of NiAs (Ni2In) type. Two years later, they synthesized ternary compounds of general
formula A,BX where A is an alkali metal, B is a transition metal and X is an element of the 15th
group of the periodic table. They obtained three polar intermetallic compounds Na,CuAs,
K2CuAs and K,CuSb [4]. X-ray diffraction showed that they crystallize in the orthorhombic
structure of the Cmcm space group where the two elements B and X form a zigzag chain along
the ¢ axis. In 1977, Savelsberg and Schafer [5] synthesized other new materials with the same
structural properties, namely K,AgX (X = As, Sb and Bi) and Na,CuP compounds . In 1979,
Schuster et al. [6] have prepared a new Na,AgSb material. The structure of this compound
contains Ag-Sb zigzag chains. After a year, Mues and Schuster [7] synthesized three other
compounds Na,AuAs, Na,AuSb and K,AuSb. The powder diffraction pattern showed that the
Na,AuAs and Na,AuSb phases are compatible with the Na,CuAs structure.

In 2010, Sung-Jin Kim and coworkers. synthesized new polar intermetallic phases of
formula A;AuBi (A = Na, K) and K,AuSb which also crystallize in the orthorhombic Na,CuAs
type structure [8]. The TB -LMTO calculations show that Na,AuBi and K,AuBi are narrow gap
semiconductors with 0.5 and ~ 1eV calculated indirect gaps respectively. Analysis of the partial
density of states curves showed a covalent interaction between the A and Pn atoms. To our
present knowledge, this was one of the few theoretical works devoted to the study of these
compounds and there is no other study on their electronic, optical and elastic properties.
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1.3.2 Crystallographic structure data for Na,CuPn (Pn = As, P)
Under normal condition, the polar intermetallic phases Na,CuPn (Pn = As, P) crystallize in
the orthorhombic structure (of space group Cmcm, N °: 63) with four formula units per one unit

cell (multiplicity Z = 4).

The conventional cell of this structure contains 16 atoms: 8 atoms of sodium (Na), 4 atoms of
copper (Cu) and 4 atoms of arsenic (As) or Phosphorus (P). The arrangement of the atoms is as

follows:

v The Na atoms occupy the 8g site (x,y, 1/4) characterized by the two x and y coordinates
that are not fixed by the Cmcm space group.

v The Cu atoms occupy the 4b site (1/2, 0.0).

v' The As/P atoms occupy the site 4c (0, y, 1/4) also characterized by the coordinate y
which is not fixed by the space group Cmcm.

This structure features 2D [CuPn] 2 zigzag chains along the c-axis (Figure 1.2) containing
Cu-Pn bonds which acute angle 6 at Pn (P, As) (Figure 1.3) [7] . The sodium ions Na*form
large channels aligned along the ¢ axis. These channels are occupied by the zigzag chains
(Figure 1.4 (b)). The structural parameters of these two compounds (Na,CuAs and Na,CuP) are

summarized in Table 1.1.

Table I. 1: The mesh parameters and the atomic positions of Na,AuAs and Na,AuSb [7].

lattice parameters (A) Na,CuP Na,CuAs
a 8.67 8.86
b 6.98 7.22
c 5.30 5.34
a=Bf=y 90° 90°

Atomic positions Na Cu P Na Cu As
X 0.3273 0.5 0 0.3262 0 0
y 0.3588 0 0.2405 0.3559 0.5 0.2343
z 0.25 0 0.25 0.25 0 0.25
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O Na
OCu
O Pn=As,P

d(P-Cu) = 2.24421(0) A
68(Cu-P-Cu) = 72.3720(0) deg.
d(As-Cu) = 2.33716(0) A
6(Cu-As-Cu) = 69.6688(0) deg.

Figure 1. 3: The zigzagg chains Cu-Pn, the interatomic distances (&), and the angle (°) for the
compounds Na,CuPn (Pn = As, P)

Ona
OCu
O Pn=As,P

L%

Figure 1. 4: Orthorhombic structure of Na,CuAs and Na,CuP: (a) seen along the b axis (b)

seen along the c axis .
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Conclusion

To date, polar intermetallic phases remain a rich area to explore. The reasons lie in both their
potential technological applications and the theoretical challenges in rationalization of their
structures and chemical bonding. Many polar intermetallic phases exhibit new properties. These
compounds are therefore promising for many applications, for example: thermoelectric
materials, materials for hydrogen storage , and improved magnetocaloric materials [1]. It is
therefore important to study their unexplored physical properties to derive new potential

applications.
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1.1 Introduction

At the beginning of the 18th century, the laws of classical mechanics did not permit the
description of some solid-state phenomena which are related to the behavior of small particles
such as electrons, nuclei or molecules [1] . In fact, the physical and chemical properties of atomic
and molecular systems are governed by the laws of quantum mechanics. These properties have
their origin in the behavior of electrons present within such systems and can be evaluated using
molecular dynamics calculations, statistical mechanics calculations and quantum mechanical
calculation of the electronic structure. The latter uses various mathematical formalisms in order to
solve the fundamental equations of quantum mechanics established in this new framework. In this
chapter, we will first introduce generalities about the non-relativistic quantum treatment of a
system composed of several particles and then, we will discuss the two large families of quantum
computations: namely, the Hartree-Fock approximation and the processing of the electronic

correlation and the state of the art density functional theory.

1.2 Schridinger equation
For a solid body consisting of a large number of interacting electrons and nuclei. The equation
that describes physical properties (energy, electronics, optics ...) of this quantum system in its

fundamental state is the Schrodinger equation, independent of time, written as follows [1].

H¥(r,, Ry) = E¥ (ri, Ry) (11.1)

In which

v ¥ represents the wave function describing the state of the system.

ri the position vector of the electron i.

Rn the position vector of the nucleus (ion) N.

E his total energy.

H represents the total Hamiltonian operator of the system given by the following

relation:
H=Te(r)+ Ty(R) + Voo (r) + Vyn(R) + Vort (, R). (1.2)
The Hamiltonian terms of the system are:
o Total kinetic energy of electrons: Te(r) = ;—:ZiAi (1.3)

_R2
e Total kinetic energy of the nuclei: Ty(R) = %Zk Ay (1.4)
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e?

. . 1
e Interaction energy between electrons: Vee(r) = EZi'#im (11.5)
2
e Potential energy between electrons and nuclei: Ve (r,R) = — Zi,kak—e (11.6)
o[R—77
. . 1 CEYAYA)
e Potential energy between nuclei: Vv R) = =2pizn—————  (11.7)
2 EolRy R
v M the mass of the nucleus K.
v" mthe mass of the electron i and e its charge.
v ri,j and RK, L: electronic coordinates (i and j) and nuclei (k and I ) respectively.
v’ Zk, L: the atomic number of the nuclei k and I.
v' (Rx — R)), (r; — rj) and (R, — ) are respectively interatomic distances, interelectronic

and between the electron and the nucleus.

In order to simplify the writing of the equations, we use the atomic units (Ua) the following

table summarizes these units:

Table 11.1: Atomic unit used in DFT and their equivalents in the international system (SI)

Quantité Symbole Unite (SI) Unité atomique(u. a)
Masse Me 9.1096x1031kg lu.a
Charge E -1.6022x1071°C lu.a

Longueur  (le rayon de Bohr)a, 0.52918x1073m 1u.a=1( Bohr)
Energie E (Hartree) 4.359743x10718 ] lu.a=1( Hartree)
Action h=h/2n 1.0646x10734].s lu.a

The Schrédinger equation is written as follows:

2

—h? —h? 1 e Zye? 1 e?Zyz
HY =P+ —Nidi+ - Sijei ot~ kg —— 5 Sk —  (118)

of7i=7j] ATE o o[R-R]

All the observable properties of the electron-nucleus system are contained in this equation. It
Is therefore sufficient to solve it in order to have access to the states of the system and its physical
properties. However, it is not possible to solve rigorously such equation, since it is a correlated
wave function between all the particles, the complexity of this equation grows exponentially with
the number of particles. Therefore, approximations had to be introduced in order to solve this
equation. We begin with the first approximation introduced by Born-Oppenheimer.

14
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11.3 The Born-Oppenheimer Approximation

The first approximation made to solve equation (11.1) is the adiabatic approximation [2] made
in 1926 by Born and Oppenheimer. It is based on the very large difference between the masses of
nuclei and electrons (it is less than 107 for atoms heavier than calcium). As a result, the electronic
relaxation is instantaneous with respect to the movement of the nuclei. Then one can write the

system'’s wave function as a product of two wave functions; one for the nuclei and the other for the
electrons which is the electronic wave function. Thus, the potential energy V,, becomes a

constant. Thus, the electronic part of the Hamiltonian of the system equation (11.8) becomes:
He =Te + Vee + Ve (1.9)
The solution of the Schrodinger equation with this Hamiltonian is given by:

Hel= E. (11.10)

Although this approximation greatly simplifies equation (11.1) by uncoupling electron
movement of that of the nuclei, the equation (11.10) still cannot be solved exactly because of the
poly-electronic nature of the system's wave function due to the interacting electrons. Therefore, it

is necessary to apply other simplifications.

1.4 Hartree and Hartree-Fock approximation
Hartree proposed a second approximation in 1928. The idea is to assume that the electrons
move independently of each other. That is to say that the probability of finding the coordinate

electron r1 in the orbital 1 is independent of that of other electrons.

il
Figure I1.1: Many-electron systems. All Figure 11.2: one-electron systems with
electron- electron repulsion is included remaining electrons represented by an
explicitly average charge density

Then the electronic wave function can be written as a product of electronic mono waves [3]:
Y, (r1,r2,.... rn) = W (1) ¥y (12). W5(13) v oo . ¥ (1) (1.11)

The Schrédinger equation to a particle called Hartree's equation is written in the form:

15



Chapter 11 The theoretical framework
[~ 22 8+ Ui + Vi) | Wi(r) = e, () (11.12)

The general algorithm followed to solve these equations is said self-coherent or SCF (self
consists Field).

