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ABSTRACT

Recently, spintronics has shown as the future technology with potential applications that
will replace the conventional electronics. In this field, materials with suitable properties
called Heusler alloys are used. Heusler alloys have known major advances in the technolog-
ical field, the purpose being to propose materials that meet industrial needs. Based on this,
we are interested a family of smart materials that are the quaternary Heusler alloys, this class
of materials are shown to be able to overcome these challenges as potential candidates with
interesting properties (Curie temperature and spin polarization, etc.) for spintronic devices.

In this work, first principle calculations were performed to investigate the structural, me-
chanical, electronic, magnetic and thermodynamic properties of d° Heusler alloys KMgNZ (Z
= O or S) and quaternary alloys with transition metals FeTiCrX (X = Al or Si) and their doped
system KMgNO;_,Sx and FeTiCrAly_4Six (x=0.25, 0.50 and 0.75), respectively. These prop-
erties were studied employing the full potential linearized augmented plane waves method
(FP-LAPW) implemented in Wien2k package. The exchange-correlation potential was treated
by generalized gradient approximation (GGA) in the calculation of the structural, mechanical
and thermodynamic properties. While, for the electromagnetic properties the exchange and
correlation potential was treated employing the modified Becke-Johnsom (mBJ) approach
and GGA + U. Furthermore, a regular-solution model was used to explore the thermody-
namic stability of the parent compounds and their doped alloys. The quasi-harmonic Debye
model was used to study the behavior of thermodynamic properties under different temper-
atures and pressures.

Key Words: spintronics, Heusler alloys, Wien2k, Curie temperature, spin polarization.
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RESUME

Récemment, la spintronique s’est révélée étre la technologie d’avenir avec des applications
potentielles qui remplaceront I'électronique conventionnelle. Dans ce domaine, des matéri-
aux aux propriétés adaptées, appelés alliages Heusler, sont utilisés. Les alliages Heusler ont
connu des avancées majeures dans le domaine technologique, le but étant de proposer des
matériaux qui répondent aux besoins industriels. Sur cette base, nous nous intéressons a
une famille de matériaux intelligents que sont les alliages Heusler quaternaires. Cette classe
de matériaux se révele capable de surmonter ces défis en tant que candidats potentiels avec
des propriétés intéressantes (température de Curie et polarisation de spin, etc.) pour les
dispositifs spintroniques.

Dans cette étude, des calculs de premier principe ont été effectués pour étudier la sta-
bilité structurale ainsi que les propriétés mécaniques, électroniques, magnétiques et thermo-
dynamiques des alliages Heusler d° KMgNZ (Z = O ou S) et des alliages quaternaires avec
des métaux de transition FeTiCrX (X = Al ou Si) et leurs systemes dopés KMgNO;_,Sx et
FeTiCrAl;_4Six (x = 0,25, 0,50 et 0,75), respectivement. Ces propriétés ont été étudiées
en utilisant la méthode des ondes planes augmentées linéarisées a potentiel complet (FP-
LAPW) implémentée dans le code Wien2k. Le potentiel d’échange-corrélation été traité
par Papproximation de gradient généralisée (GGA) dans le calcul des caractéristiques struc-
turales, mécaniques et thermodynamiques. Alors que pour les propriétés électroniques et
magnétiques, le potentiel d’échange et de corrélation a été traité en utilisant 'approche
Becke-Johnsom modifiée (mBJ) et GGA + U. De plus, un modele de solution réguliere a été
utilisé pour explorer la stabilité thermodynamique des composés parents et de leurs alliages
dopés. Le modele quasi-harmonique de Debye a été utilisé pour étudier le comportement des
propriétés thermodynamiques sous différentes températures et pressions.

Mots clé : spintronique, alliages Heusler, Wien2k, température de Curie, polarisation de
spin.
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0.1. INTRODUCTION 1

0.1 Introduction

The development of technology and industry depends on the search for new materials
from the periodic table of elements based on the natural law, which states that combining
two different materials does not present a combination of their properties but rather gives
rise to new characteristics specific to the compound.

Over the past few decades, the global pursuit of radical development in the realm of
technology based on smart materials, environmentally friendly materials, and energy storage
and control materials has led to intense interest from scientists and researchers in order to
discover new, promising, and more effective materials that have new or perhaps exceptional
properties. After the establishment of computational physics, which is based on algorithms
installed on programs based on the first principle, theoretical prediction of the physical prop-
erties of these materials has become easier and more time-saving, as well as preserving the
raw materials that make up the discovered materials. These computer programs have proven
the experimental results to be reliable within the limits of uncertainty, which has made them
a new destination for researchers in the technological field. Among these promising mate-
rials in the field of technological industries are insulators, semiconductors, half-metals, and
metals, each of which has specific uses in a specific technological branch.

Since their first discovery by Friedrich Heusler in 1903 [1]], half and full-Heusler alloys
have provided excellent motivation for the development of new technologies and devices due
to their rich properties, including high spin magnetic moments and high Curie temperatures
[2,3]]. In various magnetic orders, these compounds can exhibit semiconductor, half-metallic,
and metallic character. Due to their relatively high Curie temperature [4] and complete spin
polarization [5, 6], half-metallic ferromagnets [7, [8] have garnered a lot of attention, partic-
ularly in the field of spintronics, such as spin-filters [9]], spin injection devices [10], tunneling
magnetoresistance (TMR), giant magnetoresistance (GMR) [11], spin-filters [12]], magnetic
data storage [13], spin-torque systems [14], and ferromagnetic shape memory alloys [15].

Heusler alloys fall into two subgroups and are often ternary materials made up of three
different types of elements: X, Y, and Z. The first is known as half-Heusler alloys having
the chemical formula XYZ, while the second is known as full-Heusler with a stoichiometric
composition. The chemical formula for full-Heusler alloys is X5YZ, where Z is a main group
element and X and Y are transition or rare-earth atoms. When one atom X is swapped out for
another atom X', the complete Heusler structure gives rise to the quaternary Heusler alloy

structure XX'YZ. The LiMgPdSn prototype crystal structure [16} [17] is widely recognized to
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be adopted by the quaternary Heusler alloys with the general formula XX'YZ, where the X,
X', Y, and Z atoms occupy the Wyckoff position coordinates.

Half-Heusler alloys with half-metallic ferromagnet (HMF) characteristics are the most
widely used materials for spintronic applications. For electrons with one spin orientation,
the vast family of half-metallic ferromagnetic Heusler alloys is semiconductor, whereas, for
electrons with the opposite spin orientation, they are metallic. These substances are appro-
priate materials for spintronics applications because they show complete spin polarization of
conduction electrons. Ameri et al. and Missoum et al. have examined the optical proper-
ties and optoelectronic applications of half-Heusler alloys CoVX and NiTiX (X=Sb or Sn) and
CoCrZ (Z=Al or Ga) [18,[19]. The electromagnetic, and thermodynamic characteristics of
Mn,IrGe alloy were examined by Benaddi et al. [20]. According to the results, the spin down
states have a semiconductor nature, whereas the spin up states have a metallic nature. Qua-
ternary Heusler alloys have garnered more attention recently because of their half-metallicity
and spin gapless band topologies [21, 22]. CoFeYGe (Y=Ti or Cr) half-metallic Heusler
alloys have been studied by Haleoot et al. [23]; they show dynamical stability with very effi-
cient thermoelectric and thermal characteristics. Rani et al. [24] performed an experimental
and theoretical investigation on the possible half-metallic behavior of equiatomic quaternary
Heusler alloys: CoRuMnGe and CoRuVZ (Z = Al or Ga). In addition, several investigations
have been carried out to predict and examine the physical properties of EQH alloys, like FeR-
hCrSi and FePdCrSi [25]], CoFeZrZ (Z = Ge, Sb) [26], FeCrRuSi [27], CoRuFeZ (Z = Si, Ge,
Sn) [28], FeRhCrGe [29]], FeZrTiZ (Z = Si, Sn, Pb) [30], YFeCrZ (Z = Al, Sb or Sn) [31], (
or) [32], ZrFeTiZ (Z = Al, Si, Ge) [33]] and FeZrCrZ (Z = Si, Ge, Sn) [34]. In addition, there
are several works that have highlighted doped alloys, as CooMn_yFexSi [35]], FeoVAl;_4Six
[36]], FeoMnyNiq_4Si [37].

The determination of magnetic moments in Heusler alloys including magnetic transition
metal components was the subject of much research in the past [38,[39]. The p-electrons of
anions are the primary source and mediator of the magnetic order and spin polarization in
sp or d° magnets, a novel class of materials devoid of magnetic transition metal that have
emerged in recent years. Chen et al. [40] predicted that the half-Heusler alloys SnKCa and
GeKCa were d° half-metallic ferromagnets. Using a theoretical analysis, Du et al. projected
half-metallic (HM) characteristics in KCaNX (X=O, S, or Se) alloys [41]]. Furthermore, the
ferromagnetic materials NaXNO (X=Ca, Sr, or Ba) under study are thermodynamically, dy-
namically, and mechanically stable. They also show a half-metallic nature with 100% spin

polarization, according to Belkacem et al. [42]. As far as we are aware, there have only been
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a few research on this class of materials published in the literature thus far. In this work,
we shed light on the physical properties of KMgNO;_4Sx (x = 00, 0.25, 0.50, 0.75 and 01)
alloys, which were not predicted before.

Additionally, after a wide literature search, no theoretical or experimental results were
revealed for FeTiCrAl;_4Six (x = 00, 0.25, 0.50, 0.75 and 01) alloys, except for the previous
ab-initio investigation of the parent compounds FeTiCrAl and FeTiCrSi. K. Ozdogan et al.
[43], investigated the electronic properties of FeTiCrAl and FeTiCrSi compounds and found
that the former is a semiconductor whereas the latter has a half-metallic feature. G. Qiang
et al. [44] shed light on the magnetic, elastic and electronic properties of FeTiCrAl and
found that this material is ferromagnet with mechanical stability. Besides, R. Dhakal et al.
[45]], found that FeTiCrAl and FeTiCrSi alloys reveal mechanical and dynamical stability. The
magnetic and electronic properties of FeCrTiAl under uniform (hydrostatic) pressure were
investigated by V. Pavel et al. [46].

As a first step, we inspect and estimate the detailed ground state parameters of the whole
alloys under consideration KMgNO;_,Sx and FeTiCrAl;_,Six, with a focus on structural, me-
chanical, electronic, magnetic and thermodynamic characteristics, employing ab-initio cal-
culations based on the density functional theory (DFT). The goal of this research is to find
novel materials with half-metallic or semiconducting features suitable for spintronic appli-
cations and study the effect of doping on the structural, mechanical, electromagnetic and
thermodynamic properties of the alloys of interest. Furthermore, this work is a comparison
between the physical properties of d° alloys (without transition metals) with Heusler alloys

containing transition elements.
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CHAPTER 1

HEUSLER COMPOUNDS IN THE FIELD OF SPINTRONICS

1.1 Introduction

Due to the attraction between magnetite and iron, magnetic facts have been observed,
these phenomena have constantly attracted the attention of scientists, especially following
the significant advancement in the theory of magnetism over the 19th century, particularly
following Curie’s discovery of the para-magnetic, dia-magnetic, and ferro-magnetic phenom-
ena and Dirac’s determination of the electron’s intrinsic magnetic moment.

The electromagnetic characteristics of solids have been exploited in the field of technology,
where they are incorporated into most electronic components in various electronic devices
for use. In the recent decades, a novel field in electronics has attracted a lot of attention
lately, which is the spintronic. The basic premise is that an electron has a spin in addition to
its charge. In the context of spintronics, the spins of electrons, not just their electric charges,
are controlled in the operation of information transfer in circuits.

The development of spintronics therefore requires the use of materials with strong spin
polarization. Half-metals are characterized by a 100% rate of spin polarization at Fermi level
and therefore possess enormous potential for use in spintronic components like magnetic sen-
sors and magnetic random-access memories (MRAMs). These materials are therefore ideal
sources for highly spin-polarized currents, allowing high rates of magnetoresistance to be
achieved. Theoretically, certain types of materials, such as Fe3O4 [1, 2] and Heusler alloys
[3, 4], have been predicted to be half-metals. Furthermore, this half-metallic property has
been demonstrated experimentally at low temperatures. However, half-metallic oxides have
a low Curie temperature and therefore the spin polarization must be negligible at room tem-

perature. While Heusler alloys are promising materials for spintronic applications because
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many of them generally have high Curie temperatures [5] and therefore offer a possibility of

possessing the half-metallic character even at temperatures above the room temperature.

1.2 Heusler compounds

The prototype of Heusler compounds is the CuyMnSn alloy, which was discovered by
Friedrich Heusler in 1903 [6], where its crystal structure was determined by Bradley and
Rodgers in 1934 [7]]. They demonstrated that at the ambient temperature, the ferromagnetic
phase has a perfectly ordered structure of type L2 [7]. Indeed, their particularity and their
properties are completely different from these constituent elements; for example, CuyMnSn
compound is a magnetic material, although neither Cu, Mn nor Sn are magnetic in nature
[6]. Another example that of TiNiSn alloy [8, 9], which has the behavior of a semiconductor,
even though it is composed of three metals [10]. In other word, regardless of the nature of
its constituent elements, this kind of materials could have the behavior of metals, half-metals,
semiconductors and superconductor.

This previous work gives birth to a new class of the most exciting materials; which con-
tains more than 3000 identified compounds. They are divided into two groups: the half-
Heuslers with a composition XYZ and the full-Heusler alloys with the chemical formula X5YZ,
where X and Y are transition metals and Z is a semiconductor or non-magnetic element. The

main combinations of Heusler alloys are presented in Figure[1.1}

ATOMIC NUMBER

XXZ  Full Heusler”

Cu+—=weoL
1.

XYZ Half Heusler”

ELECTRONEGATIVITY

LANTHAMIDE

Jh;:E\rmmﬂ-:- o 02 [0 (o4 o5 e (87 e [ee [100 [101 [102 [103
Ac|Th|Pa| U |Np Pu Am Cm Bk|Cf | Es Fm Md| No| Lr

1.30 | 1.30

Figure 1.1: Different possible combinations of Heusler compounds.
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1.3 Classification of Heusler compounds
1.3.1 Half-Heusler compounds

In general, half-Heusler alloys can be considered as composites that consist of two differ-
ent parts, a covalent part and an ionic part. Accordingly, Z can be regarded as equivalently
anionic, whereas X and Y atoms have a distinct cationic nature [[11]]. The nomenclature in
the literature does not vary by the alphabetical order of the elements or in a random way but
it varies by their degree of electronegativity. The formula starts with the most electroposi-
tive element, which could be a rare earth element, transition metal, or main group element.
While the most electronegative element is found at end, it is considered as a main group
element from the second half of the periodic table, for example, the case of LiAlSi, ZrNiSn,

and LuAuSn [12} 13].

1.3.2 Full-Heusler compounds

Heusler compounds are often known as full-Heusler alloys, which are a class of intermetal-
lic compounds. The typical formula for these alloys is X9YZ, where X and Y are transition
metals, and Z is an element from the periodic table groups III, IV, or V. But occasionally, an al-
kaline earth metal or a rare earth element takes the role of Y. The element of the group III, IV,
or V in the periodic table is typically placed at the end of the formula, while the element that
exists in duplicate is typically placed at the beginning, e.g., CooMnSi, FeoVAI [14, 15]. There
are a few exceptions where the order can be changed and in which order is chosen by the
location of the most electropositive element, for example, LiCuySb and YPd,Sb [16]. Here,
the electropositive element is placed at the beginning in accordance with the nomenclature
of the International Union of Pure and Applied Chemistry (IUPAC). Another family exists for
Heusler alloys; it is the case of quaternary Heusler compounds, where there are four atoms of
different chemical nature with two elements different X and X'. The quaternary Heusler alloy
structure, which has the general formula XX’Y Z, arises from the full Heusler structure when

the X atom is substituted by another atom X'.

1.3.3 d° Heusler compounds

The extensive research for new materials in the field of technology led to the discovery of
new promising materials without magnetic transition metals or rare earth elements that are
formed only by intrinsically non-magnetic elements [[17,[18]], so-called sp or d® materials. The

p-electrons of anions are the primary source of these compounds’ magnetic order and spin
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polarization. Furthermore, the half-metallic (HM) character and the magnetism associated
with the non-magnetic elements with p-type orbitals in both half-Heusler and full-Heusler
alloys [19, 20].

Chen et al. predicted the half-metallic ferromagnet feature of SnKCa and GeKCa d( half-
Heusler alloys [21]. Beldi et al. published a theoretical study of the ternary Heusler alloys
GeNaZ (Z = Ca, Sr, and Ba) in the three phases «, 3, and v [22]. They demonstrated the
elastic and dynamic stability of these alloys in the phase o« and predicted the half-metallic
property. Recently, Wei et al. [23]] reported on the electronic and magnetic stability of
Heusler CNaCa and SiNaCa ternary alloys, using the method of local and full potential or-
bitals (FPLO). The structural, electro-magnetic characteristics of half-Heusler alloys RbSrZ
(Z=C, Si and Ge) were investigated using full potential linearized augmented plane wave
(FP-LAPW) method; Rozale et al. [24] confirm that these alloys reveal a half-metallic fer-
romagnetic character. Umamaheswari et al. [25]] investigated the physical properties of
half-Heusler ferromagnets of type XYZ (X = Li, Na, K and Rb; Y = Mg, Ca, Sr and Ba; Z = B,
Al and Ga) utilizing the linearized muffin-tin orbitals atomic-sphere approximation coupled
with the tight binding method (TB-LMTO-ASA).

