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abstract

In this master thesis, we present the first-principle calculations of the structural, electronic and
magnetic properties of the inverse Heusler compound MnsFeSn with discussions in order to
identify the characteristics in the interest of spintronics devices.

To determine its properties, we carried out a theoretical study using the pseudo-potential
approximation coupled to the plane wave (PP-PW) within the framework of the density functional
theory (DFT) implemented in CASTEP.

The exchange-correlation potential was treated by generalized gradient approximation (GGA)
according to Perdew, Burke and Ernzerhof (PBEsol).

We performed a geometric optimization under stress between -12 and 12 GPa for the three
predicted structures of the compound in order to obtain the most stable.

At equilibrium state, we have discovered that the compound MnsyFeSn behaves like a half-
metal semiconductor, metal and a gapless half-metal, according to the different values of the
pressure imposed.

The total and partial density of state indicates a polarization ratio equal to (57%) calculated at
the Fermi level. The found value of the magnetic moment of 2 ;B agrees with the Slatter-Pauling
rule.

The subject compound of our study exhibits a great diversity of behaviour under hydrostatic
pressure. Which makes him a promoter candidate for the next generation of spintronic applications
and nanoelectronic devices.

Keywords: spintronic, MnsFeSn, inverse Heusler, GGA PBEsol, Half metallic.
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Résumé

Dans ce mémoire de master, nous présentons les calculs de premier principe des propriétés struc-
turales, électroniques et magnétiques du composé inverse Heusler MnsFeSn avec des discussions
dans le but d’identifier les caractéristiques dans l'intérét des dispositifs de spintronique.

Pour déterminer ses propriétés, nous avons réalisé un calcul ab initio utilisant les approxi-
mations des pseudo-potentiels (PP) et des ondes planes (PW) dans le cadre de la théorie de la
fonctionnelle de la densité (DFT) implémentée dans CASTEP.

Le potentiel d’échange-corrélation a été traité par I'approximation du gradient généralisé (GGA)
selon Perdew, Burke et Ernzerhof (PBEsol).

Nous avons fait une optimisation géométrique sous contrainte entre -12 et 12 GPa pour les
trois structures prédites du composé afin d’obtenir la plus stable.

A Détat d’équilibre, nous avons découvert que le composé MnyFeSn se comporte comme un
semi-conducteur demi-métallique, comme un métal et comme un gapless demi-métal, selon les
différentes valeurs de la pression imposées.

La densité d’état totale et partielle indique un rapport de polarisation égale a (57%) calculé
au niveau de Fermi. La valeur trouvée du moment magnétique de 2 uB est en accord avec la regle
de Slatter-Pauling.

Le composé sujet de notre étude, présente une grande diversité de comportements sous pression
hydrostatique. Ce qui fait de lui un candidat promoteur pour la prochaine génération d’applications
spintroniques et des dispositifs nanoélectroniques.

Mots clés : spintronic, MnsFeSn, inverse Heusler, GGA PBEsol, Demi Métallique.
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(zeneral introduction

It was difficult to understand physics of electrons in solids before modern physics, and this was
the key feature of condensed matter physics or physics of matter, which is today occupy 50%
of different research domains in physics sciences. From best known applications, spintronic and
information processing (semiconductors, magnetic data storage), communications, and medical
imaging (superconductivity and magnetism).

The discovery of Giant Magnetoresistance (GMR) in 1988 laid the foundation to an entirely
new research field under the name Spin-electronics or Spintronics, it exploit the electron spin and
electron charge currents and opened the door to a new generation of high speed, low power in
electronic devices.

The success of spintronics relies on the ability to create, control, manipulate and detect spin
orientation and coherence over practical time and length scales[18, 19, 20, 21, 22, 23, 24].

Recently, Heusler compounds have attracted great attention due to their magnetic behaviour,
in addition, these types of materials provide novel features in spintronic microelectronics and
magneto-electronic devices[23, 25].

In Heusler compounds, both spin directions display atypical behaviour at the Fermi level:
one spin direction exhibits a metallic behaviour, whereas the other spin shows a semiconducting
character which leads to a 100% spin polarization at the Fermi level. In ferromagnetic compounds,
the hybridization between metal and semiconductors is called half metallic (HM), which is the
character of several Heusler alloys that was investigated theoretically as well as most magnetic
properties, through the first principle ab initio methods[26, 27, 5, 4].

G. H. Wen and X. X. Zhang, successfully synthesized the magnetic shape memory alloys, of
the novel ferromagnetic Heusler MnsFeSn considering it as a metastable modulated martensite
that can generate a switching-like giant strain as shown in NisoMnoy5Gass5[28] study[29, 30].

This compound exhibits a Ferromagnetic shape memory alloys effect which have become one
of the significant subjects in materials science and condensed matter physics fields, and renders it
an excellent candidate for potential applications as magnetic field controlled actuators that have a
big importance in electronics material, transducers, sensors, aerospace, and military fields because
of their high response frequency[25, 31, 23, 30].

Several methods have been developed to predict the physical and chemical properties of solid
materials and preparing for applied experiments, which can be classified into two categories, quasi-

Xii



experimental and ab initio methods[32, 30].

Based on quantum mechanics principles, and according to the interaction between the nucleus
and electron systems correlation such as those in molecules, and other condensed matter systems,
the first principles method finds the solution to the Schrodinger equation through series of ap-
proximations and simplifications to deal with the N-body problem. Among these methods, the
modelling method density functional theory (DFT).

The waves function describes these systems that totally specify the state of electrons and
therefore depend not only on the coordinates of electrons but also on their spins. Applying this
process requires an analysis of the invariant Schrodinger equation which depends on 3N spatial
and spin-N variables.

Ab initio (from first principles) DFT calculations permit the prediction and calculation of
material behaviour. In modern DFT techniques the electronic structure is evaluated using a
potential acting on the system’s electrons.

In DFT his based on considering that the total energy of the system is a function of the
electronic density, which is itself a function of the space coordinates[33, 34, 35, 36, 37].

The principal aim of this master’s thesis is to understand the basic properties of the Mn2FeSn
Heusler compound.

e In the first chapter 1, some concepts related to magnetism and its types were presented,
and some applications related to ferromagnetic compounds in technology such as GMR and

TMR.

e In the second chapter 2, we presented Heusler alloys with their different types and physical
properties.

e In the third chapter 3, we explained the basis of the density functional theory (DFT), besides
the different approximations, the pseudo-potential and plana wave (PP-PW) method that it
used in this simulation.

e The fourth chapter 4 is devoted to the study the compound properties with a discussion of
calculations details structural, electronic (band structure, gap, state density) and magnetic
properties (magnetic moment, polarization), implemented in the CASTEP software code[33].

Finally, we end our work with a general conclusion summarizing the work and results.
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Notation and abbreviations

Abbreviations

DFT : Density Functional Theory
NMR : Nuclear magnetic resonance
IT : Information technology
MR : Magnetoresistive
GMR : Giant magnetoresistance
TMR : Tunnelling magnetoresistance
MRAM : Magnetic random access memory
DMS :diluted magnetic semiconductors
CIP : Schematic diagram of current in the plane
CPP : current perpendicular to the plane GMR stack
LDA : Local density approximation
GGA : gradin generalized approximation
PBE :Perdew-Burke-Ernzerh
EXC : Exchange-Correlation energy
PBEsol :Perdew-Burke-Ernzerh for solid
CASTEP : Cambridge Serial Total Energy Package
PP : pseudo potential
PW : plane wave
EOS : Equation of state
By : Bulk modulus
B’ : Derived from the pressure of the compressibility modulus
Er : Fermi energy
E, : Band gap (Energy band gap)
TDOS : total density of state
PDOS : partial density of state
fcc : face-centered cubics
hcp : hexagonal closed packed
bce : body-centered cubic
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MBE : molecular beam epitaxy

HDD : hard disk drive

HMEF : half-metallic ferromagnet

FM : ferromagnet

NM : non-magnet

LCAQO : linear combination of atomic orbitals

MO : molecular orbital

SCF : Self-Consistent Field

BFGS : Broyden-Fletcher-Goldfarb-Shanno (algorithm)
BZ : Brillouin zone

Notations

H : Champ magnetic.
M : Aimantation.
B : Induction magnetic.
X : Susceptibilite magnetic.
1 . Permeabilite magnetic.
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Chapter

Magnetism and spintronics

1.1 Introduction

Spintronics is a new field of science, developed over the past 20 years, that is focused on exploring
the properties of materials in which spin-polarized currents play a key role, as well as developing
materials and devices for advanced nano-electronic applications [18].

For realizing various spintronic devices, materials with strong spin polarization are the key,
such as ferromagnetic and half-metallic materials. To date, various half-metallic materials studied
theoretically and experimentally, such as Perovskite, Spinel, zinc blend structure, Heusler alloys,
etc Amongst the expected advantages of spintronics technologies, researchers have identified the
non-volatile storage of data with high density and low energy consumption[38]. Spintronics ma-
terials have already found one important application as highly sensitive magnetic field sensors in
recording read heads for magnetic disk drives, Their development based on the discovery of giant
magnetoresistance (GMR) and oscillatory inter-layer magnetic coupling in magnetic multi-layers
in the early years1990[39, 40] .

1.2 Magnetism on Microscopic Scale

If we continue to cut a permanent magnet, we would get to the atomic scale. The question is:
which elementary particles handle magnetic behavior.

We shall show that elementary magnetic dipole moment is proportional to the specific charge
so electrons handle the dominant magnetic properties. Electrons can generate magnetism in three
ways:

e As moving charges as current
e Because of their spin

e Because of their orbital rotation around a nucleus



That two mechanisms add together to handle magnetic behavior in particular materials. ms-mb
is called Bohr magneton and it is the smallest magnetic dipole moment that can exist in Nature.
So it serves as a microscopic unit for dipole moments.When electrons are bound in atoms they
also have orbital angular momentum. It is illustrative to look at a classical planetary model of
the electron,even if it is not realistic, to see where the dependence on the specific charge comes
from. Even in a very small but macroscopic piece of material there is an enormous number of
electrons, each having some spin and some angular momentum. The total internal magnetic field
is a superposition of all-electron dipole moments [41, 42].

1.3 Types of magnetic arrangement

In the free state, an atom is magnetic if it carries a permanent magnetic moment represented by
a vector of constant modulus. All materials are made up of a set of atoms which can be magnetic
or non-magnetic. With the magnetic assembly, the direction and sometimes the modulus of the
magnetic moments can depend on the particular environment of each atom (nature and position
of neighboring atoms, temperature and applied magnetic field)[43]. These magnetic moments can
align by applying a magnetic field that produces proportional magnetization M at induction field
H.[44].
M =xH . (1.1)
Everything has magnetic properties, so it is not surprising that magnetism can be used for both
quantitative and qualitative analysis. Magnetism can be used for bulk analysis, distinguishing
particular elements especially different metals in compounds, and for indicating structure types.
Magnetic properties are best used in conjunction with other properties, and the more is known
about a sample, the more use can be made of the magnetic properties [45, 26].There are different
types of magnetism.

1.3.1 Diamagnetism

Diamagnetism characterizes substances that have only non-magnetic atoms: their magnetization[43],
originates from the change in the electronic orbital motion under the effect of the applied mag-
netic field, is very weak, and thus the magnetization (M), which is in the opposite direction to
that of the external magnetic field, as schematically shown in Fig 1.1. This magnetism also exists
in substances with magnetic atoms, but it is so weak that it is then completely masked by the
contribution of these magnetic atoms[1]. According to the Lenz law, the induced currents give rise
to an induction flux opposite to the change in the applied field shown in Fig 1.2.