However, this approximation which is based on the assumption of independent electrons and
which neglects the interaction of electrons with spin states, does not prevent two electrons to
occupy the same quantum state. This violates Pauli's exclusionary principle that wave function of

the fermions system must be antisymmetric with respect to the exchange of two particles.

To correct all that, Hartree and Fock proposed to express the multi electronic wave function in
the form of a Slater determinant:

[(¥1(r) P1(1r5) e LAGSIE
Y,(r) Wo(r3) v e ¥, (1)
. Yi(r) @3(13) V(1)
Y, =W(r, 1,13 e, ty) = N . (1.13)
v ) w0 w ()]

Where each wave function ¥; (7;) is called spin orbital, because it is composed of two parts:
an orbital function and the other is a spin function (up or down), and \/% is here normalization
constant.

This new multi electronic wave function is anti-symmetric with respect to the exchange of two

particles; hence, Pauli's principle is respected. The Slater’s determinant is calculated using the

variational principle.

The application of the Hamiltonian on the wave function gives the Hartree-Fock energy:
h2
Eyr ¥i(r) = (=5~ VPri+Ven () + X1, —K) Wi (1) (11.14)

2
The operator in parentheses is the Fock operator in which the term — Zh—m V?r; corresponds to

the kinetic energy of the electron i. The operator V,y (r;) describes the electrostatic interaction

between this electron and the nucleus (s). The operator j; is called Coulombian operator, and it
represents the average potential created by the other electrons, while k; is the exchange operator

which represents the correction to this potential due to antisymmetry.
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The function given by equation (11.14) leads to the Hartree-Fock equations for a one-particle

system:

w,(r)w ( )

Whereas Hartree's method does not take into account the far-fetched fact of two electrons of

——V + Vot (7, R) + 2= 1f‘ ol ‘| L AGEDY =Y dr’ w,(r') = &¥,(7) (1.15)

j#1 j#1

the same spin in the same quantum state, the Hartree-fock method makes it possible to fill this gap
by introducing these quantum effects designated by the exchange term (last term of equation
(11.15)). The difference between the energy of the ground state of the system determined from

equation (11.12) and that determined from equation (1.15) is the exchange energy.

Let us recall that electron-electron interactions are described in this model as the interactions
of each electron with a mean field due to other electrons, which means to neglect the electronic
correlation. The difference between the energy of the true ground state and that determined from

equation (1.15) is the correlation energy.

The Hartree-fock approach works well when it comes to dealing with small systems ie
molecules, so it is often used by chemists to determine the ground state energy of small molecules.
However, it doesn’t give a good description for large systems, because it neglects the electronic
correlations [4]. It is therefore necessary to carry on with another theoretical framework that

overcomes this limitations.

11.5 Density functional theory (DFT)

The fundamental concept of this theory is that the energy of an electronic system can be
expressed as a function of its density. It is in fact an old idea that goes back mainly to the works
of Thomas [5] and Fermi [6] who tried to express the total energy of a system according to its

electronic density by representing its kinetic energy according to a functional of this magnitude.

11.5.1 Thomas —Fermi model
The Thomas—Fermi (TF) model [5, 6] named after Llewellyn Thomas and Enrico Fermi, is a
guantum mechanical theory for the electronic structure of many-body systems developed
semiclassically shortly after the introduction of the Schrddinger equation. [7] It stands separate
from wave function theory as being formulated in terms of the electronic density alone and as such
is viewed as a precursor to modern density functional theory. The TF model is correct only in the
limit of an infinite nuclear charge. Using the approximation for realistic systems yields poor

quantitative predictions, even failing to reproduce some general features of the density such as

e
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shell structure in atoms and Friedel oscillations in solids. It has however found modern
applications in many fields through the ability to extract qualitative trends analytically and with
the ease at which the model can be solved. The kinetic energy expression of Thomas—Fermi theory
is also used as a component in more sophisticated density approximation to the kinetic energy
within modern orbital-free density functional theory.

Working independently, Thomas and Fermi used a statistical model in 1927 to approximate
the distribution of electrons in an atom. Although electrons are distributed no uniformly in an

atom, an approximation was made that the electrons are distributed uniformly in each small volume

element AV (i.e. locally) but the electron density n(ﬁ can still vary from one small volume

element to the next.

Ey = [n] (11.16)

Trp = [n] = [ t[n(r)] dr (11.17)

t[n()] =2 n()Ep (11.18)

E[#] = E[n] = T[n] + Upe[n] + [ Uepe (HIn(r)dr (11.19)

t [n(r_))] - represent the kinetic energy density of electrons system without interaction.

If the electronic density of a system whatever is given, this functional allows to calculate
explicitly the total energy, which we obtain the minimization of the functional over all possible
densities.

Both authors have neglected the effects of exchange and correlation that arise between
electrons. However, this defect was corrected by Dirac [8], who introduced the exchange

approximation of the electron density.

The idea of Hohenberg and Kohn in 1964 [9] was later to generalize this approach to any

electronic system by two theorems.

11.5.2 Hohenberg-Kohn theorems
The basic formalism of the DFT is based on the Hohenberg-Kohn theorem (1964) [9].

This approach is based on two theorems:
+ Theorem 1:

The electronic density p (r) is the only function necessary to obtain all the properties of any

system. In other words, there is a one-to-one correspondence between the electronic density of the

e
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ground state p, () and the external potential V., (r) and therefore between pg,nq () and the

ground state wave function¥,,,q.

E = E[(Pona)] = Fux[(Prona)] + J Ven(r)p(r)dr (11.20)
With:
Fu[(prona)] = Tlp(M] + VIp()]. (1.21)
Or:

v T [p (r)]: is the kinetic energy of the electronic system.
vV [p (r)]: is the term of electron-electron interactions.

v' Fykl(pfona)]: The functional of Hohenberg and Kohn.

The first theorem does not give us sufficient information that determines whether any density
is that of the ground state. This is the object of the second theorem of Hohenberg and Kohn.

+ Theorem 2:

This theorem shows that the energy functional E [p] is minimum when any electronic density

p [r] corresponds to the electronic density of the ground state pso,q (1)

E[(prona)] = MinEp (11.22)

That is, according to the first theorem, a test electron density p;..; defines its own Hamiltonian
and likewise its own test wave function ¥, . From there, we can have a correspondence between

the variational principle in its wave function version and in its electronic density version such that:
(Wtest|H|Wtest) = E[ptest] = Efond = (Wfond|H|¥fond) (11.23)

In summary: all the properties of a system defined by an external potential V,,; can be
determined from the electronic density of the ground state. The energy of the system E (r) reaches

its minimum value if and only if the electronic density is that of the ground state.

However, there remains a major problem to be solved, how to rewrite an exact analytical

formulation of the functional Frxk[p] for an interacting N electron system.

v' Vy): the electronic potential of Hartree which is expressed by:

Vi (r) = 2 [ 20200 oy gy (11.24)

lr—r'|
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v V,[n(r)]:the potential of exchange and correlation obtained by the simple derivative of

the exchange energy and correlation with respect to the electronic density:

ch(r)=%g§r)] (11.25)

As each electron goes through the effect of the effective potential created by all other

electrons, the equations of Kohn and Sham become:
hZ

11.5.3 Kohn-Sham equations
Kohn and Sham have introduced the idea in which the interacting multi-particle physical
system is replaced by a fictitious system of independent particles, which is easier to solve. Kohn
and sham have assumed that the electron density of the ground state of the real system is equal to

that of the fictitious system

ni (r) =n2 (r)

Figure 11.3 the real system and the effective system with the same density.

This leads to solving a set of equations for independent particles like those of Hartree or

Hartree-fock:

HKSIIIL'(F) = Eilzui(?) (“27)

With:

1 -

Hys = —;V? + Uppr(7) (11.28)

And:
Uery = UoxeF) + [ £ '+ Une () (11.29)

Up(¥)
Where:
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v’ U, (7) is extern potential.

v Uyx(7) is Hartree potential.

v U,.(7) isexchange potential.

The problem is that the exchange and correlation energy cannot be handled accurately;
therefore, we must make approximations.

11.5.4 The exchange and correlation functional
11.5.4.1 Local density approximation (LDA)
Assumes that the electron density at a point r depends only on the density in r, and that it is

equal to the correlation energy per particle of a homogeneous gas of density n(r):
EAIn@)] = [n(@®ell4(n()) dr (11.30)

Or the exchange-correlation energy can be decomposed as the sum of the exchange energy and
the correlation energy.

exc ()] = e [n()] + ec[n(P)] (11.31)

The term exchange energy is known, it is given by functional energy exchange of Thomas-

Fermi-Dirac:

e2A7) = —2 (2)in()s (11.32)

On the other hand, the correlation energy, which is more complex to evaluate, is assessed via

guantum Monte Carlo-methods [10].

11.5.4.2 Generalized Gradient Approximation (GGA)

The LDA approach is based on the homogeneous electrons gas model, and therefore assumes a uniform
electron density. However, atomic or molecular systems are most often very different from a homogeneous
electron gas, in a more general way, we can consider that all real systems are inhomogeneous, which means

the electronic density has a spatial variation (locale) [11].