The equiatomic quaternary Heusler alloys XX'YZ [26] are a novel type of Heusler alloys
that are currently in use, these alloys have aroused great interest because of the perfect spin
polarization and high Curie temperature Tc. More recently, in the framework of density
functional theory, the half-metallic feature has been predicted in several types of quaternary
Heusler alloys. But up to date, there are only a few studies focused on the electronic and mag-
netic structure of quaternary Heusler alloys without the incorporation of transition metals.
Using an ab-initio research, Du et al. expected the half-metallic property in KCaNX (X=0,
S, or Se) alloys [27]. Additionally, the NaXNO (X=Ca, Sr, or Ba) alloys are dynamically
and elastically stable, and they show half-metallic character with perfect spin polarization,

according to Belkacem et al. [18].

1.4 Crystal structure of Heusler Compounds
1.4.1 Half-Heusler compounds

The C1y structure is the crystal structure of half-Heusler alloys. In other words, they
crystallize in a non-centrosymmetric cubic structure (space group No. 216, F-43m) formed
by the filling octahedral sites of the lattice from a ZnS-type tetrahedral structure (Figure1.2)).

This type of structure can be characterized by the interpenetration of three face-centered
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cubic (fcc) sub-lattices, each of which is occupied by atoms X, Y and Z [28]. According to the
following Wyckoff positions: 4a (0, 0, 0), 4b (1/2, 1/2, 1/2), and 4c (1/4, 1/4, 1/4), three
atomic configurations can be formed, not equivalent to this type of structure (Cl;, ). Table

represents these different configurations (Type I and II are the favorable). The majority of

Table 1.1: Three different occupancy for half-Heusler alloys.
Type X Y Z
Typel 4a 4b 4c

Typell 4b 4c 4a

Type IIl 4c 4a 4b

half-Heusler compounds follow the atomic arrangement of the compound MgCuSb [29, 30],
where the elements Y and Z form a ZnS-type covalent sublattice, while X (electropositive)

and Y (electronegative) form an NaCl-type cell.

Figure 1.2: Heusler alloys structures: (a) full-Heusler alloy, (b) inverse Heusler alloy, (c)
half-Heusler alloy , and (d) quaternary Heusler alloy [31].

1.4.2 Full-Heusler compounds

Full-Heusler materials have the form X5YZ where X and Y are transition or noble metals
like Fe, Co, Ni, Mn, Cu etc. and Z is usually a IIIB or IVB element such as Al, In, Si, Ge or
Sn. These compounds crystallize in cubic structure with space group Fm-3m (225) with the
CuyMnAl prototype [6, 32] [33]. This consists of four interpenetrating face-centered cubic
(fce) sublattices (Figure[1.2)). One sublattice is occupied by Y and Z atoms, while the other
two are occupied by X atoms. In the primitive cell of the L2 structure, the FCC primitive
cell is based on four atoms. The Y and Z atoms are situated at 4a (0, 0, 0) and 4b (1/2, 1/2,
1/2), whereas the X atoms occupy the Wyckoff coordinates 8c (1/4, 1/4, 1/4).
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1.4.3 Inverse Heusler compounds

If the valence of the X transition metal atom is less than that of the Y transition metal
atom from the same period, then full-Heusler alloys are typically inverse Heusler compounds.
They crystallize in the so-called X, structure with space group F-43m. Usually, the element X
is more electropositive than Y. In the inverse Heusler structure, X and Z atoms create a rock
salt lattice to produce octahedral holes with four-fold symmetry, as opposed to the typical
Heusler structure, where all of the X atoms occupy tetrahedral holes. Y and Z atoms are
situated at 4c (1/4, 1/4, 1/4) and 4a (0, 0, 0), respectively, while X atoms have Wyckoff
locations of 4b (1/2, 1/2, 1/2) and 4d (3/4, 3/4, 3/4) (Figure[1.2). The prototype of this
structure is Hg, TiCu. It is possible to emphasize the difference to regular Heusler compounds

by expressing the formula as (XY)XZ.

1.4.4 Quaternary Heusler Compounds

The ordered quaternary full-Heusler compounds are usually named as LiMgPdSn-type,
which have the chemical formula (XX’)YZ where X, X’ and Y are transition metal atoms where
the valence of X’ is lower than that of X atoms and the valence of the Y elements is lower
than that of X and X’ atoms [134, [35]. This structure exhibits a primitive FCC cell with a basis
containing four atoms on the Wyckoff positions 4a to 4d, which form a larger cubic cell. The
exchange of the atoms between 4a and 4b or 4c and 4d positions and between groups (4a,

4b)<—(4c, 4d) does not change the structure due to symmetry implied by the F-43m space
group (Figurel.2).

1.5 Half-metallic feature of Heusler compounds

The term “half-metallic” feature was first introduced by Groot et al. [4]], focusing on the
calculation of the band structure of half-Heusler NiMnSb [36]. Conventional ferromagnetic
materials have a density of states (N 1 (Eg) and (N | (Eg) at Fermi level for the spin up and
down channels, respectively. It can then define the spin polarization, which measures the
spin asymmetry employing the following formula [37]]:

N1 (Ep) -N | (Ep)

PY% =
T N1 (Ep) + N (Ep

x 100 (1.1)

Half-metallic compounds (P=100% ) show conduction properties completely different be-

tween the majority spins and minority spins states; one of them shows a metallic property
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(crosses the Fermi level) and a semiconducting or even insulating property for the other spin
direction (no states at the Fermi level). All of these features are illustrated in Figure[I.3]

E E E E
A

vy

N(E)

(a) (b) (© (d)

Figure 1.3: Simple models of semiconductors (a), metallic ferromagnets (b), half-metallic
ferromagnets (c), and spin gapless semiconductors (d).

Heusler alloys are generally known in the form of ternary compounds, but they can also
be in quaternary form, such as, for example, CoyFe(Al, Si) alloys [38] and Co2(Fe, Cr)Al
[39]. Gercsi et al. [38] studied the alloys based on cobalt, of quaternary form, such as
CosyFeSij_4Alk, and have demonstrated that the addition of Al results in a reduction in the
width of the band gap of spin down states. Xu et al. [38] studied the half-metallic feature of
CoyFeAl in a massif form and in a thin layer, respectively, and showed that the half-metallic
feature attenuates with the reduction of size. This decrease is usually associated with chemi-

cal disorder [39].

1.6 General view on spintronics

The microelectronics industry based on silicon has been the driving force technology of
modern society, notably with the inventions of the transistor in 1947 [40] and the integrated
circuit in 1958 [41]]. The key point for the rapid progress in this area is the miniaturization
of devices. Thanks to the miniaturization of transistors, the logic evolution tends towards an
increasing integration of functions electronics on a single chip. This reduces weight and in-
creases circuit integration densities while improving their performance (speed, consumption,
etc.). The challenges of miniaturization have led the world of microelectronics to look in new
directions for research that can supplant conventional electronics. One of the alternatives is
the exploitation of another degree of freedom, which is the “spin” of the electron, because
the classical electronics only depend on their charge. This second property of the electron
could be described as the rotation of this particle on itself. It is the quantum equivalent of

angular momentum in classical physics. The quantum angular momentum is the origin of the
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magnetic moment carried by a particle possessing a spin; therefore, every particle having a
spin can be seen as a tiny magnet. The exploitation of this additional property of the electron
gave rise to a new discipline of solid state physics called spin electronics [42]]. Spintronics,
or spin electronics, also known as magnetoelectronics [43],/44]], can be defined as electronics
that take advantage of the electrons’ spin in addition to their charge. It evolved when the
giant magnetoresistance (GMR) was discovered in 1988 [45]146]]. The basic idea behind spin-
tronics is to place ferromagnetic materials on the electron’s path and to use the influence of
the spin on the electrons’ mobility in these materials. This influence, first suggested by Mott
[47] in 1936, was then demonstrated experimentally and described theoretically at the end
of 1960 [48, |49]]. The discovery of GMR has led to the first practical uses of this influence.
Many other phenomena exploiting also the spin of the electrons are then revealed, and today;
spintronics is developing in many directions.

The use of spin in the storage of information leads to benefits such as:
1. The non-volatility of the information stored when the computer is turned off.
2. Obtaining much information bit processing speeds faster.

3. The significant drop in electricity consumption (a standard processor uses a lot of cur-

rent and must be effectively cools).

1.7 Giant magnetoresistance GMR

In 1988 in Orssay, the giant magnetoresistance was discovered by two teams of researchers:
a team by Albert Fert and that of Peter Griinberg [45, 146]], during their studies of Fe/Cr/Fe in
superlattices and trilayers, respectively. They have noted that the electrical current resistance
from one layer to another depends on the relative alignment of the magnetization of each
iron layer. This magnetoresistance effect is manifested in multilayer assemblies ferromag-
netic/nonmagnetic. The thickness of these multilayers does not exceed a few atomic layers.
At this scale of matter (nanometric scale), it is the quantum physics that dictates its laws, and
we turn to the exploitation of spin instead of charge. This breakthrough allowed the creation
of hard drives with a much greater density of information on the disks.

Figure[l.4]illustrates the general mechanism of the giant magnetoresistance in ferromag-
netic multilayer structures alternating: two ferromagnetic layers separated by a non-magnetic

layer thinner than the mean free path of electrons.
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Figure 1.4: (a) diagram of the GMR , (b) firsts observations of giant magnetoresistance on
multilayers Fe/Cr(001).

On the left, in the antiparallel magnetic configuration (AP) (Figurea), the electrons
circulate more easily when their magnetization points in the same direction as the magneti-
zation of the layers. The resistance of the bilayer is high under these conditions (antiparallel
magnetic configuration) because all of the electrons are blocked either at the beginning or at
the end (Figure[1.4}b). When we apply an external magnetic field, we reverse the magneti-
zation of a layer, and one falls under these conditions on the parallel magnetic configuration
(P) (Figure[l.4ta). In this case, half electrons are no longer blocked, and the resistance is
much lower.

Briefly, the magnetoresistance manifests as the difference in electrical resistance between
two configurations, one where the ferromagnetic layers are parallelly magnetized, and the
other where they are antiparallelly magnetized. The ratio of magnetoresistance MR (effect

of size) is given by the following relationship:

AR _ Ry Ry

GMR =
R Ry

(1.2)

Where the system’s equivalent resistances in the parallel and antiparallel alignments are
denoted by R4 and Ry, respectively.

This discovery was crowned by a Nobel Prize in Physics in October 2007 [50, 51]. Then,
many efforts have been made in terms of experimental and theoretical research for the ex-
ploitation of GMR in the field of spintronics, and the best known of its applications concerns

the read/write heads of computer hard disks [52].
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1.8 Tunnel magnetoresistance TMR

Another characteristic effect of spintronics similar to giant magnetoresistance (GMR) is
the Tunnel Magnetoresistance (TMR). The structures called magnetic tunnel junctions use a
thin layer of dielectric material (for example, the layer of alumina AlyO3 with a thickness of
1.5 nm) between the two ferromagnetic layers (electrodes) [53], as shown schematically in
Figure. The interstitial layer prevents the passage of electrons (an energy barrier), while

the tunneling effect ensures that this phenomenon occurs in a purely quantum way.

Parallel (P) state Anti-Parallel (AP) state
i i Tunnel l
Iﬁ barrier

Ferromagnet | Ferromagnet Ferromagnet | | Ferromagnet

Ug‘

High current (low resistance)

(a) (b)

Figure 1.5: (a) Tunneling transport for parallel ferromagnetic electrodes (P), (b) Tunneling
transport for ferromagnetic antiparallel electrodes (AP) [54].

In the TMR model, the angle formed by the electrons’ spin moment and the magnetization
of the electrode that receives them after they cross the barrier determines the probability
of electron transmission over the insulating barrier. According to Figure[1.5 the TMR is

described as the difference in resistance between parallel and antiparallel magnetic systems.

* The tunnel current is significant because, in the parallel arrangement, the majority and
minority electrons at the Fermi level will find the same density of states on the opposite

side of the tunnel barrier.

* In the antiparallel configuration, the up electrons will have a higher density while the

down electrons will have a lower density; this results in a lower tunnel current.

One of the most used devices in current technologies (MRAM memories, for example)
exploiting the TMR is the Magnetic Tunnel Junction (MTJ). Although the first observations of
this effect were made in 1975 by Julliere [55], it was only from 1995, assisted by the work of

Moodera et al. on Co/Al,03/CoFe stacks [56], carried out at room temperature and which
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have magnetoresistance amplitudes three times higher than the GMR, of the order of 30% to
70% . There are other materials that make up tunnel barriers that have been developed, such
as the magneto-crystalline junctions based on magnesium oxide (MgO), exhibiting a mag-
netoresistance capacity greater than 400% at room temperature. This significant increase
in the ferromagnetic resistance capacity of the MgO-based junctions compared to the amor-
phous junctions based on alumina comes from the crystalline nature of the MgO barriers.
Regarding the half-metallic compounds, the tunnel magnetoresistance would theoretically be
infinite and the current would be 100% polarized. Heusler alloys have been predicted to be
half-metallic materials; these compounds can exhibit a TMR up to 330% at room temperature
[571. It should be noted that the spintronic devices based on spin-polarized electron transport
are thought to match the demands for future technologies, including low power consumption
since stored data is not volatile and a significant improvement in processing speed [58].
Besides the interest of these phenomena, tunnel junctions are attracting considerable in-
terest for different types of applications in the realm of technology, namely, they allow the
production of magnetic field sensors even more sensitive than spin valves due to their greater
amplitude of magnetoresistance. These sensors are already used in the latest generation
of the hard drive read/write heads but could also be used in position encoders or angular

encoders for robotics or as electronic compasses [59]].

1.9 Spintronics applications developments

With the rapid development of science and technology, the growing demand for high-
performance materials with multifunctional properties has increased. Modern technologies
require transduction materials, also referred to as "smart materials", which undergo a sub-
stantial change of one or several properties in response to changing external conditions. All
smart materials are transducer materials because they transform energy into another form.
They therefore have many applications, such as a sensor (signal detector), processor (process
and store information), magnetic random access memory (MRAM), and read/write heads of

hard drive.

1.9.1 Magnetic field sensors

Magnetic sensors are implanted in a very large number of technological objects that sur-
round us. For example, a recent car will contain more than thirty magnetic sensors, and you

will also find some in a refrigerator, washing machine and even some sports shoes. Magnetic
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sensors make it possible to detect and measure a magnetic field created by a magnetic ob-
ject (magnet or bobbin) or by an electric current (through its radiated magnetic field). They
therefore offer many possibilities related to the transmission of information without contact,
remote detection, or current measurement.

There are several types of magnetic sensors; some are field sensors (of the Hall effect,
GMR and TMR types), and others are flux sensors (i.e., measuring the integral of the field
passing through a surface). It is always difficult to compare magnetic sensors, insofar as each
has particular advantages. For example, Hall effect sensors are not very sensitive but present
the advantage of being absolute and linear on a very wide range of field; they are therefore
essential in applications that measure high field values. A second determining aspect is the
extension of the magnetic field to be measured. If it is large, as for imaging terrestrial, it is
necessary to use flow sensors, which are much more sensitive than field sensors. If the spatial
extension becomes small, field sensors must be used. This is why giant magnetoresistance
(GMR) sensors derived from spin electronics have been implanted in read heads instead of
inductive coils; they can be miniaturized to sizes of a few tens of microns and integrated into
CMOS (Complementary Metal Oxide Semiconductor) systems containing signal processing
electronics.

These sensors have many applications: reading hard disks, spatial positioning control, po-

sition and angle coding, non-contact electrical current measurement, magnetic and medical
imaging, etc. (Figure[1.6).
(@) (b) (©
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Figure 1.6: (a) GMR tooth sensor modules for angle and length measurement, (b) TAS series
TMR angle sensors, (¢) GMR current sensors.

1.9.2 Magnetic random access memory (MRAM)

Magnetic random access memories are a new type of computer memory that is intuitively

very fast, non-volatile, and has almost unlimited endurance. This type of memory is a com-
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bination of static random access memory (SRAM) speed (down to 5 ns read/write), dynamic
random access memory (DRAM) density, and the non-volatile feature of Flash (retain the
information even when the computer is not powered on).

The basic concept of MRAM is to use the magnetization configuration (P/AP) in MTJ for
information storage “0” and “1” (binary information). In other words, a low resistance state
represents a logic "0", while a high resistance state represents a logic "1". The information
written in the bit is read back by measuring the resistance level of the tunnel junction (Fig-

urell.7).

Ferromagnetic

Electrod
ectrodes
- Tunnel barrier -
-— (Insulator) -—
“or ) "1.
Low resistance state High resistance state
Bit Lines

Word Lines

Figure 1.7: Magnetic random access memory architecture.

MRAMs will eliminate, for example, the time required today to load (“boot”) the oper-
ating system when switching on current computers. They will also be less energy-intensive
than current DRAMs, whose memory must be "refreshed" approximately every thousandths
of a second. They will therefore be very interesting for mobile electronics, computers or
mobile phones, etc. In recent years, research has led to the invention of an advanced type
of MRAM devices, namely, Spin-Transfer Torque MRAM (STT-RAM) and Spin-Orbit Torque
MRAM (SOT-MRAM). STT-MRAM enables higher densities, low power consumption, and re-
duced cost compared to regular (so-called Toggle MRAM) devices. The main advantage of
STT-MRAM over Toggle MRAM is the ability to scale the STT-MRAM chips to achieve higher
densities at a lower cost. Since SOT-MRAM is a quicker, denser, and far more effective mem-
ory technology, it might pose a challenge to STT-MRAM. Figure[1.8|displays a comparison of
the STT-RAM and SOT-RAM cell models.