The diamagnetism susceptibility,virtually independent of the field and temperature, is negative.

x4 = const < 0 . (1.2)

A few examples of diamagnetic materials are:

e Nearly all organic substances,
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Figure 1.1: Schematic diagram of magnetization of diamagnetic materials, with a negative magnetic susceptibility
and a permeability of slightly less than that of vacuum/[1]
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Figure 1.2: Typical behavior of diamagnetic and paramagnetic materials depending on an external magnetic field
and temperature[2]



e Metals like Hg or noble metals like Cu,

e very strong diamagnetism present in superconducting substances under critical temperature
, with a susceptibility equal to -1.These materials are ideal diamagnets[46].

Applied magnetic fields induce currents in electric conductors, and this includes electron orbits
and the induced currents in turn decrease magnetic field strength within the conductors.These are
the shielding currents that are the basis of nuclear magnetic resonance(NMR) spectroscopy|[45, 2].

1.3.2 Paramagnetism

Electrons and nucleons have angular momentum (and hence the magnetism of a moving charge)
as if they had a spin and orbital motion[45]. Paramagnetism is because of unpaired spins. It is a
type of magnetism where there are no interactions between magnetic moments[46].

A paramagnetic substance is any substance that contains magnetic atoms whose moments dis-
ordered in all directions because of their thermal agitation by definition, all materials that are not
diamagnetic are paramagnetic[44], the individual magnetic moments do not interact magnetically,
and like diamagnetism, the magnetization is zero when the field removed.

In the presence of a field(see Fig 1.3, there is now a partial alignment of the atomic magnetic
moments in the field’s direction, resulting in a net positive magnetization and positive susceptibility
X > 0 see Fig 1.2.

At high values of magnetization fields, all the magnetic moments are parallel to each other, and
the magnetization reaches its maximum value (saturation MS)[47, 2, 1]. For a certain value of the
applied magnetic field, after decreasing temperature, this relative orientation of the magnetization
and, at 0 K, the magnetization reaches its maximum value.The magnetic susceptibility, obtained
for low values of the applied magnetic field, is given by Curie law:

C
para _ ~ 1.3
X T (1.3)

where C' is the Curie constant.

1.3.3 Ferromagnetism

Ferromagnetic materials are strongly magnetized toward the applied magnetic field. It possesses
an enormous permanent magnetic moment in each atom. It follows an alignment of the magnetic
moments on the microscopic scale and the appearance of a microscopic spontaneous magnetization
without an applied magnetic field.

The presence of permanent magnetic moments in the atoms or molecules in the specimen gives
rise to ferromagnetism as this magnetic moment aligns itself in the same direction as that of the
external field, that external magnetic field produces an extensive amount of induced magnetic
moment which increases the magnetic induction present in the specimen[48].

In a ferromagnetic material, three types of interactions coexist exchange interactions, inter-
actions with the lattice, and magnetic dipole interactions[49]. The exchange interaction between

4
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Figure 1.3: Schematic diagram of magnetization of paramagnetic materials, with low values of susceptibility and
permeability/[1].

o}

Figure 1.4: Domain formation in a ferromagnetic sample (a) without field, (b) with some field applied, (c) with a
strong linear field, and (d) a closer look at the domain wall formation[2].



unpaired electrons of adjacent atoms in the crystal lattice gives rise to a local molecular magnetic
field resulting in spontaneous magnetization[44].

Exchange forces are very large, equivalent to a field on the order of 1000 Tesla. The exchange
force is a quantum mechanical phenomenon due to the relative orientation of the spins of the
two-electron[47]. the magnetic phenomenon of the positive exchange interaction between neigh-
boring moments causes the alignment of magnetic moments in parallel arrangement to each other
which results in a large net magnetization even in the absence of a magnetic field (see the Fig
1.4).At relatively high temperatures, thermal agitation leads to a susceptibility similar to that of
a paramagnetic substance: this is the Curie-Weiss law

. C
T T

X (1.4)

However, the magnetic susceptibility instead of being infinite at 0 Kelvin as in a paramagnetic
substance becomes infinite at the Curie temperature T and this is due to the existence of magnetic
interactions.Below this temperature, thermal agitation is dominated by magnetic interactions and
spontaneous magnetization Mg occurs in the absence of an applied field [50, 2.

1.3.4 Antiferromagnetism

Antiferromagnetism is a cooperative ordering that can be understood by considering two magnetic
sub-lattices: M4 and Mp , of the same magnitude (see Fig 1.5. Each one is ferromagnetic and
behaves (approximately), according to the description mentioned above. The difference is that
both sub-lattices oriented in opposition,the total magnetization vanishes [46].

M=My+Mp=0. (1.5)

Unlike ferromagnetic substances, an antiferromagnetic material has a weak magnetism similar
to paramagnetism in that the susceptibility is low and positive. Generally, antiferromagnetic order
may exist at sufficiently low temperatures, vanishing at and above a certain temperature, the
transition temperature called Neel temperature(named after Louis Neel, who had first identified
this type of magnetic ordering)[48].

Above the Neel temperature, the material is typically paramagnetic.hence, the thermal varia-
tion of the inverse of the susceptibility, measured on a polycrystalline substance, finds its minimum
at Neel temperature.Neel’s law gives the expression of the magnetic susceptibility of antiferromag-
netic compounds:

_C
T+ Ty
When the temperature increases the magnetic susceptibility decreases to the temperature of
Neel Ty .For T' > Ty ,the compound becomes paramagnetic[44].
This antiparallel arrangement of the spins results from interactions between neighbouring atoms
(called negative exchange interactions).These oppose the action of the applied magnetic field which
reinforces the parallelism of the individual magnetic moments[50, 2].

X (1.6)
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Figure 1.5: Schematic diagram of spin-ordering in antiferromagnetic materials
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Figure 1.6: Schematic diagram of spin-ordering in ferrimagnetic materials

1.3.5 Ferrimagnetism

In ferrimagnets material, the magnetic moments of the A and B sub-lattices are not equal don’t
have the same magnetization (see Fig 1.6, and result in a net magnetic moment. Ferrimagnetism
had been observed in compounds with more complex crystal structures than single elements.

M, # M, . (1.7)

In the ferrimagnetic there is an equal number of crystal sub-lattices from opposite directions but
the magnetic alignment of one subset may be stronger than the other. The number of crystal sub-
lattices in one direction is greater than the number in the other direction[44]|. The spin moments
of atoms can be opposite; the resulting moment being positive,or negative[50].

M=M,+M#0. (1.8)

Therefore Ferrimagnetism is like ferromagnetism. It exhibits all the characteristics of ferromag-
netic behaviour spontaneous magnetization, Curie temperatures, hysteresis, and remanence[47].in
addition to the high resistivity and anisotropic properties.An external applied field induced the
anisotropy. However, ferro- and ferrimagnets have very different magnetic ordering[48].

Finally, Ferrimagnetism disappears if we overstep a certain temperature, called the Curie tem-
perature. the magnetic susceptibility only follows the Curie-Weiss law for a very high temperature[46,
2].



1.4 Macroscopic magnetism

The origin of the macroscopic magnetism in solids is the atomic magnetic moment and the mutual
coupling of their individual atoms (and which originates from the spin and angular momenta of
the electron)[51].

The fundamental wonder is how this microscopic magnetism gives rise to the macroscopic
magnetism of solids appearing in some materials below the transition temperature, called Curie
temperature, T¢.

There are two main and opposite streams: localized and itinerant magnetism models. The
former models start with the electronic states localized in real space, which considers that the
electrons responsible for the magnetism remain localized surrounding their nuclei,examples of these
are Heusler alloys, metallic gadolinium, and, in particular, the transition metal monoxides|52].The
simplest magnetic exchange mechanisms are ones, where the electrons can be looked at as being
localised[53].

while the latter(itinerant magnetism) starts with those states localized in reciprocal space,
which also considers that the responsible conduction electrons for the magnetism are dislocated
and totally free to move in any space in the tire of the material[54].

1.4.1 Hysteresis cycle

The most usual manner to represent the bulk magnetic properties of a ferromagnetic material is
by a plot of magnetic induction B for various field strengths H [48],

B=p(H+ M) . (1.9)

When a ferromagnetic material magnetizes in one direction until the saturation magnetiza-
tion,then the imposed magnetizing field removed, it will not turn back to zero magnetization. The
absence of reversibility of the magnetization curve is the property called hysteresis and it can be
related to several factors including the sample shape, surface roughness, microscopic defects and
thermal history. The term hysteresis, meaning to slow down ,was introduced by Ewing who was
the first who regularly investigate it. Remanence is when the amount of magnetisation field is
reduced to zero after magnetizing a magnetic material , the remaining magnetic induction is called
the remanent induction By and the remaining magnetization is called the remanent magnetization
M.

BR:,UOMR s (110)

moreover, it will get back to zero by a field in the opposite direction; the amount of reverse
applied magnetic field required to driving to zero the magnetization called coercivity.

The opposite magnetic field is applied until the saturation magnetization, then it is reversed
again until saturation at first direction of the applied magnetic field; hence its magnetization will
trace out a loop called a hysteresis loop.
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Figure 1.7: Magnetic hysteresis in a ferromagnetic material. Intercepts points Ho and Mg are the coercivity and
the remanence respectively

Besides a strong magnetization, the initial magnetization curve,the propriety of ferromagnetic
materials for applications is settled principally from characteristics shown by their hysteresis loops
(see figure 1.7)[46, 55].

1.5 Magnetic anisotropy

The theory of ferro- and ferromagnetism based on electronic exchange forces. These forces are so
strong that these materials are spontaneously magnetized, even in the absence of an applied field.
The dependence of magnetic properties on a preferred direction called magnetic anisotropy[55].

Magnetic anisotropic created by the electric field of a solid or crystal, depends on the shape of
the magnetic body (to sample or grains shape i.e.; atomic or micro-scale texture), on applied or
residual stresses, all of which are characterized by polar vectors[47] .

The main cause that impress the shape of the M, H (or B, H) curve, or the shape of the
hysteresis loop ,controls the coercivity and remanence, is magnetic anisotropy.This term simply
means that the magnetic properties depend on the direction in which they are measured[56].

Magnetic material said to feature magnetic anisotropy if its internal energy depends on the
direction of its spontaneous magnetization regarding the crystallographic axes. Anisotropy is
also of considerable practical importance because it is exploited in the design of most magnetic
materials of commercial[57].

1.5.1 Magnetocrystalline anisotropy

Magnetocrystalline anisotropy has a key influence on the magnetic properties of most materials,
and comes from the electrostatic interaction between the charge distribution of the environment,
and the magnetic electron orbital of the atom under investigation.It is an intrinsic property of a
ferrimagnet , independent of grain size and shape.In can be most easily seen by measuring magne-
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Figure 1.8: Surface magnetic pole and internal demagnetizing field Hy (dashed arrow) for an ellipsoidal grain with
uniform azial magnetization M[3].

tization curves along with different crystal directions. Its origin is in the crystal-field interaction
and spin-orbit coupling, or else the interatomic dipole-dipole interaction.

The magnetization process is different when the field is applied along with different crys-
tallographic directions, and the anisotropy reflects the crystal symmetry. The phenomenological
approach to magneto-crystalline anisotropy consists in considering that energy only depends on
the orientation of the magnetic moment (actually the crystalline electric field has an effect also on
the modulus of the moment). Depending on the crystallographic orientation of the sample in the
magnetic field, the magnetization reaches saturation in different fields. In magnetite, above 130 K
[56, 58, 47].

1.5.2 Shape anisotropy

Shape anisotropy mostly occurs in ferromagnetic minerals with high intrinsic susceptibility and
low magnetocrystalline anisotropy (e.g., magnetite, maghemite). By analogy with electrostatics,
the magnetization M, creates at the macroscopic scale a field bipolar called the demagnetized
field H; which opposes its orientation (see Fig 1.8). The demagnetizing field (which is the origin
of the shape anisotropy) leads to spatial inhomogeneity of the magnetization. Physically, shape
anisotropy Ejy results from dipole-dipole interactions between the magnetic moments (i.e. non-local
energy).whereas magneto-crystalline anisotropy rooted in (local) spin-orbit interaction.