Most of the corrections that have been introduced at the LDA are based on the idea of taking into account
local variations in density. For this reason, the gradient of the electronic density has been introduced leading
to the approximation of the generalized gradient (GGA), in which the exchange-correlation energy and is

depending on the electron density and its gradient:

ESEAIn(#), Vn(#)] = [ n(#)elfA [n(#), Vn(#)]dr (11.33)
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There are many expressions to describe the GGA functional following the choice of
&xc|n(?),Vn(#)] as forms of Becke (B88) [12]. from Perdew-Wang (PW91)[13] and Perdew-
Burke- Ernzerhof (PBE)[14] Hansen and Norskov (RPBE)[15] .

11.5.4.3 Hybrid Functional

In DFT calculations, the use of LDA or GGA allows an accurate description of energy related
physical properties such as equilibrium geometry and elastic properties. However, the use of these
two approximations still generates some significant errors especially when calculating the ground

state energy of small molecules and the semiconducting band gaps for extended systems.

In order to compensate for these flaws, a new generation of exchange-correlation functionals
has been recently developed. In these models, the exchange-correlation energy functional mixes
both Hartree-Fock and other formalism of the DFT (LDA or GGA). Currently, the most common
hybrid functional are PBEO, HSE03, HSE06 and B3LYP [16]. The use of such functionals makes

it possible reproduce accurately the experimental data.

In general, hybrid functionals are particularly effective for the description of molecules , insulators,
semiconductors and transition metal oxides. Their major disadvantage is that such calculations are
computationally more expensive than the conventional functional, because of the incorporation of

Hartree-Fock terms.

11.6 Solving the equations of kohn-sham

To solve the Kohn-Sham equations, one must choose a basis set for the wave functions that
can be taken as a linear combination of orbitals, called Kohn-Sham orbitals (KS) written in the
form:

T AGEDNHG) (11.34)

Where @;(7) are the basis functions and C;; the development coefficients.

The resolution of the Kohn and Sham equations comes down to the determination of the
coefficients C;; for occupied orbitals which minimize the total energy. The resolution of the KS
equations for symmetry points in the first Brillouin zone simplifies the calculations. This resolution
is done in an iterative manner using an auto coherent iteration cycle as illustrated by the flowchart
of Figure (11.1). We start by injecting the initial charge density p;,to diagonalize the secular

equation:

(HgiS)Ci =0 (11.35)
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Where H represents the Hamiltonian matrix and S the overlay matrix. Next, the new charge
density p,,: IS constructed with the eigenvectors of this secular equation using the total charge

density that can be obtained by summation over all occupied orbitals.

If the calculations do not match, the two densities p;;, and p,,: are mixed in the following way:
Pt = (1 - a)pl, + aply (11.36)

I represents the i th iteration and a is a mixing parameter. Thus, the iterative procedure can be

continued until convergence is achieved.

Initial density

n(r)

Effective potential calculation

Vs = Vexe + Vi [n]

i+1

piit =1 - a)pl, + aply,

Solving of kohn_sham equations

1
— 5V + V| 9er) = &)

Calculating the new electronic density

n @) = Zl«p.-lz

Convergence criterion

Eiy1 —E; <e&

Calculation of total energy.
Relaxed position of atoms.
geomeltry optimization
calculation of properties
end of calculation

Figure 11.4: Diagram describing the iterative process for solving the Kohn-Sham equations [17]
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11.7 Practical implementations of the DFT

To solve the DFT equations (Kohn and Sham equations), numerical processing introduces
additional approximations, which are nevertheless controlled by the user of an ab-initio calculation
code. In this section, we will give an overview of the main numerical approximations: the sampling
of the zone of Brillouin or grid of K points, and cutoff energy which defines the size of the plane

wave base used in the serial development of Bloch functions.

11.7.1 Periodic Systems and Bloch theorem
Bloch theorem is a consequence of the periodicity of the crystalline potential [18];it illustrates
the invariance of the system by translational symmetry. The wave function is then written as the

product of a periodic function, U]K owning the periodicity of the lattice, and a plane wave.

YE(F) = UK (P)ellk) (11.37)

UK(®) = X6 U(G)el() (11.38)

The vectors K and G are defined in reciprocal space within the first zone Brillouin. Solving Kohn
and Sham equations within a periodic system is done necessarily for a finite number of points K
points obtained by an appropriate representative sampling of the ZB that allows to reproduce
faithfully its symmetry.

11.7.2 Sampling of the Brillouin Zone (BZ)

Brillouin-zone sampling in total-energy calculations of aperiodic systems using periodic
boundary conditions is considered. Although the energies converge to the exact result in the limit
of large supercells for any k-point sampling scheme, they do not converge at the same rate. In
particular, shown that the use of a single sampling point at the origin of reciprocal space is
especially inefficient. An appropriate and representative k-point sampling scheme is proposed by
Monkhorst and Pack method, which is computationally efficient [19].

11.7.3 The plane wave base: the cutoff energy
In order to develop a real calculation, it is necessary to choose a base of functions to express

the wave functions. Therefore, it is better to use a plane wave basis set.

The plane wave decomposition of wave functions <p}< (7) consists in expressing these wave

functions using Fourier series:

oK) = 023, cFelkHo)T (11.39)
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Theoretically, to describe a monoelectronic wave function, it would logically be an infinite
number of plane waves. Nevertheless, in practice, this number is limited by a cut-off energy (E.,;),
which represents a stopping criterion corresponding to a minimization of the error made at the

level of the kinetic energy (the plane waves being functions proper of the operator Kinetic energy):

“|k +G|* < Ecu (11.40)

The truncation of the base will bring errors on the calculation of the total energy. These errors
can be manipulated by increasing the cutoff energy, so the base is extended (Increase in the number
of plane waves) and thus improve the accuracy of calculations, but as a result the calculation time
increases sharply. So, we have to find a compromise between the cut-off energy and the
computation time, for which the total energy converges with the required precision, so that it is
necessary to carry out convergence studies before interpreting the results. The value of the cut-

off energy E_. depends on the considered system and in particular on the choice of the pseudo-

cut

potential.

11.7.4 Pseudopotential method

The pseudopotential method is based on the assumption that only valence electrons (the
outermost electrons) contribute significantly to the physical and chemical properties of a given
electronic system. The valence electrons are the only ones involved in the chemical bonding
picture, whereas the core electrons (the most internal electrons) are not strongly sensitive to the
chemical environment. lonic cores (nuclei and core electrons) are thus considered to be "frozen"
in their atomic configurations; it is the approximation of the frozen heart [20]. So, this method is
to deal explicitly only with the valence electrons, which then move in an effective potential,

produced by these inert ionic cores, called pseudopotential.

The wave functions of the valence electrons oscillate rapidly in the region near the nucleus.
They therefore remain difficult to describe from a high plane wave base. The part of the near-
ionic wave function is then replaced by fictitious wave functions, or pseudo-wave functions,
which give rise to the same valence wave functions beyond a certain cut-off radius rc. These
wave pseudo-wave functions are then "softer" than the real wave functions. It is also said that the

very "hard" potential of the ionic core is replaced by a «softer» pseudopotential, for:

Ir| > 1, Vps(r) = V(r) et oP*(r) = p*5(1)
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Nl Vps (")/'? Rayvon de coupure

Figure 11.5: Comparison of a wave function in the coulomb potential of the nucleus to the one in
the pseudopotential. The real and the pseudo-wave function and potential match above a certain
cutoff radius [21].

The use of the pseudopotential approach makes it possible to reduce the number of electrons

to be taken into account in the calculations (since it deals explicitly only with the valence
electrons), therefore the number of plane waves necessary for the description of the wave functions
is greatly reduced. This leads to reducing the calculation volume, then a saving of execution time.
The methods of pseudopotential construction are divided into categories according to the basis
used to develop the pseudo-functions, we cite as an example: the norm conserving
pseudopotentials (NC-PP) and the ultrasoft pseudopotentials (US-PP). In this study Vanderbilt
pseudo-potentials [22], also called "ultrasoft” pseudopotentials were used. These pseudopotentials

are characterized by arbitrarily soft wave pseudo-functions in the heart regions.

11.8 Calculation Code: CASTEP

All the calculations presented in this manuscript were performed using the CASTEP code
(Cambridge Serial Total Energy Package) [23].This code was originally developed in 1988 by
Payne et al [24]. CASTEP is a DFT and a molecular dymanics (MD) based calculation code. It is
part of a set of digital simulation software named Materials Studio (MS) and commercialized by
Biovia from Dassault Systems.

CASTERP is developed by Condensed Matter Theory Group at the University of Cambridge,
UK, it's a program that uses the density functional theory (DFT) to simulate the properties of
materials. It can predict many key properties, including elastic constants, equilibrium geometry,
energy band diagrams, total and orbital projected partial electronic densities of state, charge
densities, optical properties as well as vibrational and thermodynamic properties. This code is used
to simulate the total energy by special integration of K-points in the first Brillouin zone with a

plane wave base expansion of wave functions and the summation is performed on the wave vectors

e
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produced by the Monkhorst and Pack method [25]. CASTEP runs on Windows and Linux. A
graphical user interface that complies with Microsoft Windows standards, allows the user to
interact with the 3D graphical representation of structures and molecules, configure calculations

and analyze results through simple dialogs and a familiar Windows environment.

11.9 Elastic properties of the solid
The elastic properties of solids are closely related to several fundamental properties of the solid
state, such as specific heat, thermal expansion, Debye temperature. The analysis of the elastic
behavior of a material is reduced to the determination of the corresponding elastic constants; these
constants provide information on the nature of the chemical bonds in the solid, its rigidity, its

elastic anisotropy and its mechanical stability.

11.9.1 Elasticity of isotropic solids

A medium is said to be elastic if it undergoes only reversible deformations, by removing the
forces responsible for these deformations, the medium returns to its original shape. In the field of
elasticity, the deformation is linearly proportional to the stress applied according to Hooke's law,
this law is valid in the limit of small deformations for isotropic materials (in an isotropic material,
all directions are identical). The stress can be represented as a tensorg;; such that the index i
indicates the direction of the force, and the index j refers the normal to the plane on which the

force applies.