SOT-MRAM devices property switching of the free magnetic layer done by injecting in-

plane current in a neighboring SOT layer, in contrast to STT-MRAM, which uses the same
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Figure 1.8: MRAM Standard cells (a) STT-MRAM (b) SOT-MRAM.

channel for both read and write operations and injects current into the magnetic tunnel

junction perpendicularly.

1.9.3 Read-Write heads of hard drives

A hard disk drive (HDD) is a magnetic rotating disk mass memory used mainly in com-
puters. The hard disk drive was first produced by IBM (International Business Machines)
in 1956 and shipped as a component of the IBM 305 Random Access Memory Accounting
(RAMAC) system in 1957 (Figure. In a hard drive, there are platters that are rigid in ro-

Spindle

Actuator Arm

Platters

Figure 1.9: Hard drive architecture.

tation. Each platter consists of a disk generally made of aluminum, which has the advantages
of being light, easily machined, and paramagnetic. From 1990, new techniques used glass
or ceramics, which allowed even smoother surface conditions than those of aluminum. The
sides of these platters are covered with a magnetic layer (a cobalt alloy), on which the data

is stored. This data is written in binary code (0/1) on the disk thanks to a read/write head,




1.9. SPINTRONICS APPLICATIONS DEVELOPMENTS 23

which uses the GMR/TMR technique (see Figure[I.10). Depending on the electric current
passing through it, this head modifies the local magnetic field to write either a 1 or a O on the
surface of the disc. To read, the same material is used, but in the other direction, the local
magnetic field movement creates at the head’s terminals an electric potential that depends

on the value previously written; one can thus read a 1 or a 0.

GMR read Inductive
sensor write element

Magnetic

Magnetic shield S1

shield 52\

/ P1 P1f
S(S S|S |

Hecordlng medium

FM Layer
Spacer Layers>-
FM Layer 7~

(a)

Figure 1.10: (a) Schematic of a GMR device, (b) GMR read-write head for hard drive [52].

Hard disk drive technology faced several challenges, such as cell size, power consumption,
density (around 400GB/in?) and access time (around 9 ms). On the other hand, NAND
flash memories have developed a significant presence in the non-volatile memory (NVM)
market and are now attempting to move into the computer storage market in the form of
solid state drives (SSDs). This kind of flash memory offers lower power consumption, higher
density (around 400 GB/chip), faster read access time (around 200 us) and better mechanical
reliability than HDDs; however, the cost per gigabyte (GB) for flash memories is nearly 10

that of magnetic storage [60].
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CHAPTER 2

DENSITY FUNCTIONAL THEORY (DFT)

2.1 Introduction

The discovery of X-ray diffraction at the start of the XX century was the first step toward
a good description of the physical characteristics of the solid state. This one then made it
possible to analyze the atomic positions in the crystals. Since then, increasingly sophisticated
experimental techniques have facilitated the observation of the solid phases of elements.

In parallel with these experimental advances, theories have been developed that allow a
good description of the solid phases and their electronic structure, such as ab-initio calcu-
lation models, which are directly derived from the Schrédinger equation and which allow
access to all the physico-chemical properties of a system. This is well known since the de-
velopment of quantum mechanics. To understand these physical properties of the studied
systems, such as the structural, electronic, magnetic, optical, mechanical or thermal prop-
erties of solids, it is necessary to study the physical environment in which charge carriers
(electrons) move. This implies knowing how the atoms are arranged inside the solid, and
to predict the performance of electrical components, it is also necessary to study the energy
structure corresponding to this physical environment.

Because each particle interacts with all the other particles, it is highly challenging to
investigate these ground state characteristics of N-body system in a crystal theoretically. As
a result, Schrédinger’s equation mathematically becomes unsolvable. According to Dirac
(1929), advancement hinges on the creation of approximation methods that are sufficiently
precise. The density functional theory (DFT), which is founded on the Hohenberg-Kohn
theorems, was developed in this context.

In the literature, the first exploitation of ab-initio calculations was in 1985 by R. Car and

30
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M. Parrinello [[1], it was for the feasibility of ab-initio molecular dynamics. Since that date,
this method has borne very good fruit and spread in many directions of research. Simulation
on a computer offers a qualitative way to study various properties of the matter. It was able
to give enough muscle to the computer; this gives the simulator a chance to build the model
of a real system and explore its behavior.

Moreover, all ab-initio methods have benefited in recent years from the availability of
increasingly powerful computers. This has contributed to the current success of these calcu-
lations for real material systems in interesting situations and with sufficient accuracy. There-

fore, there can be meaningful detailed comparisons with experimental measurements.

2.2 Schrodinger equation of a solid

The Schrodinger equation is the basic equation of solid state physics. The energy and
related wave function of a particular system can be found using this equation. Furthermore,
the charge density, a basic parameter of the system, can be obtained from this wave function.

Here is an expression of the time-independent Schrodinger equation:
HV = EW. (2.1)

Where:
H: Hamiltonian operator.
¥: wave function.

E: energy of the system "eigenvalue" .

For a system of M nuclei with charge Z;e and mass My, placed at positions f{k k =
1,---,M), and with N electrons of positions r; (i = 1,---,N), charge (-e) and mass me, the

Hamiltonian is written [2]:
H = Te + Tn + Ve_e + Vn_n + Ve_n. (2.2)

Where:
2 . .
Te = —Z%\Ll thlevlz : electrons kinetic energy.
2 . . .
Th = _Zkle th/IHVI% : nuclei kinetic energy.
— 15N 1 e?
Ve-e = 2201 2iy=1 Fcg 7
1 ZygZige?
AT |Ry Ry |

: interaction energy between the electrons.

— 1M . : .
Vnn = 3200 #k,=1 : interaction energy between the nuclei.
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Vip-n = —lel/i Z%\]Zl 47360 é:f; : interaction energy between electrons and nuclei.

In this system, V is a function of 3(M + N) continuous variables (the coordinates x,y, z of
each particle) and (M + N) discrete variables (the spins).

Accordingly, solving the Schrodinger equation with all these variables is not possible.
Hence, What is the solution to the N-body problem?, and how can the Schrédinger equation
be used to determine the ground state of the system?

Several approaches are used for this, including the Born-Oppenheimer approximation, the
Hartree approximation, the Hartree-Fock approximation, and finally the density functional

theory (DFT).

2.3 Born-Oppenheimer approximation

Born-Oppenheimer (1927) asserts that treating a system’s electrons and nuclei indepen-
dently is the only method for obtaining a simplification that enables the Schrodinger equation

to be solved.

Fixing the position of
the nuclei

Solving the
Schrodinger equation

)

Minimization of Et
with respect to
position
|
Calculation of the
new position of the
nuclei

}

Calculate the
electronic energy

C )

-~

Figure 2.1: Algorithm implementation of Born-Oppenheimer approximation.

In comparison to the electrons, the nuclei are extremely hefty (1840 times for the lightest
nucleus), hence they move much faster than the nuclei, and the electrons "immediately" go

into their new places prior to the nuclei being displaced. The result of this approximation is
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a Hamiltonian for which the electrons move in an external potential that the nuclei create.

The Hamiltonian can be defined as:
H = Te + Ve_e + Ve_n. (2.3)

The resolution by Born-Oppenheimer can be translated by the flowchart illustrated in
Figure[2.1]

This approximation significantly reduces the degree of complexity, but the new system
wave function ¥ depends on N bodies, while this approach is followed by additional approx-

imations that are required to be able to effectively solve this equation.

2.4 Hartree approximation

Despite the Born-Oppenheimer approximation, which only takes electrons into considera-
tion. We are again faced with the N-body problem because of the electron-electron interaction
term; hence, it becomes almost intuitive to look for a method to solve this complex problem
on the basis of the mono-electron case.

In 1927, Dauglas Hartree [3] proposed a method for calculating the wave functions and
the approximate energies of ions and atoms. The fundamental idea of this approach is to
consider that electrons move independently to each other (the free electron hypothesis).

Thus, the Hamiltonian can be written as follows:

N
H= > h@, (2.4)

i=1

Where h is the mono-electron Hamiltonian:
h(l) =Te + Vi(l’i) + VH(ri)' (2.5)

Where:
V;(r;) : electron’s potential energy (i) in the field of all nuclei (k).
Vy(r;) : Hartree’s effective field.

In other way, the mono-electron wave function is written as follows:

N
\I’e(l‘l,rz,...I’N) = H \Ifi(l’i). (26)
i=1

A more reasonable wave function should be anti-symmetric when exchanging two electrons.
In addition, this function does not respect the Pauli exclusion principle. For this, it is necessary

to incorporate the spin in the wave function, which leads to Hartree-Fock approximation.
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2.5 Hartree-Fock approximation

The electronic system in the Hartree approximation is not entirely defined. First, the Pauli
principle is not verified, but in this approximation the electrons obey the Pauli exclusion
principle (anti-symmetric), which states that a negative sign must occur in the wave function

after two electrons are exchanged:

\IJ(Xl,Xz) = —\D(Xz,Xl). (27)

It was demonstrated by Hartree and Fock that this concept is upheld if the wave function is
expressed as a Slater determinant of the N function W.

The following is how this determinant is expressed [4]:

®1(ry) Po(ry) -+ Pnlry)
o ) e By

PS(ry) = \/1N| 1(r2) 2Er2) ; frz) (2.8)
@1(1’n) (I)z(rn) -+ Pp(rn)

Mono-electron wave functions are included in this determinant as a product of Hartree’s wave
functions. The function that fulfills the Hartree-Fock equations is written as follows [5]:

h2

2
~ome Vi + Vi) + Vu(ry)

d3r
|r—1

Wi (rp) - Z/

\I/J* (r’)\I/J(r’)]\I/J(r) = Ei\I/i(I'). (29)

']

The Hartree-Fock equations are different from the Hartree equations by the exchange term,
which is the final term before the equality.
Despite the exchange term, this approach ignores the correlation that exists between elec-

trons; the inclusion of this correlation is done by the density functional theory (DFT).

2.6 Density functional theory (DFT)

This theory’s basic premise is to express any other quantity as a function of the ground
state electron density p(r), which is the key variable. The basis of this theory is a variational
principle that requires the total energy to be a single, distinct functional of the density and to
be at its lowest for the ground state density. The optimal process for performing this theory
is the Kohn-Sham method; they treated the N-body problem using one-particle Schrédinger
equations called the Kohn-Sham equations [6], solving these equations normally leads to the

energy E(p) and the density p(r) of the ground state. The non-classical contribution to the
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functional E(p) is known as the exchange and correlation energy Exc(p), and its derivative

with respect to p, which represents the exchange and correlation potential Vxc(p).

2.6.1 Hohenberg and Kohn theorems

In 1964, Hohenberg and Kohn created a method [7] that extends the density functional
theory proposed by Thomas-Fermi. It applies to any system with N interacting particles evolv-

ing in an external potential. It is based on two theorems:

Theorem 1 For any system of interacting particles in an external potential, this potential is

uniquely determined, up to a constant, using the particles density in the ground state.

Put otherwise, the electronic density of the ground state p8'° and the potential that the elec-
trons experience are in a one to one relationship. This suggests that each feature of the
system can be fully ascertained (the Hamiltonian can be constructed) if we know the basic

electron density.

Theorem 2 For any external potential, there is a functional E(p) that represents the energy as
a function of the electron density p. This functional is minimized by the accurate electron density

of the ground state p8™°.

Along with proving that the energy of the system can be represented as a functional of
the electron density, this second theorem also demonstrates that the energy complies with

the variational principle. Hence, we have:

Fy(p) = Fuglpl + / v(©)p(H)dr (2.10)
Fuklpl = Tlpl + Veelp] (2.11)

Where:

Fuk[p] is the functional of Hohenberg and Kohn.

The functional Fyg introduced depends on a density associated with the ground state of
a Hamiltonian, which contains a local exterior potential; this means that Fyx depends on the
potential. To eliminate this dependency and find a functional Universal F[p] (independent of
the potential), Levy and Lieb [8] proposed the method constrained search. The sum of the

kinetic and repulsion energies yields to a universal functional.

Flp] = gl_lg{l) (o |T + Ve| ) (2.12)
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Using the definition of F[p], it can be written:

E(p) = F[p] + / v(D)p(r)dr (2.13)

The Hohenberg and Kohn theorems demonstrate that the functional F[p] is universal and
exists for any system since it is independent of the external potential. However, the difficulty
is still not removed; the lack of expression analysis of this functional F[p] for a limit system
of N electrons makes the application of this approach quite difficult. Further approximations
are necessary, leading to Kohn and Sham equations, which allow an effective exploitation of

the Hohenberg-Kohn theorems.

2.7 Kohn and Sham equations
In principle the Euler equation can be used to determine the ground state’s energy:

OFLl | v = 4 (2.14)
op

Where:
u: the chemical potential.

However, the precise form of the functional F[p] is unknown.

Flp] = Tlp] + Veelp] (2.15)

It is possible to reduce a system of N interacting electrons to a fictitious system of N
electrons that are subject to effective potentials (V.g) but do not interact with one another
thanks to the Kohn and Sham theorem [6]]. It should be noted that the density and total
energy of this system are identical to those of the real system. Kohn and Sham showed that
the true density is given by a self-consistent resolution of the set of one-particle equations
with the Schrodinger type, also called Kohn-Sham equations, which are given as follows:

hZ
[—va? + veff] Ui(1) = (). (2.16)
€

Where:

Vs is the effective potential, which can be expressed as:
Vet = Vion (1) + V(1) + V(1) 2.17)

Where:

V;on (r): ion potential which is a real local function of r.
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Vi (r): Haretree-Fock potential.

Vxc: exchange and correlation potential.

The Kohen-Sham equations are perhaps the most important in the density functional
theory as they simplify the analysis of the interacting electron issue to the study of an in-
dependent electrons system immersed in an effective potential, which contains all possible
interactions between electrons [8]].

The energy is written as a function of the Kohn-Sham orbitals ¢; in the form:

h2
=)

2 /
- i d3r+ / Vign Mp@d3r+ S POPE) 43,4307 B [o(0)] +E;on[Ry]

Elvi) =23 [ - 7 e

(2.18)
With: p = SN |40 |2

2.8 Exchange and correlation potential

If the exchange and correlation potential is known, the density functional theory gives
accurate results, but the exact expression of this potential still remains unknown, and we use
only approximate expressions. Much effort has gone into the search for the expression of this
term, and several approximate forms have been proposed.

Local Density Approximation (LDA) [6, 9] or Local Spin Density Approximation (LSDA)

and the Generalized Gradient Approximation (GGA) are the most practical approximations.

2.9 Local density approximation (LDA)

The only unidentified functional in the preceding equations is that of exchange and corre-
lation. The simplest way to obtain this contribution is to use the local density approximation
(LDA) approach [6].

The assumption that underlies this approximation is that the terms of exchange-correlation
are only dependent on the local value p(1), i.e., it treats a non-homogeneous system as being
locally homogeneous, which is equivalent to neglecting the effects of density variations.

The exchange-correlation energy is given in the following relationship:

ELPA(p) = / p(@exe [pM)]1dr. (2.19)

Where:
exc is the exchange and correlation energy of a uniform electron gas; it is divided into two

terms:
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exc(p) = ex(p) + ec(p). (2.20)

Where :
ex(p): exchange energy.

ec(p): correlation energy.

For polarized (magnetic) spin systems, the local spin density approximation (LSDA) must
be included to this approximation, for which the exchange and correlation energy becomes

as follows:

EEPA) = [ pWexc [pr(0), p, )] dr. (2.21)
Hence, the potential of the exchange and correlation can be expressed as follows:

dexelp()]

LDA(r) _ dExclp] . ;
p

Uxe 5p = exx(p) +

p(r) (2.22)

The magnitude exc can be constant, but there are parameterization procedures to deter-

mine it, such as those of Kohn-Sham[6], Perdew and Wang[/9] and Hedin and Lundqvist[11]].

2.10 Generalized gradient approximation (GGA)

The density in a real system is spatially non-homogeneous, but in the LDA and LSDA
approaches, we use the density at the point r, and therefore it will be more convenient to
introduce a correction to this approximation considering functions of exchange and correla-
tion depend not only on the density at each point but also on its gradient. Therefore, the

exchange and correlation energy is written as follows:

EGOA(p) = /p(r)F [p(1), Vp(r)] d°r (2.23)

For a polarized spin system, it is written as:

EgeM(p) = /P(I‘)F {PT(I‘),[Q, Vpy(0), Vpi(r)} d3r (2.24)

Flp(r), Vp(r)]: being the correlation and exchange function that is reliant on the elec-
tron density and its gradient. The parameterizations used for the GGA approximation are

different, among them those of Perdew et al. (1992) [9] and Perdew et al. (1996) [10].
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2.11 Becke and Johnson modified potential (mBJ)

In general, the GGA and LDA approximations work very well for many systems. However,
they fail to predict well certain electronic properties, such as the energy gap, which is under
estimated, especially when dealing with highly correlated systems. Becke and Johnson [12]]
have developed a method based on the method of the optimized effective potential (OEP),
which is a very computationally demanding method but which considerably improves the
value of the energy gap. The generalized gradient approximation (GGA) or the local den-
sity approximation (LDA) correlation is used in conjunction with the exchange potential of
Becke Roussel (BJ). Tran and Blaha [[13], [14] modified the BJ (mBJ) function, which further

improved the energy gaps. The mBJ potential can be defined as [[12]:

VB () = oVBR() + (3c- 2)1F W (2.25)
5 T 5 Po (I')

po (1): electronic density.

Where:

ty(r): kinetic energy density.
VBR(1): Becke-Roussel potential.
Tran and Blaha propose to determine c for crystalline materials by the following empirical

relationship:

(2.26)

1/2
1 Vﬂ(r/) d3r/> /

c=a+pf
(Vcell Vcell 1Y (r/)

Where:

« and  are parameters adjusted according to experimental values.