The demagnetized field is zero toward the large dimension and becomes important in direction
of a small dimension.The surface magnetic poles generate an internal field whose field lines start
on the north magnetic poles on the surface and end on the south poles

This internal field is, therefore, antiparallel to the alignment of the magnetic moments inside the
crystal and it is known as the demagnetizing field H,;. Such a demagnetizing field is proportional
to the magnetization M of the crystal and is sensitive to its shape:

H=-NM, (1.11)

—1
E;= 7NMS2 : (1.12)

where N is a demagnetizing factor that is determined by the shape of each crystal. Shape anisotropy
arises from the dependence of the demagnetization factor N on the direction of magnetization
regarding the particle shape.
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In the nanowires, the shape anisotropy will contribute a term favouring easy axis formation
along the wire.the shape anisotropy cannot be an intrinsic property of the material, as it depends
on the sample shape[47, 56, 59, 60].

1.6 Spintronic Devices and Magnetoresistance

Spintronics newly emerges in the 1980s concerning spin-dependent electron transport phenomena,
based on a combination of three conventional information carriers: an electron charge, an electron
spin, and a photon; whereas representing three major fields in information technology (IT); data
processing with electron transport, data storage with an assembly of spins and data transfer via
optical connections.

Spintronic devices based on the manipulation of spin-polarized electrons offer vast significant
advances in device performance in terms of speed, size scaling, and power requirements. The de-
velopment in this field led to stimulating an increase of the storage capacity besides decreasing the
chip area. Noteworthy, Heusler alloys supply a wide range of materials with magnetic properties,
many of which are exactly what new data storage technologies require[61, 23].

This mechanism embraces magnetoresistive phenomena such as giant magnetoresistance (GMR)
or tunnelling magnetoresistance (TMR). Magnetoresistance is the property of a material to change
the value of its electrical resistance when an external magnetic field applies to it. The effect was
first discovered by William Thomson (more commonly known as Lord Kelvin) in 185662, 63].
whereas, each material system has it MR behaviour and the corresponding ratio, which defined as
a percentage of change of MR value regarding the applied magnetic field. Reaching to materials sys-
tems with a large MR ratio is the key to develop practical magnetoresistive random-access memory
(MRAM),since the large MR effect can improve the memory readout. Because of the higher spin
polarization in the half-metallic Heusler compound and alloys, it could replace the existing mate-
rials in the applications, including magnetic random access memory (MRAM)[64, 65, 66, 67, 68].

1.6.1 Giant magnetoresistance (GMR)

Thanks to the development of a new growth technique adapted from the semiconductor industry:
molecular beam epitaxy (MBE), The growth of such multilayer composed of very thin individual
layers to extend the experiments to ternary alloys became possible in the 1980s.In addition, in 1986,
Peter Griinberg and co-workers discovered the existence of antiferromagnetic interlayer exchange
couplings in multilayer comprising alternating layers of iron and chromium (Fe/Cr/Fe)[69, 61].

The electric resistance of a material increases (caused by the Lorentz force) as the applied
magnetic field increases, so its affects the motion of conduction electron., i.e., the sign of MR is
positive.

The giant magnetoresistance (GMR) effect is the most fundamental phenomenon in spintronics.
The origin of the GMR is the dependence of the electrical conduction in ferromagnetic materials
on the spin state of the carriers (electrons).
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The electric resistance of material changes, once a magnetic field applied to thin films composed
of alternating ferromagnetic and nonmagnetic layers. It’s called this phenomenon a magnetoresis-
tance (GMR) effect[21].

The slight increase in the spontaneous magnetization leads to the corresponding decrease in
electric resistance, and that’s because of the appearance of the forced effect under the application
of a high magnetic field after saturating the magnetization, which means that the magnetic field
works as a tool to switch the relative magnetization of the magnetic layer.

The system would exhibit relatively high resistance when the magnetic moments in neighboring
Fe films are antiparallel alignment, with low resistance when they are parallel. The GMR struc-
ture has been simplified down to a trilayer comprising ferromagnet (FM)/non-magnet (NM)/FM.
Multilayer structures with thin Fe films have a much larger magnetoresistance effect than a single
sandwich structure of Fe/Cr/Fe [23].

The GMR was practically used for a read-head of a hard disk drive (HDD) in only 10 years
after its discovery. The GMR-based read head had improved the storage density of HDD until
GMR was replaced by tunnel magnetoresistance (TMR) later[70, 66, 64, 71].

1.6.2 Tunnel magnetoresistance (TMR)

In 1975, Julliere proposed a simple model to explain the TMR effect in a Magnetic Tunnel Junc-
tion (MTJ) , where an ultrathin tunnel barrier is separating two ferromagnetic electrodes. It was
the second major discovery in spintronics domain applications of artificial magnetic systems de-
velopment. The Principle of TMR arises from the spin polarization of conduction electrons at the
Fermi surface for ferromagnetic electrodes|21, 66].

A magnetic tunnelling junction (MTJ) comprises a sandwich of two thin ferromagnetic or fer-
rimagnetic electrodes separated by an ultrathin insulating layer. Whereas, the parameter that
measures the transport property of magnetic tunnel junctions with (ferromagnet /insulator /ferro-
magnet) trilayers is the TMR ratio[61]. TMR refers to the change of junction resistance, depending
on the magnetic configuration of the electrodes (parallel or antiparallel magnetisation)[72].

With the suppose that the spin-flip scattering is negligible during electron tunnelling, the
electrons in an up-spin band move to the other up-spin band whereas the electrons in a down-spin
band move to the other down-spin band. The conduction mechanism that lies at the center of
TMR structures is dependent on the quantum tunnelling of electrons, which percolate through the
non-conductive barrier. Despite the fact that GMR drew research attention towards the domain
of spintronics, magnetic tunnel junctions (MTJ) are now found in place of GMR devices within
HDD read heads and MRAM applications affording greater magnetoresistance[23, 73, 64, 74].
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Chapter

Heusler alloy

2.1 Introduction

Heusler compounds reveal different electronic ground states functionalities with important wide-
ranging which giving them a significant chance to study and identify their properties in spintronics
and exploit them in technology[75, 76].

In 1903, Fritz Heusler made an intriguing discovery of one of the most exciting material classes.
He discovered that an alloy, Cus MnAl | behaved as a ferromagnet but none of its constituent is
a magnetic element. That discovery had grown in the last 100 years, into a family of over 1,000
compounds, synthesized from combinations of over 40 elements and classified under the name
Heusler compounds .They are ternary semiconducting or metallic materials with an X,Y Z (also
known as full or inverse-Heusler) where X and Y are transition or rare earth elements and Z is the
main group element[4, 77].

In the 1980s, electronic and magnetic properties investigation of several Heusler lead to un-
predicted results that certain Heusler compounds show metallic as well as insulating properties a
feature called half-metallic ferromagnetism ,i.e.the minority band is semiconducting with a gap at
the Fermi level EF,while that feature exhibit 100% spin polarization, it made it an ideal candidate
for spintronics and magnetoelectronics applications that use the giant and tunnel magnetoresis-
tance effect[4, 76, 78].The half-metallic ferromagnet (HMF) behaves like a metal for one spin
direction and like an insulator for the other spin direction.

By counting the number of valence electrons, the properties of many Heusler compounds can
be predicted, which provides, the design of semiconductors with tunable band gaps, half-metallic
ferromagnet besides other features. Whereas the physical properties and electronic structure of
Heusler alloys heavily depend on the structural order degree and distribution of the atoms in the
crystal lattice[4, 79, 68, 80].

The Figure 2.1 shows an overview of combinations for the candidate’s elements for different
types of Heusler alloys.
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Figure 2.1: Periodic table of the elements. The huge number of Heusler materials can be formed by combination of
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2.2 Crystal Structure of Heusler Compounds

The first Heusler alloys studied crystallized in the L2; structure according to the notation of the
Strukturberichte[81] which comprises 4 fcc sub-lattices (see Fig 2.2).

They consider intermetallic compounds with a composition of X,Y Z where X and Y are transi-
tions or rare-earth metals and Z is the main group element. Classical Heusler compounds crystallize
with structure type Cus Mn Al with space group Fm3m (No. 225). The X atoms occupy the Wyck-
off position 8c (1/4,1/4,1/4), the Y Atoms 4b (1/2,1/2,1/2), and the Z atoms 4a (0,0,0). Instead,
it’s called a regular Heusler structure.

C1, structure crystallizes with only 3 sub-latices occupations, under the name of half or semi
Heusler (see Fig 2.3).

The quaternary compounds have chemical formula (XX")YZ where X, X', and Y are transition
metal atoms.The valence of X’ is lower than the valence of X then the valence of the Y element is
lower than the valence of both X and X’. The sequence of the atoms along the fcc cube’s diagonal
is X-Y-X’-Z which is energetically the most stable[82, 76, 4, 5].

For the usual full-Heusler compounds, there are also the so-called inverse Heusler compounds
with XA or Xa structure, where the series of the atoms is X-X-Y-Z, with the prototype is Hg,TiCu
[83], whereas the atomic number of the X transition-metal atom is smaller than the valence of the
Y transition metal and more electropositive than Y [4].

Due to Burch’s rule[84], it can be described the observed preferential site occupations. Ac-
cording to this rule, with the XY Z structure the X element on the left side in the periodic table,
the 8c site in F'm3m splits into 4d and 4c in F43m. So then, half of the X-type atoms exchange
their positions with the Y-type atoms (LiyAgSb structure type or X-type), F43m , no. 216, X
on 4d (1/4,1/4,1/4) and 4b (1/2,1/2,1/2), Y on 4c (3/4,3/4,3/4), and Z on 4a (0,0,0)),i.e. X type
atoms take the positions 4d and 4c in our case of Mny- based Heusler compounds(see Fig 2.4)
[12, 4, 5, 7].

2.3 Half-metallic ferromagnet

The primary interest surrounding on magnetic properties in Heusler compounds were the prediction
of half metallic ferromagnet (HMF) of the semi Heusler MnNiSb in 1983 by Groot et al.[27, 85],
then cooMnSn by Kubler et al.[86].

The electronic band structure of these materials differs from that of typical metals and semi-
conductors, It features The minority spin electrons with semiconducting and zero gap behaviour
while the majority-spin electrons keep their normal metallic character or spin gapless (see Fig
2.5)[87, 80].

The asymmetric band character reflects the feature that the conduction electrons are (100%)
spin polarization at Fermi level. We can define the spin polarization P, that measures the spin
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Inverse-Heusler structure Quatemnary-Heusler structure

Figure 2.3: Different types of Heusler structures. Full-Heusler (a), Half-Heusler (b),Inverse-Heusler (c), and
Quaternary-Heusler structures (d)[6].
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Figure 2.4: Inverse and regular structure for Mn2-based Heusler compounds[6, 7].
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Figure 2.5: The electronic band structures of various classes of materials, metal, semiconductor, half and semi
metal[8].

asymmetry[4, 66], by the following expression:

p 1 (EF)+pl (EF) '
This exceptional property allow the HMF to be the perfect candidate for spintronic devices
such as non volatile magnetic random access memories, magnetic sensors and spin injection device.
Recently, in condensed matter science, Mn-rich Heusler compounds have become the most

preferred topic since cubic Mn2-Heusler compounds are half-metallic ferro- or ferrimagnets|[5, 88,
82, 68, 27].

2.4 Spin gapless semiconductor

Recently, a new class of materials in the HMF family spin gapless semiconductors (SGS) has
emerged. Wang proposed and named the concept of the spin-gapless semiconductor (SGS) in 2008
through the design of its band structure.

Since their theoretical prediction, SGS materials are receiving significant research interest with
great expectations in the spintronic devices field. It Supposed as prospective candidates to substi-
tute for diluted magnetic semiconductors (DMS). whereas, it considers as a new class of zero-gap
materials that contain fully spin polarized electrons and holes.