In linear elasticity theory, there is a linear relation between gand ¢ given by the generalized

Hooke law:
O—ij = Cijklgkl (“41)

Where i,j,k,1 = 1,2,3 and C;j, is a tensor of order 4 called tensor of elastic rigidity and it
defines the elastic constants of the material. One can define reciprocally the tensor of the constants

of deformability (tensor of the supplications) S;,,; by the following relation:
&ij = SijkiOki (11.42)

Due to the symmetry of the stress tensor (o;; = g;;)and the deformation tensor, (&;; = ¢;;) the
number of independent components of C; j; is reduced to 36 (6 x 6 matrix). In contracted notation

of Voigt (transformation of the indices), the matrix expression of the rigidity components is

simplified, C;jx, becomes C;; (i,j = 1to 6). Similarly, for the deformability constants.
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Thus, Hooke's law is put in the following matrix form:

C11 Cip Ciz Cip Cis Cig
I 012 I CZl CZZ C23 C24 625 C26 &12

013 | _ |G Gsa Cs3 G4 (35 Cyel]€13 (11.43)
|O-14 | C41 C42 C43 C4_4 C4-5 C46 €14
alSJ Cs1 Csz Cs3 Csy Css Csel[5S

€1 Coz Cos Cos Cos Cood 16

Constraints Constants of elasticity =~ Deformation

The inverse of the stiffness matrix is the flexibility matrixs;; = (Cl-j)_l, which contains the
same number of constants. The number of independent elastic constants C;; required to describe
the elastic behavior of a crystalline solid depends on its symmetry. It increases if the symmetry is
reduced, if the crystal has a triclinic symmetry, for example, the total number of C;; is equal to 21.

Table 11.1 shows the number of independent elastic constants for each crystalline system.

Table 11.2: The number of elastic constants C;; for each crystalline system.

Crystalline systems Number of C;;
Triclinique 21
Monoclinique 13
Orthorhombique 9
Tétragonal 7-6
Rhomboédrique 7-6
Hexagonal 5
Cubique 3

For an orthorhombic structure (the crystal structure of the herein studied materials) is
characterized by nine independent elastic constants C,1, C,5, C33, Ca4, Css, Ce, C12, C13 and Cs, ;

and all other constants are equal to zero. The tensor of the elastic constants is written in this case:

Cll C12 C13 0 0 O

C, C, C, 0 0 0

Cs Cs, Cy 0 0 O
C,=| 7 = = (11.44)

: o 0 C, 0 O
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11.9.2 Conditions of mechanical stability

A necessary condition for mechanical stability is that the matrix of elastic constants is positively
defined. The condition of mechanical stability of a cristal structure implies that the variation of
internal energy under any small deformation is positive. This condition can be formulated in terms

of elastic constants C;;.

The mechanical stability of an orthorhombic system requires that their independent elastic

constants obey the following Born conditions [26].

C,>0 (i=14,5,6)
C11C22 > C122
C11022C33 + 2012013(:23 - C11C223 - C22C123 - C330122 >0

11.9.3 Polycrystalline elastic moduli
The elastic behavior of an isotropic system is fully described by the bulk modulus B and the
shear modulus G (shear modulus). From these two independent elastic moduli we can define the

Young's modulus E and the Poisson’s coefficient v Table 11 .2

These polycrystalline elastic moduli are calculated in the VVoigt-Reuss-Hill approximation. The
Voigt upper limit. correspond to average of Hooke’s C;; on all the possible orientations of the
grains. It based on the assumption that the deformation is uniform in each grain. As for the Voigt

limit, the Reuss lower limit makes an average on the inverse relationship S;;, it is based on the

jo
assumption that the stress is uniform in each grain. In practice, the Hill's average of polycrystalline
elastic moduli is considered. For an orthorhombic system, these modules are defined by equations
in Table 11.2, where the V and R the indices refer respectively to Voigt and Reuss. A practical

estimate of true polycrystalline elastic modules is given by the Hill average:
By = (By + Bg)/2

Gy = (Gy + Gp)/2
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Table I1. 3: The physical significance of each elasticitic modulus and its equation as a function

of Cjj in the Voigt and Reuss methods approximations.

Modules of Physical .
elasticity meaning S
- Hydrostatic 1
Comrg(rjgss:smty oressure change By =35 [C11 + Cpp + C33 + 2(Cp + Cy3 + Cy3)]
reSIStanCG BR - [511 + 522 + S33 + 2(512 + 513 + 523)]_1
ReS|Stance tO the GV = (Cll + sz + C33) - (Clz + C13 + C23)
sliding motion of + 3(Chy + Cs5 + Cg6)
Shearmodulus o bianesinside  156Gx = 4(Sy, + Syy + Sa3 — S1p — Sia — Sya)
the solid + 3(Saa + Sss + See)
Resistance to 9BG
Young's module uni-axial E =
deformation 3B+ G
Characterizes the
contraction of
Poisson coefficient matter v= ﬂ
perpendicular to "~ 2(3B+6)
the direction of
applied effort.
Defined as the
Vickers hardness resistance of a
Chens’s model material to Hy = 0.1475.G

[27] various types of
deformations.

Where V, R the indices refer respectively to Voigt, Reuss. A practical estimate of true

polycrystalline elastic modules is given by the Hill average: By = (B, + Bg)/2 and
Gy = (Gy + Gp)/2

11.9.4 Anisotropy of elastic behavior
The elastic anisotropy is mechanically translated by a dependence of the elastic response of a

crystalline material versus the direction of stress. It is defined in our study by four different

approaches:
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Table 11. 4: The physical meaning of each anisotropy index and its corresponding equation.

Indices of anisotropy Equation Physical meaning
. . G B i i U=
The universal anisotropy AV =5—2+—Y—¢ Fc;]r_lan |sot(;op!c §yst?m A"=0,
index Gr = Bg while any deviation from zero
indicates the degree of anisotropy.
Percentage of anisotro By — . . . .
: ge o & Py Ap = ———2x 100 0% indicates isotropic behavior,
in compressibility By + Bg i -
Fon e while of all deviation from the
Percentage of shear A, =Y R 100 extent of elastic anisotropy.
anisotropy Gy + Gp
4Cyy
A, =
' Gyt Ca3— 261
Coefficients of - 4Css gh? ddegr ]Ee(jogshiar;nlgot_ropy fcan
anisotropies in shear 27 Cyp + Ca3 — 2C,; D€ I0eENtiTIEd Dy The deviation 0
these coefficients of unity.
4C
A3 66

" Cy1 + Cyy — 2Cy,

~ Or A the shear anisotropy coefficient for the plans {100} between the management (011)
and (010), Az is the coefficient of shear anisotropy for the plans{010} between directions (101)
and (001), and Az is the coefficient of shear anisotropy for the plans {001} between directions
(110) and (010).

Another useful and more direct way to identify elastic anisotropy is to graph a three-
dimensional surface diagram of the directional dependence of the elastic modules. Each point of
this surface is identified by its position vector whose module represents the value of the elastic
quantity measured in the direction given by the direction cosines in spherical coordinates of this
vector. The directional dependence of Young's modulus and bulk modulus for an orthorhombic

crystal is given by [28]:
E = [S111lf + Sp13 + S33l3 + (2813 + Sss) {13 + (2512 + See) T 15 + (2823 + S4a) 53] 7! (11.46)
B = [(S11+ S12 + S13)IF + (S12 + Sop + S23) 15 + (S13 + Sp3 + S33)15] 71 (11.47)

where S;; are the compliance constants of the material, and [; are direction cosines of direction

respectively given in spherical coordinates by:

Fll = cos(@)sin(6)

\

I, = sin(p)sin(0) (11.48)

I3 = cos(0)

e
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A perfect spherical shape indicates an isotropic behavior. Yet, any deviation from the

sphericity indicates a certain degree of anisotropy.

11.9.5 Debye temperature and elastic wave velocities
One of the most important parameters that determines the thermodynamic properties of
materials is the Debye temperature. By definition, it is the temperature at which the vibrations of
the atoms in the solid reach their maximum of possible modes. At low temperature, the Debye
temperature can be derived from the average acoustic wave velocities, which are connected in turn

to the elastic moduli via the following equations:

0, = é[i—z (%) 73 Vi (11.49)
1(2 1 s
Vy = [5 (V_g + V_E)] (11.50)
a\ V2
V, = (;) (11.51)
V= (%)1/ i (1152)

Where h is the Planck constant, Ky is the Boltzmann constant, n is the number of atoms per
molecule, N, is the Avogadro number, p isthe density of the material, and M is is the molecular
weight. V,,, V; and V, are respectively the average, longitudinal and transverse acoustic wave

velocities.

11.10 Optical properties

Optics is the field of physics that describes luminous phenomena. It is of great interest to know
the different ways in which light interacts with matter in solid state physics, for example
absorption, transmission, reflection, diffusion and emission. The study of the optical properties of
solids has proven to be a powerful tool in our understanding of the electronic properties of

materials.

11.10.1 The dielectric function
The dielectric function of a material (w, k) describes its optical response when it is subjected
to the oscillating electric field of an electromagnetic wave. This physical quantity depends

substantially on the structure of the energy bands of the material considered and it is determined
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by the electronic transitions between the valence bands and the conduction bands. It consists of a

real part and another imaginary part, and it is given by [29].
e(w) =& (w) +igy(w) (11.53)

In reality, the two real parts & (w)and imaginary &,(w) of the dielectric function are not
independent of each other. Indeed, each can be deduced knowing the other by using the Kramers-

Kronig relation [30].

q@g—1+1wff§“d (11.54)
Q@ﬁ*-Pﬁagl (11.55)

Where w is the frequency and P is the main part of the Cauchy integral.