Veenl: volume of the unit cell.

The original BJ potential is replicated for ¢ = 1. It has been discovered that for many
solids, the gap energy grows monotonically with respect to ¢ when c is varied for a given
material [13]. In particular, for solids with small gaps, Copt (the value of ¢ that leads to
perfect agreement with the experiment) ranges from 1.1 to 1.3, while for solids with a larger

gap, Copt is larger (its value ranges from 1.4 to 1.7) [15].

2.12 GGA + U approximation

For systems with strongly localized d or f orbitals, the effective intra-site Coulomb repul-

sion between localized electrons, represented by U, the Hubbard term, is strong compared
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to the bandwidth. The LDA method is then insufficient, and intra-atomic correlations must
be taken into account. Mott Hubbard insulators such as compounds of transition metals of
the end of the 3d series, rare earths, or actinides are indeed obtained metallic in LDA. This
erroneous description of systems with strong correlation comes from the fact that in the LDA
method, the charge density is defined by an occupation averaged over all orbitals with the
same orbital quantum number 1. The effective mono-electronic potential, which is a func-
tional of the charge density, is therefore identical for all orbitals with the same value of 1.
This is in contradiction with Hund’s second rule associated with orbital polarization and re-
sponsible for local moments. A method known as the DFT + U has been used to introduce
the strong intra-site Coulombic screened interactions between d electrons, which combines
the DFT method with Hubbard Hamiltonian Hy; [16} [17]. Therefore, we employed a version
of basic DFT + U that was based on a Hamiltonian of the following form and was suggested
by Dudarev et al. [18]]:
Hy = g > Amofyy o + UZ‘J > Bmefyy, (2.27)
m,m’,o m#m’,o

The operator i indicates the number of electrons filling an orbital with spin ¢ and
magnetic quantum number m at a certain location. The energy cost of placing an electron
at a certain location, is described by the spherically averaged Hubbard parameter U; U =
E ™t + E(dn_l)—2E(dn), J represents the screened exchange energy. J is an estimate of the
Stoner exchange parameter, and U is dependent on the screening and the spatial extension
of the wave functions.

The energy contributions that the DFT functional has previously counted are contained in
the Mott-Hubbard Hamiltonian. After subtracting the double-counted terms from the energy
given by the classical DFT method, the energy of the spin-polarized DFT + U functional of
Dudarev et al. [[17, /18] is obtained:

u-J

Epp1+U = Eppr + —5— > (im0 — i o) (2.28)
m,o

Instead of intervening independently, U and J intervene by their difference, which is writ-

ten in the following formula:

Uegp = U-J (2.29)
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2.13 Kohn-Sham equations resolution

Solving the Kohn-Sham equations requires choosing a basis for the wave functions that
can be described as a linear combination, called Kohn-Sham orbitals. These orbitals are as

follows:

Ui (@) = cjio(0. (2.30)
j

The coefficients c;; are determined by a variational procedure, which leads to the resolu-

tion of the following matrix problem [19]]:

(H-€eS)c=0. (2.31)

Here :
The eigenvalue is denoted by ¢ and the solution’s coefficients denoted by c are repre-
sented as column vectors. The Hamiltonian and the covering matrix are denoted by H and S,

respectively, and contain the following matrix elements:

h?_,
Hj = / 9i (D[=5 V7 + Ve (D]¢5(0dr, (2.32)

Sjj = / 6F (D¢ (D) dr. (2.33)

Finding the coefficients ¢;; is the result of solving the Kohn-Sham equations; this is accom-
plished iteratively through a self-consistent cycle of iterations as depicted in Figure[2.2] [20].
This is achieved by injecting the initial charge density to diagonalize the equation (2.31), we
start with this charge density.

To create a new charge, we first determine an appropriate potential, then we solve the Kohn-
Sham equations and combine the resulting charge with the initial charge. The cycle is re-

peated until the verification of certain convergence criterion.
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Figure 2.2: Cycle of SCF calculations for solving Kohn-Sham equations.
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CHAPTER 3

FP-LAPW METHOD

3.1 Introduction:

Density functional theory (DFT) is an effective and important approach for dealing with
the N-body problem. However, the foundation of the wave functions must be properly se-
lected in order to solve the Kohn-Sham equations. According to the density functional theory,
the Schrodinger equation may be solved using various methods. These methods vary in
terms of the potential that is employed and the wave functions that are utilized as a foun-
dation. Among them are orthogonalized plane wave (OPW) methods and their derivatives
[1, 2], which are applicable to conduction bands of (s-p) character of metals, as well as cel-
lular methods of augmented plane wave type ( APW)[3] and the linearized augmented plane
wave (LAPW) method.

Periodic boundary conditions are linked to the base of the plane waves in the DFT archi-
tecture, very answered in particular for the study of solids, because they satisfy the wave
function established by Bloch. The decomposition into plane waves consists in expressing the

wave functions using Fourier series as follows:

Tn(k,n) = Y Cn(k, G)elk+@r (3.1)
G

Where:
n: band index.

k: wave vector.
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3.2 Augmented planes waves method (APW):

The augmented plane wave (APW) approach to solving the single-electron Schrodinger

equation was first presented by Slater in 1927 [3], which corresponds to the Kohn-Sham

equation based on DFT. The potential and wave functions in the vicinity of an atomic nucleus

have the form (Muffin-Tin), displaying spherical symmetry within the sphere of MT of radius

R, between the atoms, they can be considered as being smooth (constant), as illustrated in

Figure[3.1]

/

-

Région
interstitielle

Spheres Muffin
Tins (MT)

&)

~

Figure 3.1: Muffin-Tin potential.

V(@) ---r<Rqy

V@ =
O "'r>Ra

(3.2)

Consequently, depending on the region taken into consideration, the crystal’s wave func-

tions are expanded in various bases:

1. Within the MT sphere, the wave functions are radial solutions (spherical potentials).

2. In the interstitial region, the wave functions are plane waves (constant potential).

Then the wave function ®(r) can be expressed as follows:

®d(r) =

Where:

: represents the unit cell volume.

2im Aim U1 (0 Y, (1)

03y Ceel @+ L r s R,

(3.3)

"'r<Ra

Cg and Ay, : are the coefficients of the spherical harmonic expansion Y.

r: is the position in polar coordinates inside the MT sphere.

k: is the wave vector in the irreducible Brilloin zone.

G: reciprocal space vector.
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The function Uj(r) is a solution of the Schrodinger equation for the radial component,

which is expressed as follows:

2
d 11+ 1)
32 + ) + V(@) -E | Uj®) =0 (3.4)

Where:

V(r): the spherical component of the potential in the MT sphere.

E; : the linearization energy.

Any eigenstate of the core is orthogonal to the radial functions specified by the equa-
tion (3.4); nevertheless, this orthogonality vanishes on the sphere’s limit [4]. To ensure the
continuity of the function ®(r) on the surface of the sphere, the coefficients A, must be
constructed in accordance with the coefficients Cg of the plane waves exist in the interstitial

area. These coefficients are thus described by the following expression:

Aril
m- 1
22U (Ry)

with Jj(x) =, /%jlﬂ /2 (X): represents the Bessel function.

Although the reduction in the material’s symmetry makes this method less desirable, it

A 3" Celi([k + GIR)Y] (k + G) (3.5)

is appropriate for materials having a face-centered cubic (fcc) structure. Furthermore, it
exhibits issues with the function Uj(R,,) that is present in the equation’s denominator (3.5).
Truthfully, depending on how much of the parameter E, is present, the U;(R,) value at the
surface of the MT sphere can reach zero, causing a separation of the radial functions with
respect to plane wave functions (problem of the asymptote).

To overcome this issue, Koelling [5] and Andersen [4] proposed a number of changes
to the APW method. The FP-LAPW method is one of these modifications; it uses a linear
combination of the radial functions Uj(r) and their derivatives with respect to the energy

U1 (r) to represent the wave function ®(r) inside the spheres.

3.3 Basic functions of FP-LAPW method

To deal with the asymptote issue with the APW method, Anderson [4] introduced the
LAPW method in 1975. The basis functions in the MT sphere of the FP-LAPW method are
linear combinations of the radial functions U;Y;,, (r) and their energy-dependent derivatives

Ul Ylm (I‘) .
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The Uj functions are defined as in the APW ll method, and the function Uj Y}, (r) needs

to meet the following condition:

410+
dr2 r2

+ V(@) -E| rU; (@) = rUy(x) (3.6)

In the non-relativistic situation, by altering the basis’s functions, Anderson introduced the
radial function’s first derivative with respect to the energy in the spherical area, thus the new

LAPW basis of the FP-LAPW method can be written in the following formula:

Q_% >G CGei(G+k)r -1 > Ry
o(r) = (3.7)

Y [A Ui (0) + By Uy (01,1 -1 < Rq
The same method used to calculate the coefficients A, is also used to determine the
coefficients By, which correspond to the function U. In the linearized augmented plane
wave (LAPW) method, plane waves are always used in the interstitial area (as in the APW
approach), but inside the sphere, linearly augmented plane waves (LAPWs) are used, which
have more variational freedom than the augmented plane waves (APWs) in the augmented
plane wave (APW) approach. The following expression can be used to expand radial func-

tions in the region of Ej:

U(E, 1) = Uy(ep, 1) + (e=Ep U; (1) + O[(e - ED?] (3.8)

Where:

O[(E - EI)Z] represents the quadratic energy error.

However, in comparison to the augmented plane wave method, this approach somewhat
reduces the computations’ precision; the errors on the wave functions and the band energy
are of the order (e - El)2 and (e - E1)4, respectively.

When compared to the augmented plane wave approach, the LAPW method’s primary

advantages are:

1. The LAPW functions form a good basis, which allows with a single value of El to obtain
all the valence bands in a large energy region. If this is not possible, the energy window

can usually be split into two parts, which is much simpler than the APW method.

2. The LAPW method ensures that the plane waves with radial functions do not decou-
ple and removes the asymptote problem by incorporating the derived from the radial

function with respect to the energy.
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3.4 linearization

In the LAPW approach, the linearization energies E; are crucial. The LAPW method re-
duces to APW method when E; equals the energy of the considered band , the selection
of this parameter is not always easy; in some cases, the existence of core states, extended
states known as semi-core states can occasionally cause issues and cause calculations to fail.
If there are no core states with the same moment angular 1, the functions Uj(r)Y;,(r) and
Ul (1)Y), (r) are orthogonal for the core states that are fully contained in the spheres. These
states are not orthogonal if this criterion is not met since the wave functions of the valence
states will have an extended core states component. In certain cases, the base LAPW’s func-
tions and the core’s states will overlap, and the energy spectrum will show what is known as
the ghost band. The best solution to this problem is to use development in local orbitals [6],
but this solution is not available in all the codes, increasing the muffin-tin spheres’ radius is

an additional option.

3.5 Construction of non-relativistic radial functions

Plane waves in the interstitial area are the basic components of the linearized augmented
plane wave (LAPW) approach. As long as the fundamental functions and their derivatives
are continuous at the sphere’s surface, they are produced in the numerical radial functions
form inside the MT spheres. Therefore, building the LAPW method’s fundamental functions

entails figuring out:
1. The radial functions Uj(r) and their derivatives with respect to the energy Ul (D).
2. The boundary conditions are met by the coefficients A}, and B,.

Boundary conditions offer a straightforward method for representing the cutoff Gpax of
plane waves in the MT sphere and for calculating the cutoff angular moment (cutoff) Ipax.
A reasonable approach would be to select these cutoffs such that R,Gmax = lmax, which is
accomplished in practice since R,Gmax between 7 and 9 guarantees the convergence of the
LAPW calculations. In the non-relativistic application, the radial functions Uj(r) are solutions
of the radial Schrodinger equation with a spherical potential and for a linearization energy

E;. We have:
d L0+ D)
dr2 r2

+ V(@) -E | tUj®) =0 (3.9)
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Where the radial part of the potential in the MT sphere for | = 0 is denoted by V(r).

When the boundary condition rUj(r) = O is applied, the derivative of the equation (3.9) with

respect to Ej is:

r Ul (@) = rUy(r)

a2 2 + V(r) - El

It is necessary that the radial solutions be normalized inside the MT spheres:

2
[d+l(l+1)

Ra
/O [rUl(r)]2 dr=1

Uj is a solution of the inhomogeneous equation (3.10) of the form:

h1 Ul -E [:I= Ul

The orthogonalization of Uj(r) and Ul (r) gives:

Ra .
/0 rzUl(r) Uy (dr=0

The function Ul () is normalized:

o rU (9] 2dr=1
o]

This normalization condition can be replaced by the following equation:

R2 [U{(Ra) U, (Ra) - Uj(Ra) Uy (Ra)] =1

Where:
(e, = (2E0)

0y e = (20450

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

This equation is used to calculate the functions Uj(r) and Ul (r), and the function Uj can

be defined as follows:

U(E +6) = Uy(E) + 6 U (E) + ...

(3.16)

With this choice, the norm of U, which is || Uj|| , allows an indication on the interval

where the linearizing of the energy will be a good and reasonable approximation. The errors

of linearization are acceptable for most quantities when the condition || U4|||E;—¢| < 1is

verified, where E, is the energy parameter and ¢ is the band energy.

Otherwise, other options are adopted, namely:
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1. Divide the energy interval into windows and treat them separately.
2. Use a development of local orbitals (the quadratic method).

3. Reduce the size of the sphere, i.e., reduce the norm Ul (n).

The relativistic correction is important only when the kinetic energy becomes important;
in other words, this effect is important in the heavy elements, which possess a high atomic
number. Relativistic effects are taken into account inside the spheres and are neglected in the
interstitial area, so the modifications will affect only the radial functions in the spheres and

the components of the Hamiltonian operating on them.

3.6 Determination of coefficients A;;, and By,

For each atom, the coefficients A;,;, and B, are found by requiring that the basis functions
and their first derivatives be continuous at the spheres’ boundaries [7, 8]].

The basis functions are plane waves in the interstitial area:

P = Qrzelkor (3.17)
kn =k + Ky (3.18)
Where :
Q2: volume of the elementary cell.
k: wave vector.
kp: reciprocal lattice vector.
In the spherical region:
O = > [ARUIED + By U ED1Y () (3.19)

Im

A plane wave expansion of Rayleigh can be used because of the boundary condition at the

MT sphere’s surface.

A4
NG

Taking into account the continuity of the angular momentum it can obtain:

®(kn,Ra) = —= 3 ij; (kn, Ra) Y, (kn) Vi (Ra) (3.20)

Im

47 .
Ay (kn) = —=R2iYZ (kn)a (kn) (3.21)

VQ
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0 (dr)Jl(knRa) ( drl)Jl(knRa)

aj(kp) = (3.22)
(drl)U _U(dr)

Bim(kn) = \4/%R2 lYlm(kn)bl(kn) (3.23)

b - ¢ drl)Jl(knRa) Ui(giiGnRa) 52

(drl)U—U(dr)

The full potential linearized augmented plane wave (FP-LAPW) method has thus elimi-
nated the problem of the asymptote, which appears in the augmented plane wave (APW)

method.

3.7 Potential determination
3.7.1 Poisson equation resolution

The exchange and correlation terms as well as the Coulomb term V(r) are included in the
potential utilized in the Kohn-Sham equations. The Coulomb term is the sum of the Hartree
potential and nuclear potential.

The Poisson equation is used to get V(r) from the charge density:
V2V () = 4mp(r) (3.25)

This equation can only be integrated in the reciprocal lattice. The resolution of this equa-
tion is done with the so-called pseudo-charge method [8] (the process is demonstrated in

Figure|3.2]), based on two observations:

1. The charge density is continuous; in the spherical zone, it fluctuates quickly, while in

the interstitial region, it varies slowly.

2. Both the interstitial charge and the multi-pole of the charge inside the sphere affect the

Coulomb potential in the interstitial region.
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multi-poles of the multi-poles of the
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sphere interstitial region
{ ( Construction of the W J
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sphere

Integration of the
Poisson equation in
spheres

Figure 3.2: Solving the Poisson equation using the pseudo-charge method.

The charge density in the interstitial region is developed in Fourier series, and the Poisson

equation is integrated in the reciprocal space.

p@ =3 p(G)e " (3.26)
G

The plane waves eiCT are expressed in terms of Bessel functions j.

. 14+3;
ZkaelkrRéilr(Gr) G #0

R
/O 12 Gndr = (3.27)
R
=5 ...G=0
3 1,0
elST = 47el67a 31l (|G| 1 =10 )Y}, (G) Yy (r — 1) (3.28)
Im

Where:
r: is the radial coordinate.

I the position of the sphere a and its radius R,,.

4mp(G)

Ve(® =~ 3 (3.29)
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The interstitial potential Vp is given by:

Vpw = > VP )Y, (1) = ZVBW)YV ) (3.30)
Im
Either:
Ky = > ComYjm @ (3.31)
m
Where:

K, (r) are the symmetrical spherical harmonics (the lattice harmonics).
Hence:

VBY =3 CumYhy (@ (3.32)
m

The Green function is used to compute the potential inside the Muffin-Tin sphere.

ril  4r
vin = VP o] + 21+1{r1+1 J) e a6 - o / dr'r ’1+2py(r)} (3.33)

Where the py(r) are the radial parts of the charge density.

3.7.2 Exchange-correlation potential

In the local density approximation (LDA), the exchange and correlation potential is linear,
unlike the Coulomb potential. As a result, it needs to be computed in real space, which is
fortunately diagonal. The procedure is illustrated in Figure[3.3] Through the Fourier trans-
formation, the pore load is obtained directly in real space [9} [10].