SGS materials feature a zero band gap for one spin channel, while a band gap is present for
the other channel, as shown in Fig 2.6. Therefore, these materials can serve as a bridge between
the HMFs and the semiconductors.
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Figure 2.6: The schematic density of states n(E) as a function of energy E is shown for (a) a half-metallic ferro-
magnet, (b) a spin gapless semiconductor, and (c) a zero-gap half-metallic ferromagnet. The occupied states are
indicated by filled areas. Arrows indicate the majority (1 ) and minority (]) states[9].

E Ef Ef Ef
T b1 A |1 l

Figure 2.7: Energy band diagrams for spin gapless semiconductors with parabolic dispersion between energy and
momentum/8].
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Therefore, Wang et al. had proposed four different SGS materials with different configurations
of band structures(see Fig 2.7).These are based on gapless semiconductors with parabolic or linear
dispersion between energy and momentum(see Fig 2.5). For example, the bottom of the conduction
band (C}) touches the top of the valence band (V;) at the Fermi level, i.e., the energy gap is zero,
and for both electrons and holes are fully spin-polarized case (c) Fig 2.7.

Some of the special properties of SGS are (i) spin-polarized current resulting from electrons as
well as spin-polarized holes; (ii) ability to switch between n and p-type spin-polarized carriers by
the application of an electric field; and (iii) almost no energy is required to excite electrons from
the valence band to the conduction band[89, 90, 91, 92, 93, 94, 8, 95].

Gapless half metallic

Du et al.[9] proposed very recently, a class of materials gapless (also known zero-gap) HM,FM ,
they theoretically predicted a gapless HM-FM of the inverse Heusler alloy F'e;C0Si[96]. In gapless
HM-FMs, one of the two spin channels is metallic and the other is gapless(see Figure 2.6 (c)).
Gapless HM exhibits conducting properties in one of the spin channels(metallic behavior), and
almost zero bandgap in the other.

Schematically, when the top of the valence band and bottom of the conduction band touch the
Fermi energy for the minority-spin channel but shows a metallic character for the majority spin
channel, the resulting band structure is gapless HM.

Mainly, in SGSs and gapless HM-FMs no energy is required to excite electrons from the valence
band to the conduction band[97, 96, 98].

2.5 Origin of the Gap

When two atoms approach each other, their electron orbital overlap, which this overlap create a
molecular bond between the two atoms with its own molecular orbital shape[99, 100].

The prediction of molecular and electronic properties of a compound requires a vast under-
standing of the concept of hybridization [101].

The hybridization of atomic orbitals theory is analysed using the principle of superposition by
L. Pauling[102].

The study of the origin of the band gap of complete inverse Heusler alloys based on manganese
has been introduced according to studies by Skaftouros, et al.[10].

In order to get an idea about the mechanisms concerned, it considers only the d states of double
Mn and Fe, which handle the gap at the point I', which reflects the structural symmetry in the
compound.

The indications ey, e, 1, and ty, are used as chemical nomenclature that describes the hybrid
orbital shape (angular momentum), its coefficients are on the front of the orbitals and give the
degeneracy. The characters d; = 1,...,5 correspond respectively to orbitals d,,, d,., d.,,d,2 and
dy2_,2. The hybridization of Mn(a)-Fe orbitals with the Mn d-orbitals shown in Fig 2.8[103, 26].
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Figure 2.8: Schematic illustration of the origin of the gap in the minority band in inverse-Heusler alloys MnsFeSn.
The dashed line represents the location of the Fermi level Ep[10, 11].

The 3 d-orbitals of Mn(a) atoms are divided into the twofold degenerate d,2, d,2_,2 then
threefold degenerate d,, dy., d., states. The e, orbitals of Mn(a) (to, orbitals) can only couple
with the e, orbitals (to, orbitals) of the Fe atom forming new orbitals, hybrid bonding, showed by
eg (or ty,) and the other are anti-bonding orbitals with high energy, indicated by e, (or t1,).

3d orbits of Mn(a) and Fe hybridized first to create every three states for o5 and tq, (3 X tag
with 3 x t1,) and every two states for e, and e, (2 x e, with 2 x e,)[104, 105, 106].

The second step of hybridization shows that the 2 x e, orbital (twofold degenerated) of Mn
(a)-Fe hybridizes with the dy4, d5 orbitals of Mn(b) and forms a bonding orbital (below Fermi level)
and another anti-binding (above Fermi level) orbital, both are with 2 x e, type.

The 3 X to, orbital (threefold degenerated) of Mn (a)-Fe hybridizes with the dy, ds, ds orbitals of
Mn, three of which are 3 x 5, bonding, settled below the Fermi level and other 3 x t54 anti-bonding
above the Fermi level.

The interaction of Mn(a)-Fe with Mn(b) releases five hybridized orbitals (3 x t1, and 2 X e,)
of Mn(a)-Fe. The anti-bonding orbitals 3 x t1,, (bottom) and the 2 x e, (top) are free between the
Fermi level. Because Mn (b) atom doesn’t have states that represent the same symmetry with the
anti-bonding orbitals of Mn(a)-Fe[107].

Then, the e, and t,, states of the Mn(a)-Fe system are hybridized with Mn(b) 3d states. This
hybridization makes XA phase MnyFeSn follow the Slater-Pauling’s rule: M, = Z; — 24[10, 106].

As a result, the origin of the energy gap in the minority spin channel dominated by the in-
teraction between the two Mn(a)-Fe atoms and the Mn(b) and Sn atoms. The state of affairs of
the five sp bands is much lower than the Fermi level, and these bands have no effect on the gap’s
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Figure 2.9: The values for 3d transition metals and their alloys are given for comparison[]].

formation. So,the strong hybridization between the d-states of the transition metal atoms is the
responsible for the gap[98].

However, the sp orbitals of Sn have affected the positioning of Fermi level, thanks to the
participation of its valence electrons in the total valence electrons, which gives it a part in the
magnetic properties of the Heusler compound[24, 108, 10].

2.6 The Slater-Pauling rule

Slater[109]and Pauling[110] discovered that the magnetic moment m of the 3d elements and their
binary alloys can be estimated based on the average valence electron number (Z;) per atom[5].

Depending on M (Z;),using first-principles calculations, the Slater-Pauling rule divided The
materials into two areas; The first is the area of low valence electron concentrations (Z; < 8)
and of localized magnetism, where most bcc structures are found. The second area contains
the itinerant magnetism with high valence electron concentrations (Z; > 8) where closed packed
structures: fcc, hep are found.whereas, Iron is at the top border between localized magnetism and
itinerant magnetism (see Fig 2.9) .

The total number of electrons Z; is given by the sum of the number of spin-up and spin-down
electrons, while the total moment M, is given by the difference,

Zi=Nt4N | (2.2)

M,=N1-N1 (2.3)
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Figure 2.10: Calculated total spin moments for all the studied full Heusler alloys. The dashed line represents the

Slater-Pauling behaviour[12].
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Figure 2.11: Calculated total spin moments for several inverse Heusler compounds studied. The dashed lines represent
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the three variants of the Slater-Pauling behaviour for these compound/12].
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with N 1T and N | are the numbers of electrons in the majority and minority states, respectively.

The figure 2.9 shows the Slater-Pauling curve for transition metals. The local part of this curve
carries Heusler compounds. Thus, The magnetic moment in multiples of Bohr magneton g is
given by:

M,=2Z,—2N | (2.5)

Where 2n | signifies the number of electrons in minority states. In the d | minority band, the
minimum number of electrons is about three. Ignoring the contributions of s and p electrons, the
magnetic moment in the localized area of the Slater-Pauling curve , the equation becomes:

where Z; is the total number of valence electrons in the unit cell.
For semi-Heusler XYZ compounds, which comprise three atoms per primitive cell (formula
unit) , the Slater-Pauling rule is given by :

The figure 2.10 represent the total spin magnetic moments for all the compounds under study
as a function of the total number of valence electrons with a dashed line which describe the half
metallicity rule:

for the full Heusler alloys.

The concept of that rule is that the minority band contains 12 electrons per unit cell: 4 are
occupying the low-lying S and P bands of the sp element and 8 for the Mn minority d bands , as
explained above (see Fig 2.8).

Thence, for several of inverse Heusler compound ,that shown in figure 2.11 ;when X is Sc or Ti
the total spin magnetic moment per formula unit (or unit cell) in pp follows the rule M; = Z; — 18

When X = Cr, Mn or V , the variant followed by M, like the full Heusler compounds equa-
tion 2.8 that argued above. The explication of the appearance of these rules depends on simple
hybridization arguments of the transition metal d-orbitals.

At last, it has concentrated on the compounds that the X is Cr or Mn and Y is Cu or Zn, that
half-metallic compound follows the rule[4, 111, 10, 112, 113, 90, 95, 24].
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Chapter

Foundations of the density functional theory

3.1 Introduction

Understanding and controlling the properties of matter at individual levels of atoms molecules; is
the key to scientific and technological progress in physical-chemical sciences.

Modern methods of calculating solid-state properties are based on quantum theory, where the
computations are by many-body interactions among electrons and nuclei.

solid-state physicists carried out the calculation of the electronic structure which consider as
the first effective tool for understanding the relationships between crystallographic structures and
Physics-chemical properties.

The ab initio methods have been developed to become today an essential tool in the structural,
electronic, elastic properties and optical systems of the most complex systems and their physical
properties. They are considered as a tool to predict a new material and sometimes could replace
very expensive or even impractical experiments in the laboratory.

In the last two decades, density functional theory (DFT) calculations are quickly becoming a
“standard tool” for various materials modelling problems in physics, chemistry, materials science,
and multiple branches of engineering.

Density functional theory is a successful approach thanks to its great accuracy and lower
computational costs, it found solutions to the fundamental equation that describes the quantum
behaviour of atoms and molecules, the Schrodinger equation.

Ab initio calculations are performed using the pseudo-potential approximation and plane wave
method (PP-PW) in the framework of density functional theory (DFT).

There are a large number of calculation codes based on this method, one cites as example
WIEN2K, Dmol3 (Delley, 1990), VASP (Kresse and Furthmiiller, 1996), GAUSSIAN (Gaussian
03), ABINIT (Gonze et al. 2002), CRYSTAL (Dovesi et al. 2010), Big DFT (GENOVESE et al.
2009)[114, 115, 116, 117, 118, 119, 120].
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3.2 Schrodinger equation

In 1925, the Austrian physicist Erwin Schrodinger created an equation bearing his name, which
today is one of the pillars of quantum mechanics. It describes the evolution of a non-relativistic
particle over a period of time. Thus it plays the same role as the fundamental relationship of
dynamics in classical mechanics[121, 122, 120].

The theoretical study of the physical properties of materials requires the solution of the equation
of Schrédinger independent of time, given by the following relation :

HY,(7, R;) = BEV,(F, R,) (3.1)

where;

H : is the Hamiltonian of the system.

W, : the wave function of the system.

7;: The variables describing electron positions i.

R;:The variables describing nuclei positions (Cartesian coordinates).

E : is the energy eigenvalue for the stationary state described by ¢ the wave function[118].
Usually, the Hamiltonian operator is written as :

H=T.(r) + To(R) + Voo (r) + Vien(R) + Voo (Ry1) (3.2)
1. and T, ; electrons and nuclei kinetic energy operators ,
=y (3.3)
2m = "
— ;EQ i \V&: (3.4)
Too2M — e

N ke? K ZaZp
Vo, = Z el (3.5)
2 a,B=1,a<f |Ra - R5|

V. . ; the operator of energy interaction among the electrons,

. ke? X 1
Ve = — Z _ (3.6)
2 ij=1,i<j |ri — ]
Vn_e ; the operator of interaction between electrons and nuclei.
A ]{5 K N
__ e 3.7
2 z:: 2:: R - Tz| ( )



m: the mass of the electron. M: the mass of the nucleus. The labels i, j, a and S denotes
the particles coordinates . The wave function ¢ of N electrons depends on 3N spatial coordinates
besides N spins coordinates, which makes it impossible to solve the equation 3.1. So this surely
guides us to use some approximations.