11.10.2 The refractive index
The refractive index n(w) of a material is defined by the ratio of the speed of light in the

vacuum c to the speed of light in the material v according to:
—
n=- (1.55)

The refraction of a medium can be described by a single quantity called the complex refractive

index. It is usually represented by the symbol 7 defined by the equation:
fl=n+ik (11.56)

The real part of 7, namely n, is the same as the index of refraction at normal incidence. The
imaginary part of n, namely k, is called the extinction coefficient. Both Quantities are related to

the dielectric function by the following two relations [31]:

n(w) = Vel (@) + e (w) + &1 ()] /2 (11.57)
k) = L [VF@ 5@ - e1@)] (1158)

11.10.3 The absorption coefficient
The absorption coefficient a (w)indicates the fraction of the energy lost by the wave as it passes
through the material. It can be defined according to the extinction coefficient k(w) by the

following relation [32]:
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a(w) = %ﬂk(a)) (11.59)
Where A represents the wavelength of light in a vacuum.

11.10.4 Reflectivity
The reflection of radiation on a surface is described by the reflection coefficient or reflectivity.
This is usually designated by the symbol R (w)and is defined like the ratio of the reflected intensity
to the incident intensity on the surface [33], this property defines the colors of the metals. The
reflectivity is calculated from the index of refraction and extinction coefficient by the following
relation [31]:

n+ik—1
n+ik+1

R(w) =

(11.60)

Conclusion

In this chapter, we give a brief description of the few concepts and methods adopted in this
study. Of particular attention, an overview is given on the density functional theory (DFT), and on
the elastic and optical properties of crystalline materials. DFT is based on Hohenberg and Kohn's
theorem, and it asserts that all the physical properties of the ground state of an electron gas depend
only on its density. The formalism of Kohn and Sham makes it possible to take advantage of this
theorem and calculate the total energy of an electron system. The two most used methods in the
construction of the wave function and therefore the electronic density are the pseudopotential (PP)
method and the plane wave (PP) method. We have exposed here three approximations used in the
practical calculations of the exchange-correlation energy namely, the approximation of hybrid
functions, the generalized gradient (GGA) approximation and the local density approximation

(LDA). Moreover, an over view of the CASTEP code is given.
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Chapter |11 Results and discussion

I11.1 Introduction
In this chapter, we will present the results for the optimized structural parameters and the

predicted elastic and electronic properties for the orthorhombic polar intermetallic compounds
Na,CuPn (Pn = As, P).

111.2 Calculation details

All calculations conducted in the present work were performed using CASTEP code [1]
based on the pseudo-potential [2] and plane waves schemes (PP-PW) of DFT theory. We make
use of Generalized Gradient Approximation (GGA) as parameterized by Perdew-Burk-Ernzerhof
"PBE". Electron-ionic interactions were treated by on-the-fly generated ultra-soft
pseudopotentials (OTFG-USPP) [2]. For an accurate prediction of the subsequent key physical
properties, scaler relativistic effect have been considered in the generation of the pseudo
potential using the technic proposed by Koelling and Hamon [3]. Valence states were modelled
by (2s%2p°3s!) for Na, (3d'%sY) for Cu, (3d'%4s?4p®) for As and (3s°3p®) for P. In a DFT
calculation, the physical properties of a system are functional of the electron density of the
ground state. This density is the one that minimizes the total energy of the system. It is therefore
imperative to express this energy with the greatest possible precision. In order to ensure
convergence of the computed structures and energy, the parameters that affect the calculation
accuracy were selected after performing careful convergence tests. The self-consistent loop was
iterated until the total energy difference of the system between the consecutive iterating steps
becomes less than 1076 eV/atom. First, the Cutoff energy (E.,:) convergence study has been
performed, than convergence with respect to Brillouin zone sampling has been conducted, the
results are reported in the next section.

I11.3 Convergence study

First, it is necessary to optimize the calculation parameters before proceeding to the
calculation of the different properties. That is to say, for the pseudo-potential and plane wave
method, it is a matter of optimizing the size of the plane wave basis set on which the orbitals of
Kohn and Sham are expressed, and the number of points k (nkpt) used for integration in the

irreducible Brillouin zone.
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111.3.1. Choice of the size of the plane wave basis set

Kohn-Sham orbitals are decomposed on a plane wave basis set. However, this decomposition
is only accurate if this basis is infinite, this is practically impossible. Consequently, these basis
are often truncated by the value of the kinetic energy of the plane wave whose frequency is the
highest. This energy is called cutoff energy E.,¢, which is responsible for the size of the basis set
on which the electronic wave function is projected. We can consider that the basis size is
sufficient when the total energy as a function of the cutoff energy reaches a standing value;
therefore, we say that the total energy is converged.

For the Na,CuPn polar compounds (Pn = As, P), the converged total energy is obtained
for a cut-off energy E.,; = 700 eV. The results of the convergence study of total energy as a

function of E_,;for these compounds are shown in Figure 111.1
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Figure 111.1: Convergence of the total energy as a function of E_. for compounds Na,CuPn

cut

(Pn = As,P)

The most important criterion in this study is the relative variation of the total energy as a

function of E_,, Table I11.1 shows the evolution of E , as a function of E_, for Na,CuAs.

cut ? tot cut
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Table I11.1: Convergence of total energy as a function of E , for Na,CuAs with the relative
variation of energy, Er is the final energy corresponding to the highest cut-off energy

Na,CuAs

E.. (eV) Total Energy (eV) AE /EF
300 -13996,5958 0,03639270583
350 - 14398,1810 0,0087452383
400 - 14492,6454 0,00224175801
450 - 14516,6332 5,90297939567E-4
500 - 14522,9972 1,52163059648E-4
550 - 14524,6625 3,7514094291E-5
600 - 14525,0967 7,62123369061E-6
650 - 14525,1863 1,45264707201E-6
700 - 14525,1986 6,05843328612E-7
750 - 14525,1993 5,57651245655E-7
800 - 14525,2008 4,54382496459E-7
850 - 14525,2028 3,16690830866E-7
900 - 14525,2043 2,1342208167E-7
950 -14525,2050 1,65229998712E-7
1000 -14525,2052 1,51460855093E-7
1050 - 14525,2053 1,44576248873E-7
1100 - 14525,2057 1,17037915755E-7
1150 - 14525,2064 6,88458327969E-8
1200 - 14525,2074 0

As can be see from Table 111.1, the relative variation of the total energy is of the order of
1077 at E,,,; = 700 eV .

111.3.2. Brillouin Zone (BZ) Sampling
In order to obtain properties such as total energy, charge density, etc., it is imperative to
integrate on k points in the Brillouin zone. The computation is necessarily carried out on a

discrete set of relevant k point to correctly present the fictitious states in reciprocal space.

With the CASTEP code, the integral on the first BZ is approximated by a discrete (finite)
sum over a special set of k points using the standard method of Monkhorst and Pack [4]. After
determining the cutoff energy, it is set at its optimum value and the number of k points is varied.
For each of these values, the total energy is calculated. It is said that the total energy is

converged with respect to the number of k points when the total energy reaches a standing value.

For theNa,CuPn polar compounds (Pn = As, P), the total converged energy is obtained

fora 7 x 7 x 7 sampling grid of the irreducible Brillouin zone, this gives a relative variation of
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the total energy of the order of 10~7. Figure 111.2 shows the results of this study, and Table

111.2 provides an overview of the evolution of E,,; versus Nkpt for Na,CuAs.

Table 111.2: Convergence of total energy as function of k points, for Na2CuAs

(E.ut = 700eV), Er is the final energy corresponding to the most dense Brilloin zone sampling.

Na2CuAs
K-points Total Energy (eV) AE /g
E

2x2x2 -14526,1336 -1,76374888033E-5
3x3x3 -14525,8123 4,48165699099E-6
AxAx4 -14525,8940 -1,14278811137E-6
4x4x5 -14525,8720 3,71750349483E-7
5x5x5 -14525,8714 4,1305594387E-7
6X6X6 -14525,8799 -1,72106643279E-7
6X6X7 -14525,8766 5,50741258494E-8
7x7x7 -14525,8766 5,50741258494E-8
8x8x8 -14525,8780 -4,1305594387E-8
8x8x9 -14525,87741848 -5,71394054993E-11
9x9x9 -14525,87741765 0

The convergence tests for the two studied compounds, allow us to choose as calculation
parameters the values: E.,,; = 700 eV and a grid of 7 X 7 X 7. The choice of these settings can

be used to optimize the accuracy based on available computing resources.

Total Energy(eV)

d
>
o
S
[}
c
w
g
(<]
=

Figure 111.2: Convergence of the total energy as a function of nKpts for compounds (Na,CuAs,
and Na,CuP).
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I11.4 Structural properties

To determine the different properties of the ground state, it is important, first of all to
proceed with the optimization of the equilibrium geometry of the studied system. This step
allows us to obtain a relaxed structure which corresponds to a minimum of total energy. This
consists in canceling Hellmann-Feynman's forces [5, 6] , which are exerted on the atoms of the

solid.

We fisrt start to verify whether the selected calculation parameters reproduce the experimental
ground state geometry. The bulk Na,CuP [7], Na,CuAs [8] structures were used for the
subsequent tight optimizations. The total energy was minimized self consistently using the
Broyden-Fletcher-Goldfarb-Shanno algorithm (BFGS) [9-13] . Both lattice parameters and

atomic positions were fully relaxed, respecting the following convergence criteria:

>  Tolerance in energy: 5.0 X 107 eV /atom.
> Max force: 0.01 eV /A.
» Maxstress : 0.02 GPa.
> Max displacement : 5.0 x 10~#A.
The obtained results including the ground state equilibrium structural parameters, atomic
coordinates, cell volumes and density of the herein considered materials are represented in

Tables 111.3 and 4 alongside the available experimental data [7, 8] for comparison.