Mattheiss [11]] used Wigner’s formula [12] to obtain the interstitial potential following ex-

change and correlation:

0.943656 + 8.8963p1/3
(1+ 12.57,01/3)2

Ve = —p1/210.984 + (3.34)

Inside the spheres, the same procedure is applied with different values of p and a spheri-

cally symmetric potential.
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Figure 3.3: Calculation of exchange and correlation potential.

3.8 Improvement of the FP-LAPW method

Accurate band energies near the linearization energies E; are the aim of the LAPW method
[4]. Selecting these energies close to the band center is adequate for the majority of materials.
As an example, materials having 4f orbitals [13] [14], and elements of transition metals [15]]
are examples of materials for which selecting a single value of E, is insufficient to calculate all
the bands energy. This is the primary problem with the semi-core state, which is intermediate
between the valence and the core states.

There are two approaches to handling this circumstance:
1. Use multiple energy windows.

2. Use a development in local orbitals.

3.8.1 Multiple energy windows

The method most used to treat the problem of the semi-core is the division of the energy
spectrum into windows, each of which represents an energy E; [[11} [14].
The semi-core state and the valence state are separated in this window-based treatment,
where each window’s relevant states are processed by selecting a set of E;. This is equivalent

to performing two LAPW calculations, independent, having the same potential, though.
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The foundation of the full potential linearized augmented plane wave (FP-LAPW) method
is the fact that the functions U; and Ul are orthogonal to any proper core’s state, especially
those at the sphere’s surface. However, semi-core states often satisfy this condition, unless

the valence state and the semi-core state are separated by ghost bands.

3.8.2 Development in local orbitals

In order to avoid using multiple windows, the LAPW method’s evolution involves modify-
ing the local orbitals of its database. The main idea is to treat all bands with a single energy
window by particularizing the semi-core state.

Several proposals have been made by Takeda [16] and Srnrcka [17] and others. A linear
combination of two radial functions that represent two distinct energies and the derivative
with regard to the energy of one of these functions has been recently put forward by Singh
[18]:
(A Ui (5, B1 ) + By Uy (1, B ) + Gy Uy, Eg )| Vi@ -1 < Ry
Pm (1) = (3.35)
0 -1 >R,
Where:

Cj, coefficients are identical to the previously specified coefficients A;, and By,. Ad-

ditionally, this modification minimizes the inaccuracy in the conduction and valence bands’

calculation.

3.9 Concept of FP-LAPW method

Instead, they are developed into Fourier series in the interstitial regions and in harmonics
of the lattice within each atomic sphere. This is where the moniker Full-Potential came from.
This method develops the potential in the following form and guarantees its continuity on

the sphere MT’s surface:

Zkaeikr -1 < Ry
V() = (3.36)
Zk Vlm (].’)Ylm (I') -1t > R,

Similarly, the charge density is developed as follows:

Zk pkeikr - r < Ry
>k Am @Y (@) ---1>Rq
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The use of lattice symmetry is fruitful in representing the density of charge and potential,
and helps a lot to simplify and reduce the calculation time.

In the LAPW method, only the charge density considered:

* Has the site’s symmetry inside the spheres.
* In the interstitial region, it has space group symmetry.
* The density is a real quantity.

* Isidentical inside the equivalent atoms.

3.10 General description of the WIEN2K code

The Institute of Materials Chemistry at the Technical University of Vienna developed the
WIEN2K simulation code, which Blaha P., Schwartz K., Sorintin P., and Trickey S.B. published
in 1990 [[19,20]. In the years that followed, this code was continually revised and underwent
several updates. Versions of the original WIEN code were developed (named according to the
year of their appearance, WIEN93, WIEN95, WIEN97, etc.). In our case we used the WIEN2K
version 2021.

The WIEN2K package is written in FORTRAN, it works under the system LINUX operating
system. It consists of several independent programs that are linked by C-SHEL SCRIPT. These
programs use the density functional theory (DFT) to calculate the electronic structure of solid

bodies.

Several properties of materials can be calculated with this code, among which:

% Density of state, bands structure and Fermi energy.

% Spin density, electron’s density and X-ray structure factors.

3 Total energy, atomic forces, equilibrium geometries and structural optimizations.
3 Spin polarization (ferromagnetic, antiferromagnetic, etc.).

% X-ray emission and absorption spectra.

% Optical properties.
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3.10.1 WIEN2K algorithm

The structure of the WIEN2K program (computation steps) is demonstrated in Figure[3.4]
The first calculation step is the initialization, which consists in executing a series of auxiliary
programs that will produce inputs for the main programs:

NN: a subroutine allowing to check the distances between nearest neighbors and equivalent
positions (non-overlapping spheres) as well as to determine the atomic radius of the spheres.
LSTART: it specifies how the various atomic orbitals are treated in the band structure calcu-
lation and enables the generation of atomic densities.

SYMMETRY: it enables the generation of the space group’s symmetry operations and the
identification of each atomic site’s point group.

KGEN: in the first Brilloin zone, it produces the number of k-points.

DSART: by superposing the atomic densities produced in LSTART, it creates started density

for the self-consistent cycle, also known as the SCF cycle.

3.10.2 SCF calculation

The initialization of the calculation having thus been created, the SCF process is then
launched and iterated until the solution converges. The SCF cycle can be invoked by the
command run_LAPW, which includes the following steps:

LAPWO: uses the total electron density, known as the input, to produce the potential (the
sum of the coulomb and the exchange-correlation potential). It divides space into sphere MT
and interstitial region and computes Vg numerically.

LAPW1: this is the subroutine that finds the Hamiltonian, the matrix of overlap, eigen-
values, and eigenvectors (it calculates valence bands) by a diagonalization method. This
program consumes most of the calculation time.

LAPW2: it calculates the Fermi energy, the valence densities (from vectors own) made up
of the densities of electrons inside each sphere MT (expressed by spherical harmonics) and
in the interstitial region (expressed by a series of Fourier).

LCORE: determines the densities of the core states of the potential’s spherical part.

MIXER: creates a new density by combining the valence and core densities.
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Figure 3.4: Structure of the WIEN2k code.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

Heusler alloys have long been of particular interest, as they are the basis of many appli-
cations in spintronics. As a result, their roles in future industries will continue to grow more
and more important. In the context of DFT, ab-initio methods enable the prediction of the
physical and chemical characteristics of solid materials under high-pressure conditions. In
order to design new materials, various theoretical models have been proposed in order to
interpret experimental measurements and predict new effects.

Recently, a novel type of materials called sp ) magnets have garnered significant atten-
tion due to their diverse functional properties, including half-metallicity, high spin polariza-
tion, and potential applications in the field of spintronic. Additionally, an interesting class of
Heusler alloys that has received considerable attention in theoretical studies is the iron (Fe)-
based alloys. Fey-based Heusler alloys open new avenues for accelerated materials discovery
and its use in spintronics and superconductivity [1}, 2]]. These kinds of materials have an
interesting Curie temperature, a half metallic ferromagnet (HMF) feature, and perfect spin
polarization (100%).

In this chapter, we are interested in quaternary Heusler alloys excluding and includ-
ing transition metals. These alloys are in the form KMgNOq_4Six and FeTiCrAl;_,Six with
(0 < x < 1). The aim of this work is the contribution to the determination of the structural,
mechanical, electronic, magnetic and the thermodynamic properties of these promising ma-
terials. For this purpose, we used a theoretical method called FP-LAPW within the framework

of the density functional theory (DFT).
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4.2 Computational details

In this work, the calculations of the physical characteristics of the studied alloys were

performed using the Wien2k package [13] based on the density functional theory (DFT) [4]
utilizing FP-LAPW method [5]. For the calculation of the mentioned properties, the exchange-
correlation potential was treated by the generalized gradient approximation (GGA). Although
this standard DFT function generally provides good predictions, it fails to obtain a correct in-
sulating ground state, accurate charge densities, and correct orbital occupancy when applied
to strongly correlated electron systems.
To correct the limitations, the so-called GGA + Hubbard (GGA + U) method is developed.
The GGA + U method provides a way to overcome these errors through the use of a pa-
rameterized potential that uses an exact treatment of exchange interactions. The GGA + U
approach was applied to investigate the on-site correlation at the 3d transition metals. In
particular, the values of U are calculated using the Quantum espresso package [6], and the
obtained values are 5.00 €V, 3.75 eV and 4.68 €V for Fe, Ti and Cr atoms, respectively. The
electronic properties were also calculated using the mBJ approach [7]], which was also used
to overcome the problem of underestimation of the gap energy obtained by the standard
DFT method (GGA). The electronic configurations of each atom of KMgNZ (Z = O or S)
alloys are: K: [Ar]4sl, Mg:[Ne]Ssz, N:[He]2322p3, O:[He]2522p4 and S:[Ne]3523p4. While
the electronic configurations of FeTiCrX ((X = Al or Si) atoms are: Fe: [Ar] 3d6452, Ti: [Ar]
3d2452, Cr: [Ar] 3d54sl, Al: [Ne] 3523p1 and Si: [Ne] 3524p2. Further, the muffin-tin (MT)
radii is 2.50 bohr for K and Mg atoms and 2.00 bohr for O and S atoms. While its values in
bohr are 2.04, 1.94, 1.99, 1.69 and 1.97 for Fe, Ti, Cr, Al and Si, respectively.

For the cubic configurations Y-type (type I, type II and type III), a set of 5000 k-points
was used in the Brillouin zone (BZ) integration, which was sufficient to achieve conver-
gence. The basis function for each type was expanded up to RyyrKmax = 7, where Ry is the
smallest muffin-tin radius and Kpax is the largest reciprocal lattice vector. In addition, the
self-consistent cycles are considered to be converged when the total energy and the charge of
the system are stable within 10~ Ry and 1073 e, respectively. The electronic density of states
(DOS) was calculated with a dense mesh of 17x17x17 k-points for the most stable phase.

Besides, the muffin-tin radius of each atom in the studied alloys is chosen as follows:
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Table 4.1: RMT values of K, Mg, N, O, S, Fe, Ti, Cr, Al and Si atoms.

Element K Mg N ) S Fe Ti Cr Al Si

Ryt (um.a) 2.50 2.20 2.00 2.00 2.00 2.04 194 199 1.69 1.97

4.3 Structural properties

The optimization of the total energy for the materials at hand is required in order to deter-
mine the various ground state features. This step allows us to predict the most stable phase
in which the material crystallizes. Once hydrostatic equilibrium is reached, we can access the
different physical properties (electronic, mechanical, thermodynamic, optical, etc.).

The common procedure used to determine these properties is to perform a self-consistent
calculation (SCF) of the total energy for different values of the lattice parameter ay. More-
over, to ascertain the ground state characteristics, such as the equilibrium lattice parameter
(ag) and bulk modulus (B), the equation of states was fitted using the Murnaghan formula

[81, which expressed as follows:

(4.1)

o=+ (3) (44"

B/

Where:
Vy is the volume of the unit cell at equilibrium, and By, is the first derivative of the bulk
modulus. Using the following formula, we can get the bulk modulus from the curve E(V)

minimum:

By = Vﬁ (4.2)

It is worth to mention that all crystal optimizations were performed in two steps:

1. The first at fixed volume (relaxation) in order to optimize the atomic positions in the

cell.

2. The second at unconstrained volume in order to optimize the cell parameters and refine

the position of the atoms.

Moreover, the calculations were carried out by taking supercells of 16 atoms repeated

periodically.
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4.3.1 Equilibrium state and structural stability

The studied alloys KMgNZ (Z = O or S) and FeTiCrX (X = Al or Si) have a chemical compo-
sition XX'YZ with F43m space group (LiMgPdSn prototype), where the X, X, Y and Z atoms
can occupy one of the following sites: 4a(0.0.0), 4¢(0.25,0.25,0.25), 4b(0.5,0.5,0.5), and
4d(0.75,0.75,0.75), respectively (see Figure[4.1)). The atomic coordinates of each element in

the three possible configurations of the considered materials are depicted in Table[4.2]

Type 1

Type III

Figure 4.1: The crystal structure of KMgNZ (Z = O or S) and FeTiCrX (X = Al or Si) alloys in
the three configurations.

Table 4.2: Three different occupancy for the parent compounds KMgNZ (Z = O or S) and
FeTiCrX (X = Al or Si).

Configuration Space group  4a 4b 4c 4d

Type I F43m N/X Z/Ti K/Fe Mg/Cr
Type II F43m Mg/X N/Cr K/Fe Z/Ti

Type III F43m K/X N/Fe Mg/Ti Z/Cr




4.3. STRUCTURAL PROPERTIES 66

Initially, we used the GGA exchange-correlation function, and performed a spin polariza-
tion calculation, in order to determine the most stable type, which has the lowest energy. The
obtained results are shown in Figure[4.2] One can notice that the total energy of type I for
the parent compounds is the lowest for both systems. Providing that, this configuration is the

most stable.

KMgNO, S FeTiCrAl, Si
1-x7x I-x 7 x
-93031
25356 () (b) — Typel
i i — Type Il
-25357 i
i -03032
SR I
S 25358 -93032 —
]
; _ I \_/
20 -25359 —
g i 293033 -
a4
-25359 — L
25360 |- -93034 —
-25361 _\/ 93034 |—
-25361 I
[ | | | | | | 93034 N | | | | | | |
300 350 400 450 500 280 315 350 385 420
Volume (u.a3) Volume (u.as)

Figure 4.2: The total energy as a function of unit cell volume of the alloys KMgNO_4Six (a)
and FeTiCrAl;_4Six (b) in the three different configurations.

Tables/4.3| and summarized different ground states properties of the materials under
consideration. For KMgNO_4Sx there are no theoretical or experimental data to compare
our results with. While for FeTiCrAl;_4Six, we can conclude from the obtained values of
the lattice parameter and the bulk modulus that they agree well with the corresponding
calculated data in Ref. [9] using the same functional algorithm (GGA). In addition, one
can observe that the bulk moduli of Fe-Based alloys are higher than those of K-based alloys,
hence the formers are the stiffer. For KMgNO{_,Sx alloys the lattice parameter increases the
S concentration. While for FeTiCrAl;_4Six we note that the lattice parameter decreases by
increasing the concentration of Si atoms.

Furthermore, by making a comparison between the total energy of the ferromagnetic
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Table 4.3: The equilibrium lattice parameter ag(A), first derivative of the bulk modulus B’
(GPa) and the bulk modulus B (GPa).

Compound ag B’ B

KMgNO 6.02 4.68 65.31
KMgNO( 755025 6.21 5.00 57.33
KMgNOO.SOSO.SO 6.36 4.71 52.21
KMgNOO_2530.75 6.51 4.08 48.42

KMgNS 6.64 3.68 48.58

FeTiCrAl 597 4.16 165.42
Other calc.[9] 597 - —
FeTiCrAlO.75Si0_25 594 435 17191
FeTiCI’AlO.S()Sio_SO 5.890 5.10 184.90
FeTiCrAlO.25Si0'75 5.85 5.21 189.43

FeTiCrSi 5.81 3.23 207.06
Other calc.[9]] 5.81 — —

(FM) and the paramagnetic (PM) states, we found that the former state has the lowest total
energy, as summarized in Table/4.4] Based on the obtained result, the ferromagnetic phase
is the most stable, indicating the ferromagnetic nature for the considered alloys. In addition,
when comparing the obtained results with similar alloys analyzed previously [10] 11], our
results show a clear similarity as they theoretically found that quaternary Heusler alloys
(QHA) crystallize in the mentioned structure with a ferromagnetic character.

Moreover, since the systems under study have not been investigated theoretically or ex-
perimentally fabricated before apart from the parent compounds of Fe-based alloys, they thus
need further authentication for structural stability. Therefore, we have determined the cohe-
sive and formation energies (E. and E¢) in order to verify the materials’ physical stability. The

predicted values of these pivotal parameters are computed as follows [12]:

Ec =[BRS + Bjioh + ERYG + (1— 0BG + XBERP | - Bror (4.3)
Ef = Erot ~ [ERjFe + Eng/mi + ERJGr + (1 0EQ)N) + XEQJ] (4.4)

The registered values of Ec and E¢ of the parent materials and their doped systems are
summarized in Table[4.4] From a theoretical point of view, the negative formation energy

of the investigated alloys indicates that they are thermodynamically stable. In addition,
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Table 4.4: The ground state energy Eiot (eV), cohesive energy E.(eV/atom), formation energy

Ef(eV/atom) and Curie temperature T¢(K).

Compound ENM ERM Ec Ef Te
KMgNO -25360.460 -25360.87 2.61 -4.28 862
KMgNOq 7550925 -110253.56 -110255.06 2.54 -4.35 722
KMgNOg 50So50 -119065.82 -119067.32 2.48 -3.94 722
KMgNOg 955075 -127878.49 -127879.98 2.44 -394 722
KMgNS -34172.862 -34173.264 2.35 -3.49 733
FeTiCrAl -93033.66 -93034.34 6.44 -0.62 1290

Other calc.[9] - -101299.87 - -0.31 —
FeTiCrAly 75Sig.o5 -373419.69 -373421.73 6.55 -0.74 985
FeTiCrA10.50 SiO.SO -374704.8 -3 7470638 664 -0.86 722
FeTiCrAly 95Sig 75 -375989.95 -375991.04 6.74 -0.99 525
FeTiCrSi -94318.856 -94318.99 6.84 -0.82 424

Other calc.[9] - -102264.66 - -0.446 -

lower formation energy designates that the corresponding alloy is easier to be formed spon-
taneously during the growth process. As listed in Table[4.4] it is clear that the series of the
studied alloys have a negative formation energy indicating their thermodynamic stability,
and they can be achieved experimentally. In the same vein, the cohesive energy’s recorded
positive values validate the doped systems’ physical stability.