3.2.1 Born Oppenheimer approximation

The Born-Oppenheimer approximation[123], proposed in 1926, is considered the most important
in quantum chemistry, as it is theorized the first constant approximation aimed at simplifying the
Schrodinger equation.

It allows us to manipulate the electronic structure of molecules very precisely without worrying
that the nuclei. It is based on the separation of the movement of electrons from the movement
of atomic nuclei based on the huge difference between the masses of the nucleus and the electron,
which is a doubled coefficient of about 1836.

So that the nuclei have a movement much slower than the movement of electrons. To reach
the approximation, it was taken into account that the electrons of the molecule move in a fixed
nucleus field, meaning that the kinetic energy of the nucleus is neglected T, =0.

then we can write the wave function of the system in the form of the product of two distinct
wave functions, one for the nucleus (the nuclear term ¥, (R)) and the other for electrons (the
electronic term W, (7)).

\Il(ﬁf‘) - qj”(é)qje(ff) (38)

The potential energy V,, is considered constant. We, therefore, consider that the electrons
move in a field created by fixed atoms. Thus, the electronic and nuclear Hamiltonians are written
as;

H, =T.(r)+T..(r) + Th_e(R,r) (3.9)
H, =V, , = constant (3.10)

Although it is impossible to dispense with this approximation in the calculations of the molecu-
lar wave functions, it is severe to solve the equation due to the difficulties of the electronic motions
and the interactions that control it. To overcome this difficulty, a series of approximations must
be made[124, 125, 33, 126].

3.3 Density functional theory

At the end of the 1920s, both Llewellyn Thomas[127] and Enrico Fermi[128] developed the density
functional theory, which is today one of the most widely used methods for quantum computations
of the electronic structure of matter, which states that the electronic properties of a system can
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be calculated through its density electronic, Under the assumption that the electron density is
homogeneous, they are the first who deal with electronic interactions and kinetic energy.

However, it did not take into account all the efforts presented until the mid-sixties, due to the
contributions of Hohenberg and Kohn, then Kohn and Sham[129], that model has been developed
which establish the theory in force today. The main purpose of DFT is to replace the function of the
multi-electronic waves with electron density. As known that the electron density in an electronic
system is the number of electrons per unit volume in a given state (or the probability of finding
an electron in a unit volume ), defined by:

o(7) = N/.../|\If(a?1,a?2,....fN)yzdaldag...daN (3.11)

This density is equal to zero when r tends to infinity and is equal to the total number of
electrons N when integrated throughout space[130, 120, 131, 132].

p(— 00) =0 (3.12)

/p(F)dF: N (3.13)

3.4 Hohenberg and Kohn’s theorem

In 1964 by Hohenberg-Kohn[133] a DFT suitable for manipulating interacting electron systems was
developed on the basis of a study that showed a bijection match between the external potential
Veer and the electronic density po(7).

Through that density, All properties of a system in its fundamental state could be determined,
which is obtained by the covariance principle applied to the functional energy of the system[132,
134, 120].

3.4.1 First Hohenberg-Kohn Theorem

Hohenberg and Kohn showed that for a particles system interacting with an external potential V.,
, it consider as a function of electron density.

The arrows indicate the relation obtained in the case of the traditional solution of the Schrodinger
equation where the knowledge of the external potential V() will make it possible to determine
the different electronic states (i.e. the wave functions ;) but also the essential state and the
electron density associated with it.

In the ground state the electron density po(7) determines the external potential V,,.;(7) of the
nuclei,which determines the Hamiltonian H then the wave function Wo(r) , knowing that the
electron density in the ground state is sufficient to obtain all the properties of the device . The
first HK theorem, shown, serves to complete this cycle.

po(7) = Vewr — Wo(r) — po(7) (3.14)
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3.4.2 Second Hohenberg-Kohn Theorem

This theorem shows that the energy functional E[p(7)] is minimum when any electronic density
p(7) corresponds to the electronic density of the ground state py(7).

Elpo(r)] = E[p(r)] (3.15)

The physical (or « real ») electron density of a system is the one minimising the total energy
functional of the system (variational principle), whereas it is possible to write the energy of the
system as a function of the electronic density.

Elp(A)] = Fuxlp()] + [ Vel ?)p(7)d7 (3.16)

with Fgg is the universal functional which is valid for any system of electrons:

FHK[IO<F)] =< \D‘Te—l—‘/;,e‘\lf > (317)

For each specific V..(7), the energy of the ground of the device is the value which minimizes
this functional, the density p(7) associated with it corresponds to the exact density po(7) of the
ground state.

In end, the two proposed theorems by Hohenberg and Kohn allow to remove the posed problem
by the solution of a multi-electronic Schrodinger equation. Indeed, the DFT method informs us
that if the shape of the functional is known, it is easy, for a given external potential, to determine
the energy of the ground state. in the other side the term Fpk[p(7)] has no indication that’s why
we need other approximations to solve the problem[118, 120, 135, 136].

3.5 Kohn and Sham theorem

In 1964, Walter Kohn and Lou Joe Sham[129] proposed a solution to the problem left by Hohen-
berg and Kohn’s theory by replacing the real system of interacting electrons by a non-interactive
imaginary system. It consists of n independent electrons interacting with the external potential.
In order to reach the total energy of the electronic system and the density of the ground state
charge (see Fig 3.1), from which all other physical properties can be extracted[13, 118].

According to the first theorem of Hohenberg and Kohn[133], the functional E[p(7)] can be
written according to the expression:

Elp(r)] = T[p(F)] + Ve—e|p(7)] + / Vear(P)p(T)dr (3.18)

The Kohn and Sham theorem is consists with rewriting the Hamiltonian of the system with the
interacting particles and non-interacting particles,means that the idea was to split these implicit
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Figure 3.1: Diagram illustrating the concept of interactive real system and the non-interactive fictitious system ;
(a): Real system made up of several electrons in mutual interaction; (b): fictitious system of independent fermions
with the same energy and the same electron density as the real system[13, 14].

terms into the kinetic and Coulomb energy of independent electrons plus an extra term which
accounts for the difference:

Brclp(7)]
E[p(F)] = T|p(7)] + Enartrec[p(7)] + / Vear () p(F)dr + [T'[p(7)] = T[p(7)]] + [Ee—e[p(7)] = Enartreelp(7)]]

Total energy in the Interacted electrons approximation

(3.19)

The extra term, E,.[p(r)], contains everything that is left out and is called the exchange and

correlation energy (i,e.This term contains all the differences between the non-interactive fictitious

system and the real interactive system) including corrections for both the Coulomb interaction
and the kinetic energy.

Total energy in the independent electrons approximation

Elp(7) = T5[p(7)] + Enartree[p(7)] + / Voot (7) p(P)dF + B p(7)] (3.20)

With : T[p(r)]: is the kinetic energy of the gas of non-interacting electrons or the energy of
non-interactive Kohn-Sham fermions,

p(7) = Zl ()| (3.21)

h2N

Tlpl7)] = g, 30 A (322)
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Enartree|p(7)]: is the classical Coulomb interaction energy between electrons (electrons repulsion
energy) written in terms of their charge density[120, 118, 132, 117].

Enarneco®] = 5 [ [ p“_“fdd (3.23)

Where Hgg is the Kohn-Sham Hamiltonian defined by:

2

B2
Hygs = 5—Vi 3 24
KS Zmevz+‘/éff(r) (3.24)
Hys =T, + Vess(7) (3.25)
With the effective potential:
Vers (1) = Veee[p(P)] + Vear[p(7)] + Euelp(7)] (3.26)

The Kohn - Sham mono-electronic equations will be of the form:

[His(r) — el(r) =0 (3.27)

3.6 Exchange-correlation approximations

The benefit of the Kohn-Sham equation is that it contains wave functions of non-interacting parti-
cles, and terms that can be determined explicitly (kinetic energy and classical Coulomb potential)
have been separated from the unknown exchange and correlation energy.

Non-classical many-body effects are gathered together in the correlation and exchange func-
tional. This makes the problem tractable.

Since Vg[p(7)] is the only unknown term, approximations of it can be made to a reasonable
degree of accuracy. Correlation and exchange are so important, Without it, the calculated values
of cohesion would be much lower than in reality[137, 138].

The potential for exchange and correlation given by the derivative of the functional:

(3.28)

The most widely used approximations are the local density approximation (LDA), the local
spin density approximation (LSDA) and the generalized gradient approximation (GGA).Among
the main approximations, we can cite;
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3.6.1 The Local density approximation (LDA)

In the Local Density Approximation[139], it is assumed that the electron density can be processed
locally as a gas uniform electrons. In other words, this approach consists of making the following
two assumptions:

1- the exchange-correlation effects are dominated by the density located at the point 7

2- the density p(7) is a slowly varying function with respect to 7.

Thus, the fundamental assumption contained in the formalism of the LDA consists in consider-
ing that the contribution of F,.[p(7)] to the total energy of the system can be added cumulatively
from each portion of the non-uniform gas as whether it was locally uniform[140, 138].

The LDA exchange-correlation functional assumes that the correlation exchange part of the
total energy of the ground state of the electronic system can be written according to the expression:

EEPAIp()] = [ p(P)ewclp]dF (3.29)

In which eLP4[p(7)] represents the exchange-correlation energy per electron in a system of

mutually interacting electrons of uniform density p(7)

eve p(F)) = e p(P)] + 2P [p(7) (3.30)
From eLP4[p(7)], the exchange-correlation potential) V.ZP4(7) can be obtained in a variational
way according to the equation :

) A LDA
VEDA() = (p(7)ege H[P(f‘)]) (3.31)
op(7)
The exchange energy for a uniform electron gas is given by Dirac’s formula[141] with the
following equation;

e P p(P)] = =Cap'?(7) (3.32)

3.6.2 Generalized gradient approximation (GGA)

A first step carried out with the objective of improving the processing of exchange-correlation
energy consists in making the functional E,.[p(7)] dependent not only on the electron density but
also on its gradient |V p(7)|.

Thanks to this modification[142], the functional E,.[p(7)] accounts for the non-uniform char-
acter of the electron gas. In contrast, GGA functionals cannot be considered as non-local methods
given that they depend only on the density (and its first derivatives) at a given point.

In the GGA formalism, the contribution of E,.[p(7)] to the total energy of the system can be
added cumulatively from each portion of the non-uniform gas as if it were locally non-uniform[138,
118]. This definition of the GGA functional implies that it is of the form:

Ezp(M)] = / Exelp(7),|V p(7) | p(7)dr” (3.33)
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In which e,.[p(7),|Vp(7)|] represents the exchange-correlation energy per electron in a system
of interacting electrons of non-uniform density.

3.6.3 PBEsol exchange-correlation functional from Perdew—Burke— Ernz-
erhof approximation (GGA)

Popular GGAs represent a good balance between computational efficiency, numerical accuracy, and
reliability, whereas PBE also juggles the demands of quantum chemistry and solid-state physics.

One of the most popular GGA XC functionals is the PBEsol[143] functional approximation,
which is used in many electronic-structure calculations in condensed-matter physics and mate-
rials science. This approximated functional describes well the short-range correlation, showing
important binding in layered materials.

Other equilibrium properties, such as bulk modulus, phonon frequencies, magnetism, and fer-
roelectricity, are sensitive to the lattice constant, and so are also overcorrected by PBE.

PBEsol is exact for the uniform gas, and highly accurate for large jellium clusters, both of
moderate and high density. in addition, PBEsol also becomes exact for solids under intense com-
pression, where real solids and their surfaces become truly slowly varying, and exchange dominates
over correlation[144, 145].