Table 111.3: calculated (Cal) and Experimental (Exp) structural parameters: cell parameters (a,
b and c), volume (V), and density (p) for Na,CuPn (Pn = As, P).

System Na,CuP Na,CuAs
Chemical name Copper (1) Disodium Phosphide Copper Sodium Arsenide
Space group, Z  €mcm (No.63), 4 Cmcm (No.63), 4
Symmetry Orthorhombic Orthorhombic
Cal. Exp. [7] d (%) Cal. Exp.[8] d (%)
Unit cell a= 872 a = 8.67 +0.576 a=8.92 a = 8.86 +0.677
arameters (A) b =696 b= 698 —0.286 b=17.20 b= 7.22 —-0.277
P c=15.26 c= 5.30 —0.754 ¢ =5.35 c=5.34 +0.187
alc 1.658 1.636 +1.614 1.667 1.659 +0.482
b/c 1.323 1.317 +0.455 1.346 1.352 —0.443
Ce"(X%I)“me 319,330  320.74 —0.436 343,326 3416  +0.505
Density (g/cm®) 292236 2,90961 +1,275 3,56842 3,58650  —0.504
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Table 111.4: calculated (Cal) and Experimental (Exp) atomic coordinates (x, y, z) (for

Na,CuPn (Pn = As,P), and Wyckoff position (P.W).

W. X Y Z
Atom
P. Cal. EXp. Cal. Exp. Cal. Exp.
Na, 8g 032624 0.3273% 035767 0.3588% 0.25 0.25
Na,CuP  Cu 4b 0.5 0.5 0 0 0 0
P 4c 0 0 0.26853  0.2405% 0.25 0.25
Na, 8g 032485 0.3262° 035407 03559 0.25 0.25
Na,CuAs Cu 4b 0 0 0.5 0.5 0 0
As 4¢ 0 0 0.23120 0.2343? 0.25 0.25
® Ref.[7]
® Ref.[8]

As can be clearly seen from, Table I11.3 and 4, the obtained equilibrium structural
parameters including unit cell lattice parameters, atomic coordinates, cell volume and density are
in excellent agreement with their experimental counterpart. The good agreement between our
calculated results and the available experimental data demonstrates the reliability of the
computational methodology adapted here and gives confidence on the subsequent calculated
electronic, elastic and optical properties reported in the next sections. Remarkably, going down
the periodic table from P to As, the calculated cell volume and lattices parameters are increased.
This can be explained by the increased atomic radii of the considered atomic spices.

I11.5. Elastic Properties
The elastic properties are intimately correlated with many fundamental physical properties,
including key thermodynamic properties such as: Debye temperature, heat capacity, sound

velocity, phonon frequencies, heat conductivity...

The analysis of the elastic behavior of a material is reduced to the determination of the
corresponding elastic constants (stiffness tensor) C;;. Then, the anisotropy of the interatomic
bonds, the mechanical, vibrational and thermodynamic properties are accessed by the simple

knowledge of the elastic constants C;;, these parameters can be determined efficiently from the

j,
ab initio calculations.

In this section, the computed complete set of elastic stiffness constants of the considered
polar intermetallic compounds will be used to characterize their mechanical behavior. To the
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best of our knowledge, neither experimental nor theoretical data are available in the literature to

be compared to our results.

111.5.1. Elastic stiffness constants

For the considered orthorhombic crystal structures, the nine elastic constants, namely: Ci,
C2, Css, Cys, Css, Ces, Ci2, Ci3, Co3, are calculated using the static strain technic [14]. A
symmetry unique strain is applied, and the resultant stress is calculated using the following

convergence criteria:

> Energy tolerance : 1076 eV /atom.
> Maximum forces : 0,002 eV /A.

> Maximum displacement: 1.0 x 10~ A.

The obtained results are summarized on Table I11.5.

Table 111.5: Calculated elastic stiffness coefficients (C;j, in GPa) of the Na,CuPn (Pn = As, P)
compounds.

Cu Cyp Ci3 Cu Cs  Ce  Cip  Cy3 Ca3
NazCuP 6143 76.69 5292 3692 13.38 1185 464 -585 30.93
NazCuAs 65.40 67.83 55.97 33,52 13.31 931 10.62 6.20 32.34

From Table I11.5 it is obvious that the elastic constants C;; (i = 1...3), are larger than the
other elastic constants, giving evidence that the considered compounds are more resistant to
compressional deformation than to shear distortions. Besides, since C,, > C;; > (33, it can be
concluded that the b-axe is the most incompressible, and the ¢ axe is soft and easily

compressible.

111.5.2. Mechanical stability
For a crystal to be mechanically stable, the strain energy must be positive. This means for an
orthorhombic crystal that the complete set of elastic constants C;; must fulfil the following born
stability criteria [15, 16].
C.>0(i=14,5,6)
C,C,, >C}
c,C,C,+2C,C,C,-C,C.-C,C:-C,C:>0

Analysis of the calculated elestic stiffness constants show that the aformentioned creteria are

verefied, confirming the mechanical stabilty of the herein considered compounds.
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111.5.3. Polycristaline elastic moduli

The calculation of the latter elastic constants makes it possible to get accurate numerical
estimations of other polycrystalline elastic moduli such as Young’s modulus, shear modulus and
Poisson’s coefficient (see Table 11.3). The obtained results following the Voigt-Reuss-Hill
approximation for Na,CuAs and Na,CuP are summarized in Table 111.6. In this approach, the
Voigt [17] (denoted V in index) and Reuss [18] (denoted R) moduli are the lower and upper
bounds of B and G, while the Hill [19] (denoted H ) gives the means between the two limits (see
chapter 11 for more details).

Actually, both of Na,CuAs and Na,CuP are characterized by low values of bulk modulus
(B), suggesting that these materials are soft and easily compressible. The somewhat lower values
of G indicates weaker ability to withstand shear strain, implying that the parameters limiting the
mechanical stability of these materials is the shear modulus G. Furthermore, as can be seen from
Table 111.6, the values of Young’s moduli E of the tow materials are small. This confirms that
these materials have weak stiffness. A weak hardness can be expected from the aforementioned
results and this is confirmed by the low values of the numerical estimate of Vickers hardness
from Chens’s model [20].

According to Pugh’s criterion [21], (B/G) of polycrystalline, phases could be used to
predicate the brittle (B/G < 1.75) and ductile (B/G > 1.75) behaviors. In light of the Pugh’s

viewpoint, both of the herein considered materials must be classified as fragile.

Table 111.6: Calculated bulk modulus (B, in GPa), shear modulus (G, in GPa), Young’s modulus
(E, in GPa), B/G ratio, Poisson ratio v and vckers hardness (H,in GPa). The subscripts V, R and
H stand to Voigt, Reuss and Hill approximations, respectively.

Bx By B NG, G B/G E v H
Na,CuP 2473 27.83 2628 17.97 2319 2058 128 489 019 3.4
Na,Cuds 3098 3195 3146 1598 2056 1827 172 459 026 270

Many phenomena in the deformation of elastic materials depend on the Poisson's ratio. The
simplest is that a material with a negative Poisson's ratio will get fatter in cross section when
stretched and thinner when compressed. As the value of Poisson’s ratio approaches 0.5, as with
the rubber like materials, the material easily undergoes shear deformations but resists volumetric
deformation and becomes incompressible [22]. The typical v value is 0.1 for brittle covalent
materials, 0.33 for ductile metallic materials and 0.25 for ionic materials, respectively.

From Table I11.6, it can be clearly see that the Poisson’s ratio of Na,CuP is lower than 0.25

giving evidence for a more covalent bonding in this material. Meanwhile, the Poisson’s ratio of
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Na,Cuds, is close to 0.25, the lower limit for ionic bonding character, suggesting a more ionic

bonding in this material.

111.5.4. Elastic anisotropy

Crystal anisotropy decides atomic arrangements to follow a certain direction. Many low
symmetry crystals show high extent of elastic anisotropy. Hence, it is very important to
investigate anisotropic behaviors in crystal physics as well as in engineering science.

Here, we are mainly concerned with the elastic behavior of Na2CuAs and Na2CuP. Three
approaches have been used.
1. First, the so called universal elastic anisotropy index AY. A value of 0 indicates isotropic
elastic behavior. While, the extent of any deviation from 0 indicates a certain degree of elastic
anisotropy in both shear and compressibility. In this work, the calculated universal anisotropic
indexes AV for both compounds are greater than zero. The large deviation from zero refer to
high anisotropic mechanical properties.
2. To explain the origin of this anisotropy, we have also calculated the percent anisotropy in
compressibility (Az) and shear (As). A value of 0% indicate a perfect isotropic medium, while
the degree of any deviation from this value indicates anisotropic behavior of the considered
physical property. As shown on Table 111.7, The percent anisotropy in shear for the herein
considered materials is greater than the percent anisotropy in compressibility. That is to say,
elastic anisotropy in the present case arises predominantly from anisotropy in shear.
3. To gain more insights on the shear anisotropy of our compounds, we have also calculated
the so called shear anisotropic factors (see Chapter I1). Further analysis of the obtained results
show that all three factors differ from unite. Meanwhile, the Shear anisotropic factor in the
principal (001) plane is the more departure from unity. That is to say, the (001) shear plans are
easier to be the cleavage plans among the principal plans.

Table 111.7: Calculated anisotropic indexes for the the Na,CuPn (Pn = As, P) compounds.