Furthermore, in order to check the suitability of the systems under study in the spintronic
applications, the Curie temperature T of the investigated alloys was calculated using the
mean field approximation (MFA), which has the following expression [13],[14]:

2AE

T. = )
¢ = 36T (4.5)

Where AE is the difference in total energy between the paramagnetic and ferromagnetic
states, and Kg is the Boltzmann constant.

According to the last column of Table[4.4] for KMgNO;_4Sx alloys, the predicted values of
Tc can be expected to be 862 K, 722 K, 722 K, 722 K and 733 K for the concentrations x =
00, 0.25, 0.50, 0.75 and 01, respectively. While, for FeTiCrAl;_4Six materials, the registered
values of T¢ reach 1296 K, 985 K, 722 K, 525 K and 424 K for the concentrations x = 00,
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0.25, 0.50, 0.75 and 01, respectively. Besides, we note that the Curie temperature is observed
to decrease with the increasing of Si concentration.

Kiibler et al. [15], report that some Cos-based Heusler compounds have a high Curie
temperature, such as CooMnSi (990 K), CooMnSn (899 K) and CosFeSi (1185 K). Hence,
we can expect that KMgNO;_,Sx and FeTiCrAl;_,Six alloys are suitable for spintronic and
magnetoelectronic devices. It should be noted that this parameter (T¢) of these materials
has not been calculated before, hence why we hope to accomplish it experimentally.

On the other hand, figure[4.3|shows the variation of the optimized lattice parameter (ag)
and bulk modulus (Bg) as a function of S/Si concentration (x) for the alloys of interest to-
gether with that employing Vegard’s law [16] and the linear composition dependency (LCD)

for aga and B, respectively.
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Figure 4.3: Variation of the calculated lattice parameter ag and bulk modulus B versus S/Si
concentration.

For the lattice parameter (Figure[4.3la-c) we see a linear variation with the S and Si doped
atom according to Vegard’s law. While, for the bulk modulus (Figure4.3|b and d), we notice
a slight deviation from the LCD. This law is only an approximate law and can be observed
either in positive deviations or in negative deviations from linearity. In this context, it is clear
that the lattice parameter increases with increasing x, whereas the bulk modulus decreases
with increasing x for the alloys KMgNO_4Sx. While, for FeTiCrAl;_4Six, one can observe
a reverse behavior; ay decreases with increasing x, whereas By increases with increasing Si

concentration.
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4.4 Mechanical properties
4.4.1 Introduction

It has become widely recognized that first-principle methods based on the DFT could
be used to investigate the elastic characteristics of inorganic substances [17]. Any solid body
subjected to external stresses, responds to a slight deformation, and this is known by elasticity.
The applied stresses are described by tensors that determine the direction of the forces and
the plane on which they are applied. The elastic moduli linearly relate the stress tensor to

the strain tensor in the regime where Hooke’s law applies.

4.4.2 Elastic properties

The elastic characteristics allow us to understand the response of crystals to external
forces (shear, tension, compression, etc.) [[18]. Therefore, the independent elastic constants
Cjj, namely, C11, C12 and Cy4, were computed for the compounds under consideration using
IRELAST package implemented in the Wien2k code [[19].

To calculate the coefficients C;; and Cq5, we apply an orthorhombic strain tensor with
conserved volume. Furthermore, the incompressibility modulus for an isotropic cubic crystal

is written as a function of C17 and Cp as follows:

1
B= g(Cll + 2Cq9) (4.6)

For the calculation of the elastic constant C44, a monoclinic strain tensor with conserved
volume is used. Furthermore, we recommend reference [20] for more details on strain ten-
sors for a cubic crystal. These constants are tabulated in Table[4.5

For the cubic system, the mechanical stability conditions of Born-Huang [21] are:

C11-C12>0 (4.7)
C1g > 0,C44q >0 (4.8)
(C11 +2C15) >0 (4.9

Ci2 <B<Cqq (4.10)

It is clearly seen that the computed elastic constants fulfill the mechanical stability condi-

tions of Born-Huang; this suggests that the series of KMgNO{_,Sx and FeTiCrAl;_,Six alloys
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Table 4.5: Calculated elastic constants C11, C2, C44 in GPa and melting temperature T, (K).

Alloy C11 Ci2 Css  Tm
x=00 132.20 35.70 05.10 1334
KMgNO;_Sx x=0.25 10520 34.80 0430 1174
x=0.50 9446 3537 26.63 1111
x=0.75 95.50 24.20 03.40 1117
x=01 90.20 24.00 03.60 1086
x=00 218.68 130.35 89.69 1845

Other calc.[9] 264.20 109.00 107.30 -
FeTiCrAl;_4Six x=0.25 231.15 134.22 140.63 1919
x=0.50 251.42 143.74 105.44 2039
x=0.75 273.26 160.37 98.79 2168
x=01 267.27 164.59 120.85 2133
Other calc.[9] 271.00 168.00 114.20 -

at their optimized equilibrium lattice parameter are mechanically stable against elastic defor-
mations. Besides, it is clear that the C;; magnitude of the doped systems KMgNO;_,Sx and
FeTiCrAl;_,Six increases in the order C44 < C15 < Cy1, except for FeTiCrAl, 75Si 25. These
findings signify that these alloys show higher resistance against unidirectional deformation
than pure shear deformation. It is clearly seen that the elastic constants of FeTiCrAl;_Six al-
loys (containing transition metals) are larger than those of the d° Heusler alloys KMgNOq_4Sx
(containing no transition metals), signifying that the former are stiffer. Moreover, we notice
that the computed elastic constants of the parent compound FeTiCrAl and FeTiCrSi are in
accordance with the obtained values by R. Dhakal et al. [9].

Furthermore, the melting temperature (Ty,) is related to the elastic constant C1; and it is

computed employing the following expression [22]:

T (K) = [553K 4 (5(.}9})1;<> cll} (4.11)

The calculated melting temperatures are listed in the last column of Table[4.5] The melt-
ing temperatures range from 1086 K to 1334 K and 1845 K to 2168 K for KMgNOq_,Sx and
FeTiCrAl,_4Six, respectively. We note that FeTiCrAl;_4Six alloys have higher T, due to their

higher elastic constant C1; compared to that of KMgNO;_4Sx materials, proving the stiffness
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of the Fe-based alloys compared to K-based alloys. Whereas, all of these alloys have a high
melting temperature; hence, these materials can retain their crystal structure even at high
temperatures.

To the best of our knowledge, these magnitudes have not been established for these alloys
before; based on this, we hope that our calculations can be used to compensate for the lack

of data on these compounds.

4.4.3 Mechanical parameters

Mechanical properties are an important criterion used to estimate and discuss the mechan-
ical stability and to understand the mechanical behavior of the parent compounds KMgNZ (Z
= O or S) and FeTiCrX (X = Al or Si) and their doped systems KMgNO_4Sx and FeTiCrAl;_Six.

In this context, the mechanical parameters have been computed as the Young’s modu-
lus (E), shear modulus (G), bulk modulus (B), Poisson’s ratio (v), anisotropic factor (A),
Cauchy pressure Cp, Pugh’s ratio (B/G) and the shear constant (C’), which are summarized
in Table These parameters are computed using the elastic constants Cj; in the following

Voigt-Reuss-Hill (VRH) approximations [23]:

9BG

E = BTG 4.12)
1
B = g(CH + 2Cq9) (4.13)
1
G = 5(GV + Gp) (4.14)
1
Gy = g(CH —-Cqig + 3C44) (4.15)
5C44(C11 - C12)
Gn = 4.16
R 4G4 +3(C11-Cr2) (4.16)
1
B = (Ci1 +2C12) (4.17)
3B-2G
Y= 2@+ 0) 19
2C
A= 44 (4.19)

~ C11-C12




4.4. MECHANICAL PROPERTIES 73

Cp = Cyp-Cas (4.20)

1
c' = 5(€11-C12) (4.21)

Where Gy and Gg are Voigt’s shear modulus and Reuss’s shear modulus corresponding to
the upper and lower bounds of G value, respectively.

Additionally, the calculated values of Young’s (E), shear (G) and bulk (B) modulus of
the studied alloys were estimated by adopting the Voigt, Reuss and Hill scheme using the
elastic constants. Furthermore, Young’s modulus (E) is an indication about the material
stiffness, and it is a quantitative criterion of the resistance to elastic deformation caused by a
mechanical load. Higher value of E for a given material, stiffer is the material. In light of the
achieved outcomes, the obtained values are high, demonstrating the stiffness property of the
alloys under study. Moreover, it is obvious that Young’s moduli of FeTiCrAl;_Six alloys are
higher than that of KMgNO{_,Sx materials (about 3 times), hence the former are more stiffer
than the latter.

Furthermore, shear modulus (G) is an indicator of the plastic deformation resistance.
It is noted that the high G values found suggest that the materials are more resistant to
volume compression than to shape change. We notice that the series of FeTiCrAl;_4Six have
high values of G compared to KMgNOq_,Sx alloys, indicating that Heusler alloys containing
transition metals are more resistant. Poisson’s ratio (v) and Pugh’s ratio are two factors that
determine the materials nature.

Pugh and Frantsevich set a standard for determining the ductility or brittleness nature
of materials [24} [25]. Apart from FeTiCrAlj 75Sig 25, the calculated values of v and B/G
ratio are higher than 0.26 and 1.75, respectively. Thus, the FeTiCrAlj 75Sig o5 alloy reflects
a brittle nature, whereas all other alloys have a ductile character. Additionally, Poisson’s ra-
tio provides other information about the nature of the binding forces. For a typical ionic
material, this coefficient is equal to 0.25 [26], whereas for a typical covalent bonding, its
value is about 0.1. Poisson’s ratio value for both materials is higher than 0.29 except for
the FeTiCrAly 75Sig o5 alloy. Hence the considered alloys reveal a high metallic character,
whereas the FeTiCrAlj 75Sig o5 alloy is an ionic material. A pivotal parameter of the brit-
tle/ductile feature and the chemical bonds nature of the materials is called Cauchy pressure
(Cp). The positive value of this indicator suggests that this compound has a ductile character

with a predominant metallic bonding; otherwise, it is expected to be brittle with a dominant
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Table 4.6: Youngs modulus E(GPa), Shear modulus G(GPA), Bulk modulus B(GPa), Poisson’s
ratio v, anisotropic factor A, Cauchy pressure Cp(GPa), Pugh’s ratio B/G, shear constant
C’(GPa) and hardness Hy.

Compound E G B v A Cp B/G Hy

KMgNO 60.48 2238 67.86 0.34 0.11 30.60 3.03 48.25 2.35
KMgNOg 75So.05  32.74 11.64 5827 0.37 0.12 30.50 3.49 35.20 2.45
KMgNOg s0Soso  71.30 27.76 55.07 0.28 0.90 8.74 1.98 29.54 4.45
KMgNOg 25075  30.16 10.81 47.97 0.39 0.09 20.80 2.94 35.65 2.40

KMgNS 4155 15.39 46.07 0.34 0.11 20.40 299 33.10 1.83

FeTiCrAl 186 71.00 160 0.31 2.02 40.00 225 45.00 7.50
Other cale.[9]  236.51 94.25 160.69 0.25 1.38 1.70 1.70 - -
FeTiCrAlg 75Sig o5 258  104.0 167 0.24 290 -6.41 1.60 48.46 14.4
FeTiCrAlg soSipso 220 84.80 180 0.29 1.96 38.30 2.11 53.84 8.16
FeTiCrAly 55Sip -5 216 81.85 198 031 1.75 61.58 241 56.44 6.36

FeTiCrSi 241 93.00 197 030 1.69 41.00 2.12 66.00 9.60
Other calc.[9] 218.95 82.96 202.31 0.32 222 53.80 244 - -

covalent/ionic bonds. It is clear that Cauchy pressure is positive for the series of KMgNO_4Sx
and FeTiCrAl;_Six alloys except FeTiCrAl( 75Sig 25. This result is corroborating with the pre-
dictable findings based on Poisson’s ratio.

On the other side, in order to study the anisotropic character, the anisotropic factor (A)
was calculated using Equation.(4.19). In general, if A = 1, the material is isotropic, other-
wise, it behaves in an anisotropic manner. The obtained values show that A # 1, hence all
the materials under investigation are elastically anisotropic, which means that they possess
a small probability to develop structural defects or micro-cracks during their growth process.
Additionally, the shear constant explains the dynamical stability [27], if C’ is positive, the
material has dynamical stability; otherwise, it is dynamically unstable. According to the cal-
culated values listed in Table[4.6, It is obvious that C’ of the studied alloys is positive, hence
they are dynamically stable. Furthermore, the hardness is a mechanical property that gives
information about the elasticity, plasticity and resistance of materials. There are many mod-
els for calculating this property in the literature. In this study, Vicker’s micro-hardness model

is calculated using the following expression given by Tian et al. [28]:

G 1.137
Hy = 0.92 (B) GY-708 (4.22)
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Table 4.6 shows that the calculated values of the hardness are rather small for the studied
systems; this is in good accordance with the values of G/B and G because a high hardness is
associated with a high G/B ratio and G value. The hardness values show that FeTiCrAl 75Sig o5
is the most stiffer (Hy = 14.4), which is in good agreement with the higher values of Young’s
modulus (258 GPa) and shear ratio (104 GPa). For KMgNOq_4Sx alloys, as far as we know
up to date, there are no experimental or theoretical results to compare our findings with.
Accordingly, this finding could serve as a starting point for potential future research.

Further, for clear visualization and a perfect explanation of the anisotropy behavior of the
mechanical modulj, it is recommended to study the elastic properties of the three-dimensional
surfaces (3D). For the cubic structure (zinc blende phase), the crystallographic direction de-
pendence of Young’s modulus (E) [29], shear modulus (G) [30] and bulk modulus (B) are
computed using a series of equations mentioned in Ref. [12].

The 3D plots of Young’s, Poisson’s, and shear moduli for KMgNO;_,Sx and FeTiCrAl;_Six
alloys are obtained using ELATE software [31]. These surfaces curves are illustrated in Fig-
urel4.4Jand Figure[4.5] The perfect shape of a sphere is correlated with the isotropic character
of the compound, whereas the non-spherical shape is associated with the anisotropic charac-
ter. It is obvious that the Young’s, Poisson’s, and shear moduli exhibit a significant degree of
anisotropy by deviating significantly from the spherical form. The 3D curves of the surface
of the mentioned mechanical moduli for the materials under investigation corroborate the

anisotropic nature, which is predicted by the anisotropic factor (A).
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4.5 Electronic properties
4.5.1 Introduction

Before electronic or optoelectronic devices are realized, a basic examination of the elec-
tronic structure is conducted. The primary characteristics are first of all; the density of states
(DOS) which specifies the contribution of each atom, then the band structure characterized
by the energy value of the gap and finally the charge density, which reveals the type of crys-
talline bonding. The electronic structure of materials are decisive in determining Heusler
alloys’ magnetic characteristics and the half-metallic nature. Therefore, the calculation of
electronic properties was performed using GGA, mBJ and GGA + U approximations at the
equilibrium lattice parameter of the studied alloys KMgNO_4Sx and FeTiCrAl;_Six.

It is important to emphasize that the mBJ approach is very accurate for the computing
of band gaps, reliable, and closer to experimental values. Further, GGA and mBJ functional
often yield good predictions, but when applied to tightly correlated electron systems, they
were unable to yield an accurate orbital occupancy, accurate charge densities, or an insulat-
ing ground state. The GGA + Hubbard U (GGA + U) approach is created to get over the
constraints. These errors can be overcome with the GGA + U technique by using a parame-
terized potential that uses a precise treatment of exchange interactions.

The GGA + U approach was applied to investigate the on-site correlation at the 3d transition
metals. It is important to mention that the values of the parameter U are computed using the
Quantum espresso package [6], and the obtained values are 5.00 eV, 3.75 €V and 4.68 eV
for Fe, Ti and Cr atoms, respectively. These values of the Hubbard parameter for each atom
are consistent with the computed values by R. Tesch et al. [32]. It is worth mentioning that
it is unknown what values of the Hubbard parameter (U) are appropriate for the GGA + U

approach; these values depend on the atomic species and its surroundings [33]].

4.5.2 Band structures

A solid is a complex system that contains a large number of atoms and electrons. An
atom has several distinct energy levels, an electron bound to this atom is necessarily in one
of these levels. However, in a crystal structure, the energy levels of the independent atoms
come together in the overall structure of the crystal to form energy bands, where these energy

bands are called "allowed" energy bands that are separated by "forbidden" zones.
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Band structure KMgNO;_,Sx alloys:

The band structures of KMgNO;_4Sx alloys using GGA and mBJ approaches are depicted
in Figure[4.6]

The horizontal line (dashed line) set at zero represents the Fermi energy (Eg). For the
spin up channels, there are no states at the Ep; in other words, this level is located in the
forbidden band gap. Thus, the KMgNOq_4Six alloys with the configurations mentioned above
reflect a typical of half-metallic ferromagnets (HMF) with 100% spin polarization, because
the spin splitting among the spin up and spin down bands is clearly visible. It should be
noted that the degree of spin polarization at the Fermi level was calculated by the following

relationship [34]:

N1 (Ep) -N | (Ep)
N1 (Ep) + N | (Ep)

N 1 and N | are the density of states at Ep for the spin up and down, respectively. The

P% = x 100 (4.23)

difference between the bottom of the conduction band (Ecgp;) and the maximum of the
valence band (Eypy) is commonly referred to as the gap energy (Eg). It is worth to mention
that these gaps are essential to describe the stability of the half-metal (HM) magnetism [35,
36]]. As shown in Figure/4.6, the parent compounds KMgNO and KMgNS exhibit indirect
band gaps and display large gaps. The wide of these band gaps for KMgNOq_Six alloys
are summarized in Table[4.7] The energy band gap Eg reaches the values 3.12 (6.00) and
2.01 (4.38) eV for KMgNO and KMgNS, respectively, using the GGA (mBJ) approach at their
equilibrium lattice parameters. While the doped systems KMgNO_4Six (x = 0.25, 0.50, and
0.75) reveal direct band gaps (I' — I), and their energy band gap Eg fluctuates between
3.12 (6.00) and 2.01 (4.31) eV employing GGA (mBJ) approximation.