3.7 Solving the Kohn-Sham equations

The KS equations are restated here as;

(=572 + teadr) + 0lp™ (1)) + vl () ()(r) = 2064(0), (3.34)

prr)y = > leu(r)P, (3.35)
i€occupied

considering a local exchange-correlation potential.

Therefore, in order to even begin solving the above system of equations, one must estimate an
initial electron density to use as input,p™.

Once an initial input density has been specified, the (linear) KS equations can be solved Eq
3.34. The output electron density found,from these single particle orbitals, p°“ , is constructed
using Eq 3.35. In general, the input and output densities are equal if it has found the ground-state
electron density that solves the KS system.

The computational of iterative method (self-consistent field method) start from an initial guess
electron density, to get the electron density that solves the KS system.This process is summarised
in Fig 3.2.

Solving this system amounts to finding a fixed point of the non-linear KS diagram, p* = p* =
p°, which based on utilizing the iterative procedure that acts to define a sequence, pi",..., pi",
such that p* = p™ within some defined tolerance.
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L Start

/ Guess the initial electron density: p™(r) /

A

Construct the KS Hamiltonian:
HS[p(r)] = —3V? + vegr[p™ (r)](r)

A
Solve the KS equations to obtain the occupied
single particle orbitals: {¢;}

Y

Calculate the output electron density: p°"(r)

Construct a new p'(r)

Stop: {¢;} and p*(r) = p°“t(r) = p™(r) is the solution

Figure 8.2: Schematic representation of the self-coherent cycle within the framework of the Functional Theory of
Density. The electron density constitutes the fundamental quantity which governs the iterative procedure by defining
both the starting point and the end point of the self-coherent cycle[15].
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This sequence is generated as strongly and efficiently as possible, which is to say, the sequence
will eventually converge, and it does so much that n is minimised.

3.8 Bloch’s theorem and plane wave basis set

To calculate the total energy of solids, the plane wave expansion of the Kohn Sham wave functions
is very useful because it takes advantage of crystal lattices repeating periodically in all three
directions of space and in an infinite manner.

Due to the orthogonalization to the inner electronic wave functions, The valence wave functions
of the large Z atoms oscillate strongly in the vicinity of the atomic core.

There is a difficulty in calculating the total energy because of the perturbations and oscillations
that require a large number of plane waves.

Many disturbances are caused by the inner electrons, which are considered inert and have little
effect on bonding. Therefore, an atom is described based on its valence electrons only through the
so-called pseudo-potential approximation[146, 147].

In bulk crystalline systems, the periodicity of the effective potential is straightforward and can
be expressed as the condition[136]:

u;(F+ R) = u(7) (3.36)

where R is a translation vector of the crystal lattice (Bravais lattice).

In 1929. Bloch[148] presented a theory expressing the single-electron wave function 1; in a
crystal, where the potential is periodic u(r), in the form of the product of plane waves by a
function u;(7), if r has a periodicity in the crystal lattice of the solid system:

Di(P) = us (A (3.37)
With k is any allowed wave vector for the electron of the first Brillouin zone (BZ).
The function u,;(7) can be developed on a discrete basis of plane waves whose wave vectors are
G vectors of the reciprocal lattice of the crystal structure :

wi(f) =Y Cig " (3.38)
€]
So, the general expression of the wave function 1; can be written in the following form [149];
0 A TN =
%(F) = Z Ci,k+G e! (TR (3-39)
G=0
Bloch’s theorem allows us to take an infinite system but only to calculate a finite number of
electronic wave functions. However, this leaves an infinite number of k points so that each electron

occupies a specific k. whereas the electron wavefunctions at these near k points are nearly identical.
So the k-space region is represented by the wave function at a single k point.
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In order to achieve this effective k point sampling (geometric optimization), methods for per-
forming discrete sampling of the space of points k have been developed (e.g. Monkhorst and
pack[150], Chadi and Cohen[151], Joannopoulos and Cohen[152], Evarestov and Smirnov[153]).
The first method is the one that is used in our calculations in C'astep code.

The Network symmetry has been used to reduce the number of k points required. Further,
the Brillouin zone can be made irreducible by applying the point set symmetries of the network,
without leaving k points associated with the symmetry.

A cutoff energy value, E.,;, determines the number of PWs (NV,,,) in the expansion, satisfying,

hZ
%Ik + G* < Eeuttor (3.40)

Npw is a discontinuous function of the PW kinetic energy cutoff, while depends only on the
computational cell size and the cutoff energy value.

i.e.it takes into account all plane waves whose kinetic energy is greater than or equal to the
highest kinetic energy of the plane waves used. This corresponds to a sphere in reciprocal space
within which all the users |k + G|* < Euu0p vectors lie[154].

For each of the k vectors, the use of plane waves in the Cohen and Sham equations provides a
solution of a system of equations of the following form:

R - S =~ = S o
Z[%U{? + G|5GG’ + Vezt(G + G/) + VH(G + G/) + V},;C(G + G’)]CLEJFG*, = Ei7k0i,E+é’ (3.41)
G/
The number of allowed wave vectors in a primitive cell of the reciprocal lattice is equal to the
total number of lattice sites in the crystal.
Bloch’s theorem thus makes it possible to transform the problem consisting in solving an
infinite number of mono-electronic equations into that of solving a finite number of mono-electronic

equations for an infinite number of points k in a finite volume ( Brillouin zone )[155, 156, 147, 157,
158].

3.9 pseudos-potentials Method

Sommerfeld’s free-electron model[159] gave a reasonable picture of some chemical properties , by
Taking into account the valence electrons and completely disregarding both the core electrons and
the nuclei, which was the starting point for introducing the concept of pseudopotential.

The basic idea of the pseudopotential method goes back to Fermi[160] In 1934, which proposed
a method to describe the study of observed atomic levels by replacing the complex effects of the
core electrons with an effective potential described by the pseudo-wavefunctions of the valence
electrons.

In the same year, soon after, this pseudopotential, was achieved by Hellmann[161] who imple-
mented it to describe the energy levels of alkali atoms[162, 163].
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In 1959, Phillips Kleinman and Antoncik[164, 165] developed the pseudopotential method that
is widely used to calculate the band structure of solids.

Phillips-Kleinman cancellation theorem has shown that valence electrons experimentally exhibit
a repulsive potential when they are outside the core; means that their wave functions are forced
to be orthogonalized to the states of the heart.

In a solid system, the ability to affect the valence electron is very attractive inside the core. In
this area, the wave function oscillates so rapidly due to the electrons of the core that it is difficult
to represent it on a plane wave basis (see Fig 3.3).

As known most physical properties of solids are dependent on the valence electrons to a much
greater extent than on the core electrons.

The basic concept of pseudopotential (PP) was based on replacing the Coulomb strong potential
of the nucleus and its core electrons with an effective ionic potential acting on the valence electrons
which is described by pseudo-wavefunctions, rather than the true valence wave functions.

In the sense of collecting the core electron 'frozen” with the nuclei together and consider them
as rigid non-polarizable ion cores under the term (frozen — core — approximation).

The pseudo-potential approximation allows the electronic wave functions to be expanded using
a much smaller number of plane-wave basis states and diminishing the time calculation.

The main idea of this approximation is to represent the atom as a sphere with a cut-off radius for
each pseudo orbital (r.), whereas the constructed pseudo-potential and the pseudo wave functions
match with the real potential and to the real wave functions. Due to this approximation, the
potential and wave functions softened in order to remove the perturbation and oscillations. There
are several types of pseudo-potentials and the one used in our calculations is The ultra-soft pseudo-
potentials introduced by Vanderbilt[166] and presented in CASTEP code[167, 168, 155, 33].
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Figure 3.3: Schematic illustration of all-electron (solid lines) and pseudo electron (dashed lines) potentials and their
corresponding wave functions[16]. The radius at which all-electron and pseudo electron values match is designated

Te.
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Chapter

Results and discussions

Introduction

Heusler alloys are interesting as they can support, spin polarization which is highly desired to
improve the performance of spintronics devices that is indispensable for the advance of modern
technology|[169].

In this chapter, as a first step is to determining the structure corresponding to the most
stable phase for the inverse Heusler MnsFeSn, followed by a study of structural, electronic and
magnetic properties of this optimized phase. we’ll make a discussion for the effect of pressure on
the electronic and magnetic properties of the compound Mn2)FeSn for that type structure.

We had carried the calculations out using the CASTEP code[33], which is a method imple-
mentation based on plane wave method coupled with the pseudo-potential approximation within
the framework of the density functional theory (DFT). To determine the potential for exchange
and correlation, we used the GGA — PBEsol approximation[170].

4.1 Calculation parameters

The calculations were performed in the framework of the density functional theory (DFT) First-
principle (Hohenberg and Kohn 1964; Kohn and Sham 1965) using Generalized gradient approx-
imations (GGA) and Perdew- Burke- Ernzerhof (PBEsol)[171, 172, 173] for solids besides the
spin-polarized feature.

We used the software program C'ASTEP code which is based on pseudo-potential approxima-
tion and plane waves method, in order to determine the different physical properties structural,
electronic and magnetic.

To treat the electron-ion interaction, we have chosen for each element, an ultra-soft pseudo-
potential from Vanderbilt[166], which is used to reduces the cut-off energy.

To define the most stable structure, we calculate the total energy for the different structural
types of MnsFeSn in equivalent site occupations with XA type structure crystallisation, with
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Wycoft positions[174].
The states valence considered during our calculations are:

Mn : 3d°4s?
Fe : 3d%4s?
Sn : 5s%5p?

The d layer characterizes the transitional metals Mn and Fe ,and Sn is from the poor metals
an SP element.

In this work, we have used the same parameters, cut-off energy and the number of k-points for
the studied types system. The convergence tests that we carried out led us to choose cutoff energy
of 380 eV for our compound,a selection of the Brillouin zone was carried out with a (8 * 8 * 8) k
points grid.

With regard to electronic properties, the band structures have been calculated following the
path: W -L - G - X -W -K] it is formed by five points high symmetry in the Brillouin zone.
The converge parameters (the convergence tolerance) for this optimization are set as follows: the
energy change per atom is less than 107¢ (eV/atom), the maximum forces on atoms are less
than 0,03 (eV//A°), all the stress components are less than 0,05 (GPa), a maximum displacement
less than 1073 (A°) and with the BFGS algorithm Broyden-Fletcher-Goldfarb-Shanno (BFGS)
minimization[175, 176].

4.2 Structural properties of compounds

4.2.1 Crystal structure

The inverse Heusler compounds characterize with the atomic number of X that is smaller than
that of Y which implies that the electronegativity of Y is greater than X. Here, the Heusler-like
inverse structure HgoCuT'i with the space group F43m (216) is observed with the X atoms are
placed in Wyckoff positions 4a (0,0,0) , and 4c (1/4, 1/4,1/4), Y and Z in 4b (1/2, 1/2, 1/2) and
4d (3/4, 3/4, 3/4), respectively. The inverse Heusler compounds crystallize in the so-called XA or
X, structure,where the sequence of the atoms is X-X-Y-Z with Hg,TiCu prototype[12].

We used an experimental lattice parameter of MnyFeSn compound equal to 6A° [17, 177], for
the three types of structures. By changing positions, three types of occupations arrangement are
possible[178, 76].

We had calculated the final energy for the three types of structures (group F43m (Space
group no. 216)), in order to find the site occupancy for the most stable structure.The proposed
occupancies reported in the table ( see figure 4.1)[4].

Based on the results that we got from the geometric optimization (see figure 4.2), we have
drawn the energy plots versus the pressure applied and the volume for the three types of the
conventional cell in order to find the most stable combination (see figure 4.5).