A A () A () A LY A3
Na,CuP 1575  5.60 1266 1172 0790  0.368
Na;CuAs  1.466 153 1255 1230 0900  0.333

The studies mentioned above are not enough to fully describe the anisotropy of the elastic
behavior of a crystal. Another useful and more convenient way to quantify the elastic anisotropy
is based on a 3D surface plot of the directional dependence of the different elastic moduli such
as the Young's modulus and the bulk modulus, which are also the two most used parameters for

the description of the elastic behavior of polycrystalline materials. In this illustrative picture, the
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distance of a point on the surface to the origin of the coordinates system reflects the magnitude

of the elastic moduli in a given direction. That is to say, a perfect isotropic medium will show a
perfect spherical surface. While, any deviation from a spherical shape indicates the extant of the
anisotropy of the considered elastic modulus.

For an orthorhombic crystal the directional dependence of the bulk modulus and Young’s
modulus can be described by the equations 11.46, 11.47 (see chapter I1). The obtained results are
depicted on Figure I11.3 and 4. From the 3D surface plot of the Young’s modulus it can be
concluded that both materials are large anisotropic. Meanwhile, Copper (I) Disodium Phosphide
possesses the most extent of elastic anisotropy, consistent with the obtained values from
universal anisotropic index. Cross sections of the 3D surface plots of Young’s modulus
illustrated in Figure 111.3 clearly show that the maximum value is realized when the stress is
applied along the bisectors of the (bc) plan, while the minimum is realized when the stress is
applied in the bisectors of the (ab) plan. As illustrated in Figure I11.4, the bulk modulus
anisotropy is less pronounced. Moreover, the b axe is the most incompressible showing good
harmony with results obtained from analysis of the elastic stiffness constants.
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Figure 111.3: Anisotropy of Young's modulus for (Na2CuAs and Na2CuP) compounds.
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Figure 111.4: Anisotropy of bulk modulus for (Na2CuAs and Na2CuP) compounds.

111.5.5. Debye temperature

Debye temperature 6, is intimately connected to various solid state phenomena such as
lattice vibration, thermal conductivity, melting temperature and specific heat... ec. It reflects also
strength of chemical bonding in crystalline materials. We may calculate the Debye temperature
of Na,CuAs and Na,CuP compounds using average sound velocity V,,, the longitudinal
propagation velocities v; , transverse v, as given by the equations (11.49,50,51,52), in chapter II.
The obtained results are presented in Table 111.8. As can be seen from this table, both materials
are characterized by low Debye temperature. The order of the calculated 8, for our compounds
is Op(Na,CuAs) < 6p(Na,CuP). The low Debye temperature expressed by the herein
considered materials is mainly due to the low stiffness and density. Low thermal conductivity

can be predicted, since at low temperatures lattice vibration are meanly due to acoustic modes.
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Table 111.8: Calculated longitudinal acoustic velocities V; (m/s), shear acoustic velocities V

(m/s), average acoustic velocities V,, (m/s) and elastic Debye temperatures Op (K) of the

Na,CuPn (Pn = As, P)compounds.

v V% Vn 0O
Na,CuP 4287 2654 2926 321
Na,CuAs 3955 2263 2514 269

111.6. Electronic Properties

The importance of the electronic properties, including the electronic band structure, total and
partial density of states of a material lies in the fact that they allow us to specify its character
(insulator, conductor or semiconductor), and to gain insights onto its electronic behavior. In this
work, the study of the electronic properties was carried out using the GGA-PBE approximation
with a denser non shifted k sampling grid of (15 x 15 x 15) points, which corresponds to 512
points for a sampling step of 0.012 A~

111.6.1 Structure of the energy bands

The energy bands give the possible energies of an electron as a function of the wave vector.
These bands are therefore represented in the reciprocal space, and for simplicity, only the
directions between the high symmetries points in the first Brillouin zone are treated.

Figure 1115 illustrates the Brillouin zone of a representative unit cell of the herein
considered polar intermetallics, along with the corresponding principal directions between the
high symmetry points namely, Z(0,0,1/2), T (-1/2,1/2,1/2 ), Y(-1/2,1/2,0), G(0,0,0), S(0,1/2,0),
R(0,1/2,1/2),1(0,0,1/2).

Figure 111.5: First Brillouin zone for the orthorhombic lattice (Cmcm) and the points of high symmetry.
(g1, g2 and g3 are the vectors of the reciprocal lattice).
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Figure 111.6: Energy band structures of Na,CuAs; Na,CuP calculated by GGA PBE. The
Fermi level is set at 0 eV and marked by the dashed red horizontal line.

From Figure 111.6, it can be seen that the calculated band diagrams of the considered
materials show large similarities. Moreover, the standard GGA-PBE calculations show that both
materials are indirect narrow band gap semiconductors by evidence of the maximum valance
band (VB) at Y , and the minimum of the conduction band (CB) at I'. The calculated GGA-PBE
band gaps are 0.678 eV and 0.676 eV for Na,CuAs and Na,CuP, respectevly.

In the vicinity of the Fermi level, the conduction band is meanly due to a three folds
dispersed bands giving evidence for a small electronic effective mass and a good mobility.
Meanwhile, at the vicinity of the valance band, the tow folded non dispersive bands give
evidence of high hole effective mass. Another important character shared by the band diagrams
of the considered materials is the flat and almost non dispersive bands along the Z-T, R-Z
directions (perpendicular to c¢*) and the degenerate dispersed bands along the Z-T, R-Z, Y-T

(parallel to c*) giving evidence that the current crystals are uniaxial.

111.6.2 Density of states

The density of states (DOS) is an important physical quantity to understand the electronic
states in a material and their influence on its physical properties. Most of the electronic transport
properties are determined on the basis of knowledge of the density of states. It also allows to
know the nature of the chemical bonding in a material, and therefore the charge transfer between
the orbitals and the atoms. From Figure I11.7, one can clearly observe the existence of tow
valleys in the valence region labeled (V1, V2). The first valley (V1) is located just bellow the

Fermi level and spreads between —4.5eV and 0eV and originated predominately from an
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admixture of P-3p/As-4p orbitals and Cu-3d orbitals with a small contribution from an admixture
of Na-3s, Na-2p, Cu-3p, Cu-4s. Here, of special note is the strong hybridation between the Cu-
3d and P-3p, which indicate covalent P-Cu interaction. The second valley (V2) which is
stretched between —10.62eV and —9.35eV is mainly due to the confined As-4s/P-3s with a
minor contribution from both Cu-4s, Cu-3p, Na-3s and Na-2p. Although, we have pointed
similarities in the band structure and the electronic properties of Na,CuAs and Na,CuP, there is a
clear difference that we have not pointed out and that deserves to be discussed. The difference
can be mainly seen in the second valence band valley, which consists of a marked contribution
from the Na-3s and Na-2p at V1 in Na,CuAs than Na,CuP.

The conduction band stem primarily from Na-3s and Na-2p with a minor contribution from both
Cu-4s, Cu-3p, As-4p and As-4s, which is compatible with the assumption that the alkali metal

atom donates its valance electron to form the neighboring poly-anionic [CuPn]™.
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Figure 111.7: Total and partial density of states for Na,CuAs and Na,CuP compounds.

111.6.3. Mulliken population analysis

The charge density distribution is an important property of solids which provides a good
description of the chemical properties. The chemical bond results from the distribution of the
electronic charge between the atoms. Its behavior in a solid requires the study of the electronic
charge density, which plays a central role in the determination of all the chemical and physical
properties of the compound. The ionic character of a material may be related to the charge

transfer between the cations and the anions. In order to gain more insights, on the charge transfer
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and the chemical bonding picture of the herein considered materials, Mulliken population

analysis have been performed. The obtained atomic charges are shown in Table I11.9. It was
found that +1.3e (4+0.65¢e X 2) is transferred from Na to the polyanionic unit in Na,CuAP ,
while only +0.48e (+0.24e x 2) is transferred in Na,CuAs . Our results show that Na, CuP
has an average charge of —0.68e per Cu and —0.61e per P, while Na,CuAs has an average
charge of —0.76e per Cu and +0.28e per As. Hence, the formal charges of the considered
compounds are (Na*9%),Cu~068p=061 and (Na*t%2*),Cu~%764s*%28 | To explore the
charge transfers in these polar intermetallic compounds in a more straightforward way, we have
also calculated the Mullikan bond populations. The obtained results are summarized in Table
111.10. There is a clear evidence for a noticeable covalent interaction in the Cu-Cu contact along
the zigzag chains, which can be clearly seen in the large positive Mulliken population (MP).
Moreover, MP shows a clear difference between the two compounds. The difference can be
mostly seen in the Cu-Pn contacts which have a predominant covalent character in Na,CuP and
a pure ionic nature in Na,CuAs by evidence of the low MP. A second noticeable difference can
be seen in the Na-Cu and Na-Pn interactions. Actually, from the low MP, it can be concluded
that the Na-P bonds in Na,CuP are mainly ionic in nature, however Na-As interactions in

Na,CuAs are antibonding by evidence of the negative MP.

Table 111.9: Calculated atomic effective charges fort the Na,CuPn (Pn = As, P)compounds.

Atom Na,CuP Na,CuAs

Na +0.65 +0.24
Cu -0.68 -0.76
Pn -0.61 +0.28

Table 111.10: Interatomic distances (A) and for the Na,CuPn (Pn = As, P)

Distance (A)

Bond Cal. Exp. Ad /d gy, (%) M. P.