Table 4.7: Calculated energy band gap (in eV) and the degree of spin polarization for
KMgNO,_4Sx Heusler alloys.

Compound E¢(GGA) Eg(mBJ) Eg(GGA +U) Type of Gap Spin Polar.

KMgNO 3.12 6.00 - X—T 100%
KMgNOO.7530.25 2.47 4.91 - I —"r 100%
KMgNOO.SOSO.SO 2.67 4.60 - r—r 100%
KMgNOg 55S0.75  2.12 4.31 - I —T 100%

KMgNS 2.01 4.38 - X—T 100%
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Band structure FeTiCrAl;_Six alloys:

Figure[4.7 shows the calculated band structures of FeTiCrAl;_4Six Heusler alloys at their
stable ferromagnetic phase using GGA approximation.

The Fermi energy (Eg) is represented by the horizontal line (dashed line) with zero. For
the FeTiCrAl alloy (Figurea), it is clear that the Fermi level for the spin up (solid line)
and down (dashed line) bands is situated in the forbidden band gap since there are no states
at this level, reflecting the semiconducting character of this compound. For x = 0.25, 0.50,
0.75 and 01 systems, the semiconducting character is revealed because the Fermi level is
found in the forbidden zone for the spin up states. While it crosses the spin down states,
hence these states have a metallic character. Thus, the (x = 0.25, 0.50, 0.75 and 01) alloys
reflect a typical half-metallic ferromagnet (HMF). The computed energy gap for both FeTiCrAl
and FeTiCrSi compounds and their doped alloys is quoted in Table[4.8], together with other

theoretical results for comparison.

Table 4.8: Calculated energy band gap (in eV) and the degree of spin polarization for
FeTiCrAl;_4Six Heusler alloys.

Compound E¢(GGA) Eg(mBJ) Eg(GGA + U) Type of Gap Spin Polar.

FeTiCrAll 0.76 0.61 0.95 r—rT -

FeTiCrAl| 00 0.61 0.57 LW 100%
FeTiCrAlp 75Sig o5~ 0.40 0.70 0.97 r—T 100%
FeTiCrAlg soSigso  0.71 0.96 0.58 r—T 100%
FeTiCrAly 95Sig 75 0.53 0.86 1.25 r—T 100%

FeTiCrSi 0.91 0.91 1.52 r—T 100%

It is evident that the electronic and magnetic properties are greatly improved by the DFT
+ U function, which accounts for the on-site Coulomb interaction [37]. Moreover, It is found
that the parameter U opens the spin up channels’ energy gap. In general, when U is added
to the DFT (GGA), the band gap widens, and this is in good agreement with our results for
almost all the specimens except FeTiCrAlj 50Sig 50. Also, one can notice that the estimated
energy gap for the spin down of this compound is about 0.61 (0.57) eV using mBJ (DFT + U),
while this gap is absent using GGA functional. For (x = 0.25, 0.50, 0.75 and 01), according
to the band structures along the high-symmetry directions in the first Brillouin zone utilizing
the aforementioned approaches, each material has a direct band gap (the upper of VB and
bottom of CB are situated at the point I'). In the case of the FeTiCrAl alloy (x = 00), the

bottom of CB occurs at the W point, and the top of VB locates at the L point, resulting in an
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indirect band gap (L — W) for the spin down channels. As depicted in Table[4.8] apart from
FeTiCrAl alloy, we notice that the spin polarization in the considered alloys FeTiCrAl;_,Six
is 100%, which designates their half-metallic feature and nominates them as spin injection

materials.

4.5.3 Density of states

In order to determine the contribution from each element, we have calculated the total
and partial density of states (DOS/PDOS) for KMgNO;_,Sx and FeTiCrAl;_4Six alloys at the

most stable phase (type I) with their ferromagnetic feature.

Density of states KMgNO;_,Sx alloys:

The plots of the density of states for KMgNOq_,Sx alloys using GGA and mBJ approxima-
tions are presented in Figure[4.8|

It can be seen that the general shape of the DOS for these alloys is slightly similar. In
addition, the DOS and PDOS confirm that the spin up states for the inspected d° Heusler
alloys exhibit a semiconductor character, while the spin down states manifest a metallic char-
acter. Furthermore, the electrons were totally polarized at the Fermi level, and this situation
resulted in 100% spin polarization. Thus, these results are consistent with the data of band
structures. We note that in the spin up and down states, a five peaks structure is identified.
These peaks are dominantly arising from the contribution of spin up and down bonding and
anti-bonding states of K, Mg, N and Z (O and S) atoms. These bonding and anti-bonding
states are separated by the energy band gap. In addition, one can notice that the patterns of
spin splitting of N and Z (O and S) atoms are identical, demonstrating ferromagnetic (FM)
couplings between these atoms. The N-p and Z-p states contribute mostly to the formation
of the valence band peaks. Meanwhile, the peaks of the spin up channels of the conduction
band are originated mainly by the contributions of empty d states of the K atom and with a
small contribution of Mg-s states for the parent compounds and the doped system. Moreover,
we notice that the contribution of O atom in the doped alloys for the concentrations x = 0.25
and 0.50 is higher than that of the S atom for the spin up and the spin down channels. More-
over, whereas the six bands in the spin down states are partially filled, the six bands in the
spin up channels are entirely filled (valence band). We also found that the spin polarization
is mainly due to the p-p bonding hybrids near the Fermi level. Conversely, the d(s) states of
K and Mg atoms (cations) did not play an important role in the formation of the magnetism

because they are slightly occupied. While the 2(3)-p states of N and Z atoms (anions) are
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fully occupied. As a result, the magnetism of these half-metallic alloys is widely provoked by
p states of the anions. In addition, K. Kusakabe et al. and Sieberer et al. [38],139] describe
the magnetism of materials by the so-called flat band produced by the anionic p orbitals ,
therefore, our results are in agreement with their explanation. It is worth to mention that
the gaps amounts of the considered alloys are higher than those of quaternary Heusler al-
loys including transition metals [40]. While they are comparable with those of quaternary
alloys including only d° elements [41, 42]. This affirms that the half-metallic feature has
been improved in non-containing transition elements Heusler alloys. Moreover, it is evident
that the spin up states are shifted away from Fermi level when using the mBJ compared to
the GGA approximation; this explains the increase in the value of Eg for these alloys. It is
worth to mention that the formation of the band gap in HM Heusler materials can be dis-
tributed either through: i) charge transfer, ii) covalent bond, or iii) d-d hybridization [43].
In the case of sp Heusler compounds and according to the partial DOS of the elements of
KMgNZ, the p-p hybridization between the anionic atoms (N and Z) is dominant and hence
accountable for the energy gap. Stated otherwise, in the spin up channel, the N/Z atoms’
bonding states were primarily located in the energy range [-5; -1 eV]. While, the antibonding
states of the N/Z atoms were mainly located in the energy range [0; 6 eV], and therefore,
the corresponding bonding-antibonding states led to the formation of an energy band gap.
While the s-p hybridization of cationic atoms (K and Mg) with anionic atoms is negligible.
To clarity, the non-metals elements (N, O, and S) are the most electronegative constituents
when compared to their associates (K and Mg). These atoms need five electrons to complete
their octets provided by K and Mg (s-electrons). Consequently, the latter atoms contribute
the least to the band formation at the Fermi level, as demonstrated by the N-p and Z-p states
in the partial density of states (PDOS). These results confirm that the considered materials

reveal a HM ferromagnetic property.

Density of states FeTiCrAl;_4Six alloys:

The curves of the total and partial densities of states (TDOS and PDOS) for the investi-
gated alloys are displayed in Figure[4.9]

It is noteworthy that the spin up states of FeTiCrAl;_,Six alloys is semiconductive. A sim-
ilar behavior is reflected by the spin down state of the FeTiCrAl alloy, unlike that of FeTiCrSi,
which manifests a metallic feature. To put it clearly, we can nominate FeTiCrAl alloy as a
semiconductor material, and this character is consistent with the earlier ab initio investiga-

tion by R. Dhaka et al. [[9]. While (x = 0.25, 0.50, 0.75 and 01) alloys have a half-metallic
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behavior at their equilibrium state, and this result is consistent with the data of the band
structures. In addition, PDOS plays a crucial part in figuring out each atom’s contribution. It
is clear that the peaks in the valence band (VB) of all systems are dominantly arising from
the contribution of the d orbitals of Fe and Cr atoms; these orbitals dominate the bottom of
valence band between -3 and -0.5 eV for the spin up and spin down states. The transition
metals’ d orbitals in the conduction band (CB) are primarily responsible for the PDOS for
the spin up and down channels. Additionally, the d-states of the transition elements (Fe, Ti
and Cr) are making metallic intersection at Ep in the spin down configuration, resulting in
the half-metallic nature of (x = 0.25, 0.50, 0.75 and 01) alloys. It should be noted that the
creation of the bonding and anti-bonding states is not significantly influenced by the main
group elements (Al and Si) of the inspected quaternary Heusler alloys. These bonding and
anti-bonding states are separated by the energy band gap; this latter is originated due to the

strong d-d hybridization between the orbitals, which accounts for the splitting.

4.6 Magnetic properties
4.6.1 Introduction

Heusler alloys have interesting magnetic properties due to their transition metals. The
quaternary Heusler alloys with the configuration mentioned above showed a ferromagnetic
property, and this motivated us to go further by exploring the magnetic properties. The
magnetic feature in materials arises due to the orbital and rotational motions of the electron
and depends on the alignment of the elements in a unit cell; a slight disturbance in the
crystal structure can significantly change this parameter. It is important to note that the total
magnetic moment is not only the combination of the partial magnetic moments but also the
effect of the magnetic moment of the interstitial spaces between the atom sites where the
wave functions are developed as plane waves. Any deviation from Heusler stoichiometry or

small changes in the Heusler phase can greatly affect the magnetic properties of the alloys.

4.6.2 Magnetic moment of KMgNO;_,Sx alloys

In this study, we have calculated the total and partial magnetic moments of KMgNO{_5Sx
alloys (0 < x < 1) using GGA and mBJ approximations, and the results are codified in
Table4.91

We note that the total magnetic moment is an integer for the studied KMgNO;_Sx al-

loys in the FM state and equal to 2 up for each of them, indicating good agreement with
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Table 4.9: Total magnetic moment Mo, interstitial magnetic moment M;,,, partial magnetic
moment Mg, My, My, Mg and Mg in up for KMgNO1_4Sx alloys.

X approach Mtot Mint MK MMg MN MO MS

x=00 GGA 02 0.18 0.02 -0.02 1.25 0.58 -
mBJ 02 -0.09 -0.01 -0.07 1.55 0.62 -
x=0.25 GGA 02 025 0.02 -0.02 090 044 0.57
mBJ 02 0.07 0.00 -0.03 0.92 0.47 0.45
x=0.50 GGA 02 031 0.03 -0.01 1.32 0.20 0.43
mBJ 02 0.12 0.01 -0.02 1.50 0.19 0.37
x=0.75 GGA 02 0.03 0.02 -0.02 1.70 -0.00 0.45
mBJ 02 0.01 0.00 -0.02 190 -0.01 0.31
x=01 GGA 02 035 0.01 -0.03 1.41 - 0.26
mBJ 02 0.14 -0.00 -0.07 1.69 - 0.24

similar d° quaternary Heusler alloys [44]. It is clear that N, O and S atoms for the parent
compounds KMgNZ (Z = O or S) and their doped systems have the main contribution in the
total magnetic moment. While K and Mg atoms have a slight contribution, Mg < 0.03up and
Mpyg < -0.01pup for all alloys. The opposite sign between the partial magnetic moments of
K, N, Z and Mg atoms reveals that their electrons in the valence band interact in an antifer-
romagnetic (AFM) manner. In addition, it is clear that the total magnetic moment verified
the Slater-Pauling rule of the studied Heusler alloys [45], which is expressed in the following

expression:

MtOt = (NT - Ni/) = (ZNT - Zt) (424)

Where Z; represents the total number of valence electrons [46]. To clarify, KMgNZ qua-
ternary Heusler alloys have 14 valence electrons in the unit cell (1 from K, 2 from Mg atom,
5 from N atom, and 6 from (Z= O or S) atom. According equation the M; is equal
to 2 up for the considered quaternary Heusler alloys, which are in a good agreement with
the results of Table[4.9] as expected, for the considered quaternary Heusler alloys exhibit an
integer magnetic moment.

Furthermore, Figure[4.10| represents the local magnetic moments on the K, Mg, N, O and
S atoms, for the studied alloys , as well as the total magnetic moments, which are given per
unit cell as a function of the concentration.

It is clearly seen that S concentration does not effect the total magnetic moment; it reaches
the value Mot = 2up for all alloys. While we notice that concentration effects the local

magnetic moment of the anionic atoms (N, O and S), whereas this effect is negligible for the
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tion.

cationic elements (K and Mg). In addition, the nitrogen (N) atom always plays an important

role in the total magnetic moment of the alloys under investigation KMgNO{_4Sx.

4.6.3 Magnetic moment of FeTiCrAl;_,Six alloys

Table[4.10] contains the computed total and partial magnetic moment values for the ma-
terials being studied.

It is obvious that the Fe and Cr atoms contribute the most to the total magnetic moment.
While, for any concentration x, the magnetic moment of the Al and Si atoms is very small,
leading to a negligible contribution to the total magnetic moment. The anti-parallel behav-
ior between the partial magnetic moments of Fe/Cr and Ti/Al/Si atoms reveals that their
electrons in the valence band interact in an antiferromagnetic (AFM) manner, affirming the
ferrimagnetic arrangement of our materials in LiMgPdSn structure at their equilibrium lat-
tice parameter. It is noteworthy that the presence of the magnetic moment is shown by the
difference in state densities between spin up and spin down configurations. In addition, the
detailed explanation of the origin of the magnetism of Heusler alloys is very complicated,
but their magnetic moments vary regularly according to their number of valence electrons
and their crystal structures following the generalized Slater-Pauling rule [48], expressed as

follows:

Mot = |Zt — 24| (4.25)

Where Z; represents the total number of valence electrons. The quaternary Heusler al-
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Table 4.10: Total magnetic moment Mo, interstitial magnetic moment M;,,,, partial magnetic
moment Mge, My, Mcy, My and Mg; in i for FeTiCrAly_4Six alloys.

X approach Mtot Mjnt Mpe Mg Mg My Mg
GGA 03 031 0.62 -0.20 2.27 -0.01 -
other calc.[47] 03 - 0.65 -0.38 2.89 - -
x=0.00 mBJ 03 0.28 0.62 -0.20 2.31 -0.01 -
GGA + U 03 0.28 1.14 0.18 1.39 0.00 -
GGA 2.75 0.12 0.62 -0.21 2.26 -0.03 -0.02
x=0.25 mBJ 2.75 0.09 0.62 -0.25 2.34 -0.03 -0.04
GGA+ U 2.75 023 1.13 0.11 1.30 0.01 -0.03
GGA 2.50 0.12 0.62 -0.22 2.01 -0.03 -0.02
x=0.50 mBJ 2.50 0.11 0.62 -0.3 2.09 -0.04 -0.03
GGA+ U 2.50 0.19 0.80 -0.20 1.76 -0.02 -0.01
GGA 2.25 0.11 o0.61 -0.18 1.75 -0.01 -0.03
x=0.75 mBJ 2.25 0.10 0.64 -0.21 1.81 -0.02 -0.04
GGA + U 2.25 0.21 0.83 0.01 1.21 0.02 -0.01
GGA 02 0.08 0.61 -0.19 1.52 - -0.02
other calc.[47] 02 - 0.65 -0.30 1.75 - -
x=01 mBJ 02 0.06 064 -0.2 1.58 - -0.03
GGA + U 02 0.25 0.34 -0.11 1.73 - -0.00

loys FeTiCrAl and FeTiCrSi in their equilibrium lattice parameter have 21 and 22 valence
electrons (Zt), respectively. To put it clearly, the spin up channels are fully filled by 16 elec-
trons, whereas the spin down channels are partially filled with 5 electrons for FeTiCrAl and
6 electrons for FeTiCrSi. Thus, the total magnetic moment of the parent materials at hand
has an integer value (3 up for FeTiCrAl and 2 g for FeTiCrSi), obeying the Slater-Pauling
rule mentioned above. This result is in accordance with the obtained theoretical results pre-
dicted previously in Ref [9] 47, 149]. For FeTiCrAl;_4Six alloys (x = 0.25, 0.50 and 0.75), it
is observed that the total magnetic moments do not agree with the Slater Pauling rule. This
trend is similar to the work done on the Fe-based alloys; the work of S. S. Pedro et al. [50]
expressed the disagreement between the values of Fe,MnSi;_yCay total magnetic moment
calculated experimentally and those calculated by the Slater-Pauling rule. These discrepan-
cies can be attributed to a partial atomic disorder in the structure. It is worth noting that all
results of the magnetic moments for the studied systems are calculated by different GGA, mBJ
and GGA + U approximations, and they all gave the same values of the total magnetic mo-
ments. Whereas, each atom’s local magnetic moment is affected by the used approximation
(GGA, mBJ or GGA + U).