It was shown, from the results, that the second type is the most stable one with the smallest
energy value, besides the occupations for the different lattice sites are 4c (1/4,1/4,1/4), and 4d
(3/4, 3/4, 3/4) for the double Mn ,and 4a (0,0,0), 4b (1/2,1/2,1/2) for Sn and Fe respectively .
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43(0,0,0) 4c(1/,1/41/4) 4h(1/2,1/2,1/2) 4d(3/4,3/4,3/4)
Type 1 Sn Fe Mn Mn
Type 2 Sn Mn Fe Mn
Type 3 Mn Fe Sn Vn

Figure 4.1: different site occupations for the three types with atoms on Wycoft position [4]

Conventional cell Primitive cell
Configurations | ey (A°) | aca (A7) Eptin (V) ApplA®) | Acarld®) EpginleV)
Type 1 B 6.0918 -9020.6407 ] 4.3065 -2255.1662
Type 2 6 6.1037 -9021.3588 6 4.3154 ~2255.3517
Type 3 B 6.09118 -9020.6407 ] 4.3051 -2255.1680

Figure 4.2: Schematic represent lattice parameter experimental and theoretical, the final minimum energies values
for the three different configurations for the primitive and conventional cell

Type 1

Figure 4.3: Schematic representation of MnoFeSn inverse Heusler site occupancies structures
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Figure 4.4: Schematic representation of MnsFeSn inverse Heusler primitive cell.the preferred occupations for
the different lattice sites are 4c (1/4,1/4,1/4), and 4d (3/4, 3/4, 3/4) for the double Mn ,and Ja (0,0,0), 4b
(1/2,1/2,1/2) for Sn and Fe respectively
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Figure 4.5: Schematic represent the variation of the total energy as a function of the pressure applied and the
volume for the three different configurations for the conventional cell.
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The conventional cell contains eight atoms inside of it structure (see figure 4.3 type two structure
) and the figure 4.4 represent it primitive cell.

4.2.2 Equilibrium state and Pressure effect

In this section, we determined the parameters in the equilibrium state (P = 0 GPa , T = 0 K):
the final minimum energy Ej , cell volume, and the bulk modulus of compressibility B.

We started with the Geometry Optimization task that allows us to refine the geometry of a
3D periodic system to get a stable structure. We did that by performing an iterative process with
adjusting the space group, the coordinates of atoms, and the cell parameter,then we supposed that
the compound has spin-polarization character, we fixed the energy cut-off and Monkhorst pack
grid[150] as mentioned above, and we choose the ultra-soft pseudo-potential for the reciprocal
space.

Hence, we studied the effect of hydrostatic pressure from -12 to 12 GPa on the lattice parameter
and cell volume, so that the total energy of the structure is minimized.

1. equilibrium state

In this subsection, we plotted energy curves as a function of the volume for the primitive
and conventional cell of the stable structure, using Origin program software. By fitting the
calculated energy versus volume using the proper form of the equation of state, to gets the
theoretical equilibrium unit cell volume V;; and some other properties, such as the isothermal
bulk modulus and its first derivative regarding pressure[179, 180] which is given by the
following equation :

V,B N BV [%]B’

B =E -3+ 5l

+1] (4.1)

Where Ej is the minimum energy, V; is the volume at equilibrium (P = 0 GPa), B is the Bulk
modulus of compression, and B’ is its derivative regarding the pressure. The compression
modulus of a material defined as the resistance of the matter versus changes in volume; i.e.
the ratio of the applied stress when that material is being compressed[181, 182].The relation
between volume and pressure is given by :

B'P
V=Vo+[l+ B (4.2)

The Bulk modulus of compressibility determined by:

O’FE
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Total energy as a function of conventional cell volume Total energy as a function of unit cell volume (primitive)
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Figure 4.6: Total energy evolution as a function of the volume for the primitive and conventional cells

Conventional cell Primitive cell

B(GPa) | Eyun (eV) | Vo (A®) | B(GPa) Eyin (8V) | Vo (A%)

Castep Results 274.37 -5021.3588 | 227.403 | 227.92 -2255.3517 | 56.821

EOS Fit Results 154.12 -9021.3562 | 226.671 | 154.58 -2255.350 56.596

Figure 4.7: Quantities values that obtained in the equilibrium state

The variation of the total energy as a function of the volume for the primitive and con-
ventional cell is shown in Figure 4.6. The volume Vj and the energy Fy at equilibrium
determined by the minimum of the Total energy curve .

The solid line (in red) represents the theoretical fit by Murnaghans equation of state over the
drop lines that represents the origin curve. There is no experimental information available to
compare the results obtained, so we made a comparison between primitive and conventional
cells to get more accurate information about the compound .

The DFT calculation agrees with Murnaghans rule in the results of the two cells , except in
the values of the bulk modulus of compressibility which is the only discrepancy between the
DFT data and experimental data.

. Pressure effect on lattice parameter and cell volume

Hydrostatic pressure is the quantity that defined as force per unit volume where the force
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variation of the cell volume as a function of pressure for Mn2FeSn variation of the lattice parameter as a function of pressure for Mn2FeSn

inverse Heusler for the primitive cell. inverse Heusler for the primitive cell.
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Figure 4.8: Pressure effect on lattice parameter and cell volume for the primitive cell

acts in selected directions to the surface.lt is one of the most elementary notions encountered
in the fields of naval architecture and marine engineering.. etc, besides, it allows to affect
the physical properties shape and structure of volume (dilation, distortion, compression),
essentially influence the material behaviour and it properties[183, 184].

Wherefore, we applied an external stress (hydrostatic pressure ) from -12 to 12 (GPa) and
calculating the variations on the structural parameters of the compound by the geometry
optimization. We observe in the figure 4.8 a decline in volume and lattice parameter values
versus an increase in pressure. Hense, the negative pressures reflect a dilation effect and the
positive one a compression effect.

4.3 Electronic properties of compounds

4.3.1 Brillouin zone

The Brillouin zone is defined as the Wigner Seitz primitive cell of the reciprocal lattice. In solid-
state physics, the Brillouin zone is defined as the Wigner Seitz primitive cell of the reciprocal
lattice[185]. Although the terms "Wigner-Seitz cell” and "first Brillouin zone" refer to identical
geometrical constructions to the primitive cell, in practice Brillouin zone term applied only to the
K-Space cell[186, 187, 147].

In periodic systems. The energy of a band varies as a function of K. The energy minima and
maxima of each band are generally found on the points and axes of high symmetry of the reciprocal
lattice[188, 189].

The band structures have been calculated according to special lines that connecting the men-
tioned points K of high symmetry in the Brillouin zone for the cubic lattice have the following
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Figure 4.9: The first Brillouin zone for the MnoFeSn FCC lattice.g 1, g 2, g 3 are the reciprocal base vectors

coordinates: W (0.5, 0.25, 0.75); L (0.5, 0.5, 0.5); I" (0, 0, 0); X (0.5, 0, 0.5); W (0.5, 0.25, 0.75)
and K (0.375, 0.375, 0.75) (the point I" is the center of the ZB, noted as the point G in the figure
4.9). Where the irreducible part encased by red lines is the path that we’ll use to draw the band
structures in the next section.

4.3.2 Band structure

The band structure allows us to visualize the energy occupation of electrons in the crystal, hence
subtending with great precision the allowed energy bands diagrams, therefore determine the nature
of the material studied (insulator, conductor, semiconductor) of our compound.

The valence (Vp) and conduction (Cp) bands formed by packets of several bands known as
energy levels or atomic levels, that separated by a certain amount of energy known as band gap
or the forbidden energy gap[190].

The dispersion of the electronic bands give the energies of an electron as a function of the wave
vector k, represented in reciprocal space, following only the directions of high symmetry in the
first Brillouin zone. The strong hybridization between the d-states of the transition metal atoms
is responsible for the gap[98].

The calculated band structures at along with the high symmetry points in the Brillouin zone
for the MnyFeSn compound for two different pressure 0 and -4 GPa are shown in figure 4.10.

In this figure, we notice that there is an overlap in the majority band structure (spin up band),
this reveals a metallic characteristic. On the other side, the minority band structure exhibits a
semiconducting behaviour, with an indirect energy gap along the axis of high symmetry X in the
conduction band and W in the valence band for the two different pressure.

So then we are going to make a discussion in the next part only with the band that contains
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Figure 4.10: Schematic representation the band structures of 0 and -4 GPa for majority and minority spin.

gap energy which is in the minority band structures (spin-down band). The bands structures of
MmnyFeSn give information about the half metallic character for this material compound[191, 192,
193, 90].

Then, using the optimized structures under the effect of different pressure from -12 to 12 GPa,
and following the path in the reciprocal space : W -L-T"- X - W - K | we plotted the spectra of
the minority band structures for the compound MnyFeSn ( see figure 4.11 and 4.12 ).

For pressure values ranging from 0 to 12 Gpa, there is a displacement from the bottom of
the conduction band towards energies lower on the top of the valence band.This has leads to an
increase in the band gap width for minority spin states.

The bottom of the conduction band decreased until it touched the Fermi level[194] (EF) in the
value of 2 GPa (E, = 0.11026eV’) , and shows the case of a gapless Half metallic[9] (see Fig 2.6(c)
); while it exceeded the Fermi level at pressure value from 4 up to 12 Gpa, it shows the metallic
behaviour.

The top of the valence band increases to touch the Fermi level (Efr) and exhibit other case
of gapless half metallic at a hydrostatic pressure value -2 GPa (E, = 0.0793eV) , while it moves
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Figure 4.11: Schematic representation of the band structure for minority spin under different pressure( 0, 2, 4, 8,
12, -1 GPa).
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Figure 4.12: Schematic representation of the band structure for minority spin under different pressure (-2, -4, -8,
-12 GPa).
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Figure 4.13: Pressure effect on the forbidden band

towards the bottom of the conduction band and exceeding the Fermi level (Ef) ; thus inducing a
reduction in the forbidden band in addition to the appearance of the metallic behaviour from -4
to -12 GPa .

As result , Under the application of a certain pressure, the material changes its behaviour from
half-metallic semiconductor with indirect gap that can be seen through the deference in the energy
along the axis of high symmetry X in the conduction band and W in the valence band from 1 to
-1 GPa and gapless half metallic for 2 and -2 GPa ; to the metallic behaviour from 4 to 12 and -4
to -12 GPa.

4.3.3 pressure effect on the energy gap

We mentioned that there is a band gap If an energy gap exists in the band structure of a material.
The physical properties of insulators semiconductors and metals can be determined to a large
extent by their band gaps, and control their electronic properties[147, 195].

The curve in figure 4.13 clarify the variation of the gap energy of the material MnyFeSn as
a function of the hydrostatic pressure. We note that there is an increase in the gap’s and the
pressure values together, which mean that there is a direct proportion between the two quantities,
for the compression and expansion phases.

As info, the GGA approximation underestimates the energy gap, that’s why we get values miner
0.2 (eV)[196, 197]. So we proved that the hydrostatic pressure significantly affects the values of
the gap energies of materials .
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4.3.4 Densities of states (TDOS,PDOS)

After determining the optimized parameters of the ground state using the GGA PBEsol functional
, we will study the electronic behaviour of the compound. The electronic density of the state is
one of the important properties that give us information about the behaviour and character of the
compound.

To determine the origin of the orbital contributing to the formation of the different parts of the
spectra of the MnyFeSn electronic band structures, we calculated the total (TDOS) and partial
(PDOS) electronic density of states shown in figure 4.14.

It is clear from the figure that The compound has a magnetic character due to the asymmetry
between the majority and minority spin density of states. The peak in the majority spin state
gave the material a strong polarization at the Fermi level for 0 GPa the polarisation is (57%) and
for 12 GPa is (79%).

The band gap of Mn2FeSn has been determined mainly by the bonding and anti-bonding states
created from the hybridizations of the states d between the couple Mn-Mn and the atom Fe[186].