Cu-P 224396  2.24421° +0.01 +0.76

Cu-Cu 2.63191  2.65000° +0.68 +0.52

Na,CuP Na-P 2.96163  2.95539° -0.21 +0.34

Na-Cu  3.19722  3.20464° +0.23 -0.26

Cu-As 2.35210  2.33716° -0.64 -0.05

Na,CUAS Cu-Cu 2.67479 2.670002 -0.18 +0.77

Na-As  3.02838  3.02054 -0.26 -1.28

Na-Cu  3.27457  3.27967° +0.16 +0.14
2 Ref. [7]
® Ref. [8]
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I11.7. optical Properties

When an electromagnetic wave of sufficient power illuminates a material, it induces electron
transitions between occupied states (below Eg) and unoccupied states (above Ef). It is clear that
the study of these transitions should provide some basic understanding of the electronic

properties of materials.
The optical response of a material to electromagnetic radiations can be described using the
frequency dependent complex dielectric function s (w) = ¢, (@) +ie, (@) . The imaginary part of

the dielectric function describes the absorption of the electromagnetic radiation, and can be
expressed in the dipole approximation by the matrix element of transitions between the occupied

valance bands and the unoccupied conduction bands by the following equation:

"5(Ef —E! —heo) dk® (111.1)

(@)= 223 [|(wefur| )

2 2
m.w &, cy s,

Where the integral is over the Brillouin zone BZ, W, and P, are the initial and finale states

at k with their eigenvalues, u is the polarization vector of the incident radiation. The real part of
the electric function describes the dispersion of the incident radiation in the medium. Since

e(w)describes a causal response, & (w)can be derived from ¢,(w) by a Kramers-Kroing

transform:

6 (0)=1+2P[ () 4 (111.2)

7 e -of
Having calculated & (), many others frequency dependent optical parameters, including
refractive index n(w), extinction coefficientk (), absorption coefficient « () and the optical

reflectivity R(w)can be calculated using the following formula:

n(a)):%[ & (w)+é&] +gl(a))}% (111.3)
k(a)):%[ & (w)+é&) —gl(a))}% (111.4)
a(a))=\/§a)[ & ()+é; —gl(a))}% (111.5)
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Based on the GGA-PBE calculation and using a 15X 15X 15k points non-shifted

sampling mesh (512 k points) in the irreducible Brillion zone, a purely predictive study of the
optical properties of the herein considered materials has been conducted. The obtained results for
the key frequency dependent optical functions in the energy range [0 eV-25 eV] for polarizations
parallel to the principal axes [100], [010] and [001], are depicted on Figure 111.8.and 111.9 for
Na,CuAs and Na,CuP respectively.

We report here that the optical response functions are identical in both directions [100] and
[010], and are somewhat different in the [001] direction. So the optical properties of these

materials are large anisotropic. This anisotropy disappears at higher energies.

As stated in previous text, the real part of the dielectric function gl(a)) describes the
dispersion of the electromagnetic radiation in the medium. The obtained zero frequency

dielectric constant for Na,CuP (Na,CuAs) is 14.58 (15.57) when E//[001] and 8.81 (9.94)
when E//[Olo] or E//[100]. Starting from the zero frequency limit, & () increases gradually
to reach a maximum value at the lower part of the visible spectrum for polarizations along [OlO]

and [100] directions, and in the IR region when E//[001]. After that, & (@) decreases rapidly

to reach negative values in the UV region, giving evidence for a damping of the electromagnetic

radiation.

The imaginary part of the dielectric function is related to the absorption in the material. The
calculated frequency dependent imaginary part of the dielectric function ¢, ()is depicted on
Figures 111.8.b and 111.9.h Three well resolved peaks can be clearly seen, namely A, B and C
for both materials. For Na,CuAs (Na,CuP), all three peaks have probably a Cu-d and As-p (P-
p) character at the valance band maximum and Cu-p, Na-s and Na-p at the conduction band
minimum. Due to the complexity of the band structure peculiarities at the vicinity of the Fermi

level, it is difficult to allocate for each peak a specific transition.

Figures 111.8.c and I11.9.i show the variations of the reflection index as a function of the

energy of the incident photons. Here, of special note.is the fairly high similarity between the

&(w)and n(w) curves. For Na,CuP(Na,CuAs), the zero frequency refractive index n(0)is

predicted to be 3.82 (3.95) when E//[001] and 2.97 (3.15) E//[010]or E //[100].
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The extinction coefficient is another optical parameter which describes the attenuation of the

electromagnetic radiation in a specific medium. Once again, there is a clear similarity between

the pattern of k(w) and &,(w). In the lower energy part, k(w) is raised rapidly to get a

maximum value at the lower (higher) part of the visible spectrum when E//[001] E//[100] (
E //[010]).

The reflection coefficient R(a)) characterizes the part of energy reflected at the interface of

the solid. The reflectivity spectra of our Na,CuPn compounds (Pn = As, P) are shown in
Figures I111.8.e and 111.9.k . Both compounds show an almost moderate and constant reflectivity

in a spread region of the electromagnetic radiation ranging from the zero frequency limit up to
the extreme UV region wich vanishes so far.

The frequency dependent absorption coefficients of Na,CuP and Na,CuAs are depicted in
Figures 111.8.f and 111.9.1 The obtained results show that both materials are characterized by a

wide spread high absorption band in the extreme UV region, giving evidence for a potential
optical activity.
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Figure 111.8: calculated frequency dependent optical parameters for Na,CuAs
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Figure 111.9: calculated frequency dependent optical parameters for Na, CuP
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General conclusion

Based on the density functional theory (DFT) and the pseudopotential and plane waves
approaches as implemented in the CASTEP code, we presented an ab-initio study of the
structural, elastic, electronic and optical properties of the orthorhombic polar intermetallic phases
Na,AuPn (Pn = As, P). The exchange-correlation potential is processed in the generalized
gradient approximation GGA-PBE. This study is guided by an important goal, which is to
explore the physical properties of these two compounds so far unexplored, taking into account
three major aspects: the mechanical stability of these materials, their mechanical properties,

their electronic structures and their optical properties.

The chosen approach reproduces accurately the equilibrium geometry of these materials.
This claims the validity of the methodology and the approximations adopted here. The tensor of
the elastic constants fulfils the mechanical Born stability conditions, and consequently the
orthorhombic structure of our studied compounds is mechanically stable. The low values of the
bulk modulus B, shear modulus G and the Vickers hardness indicate that the studied materials
are soft and easily compressible. The calculated B / G ratio show that Na,CuAs and Na,CuP are
fragile materials. Moreover, these compounds are characterized by low values of the Debye
temperature, meaning that they have low thermal conductivities and low heat capacities. The
obtained values for the universal anisotropy index give evidence for an anisotropic elastic
behavior which comes mainly from anisotropy in shear. We confirmed this result by the study of
the directional dependence of the compressibility ad Young's modulus. The energy band
structure calculations show that these materials are narrow-gap semiconductors with an indirect
band-gap for both materials. Mulliken charges analysis and band populations for both systems
give evidence for appreciable covalent interactions between the Cu and P atoms, and between
cooper atoms along the zigzag chains and a purely ionic character for the Cu-As bond. A set of
frequency dependent optical parameters is calculated for a wide-ranging photon energy and for
polarization of the incident electromagnetic radiation parallel to the principal directions [100],
[010] and [001]. The obtained results show that both compounds are active in the extreme UV

region.

Due to the lack of previous studies (experimental or theoretical) on the physical properties of
these materials, our results therefore, can be considered as a guide for future studies. At the end,

we hope that our work will allow opening new perspectives in the study of these materials.
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Abstract

This study is aimed to report on the hitherto unexplored physical properties of the ternary polar
intermetallic compounds (Na,CuAs, Na,CuP). Particular attention is paid to investigate their
structural, elastic, electronic and optical properties. We make use of the GGA-PBE approximation
as implemented in the CASTEP code. Based on the plan waves and pseudopotenial approaches of
DFT, the obtained results agree well with the available experimental data. This study showed that
Na,CuAs and Na,CuP were brittle in nature and anisotropic. The predicted electronic properties
show that these materials are narrow-gap semiconductors with an indirect band-gap for both
materials. Mulliken charges analysis and band populations for both systems give evidence for
appreciable covalent interactions between the Cu and P atoms, and between cooper atoms along the
zigzag chains and a purely ionic character for the Cu-As bond. A set of frequency dependent
optical parameters were calculated including the complex dielectric function, the refractive index
and the absorption coefficient. The obtained results show that both compounds are active in the
extreme UV region.

Key words: DFT, GGA, Structural, electronic, elastic properties, semiconductor, polar intermetallic
compounds.

Résumeé

Dans Cette étude les propriétés physiques, a ce jour inexplorées des intermétalliques polaires
(NayCuAs, Na,CuP) sont étudiées. Un intérét particulier est accordé a leurs propriétés
structurelles, élastiques, électroniques et optiques. Nous avons opté pour une étude théorique de ces
composés en utilisant le code CASTEP, qui repose sur la DFT et I’approche du pseudo potentiel et
celui des ondes planes. Parmi les nombreuses approximations permettant de calculer 1’énergie
d'échange et de corrélation, nous avons adopté I'approximation GGA-PBE (GGA). Les résultats
obtenus s’accordent parfaitement avec les résultats expérimentaux disponible. L'étude a montré
que les deux composées sont fragiles et anisotropes. Les propriétés électroniques montrent que ces
matériaux sont des semi-conducteurs a bande interdite étroite et un gap indirect. L'analyse des
populations de Mulliken montre que I’interaction entre les atomes Cu et P, et entre les atomes de
cuivre le long des chaines en zigzag est covalente. Tandis qu’elle est d’un caractére purement
ionique pour la liaison Cu-As. Un ensemble de paramétres optiques incluant la fonction
diélectrique complexe, ’indice de réfraction, et le coefficient d’absorption ont été calculés. Les
résultats montrent que ces matériaux sont actifs dans extréme UV.

Mots clés : DFT, GGA, propriétés structural, élastiques, électroniques, semi-conducteurs,
intermétalliques polaires triangulaires.
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