In Figure/4.11, we present the local magnetic moments on the Fe, Ti, Cr, Al and Si atoms
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for the alloys, as well as the total magnetic moments, which are given per unit cell as a func-
tion of the concentration. It should be noted that the magnetic moment decreases linearly
with the concentration of silicon (Si), from 3 for FeTiCrAl to 2 for FeTiCrSi alloy. In addi-
tion, we observe a similar trend for the chromium (Cr) atom, while the concentration does
not greatly affect the local magnetic moment of the other elements. Thereby, the chromium

atoms play an important role in the total magnetic moment of the investigated alloys.
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Figure 4.11: Total and partial magnetic moment of FeTiCrAl;_4Six alloys versus Si concen-
tration.

4.7 Thermodynamic properties
4.7.1 Introduction

In addition to the investigations we conducted on materials, studying thermodynamic
properties seems inevitable. For this purpose, we used the quasi-harmonic Debye model,
which addresses the effect of materials under various conditions, such as high pressures and
high temperatures.

In quantum mechanics, phonons are the equivalent of a particular category of vibrational
movements known as normal modes of vibration in classical mechanics. A normal mode of
vibration is one in which each element of a lattice vibrates at the same frequency. These
modes are of great importance, particularly because any vibrational movement in a solid
can be represented as the superposition of a certain number of normal modes of vibration
with different frequencies (v). They can be understood as the fundamental vibrations of the

lattice, where each atom within it can be viewed as a harmonic oscillator [51].




4.7. THERMODYNAMIC PROPERTIES 92

4.7.2 Quasi-harmonic Debye model

In order to study and determine the behavior of KMgNO;_,Sx and FeTiCrAl;_4Six alloys
under varied temperature and pressure at the ferromagnetic phase, we have calculated their
thermal properties using the quasi-harmonic Debye model implemented in the Gibbs pro-
gram [52]]. This model allows us to obtain all thermodynamic quantities from the calculated
(volume-energy) points, in which the non-equilibrium Gibbs function G*(V, P, T) is expressed

as follows:

G*(V,P,T) = E(V) + PV + Ay, [Op(V), T] (4.26)

Herein, E(V), PV and 0 represent the total energy per unit cell, the hydro-static pressure and
Debye temperature, respectively. The vibrational Helmholtz free energy Ay;, is formulated
as [I52]]:

2 3n (1 _ e—WT) _ D(i) (4.27)

Avip = nKpT | oo

Here, n, Kg and D(%) represent the number of atoms per formula unit, Boltzmann constant
and the Debye integral, respectively. Pertinently, for an isotropic solid 0 is given as fol-

lows [|53]]:

h B
= [6x2v1/2n] "/ o))/ (4.28)

Where M and Bg represent the molecular mass per unit cell and the adiabatic bulk modulus,

respectively. The latter can be written as follows:

(4.29)

d2E(V)
dv2

Bg ¥ By =V (
The function f(¢) is given by reference [54]. Therefore, the minimization of non-equilibrium

Gibbs function (Eq. (4.26)) with respect to volume (V), can be achieved as:

dG*(V,P,T)\
<3V>1>,T =0 (4.30)

By solving the Equation. (4.30)), we obtain the thermal equation of states (EOS). The isother-
mal bulk modulus (Bt), heat capacity at constant volume (Cy), heat capacity at constant

pressure (Cp) and the thermal expansion coefficient («) are given as follows [55]]:

(4.31)

2%
Br(P,V) =V <8G(V,P,T)>
P,T

V2

0 30/T
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Cp = Cy(1 + ~aT) (4.33)
1Cv
=2 .3
Q BV (4.34)
Herein, ~ is the Griineisen parameter, which is expressed as:
8Ln9D
= .35

oLnV (4.35)

The entropy (S) has been computed by applying the following expression [53]]:

0 9
Sy = nKg [413 <T> ~3Ln(1-e /T)] (4.36)

4.7.3 Heat capacity

Using the quasi-harmonic Debye model mentioned above, the thermodynamic properties
of KMgNO;_4Sx and FeTiCrAl;_4Six alloys such that (x = 00, 0.25, 0.50, 0.75, 01) in the
most stable phase are illustrated and determined from O to 700 K with a step of 100 K. The
temperature effects on the heat capacity at constant volume and pressure (Cy and Cp) are
shown in Figure[4.12]

Heat capacity at constant volume (Cy) as a function of temperature increases sharply
up to 250 K as depicted in Figure a-c, this behavior follows Debye’s T2 law. At high
temperatures, the atoms of a solid behave like those of a monatomic gas at temperature T.
Under the effect of thermal agitation, these atoms acquire a vibration energy of 3RT per mole
(where R is the molar constant of ideal gases). Half of this energy (3/2RT) is the kinetic
energy of the atoms, and the other half is their potential energy [[56]. Therefore, at high
temperatures, Cy tends towards the Dulong-Petit limit (CGy = 3RN=97.56 J/mol.K) [57]
for all the studied systems; this pattern is common for all solids at high temperatures. This
implies that at high temperatures the an-harmonic and pressure effects on Cy are negligible.

On the other hand, the evolution of heat capacity at constant pressure (Cp) as a function of
temperature is depicted in Figure[4.12}b-d. One can notice that at low temperatures (T < 250
K), the evolution pattern of Cp is quite similar to that of Gy, that is to say, Cp increases as T>.
While at high temperatures, this parameter (Cp) keeps increasing slightly as the temperature
increases. Further, below 300 K, the S/Si concentration affects the heat capacity at constant
volume and pressure. For the KMgNO;_4Sx alloy, both Cy and Cp increase with the decreasing
of S in the doped system. While the heat capacity components (Cy and Cp) decrease by

increasing the concentration of silicon in FeTiCrAl;_4Six alloys.
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Figure 4.12: The heat capacity as a function of temperature.

4.7.4 Thermal expansion

The most direct effect of thermal agitation on a material lies in thermal expansion («).
This effect arises from the increase in the average interatomic distance due to thermal agi-
tation. This parameter is caused by the increase in volume occupied by atoms or molecules
as the amplitude of their random vibrations increases with temperature. For the majority
of materials, it is proportional to the change in temperature. Thermal expansion is mani-
fested by an increase in the average distance between atoms due to the asymmetrical form of
the potential energy well rather than due to the kinetics of atomic vibrations. Furthermore,
the thermal expansion coefficient explains how an object’s size varies when its temperature
changes. More precisely, at constant pressure, it measures the fractional change in size for
every degree of temperature variation. [56].

To study the effect of temperature and concentration on the thermal expansion coefficient
of KMgNO;_4Sx and FeTiCrAl;_4Six alloys (0 < x < 1) in the most stable phase of each
alloy, the main contribution to thermal expansion comes from lattice vibrations. In equilib-

rium, atoms in a crystal vibrate around their average positions. As the temperature increases,
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more thermal energy is injected into the crystal, and the atoms vibrate with increasing ampli-
tude. The average separation distance between atoms also increases with rising temperature,
causing thermal expansion.

The evolution of this parameter (o) versus temperature of the investigated materials is
illustrated diagrammatically in Figure[4.13}c. It can be seen that at temperatures below
200 K, the parameter o grows linearly and sharply with temperature, revealing a similar
behavior as both of Cy and Cp. When the temperature is higher than 300 K, the thermal
expansion coefficient o approaches a linear increase. The growth rate becomes moderate,
which means that the temperature dependence of « is very weak for high temperatures and
tends to converge to an almost constant value, hence the an-harmonic effect is negligible.
Moreover, it can be noted that the concentration of S and Si affects the thermal expansion of

the doped systems.

KMgNO, S FeTiCrAl,_Si_
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Figure 4.13: Thermal expansion as a function of temperature.

4.7.5 Debye temperature

The Debye temperature 6y, which corresponds to the crystal’s maximum normal vibra-
tion mode, links thermodynamic parameters including specific heat, lattice enthalpy, thermal
conductivity, phonons, and thermal expansion with elastic properties. Besides, above this

temperature, quantum effects can be neglected. However, below the Debye temperature,
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quantum mechanical effects are very important to understand thermodynamic properties.
Besides, Debye temperature is generally related to the strength of chemical bonds and is pro-
portional to the speed of sound, which increases with the hardness of the material [58]]. The
value of fp can vary greatly from one material to another, mainly depending on the type of
bond. The more rigid the chemical bond, the higher f will be. In addition, Debye tem-
perature (fp) is an important thermoelastic parameter that provides information about the
material’s hardness; materials with high Debye temperature reveal high hardness compared
with those that have low 6. The variation of f as a function of temperature at constant

pressure (P = 0 GPa) for the studied alloys is shown in Figure

KMgNO, S FeTiCrAl,_Si_
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Figure 4.14: Debye temperature as a function of temperature.

It is clear that fp) is almost constant below 100 K, whereas it decreases linearly from this
temperature. We note that 0 of FeTiCrAl;_,Six alloys is higher than that of KMgNO;_4Sx
at a given temperature, indicating a better stiffness and a stronger interatomic force of Fe-
based systems. This result corroborates the previous findings from the structural and me-
chanical properties. In generally, compounds with high bulk modulus have high debye tem-
perature. From the previous results, for KMgNO;_4Sx alloys the bulk modulus decreases
linearly (follows Vegard low), hence 0, decreases by increasing the S concentration. While,
for FeTiCrAl;_4Six materials, the bulk modulus increases with the increasing of Si, hence p

increases with x (x = 00, 0.25, 0.50, 0.75 and 01). Furthermore, the high values of 0, imply
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that even at higher temperatures, the considered quaternary Heusler alloys can be used for

application purposes.

4.7.6 Entropy

The dispersion of energy and matter is described by entropy; it is denoted by the symbol S.
On a microscopic scale, entropy can be defined as a measure of the disorder of a system. The
variation of entropy S with respect to temperature of KMgNO_4Sx and FeTiCrAl;_,Six alloys
is shown in Figure[4.15] It can be seen that entropy for these systems increases almost linearly
with increasing temperature. Additionally, one can notice that the effect of the concentration
on the entropy of the parent compounds and the doped alloys can be neglected. These

obtained values of S are purely predictive since we have no experimental data.
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Figure 4.15: The entropy as a function of temperature.

4.7.7 Thermodynamic properties at different pressures

To give more data on thermodynamic properties for the KMgNO;_,Sx and FeTiCrAl;_4Six
alloys, we report in Table and Table4.12| the values of the heat capacity, thermal expan-
sion, Debye temperature and the entropy under different pressures and constant temperature.

It can be seen that all the mentioned thermodynamic parameters, namely, Cy, Cp, « and S,
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decrease by increasing the pressure from 00 to 10 GPa. While the Debye temperature p

increases with the increasing of the pressure for all doped systems.

Table 4.11: Heat capacity Cy/Cp , thermal expansion «, Debey temperature 6, and entropy
S at different pressure P and constant temperature (300 K) for KMgNO;_,Sx alloys.

X P(GPa) Cy(J/molK) Cp(J/mol.K) a(1075/K)  6p(K) S(J/mol.K)

00 8.828970E+1 9.387148E+1 9.685366E+0 475 9.30998E+1

x=00 05 8.451917E+1 8.845454E+1 7.133188E+0 556 7.94919E+1
10 8.103312E+1 8.400628E+1 5.620937E+0 626 6.97434E+1

00 3.600666E+2 3.885777E+2 1.131185E+1 435 4.03906E+2

x=0.25 05 3.437210E+2 3.625434E+2 7.822962E+0 527 3.36502E+2
10 3.286836E+2 3.423740E+2 5.950302E+0 604 2.90792E+2

00 3.617097E+2 3.812023E+2 9.231506E+0 425 4.12249E+2

x=0.50 05 3.480093E+2 3.616892E+2 6.733739E+0 504 3.51954E+2
10 3.35311E+2 3.456719E+2 5.298352E+0 571 3.09503E+2

00 3.644892E+2 3.829623E+2 8.998020E+0 408 4.27263E+2

x=0.75 05 3.513072E+2 3.642469E+2 6.539267E+0 486 3.64785E+2
10 3.390669E+2 3.488881E+2 5.142465E+0 551 3.21086E+2

00 9.166091E+1 9.537333E+1 8.047376E+0 394 1.09943E+2

x=01 05 8.871824E+1 9.139326E+1 5.990937E+0 465 9.49342E+1
10 8.597596E+1 8.804856E+1 4.789823E+0 526 8.42837E+1
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Table 4.12: Heat capacity Cy/Cp , thermal expansion «, Debey temperature ¢ and entropy
S at different pressure P and constant temperature (300 K) for FeTiCrAl;_4Six alloys.

X P(GPa) Cy(J/molK) Cp(J/mol.K) «(1075/K) Op(K) S(J/mol.K)
00 8.380024E+1 8.486346E+1 2.603640E+0 571 7.73012E+1

x=00 05 8.240344E+1 8.335665E+1 2.373830E+0 599 7.33269E+1
10 8.105170E+1 8.191293E+1 2.180510E+0 626 6.97901E+1

00 3.343010E+2 3.407043E+2 3.175502E+0 576 3.06547E+2

x=0.25 05 3.275070E+2 3.330979E+2 2.830132E+0 609 2.87661E+2
10 3.209630E+2 3.258989E+2 2.549511E+0 641 2.71184E+2

00 3.324775E+2 3.428045E+2 3.975450E+0 585 3.01280E+2

x=0.50 05 3.157280E+2 3.231609E+2 3.013121E+0 666 2.59029E+2
10 3.003581E+2 3.059960E+2 2.402446E+0 737 2.27586E+2

00 3.312412E+2 3.408112E+2 3.813699E+0 591 2.97794E+2

x=0.75 05 3.151850E+2 3.221874E+2 3.292555E+0 669 2.57815E+2
10 3.004082E+2 3.057823E+2 2.697578E+0 737 2.27680E+2

00 8.075941E+1 8.153605E+1 2.064883E+0 631 6.90610E+1

x=01 05 7.833615E+1 7.899049E+1 1.793513E+0 677 6.34406E+1
10 7.604641E+1 7.660688E+1 1.582488E+0 720 5.87238E+1

4.8 Conclusion

This work was designed to study the physical properties of new innovative materials called

d® Heusler alloys: KMgNO;_4Sx and FeTiCrAl;_4Six such that (x = 0, 0.25, 0.5, 0.75 and 01).

For this purpose, we used an ab-initio method called linearized augmented plane waves (FP-

LAPW) in the framework of density functional theory (DFT). The exchange and correlation

potential is treated using the GGA approach to calculate the total energy. While the exchange

and correlation potential is treated in mBJ and GGA + U to calculate the electronic and mag-

netic properties. Our study has provided a detailed description of the structural, electronic,

magnetic, and thermodynamic properties, such as structural optimization, band structure,

total and partial density of states, magnetic moment, spin polarization and the effect of tem-

perature and pressure on some macroscopic parameters for each alloy.

The main results are summarized as follows:

* The whole series of KMgNO{_4xSx and FeTiCrAl;_4Six (x = 00, 0.25, 0.50, 0.75 and 01)

Heusler alloys are more stable in type I in the ferromagnetic (FM) state.

* The negative formation energy and the positive cohesive energy reveal the thermody-

namic and physical stability of these alloys.

* The variation of lattice parameter (agy) and bulk modulus (Bg) versus S/Si concentration
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follows Vegard’s law, thus showing a concordance between the DFT calculations and this
law. Further, the elastic constants C;; predict the mechanical stability of the considered

alloys.

Using ELATE software, the three-dimensional (3D) plots of the mechanical parameters,
namely, Young’s modulus (E), Poisson’s ratio (v), hardness (H) and shear modulus (G)
prove the anisotropic feature of the parent compounds and the doped alloys, which is

predicted using the anisotropic factor (A).

Band structures and density of states (DOS) curves show that these materials are half-

metallic ferromagnets with a complete spin polarization (100%), except FeTiCrAl.

The density of states shows a semiconducting feature of FeTiCrAl and the half-metallic
character of FeTiCrAl;_4Six (x = 0.25, 0.50, 0.75 and 01) compounds using mBJ and
GGA + U approximations.

High Curie temperature and perfect spin polarization of the materials at hand reflect

their suitability for spintronic devices.

The half-metallic character of KMgNO{_4Sx alloys mainly originated from the hybridiza-

tion between p orbitals of N and O (S) atoms.

The d-states of the transition metals (Fe, Ti and Cr) in FeTiCrAl;_4Six alloys are making
metallic intersection at Eg in the spin down configuration, resulting in the half-metallic

nature of (x = 0.25, 0.50, 0.75 and 01) alloys.

The total magnetic moment reaches an integer value (Mot = 2ug) for the parent com-
pounds KMgNZ (Z = O or S) and their doped system KMgNO;_,Sx (x = 0.25, 0.50 and

0.75), thus the concentration of the S atom does not effect M¢ot.

The parent compounds FeTiCrAl and FeTiCrSi have an integer value of the total mag-

netic moment, following the Slater-Pauling curve of Mot = |Z¢ — 24].

The total magnetic moment of the doped system FeTiCrAl;_4Six (x = 0.25, 0.50 and
0.75) alloys has a non-integer value, hence the accordance between Mot and SP rule
disappears for these alloys. Thereby, the concentration of Si atom effects the total

magnetic moment (Mtot) of FeTiCrAlj_,Six.

In the literature, we did not find any experimental or theoretical value that allows us

to make the comparison with our calculated results of our alloys for the concentrations
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(x = 0.25, 0.5, 0.75). We consider that our values will serve as a database for the

prediction in the study of these alloys.

The thermodynamic properties are predicted by the quasi-harmonic Debye model in
the pressure range of 0 to 10 GPa and temperature range of 0 to 700 K. This study
allowed us to have a global idea on the effect of temperature and pressure on certain
macroscopic parameters such as the heat capacities Cy and Cp, the thermal expansion

coefficient o, Debye temperature 0y and the entropy S.
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