The valence band of MnyFeSn comprises splitting parts: a part with a small contribution in
the energy range between (-10 to -8 €V) and (-8 to -4 €V) formed by the 5s and 5p state respectively
of the element Sn (Sn-s and Sn-p), then, the second part located between the Fermi level from
-4 to 4 eV in the conduction band formed by the mixture of the 3d states of double Mn and Fe
transition elements (Mn-d) (Fe-d). Than The lower part of the conduction band results at most
from the 5p and 5s states of Si element. Thus indicating that the 3d state of double atoms Mn
and Fe are the most dominant states[198].

4.4 Magnetic properties of compounds

4.4.1 Magnetic moment

The total magnetic moment and magnetic moment of Heusler compound atoms Mn Fe Sn under
pressure from -12 to 12 GPa are estimated from the electronic population analysis of Mulliken[199],
calculated and plotted in Figure 4.15 . The magnetic moments of the double Mn atoms are always
positive and decrease from -12 to 12 GPa, besides the increase in Sn magnetic moment with
negative tiny values.

From the different variation effects of Atomic magnetic moments of all atoms, the total magnetic
moment is almost equal to an integer value of 2 B through the entire pressure range. On another
side, for the inverse Heusler alloys, the total magnetic moment follows the Slater-Pauling rule[5]:

M, = N, — 24uB (4.4)

Where N, is the accumulated number of valence electrons in the primitive cell[82, 88].

The MnyFeSn compound has 26 valence electrons(Mn : 3d® 4s* | Fe : 3d° 4s*> , Sn : 5s% 5p?)
Using the Slater-Pauling rule, its total magnetic moment corresponding is 2 uB. This value agrees
with the summation calculated magnetic moment of the atomic magnetic moments besides the
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Figure 4.14: Calculated spin-projected total and partial DOS plots for MnoFeSn at 0 GPa.
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Figure 4.15: Total and partial magnetic moment as a function of pressure.

results in literatures[200]. The behaviour of the total magnetic moment characterizes the Heusler
compound[176, 201].

4.4.2 Pressure effect on Magnetic moment

In the figure 4.15, we observe that the magnetic moment’s evolution versus The pressure; the
major contribution in the M., comes from the Mn and Fe atoms.

Whereas the pressure variation has a weak effect on the Total magnetic moments, that’s because
of the strong resistance of the materials to change the volume.

Moreover, we observe that the Partial magnetic moments of Fe and Sn changed with a weak
variation, while the partial magnetic moments of Mn decreased versus the pressure increasing.

The application of hydrostatic pressure changes the hybridization between d orbital neighbour-
ing atoms with changes in the atomic distance character, a Well-known behaviour in most Heusler
alloys as Jahn Taller distortion[202, 203, 204].

4.4.3 Spin polarization

Spin polarization is an important quantity in spintronic feild, it measures the asymmetry between
the two confining spin states.

The polarization at the Fermi level (Er) help to understand the asymmetry between the den-
sities of spin up and spin down states, that represented the operation is done by the following
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Figure 4.16: Calculated spin-projected total DOS at 0 GPa for the inverse Heusler MnoFeSn.

relation:

p_ PT(EF)—pl(Er)
p T (Ep)+pl(EF)

For better results, we changed the staining width to 0.02 and the number of points per eV
to 300 (see figure 4.16).The results change according to the pressure values applied on it, the
convergence tolerance, the quality of calculation...

The figure 4.17 shows the total density of the inverse Heusler MnyFeSn states, calculated
using method based on density functional theory, at 99% of the polarization value taken from the
Open Quantum Materials Database (OQMD) website[17] .

Whereas , from our calculations we obtained percentage values from 40 to 80% , its evolution
versus the hydrostatic pressure of a conventional cell shown in the figure 4.18. In the compression
part, we notice that the polarization decreases from -12 GPa which corresponds to (68%) to -4
GPa (42%), in the same part from -4to 0 GPa (56%), the plot increases.

When the pressure exceeds 0 GPa in the compression part, the polarization keeps increasing
linearly and reaches its maximum value of 79% .

Due to the lower density value at the Fermi level (Er) for the minority spin electrons (compared
to the DOS values at Er for the spin majority electrons), it gives a important spin polarization at
the Fermi level .

(4.5)
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Conclusion

In this, master thesis, we have made a study of the electronic and magnetic structural properties
of the Heusler-type compound, that was carried within the framework of density functional theory
(DFT), by the use of the CASTEP code, which is based on the pseudo-potential and plana wave
(PP-PW) method.

The effect of the exchange and correlation has been processed under the GGA-PBEsol approxi-
mation for the two spins states (up and down). The results got from the study can be summarized:

e Structural properties: First, we had determinate that the compound is an inverse Heusler
based Mn2 with the atomic number of Y is higher than that of X, thus the compounds
crystallize in the so-called XA or X, with (group F43m and (Space group no. 216))[76].

Then, Considering the three types of occupations arrangement, the geometrical optimization
allowed us to conclude that the most stable combination of the MnyFeSn is the type two
structure which preferred the occupations of sites with 4c (1/4,1/4,1/4), and 4d (3/4, 3/4,
3/4) for the double Mn (x), and 4a (0,0,0), 4b (1/2,1/2,1/2) for Sn(z) and Fe(y) respectively.
The inverse Heusler MnsFeSn type two structure is perchance identical to the regular
Heusler X2YZ that crystallize with L2; structure with (group F'm3m (space group no. 225)
symmetry),where the Wyckoff positions is 4a (0, 0,0)(z) , 4b (1/2, 1/2, 1/2)(x) , and 8¢
(1/4,1/4, 1/4)(x)[87] .

Quantities at equilibrium states such as V4, B, and FE,,;, from the equation of state fit are
good in agreement with the Castep code software results . The bulk modulus B exceeds 274

GPa, which indicates that the MnyFeSn exhibit high resistance against the volume changes
under external stress 0 GPa[182].

e Electronic Properties:

Electronic structure analysis shows that this material is ferromagnetic, with spin polariza-
tions of (57%) at 0 GPa at the Fermi level.

We noted that there is an overlap in all majority bands structures (spin up bands), which
reveals a metallic behaviour, besides a half metallic semiconductor character between 1 to -1
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GPa, metallic character in most minority bands structures, besides to gapless half metallic
behaviour under 2 and -2 GPa hydrostatic pressure.

TDOS and PDOS analysis indicate strong hybridization between the d orbitals for Mn-Fe
and Mn atoms, which results in energy gaps for the minority spin state.

e Magnetic Properties:

The total magnetic moment M,,; of MnsFeSn obtained from castep is in good agreement
with the Slater—Pauling rule and the result from literature[200]. We considered that the M,
is mainly caused by the magnetic moment of the Mn and Fe atoms.

The half metallicity of the compound was analysed and proved by calculating the polarization
P . We obtained a maximum value of polarization P=(78%) at hydrostatic pressure 12 GPa
, we can get better results for the polarization by increasing the pressure, and maintained it
at large pressure values.

Finally, the gapless half-metallic and half metallic semiconductor behaviours made the com-
pound a perspective candidate For future applications in Spintronics.
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Appendix

Fundamental notions associated with the
CASTEP code use

A.1 The CASTEP code

CASTEP (Cambridge Serial Total Energy Package Program)[33|, is a code uses first principles
density functional theory,in order to simulate a wide range of materials including crystallized
solids, surfaces, particles, liquids, and amorphous materials.

It allows calculating the properties of any substance that can be considered as a group of nuclei
and electrons with The only restraint is the limited speed and memory of the computers being
used.

In 1986, Mike Payne[155] wrote the first version of CASTEP, then it took him two months to
produce a fully functioning program.

This code provides information on the total energies, forces, and stresses applied on the atomic
system, as well as calculating the geometric optimisation , electronic structure, band structures,
optical spectra and elastic constants. This program was developed by Professor K.C. payne and
marketed by Accelerys.

This program is based on quantum mechanics and the calculations are performed using the
pseudo-potential coupled with the plane wave technique (PP-PW) by solving the Kohn-Sham
equation 3.34 within the framework of density functional theory (DFT).

This code is used to simulate the total energy by special integration of the K points in the first
Brillouin zone with the plane wave base by the Monkhorst and Pack method.

CASTERP is able to improve the atomic geometry of the system in many different ways. The
most widely used is BFGS[205], which is an iterative method for solving single particle nonlinear
optimization problems[206].

The aim of the simulations is not to use experimental (empirical) data but to rely only on
quantum mechanics, and that is what made the approach very ambitious given its advantages of
reducing the cost of experiments and operations besides computer resources and saving time.

It was originally developed by Payne and co-workers in the late 1980’s and early 1990’s[207,
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208, 33].

A.2 Geometric optimization

CASTEP allows the optimization of the structure by reducing its energy under the name of geo-
metric optimization.

The location of the atoms around their initial occupancies is modified by applying the new
calculated energy, several times until a constant affinity threshold is reached, i.e. determining the
electronic ground state of the studied systems (SCF), reducing the energies that apply on each
atom .

This is done by implementing one of the SCF (Self-Consistent Field) algorithms in the CASTEP
code.

The geometric optimization is often at the equilibrium point (P = 0GPa, T = 0K) which is
the first step in simulation.

One of the advantages of CASTEP is that it improves the cell in the presence of external stress
such as hydrostatic pressure[209, 210].

A.3 Electronic band structure

In solid-state physics, the range of energy levels of a solid contains electrons within it (the electrons
occupy the energy levels, it is distributed according to Pauli exclusion principle), it is described
by the electronic band structure.

It provides electronic levels in crystal structure which are characterized by a Bloch vector k
and a band index n.

Then, it well has widely known that the properties of any materials depend principally on
their electronic energy-band structures, especially on such band parameters as the energy gaps,
the position of the band edges in the Brillouin zone.

In addition, through these electronic band structures it can determine the character of mate-
rials; metal, semi-metal, semi-conductor, and insulator, through the energy gap.

the electronic band structure of solids describes the quantum-mechanical behaviour of electrons
and reveals the eigenvalues associated with conduction and valence bands in specific directions in
the Brillouin zone of a crystal.

The electrons possess only certain discrete energies, which can be depicted in an energy-level
diagram as a series of distinct lines.

The electrons that contribute to the electrical conduction occupy the higher energy bands
that correspond to the valence band. The valence band can be fully or partially occupied. The
conduction band is the lowest energetic band with unoccupied states. [211, 212, 213, 214]
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A.4 Density of state

Since the band structure can be used to calculate the total energy of the solid, from which one
can determine a wide variety of thermodynamic, mechanical properties and the possible optical
excitations which in turn determine the colour, reflectivity, and dielectric response of the solid.

Otherwise, it has been considered that the density of states as a function of the energy, is a
beneficial concept in analyzing the band structure of solids.

The Density of States (DOS) of a system can be defined as the number of states per interval
of energy at each energy level that is available to be occupied by electrons.

Where the density of states per unit volume is defined as:

dk -
o(B) = [ (5ad(E ~ ) (A1)

d is the dimension, k is the wave vector, F is the energy per unit volume[215].

For a system, a high DOS at a specific energy level means that there are many states available
for occupation and zero DOS means that no state can be occupied at that energy level.

PDOS are based on the analysis of Mulliken populations and carried out by projecting mono-
electronic orbitals on the basis of atomic orbitals located around the different nuclei of the cell[216,
217, 214, 218].

A.5 The atomic population of Mulliken

As a consequence of the applied concepts transfer charge and atomic charge, that continue to play
an important role in quantum chemistry and much research continues to being done to refine the
concept of an atomic charge.

Mulliken’s formalism was proposed in 1955 which describe the atomic populations, its consider
as commonly used technique for electronic structure calculations, that mainly based on first-order
density functions within a LCAO MO theory approach[199].

Later, many alternative definitions of atomic charges and populations have been presented
as a natural consequence of the previous statements 1966 Nobel Prize motivation: "for Mulliken
fundamental work concerning chemical bonds and the electronic structure of molecules by the
molecular orbital method".

Finally, the population analysis in CASTEP is performed using a projection of the PW states
onto a localized basis using a technique described by Sanchez-Portal[219] et al. in 1995[218, 220,
221].
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