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Abstract:

The structural, electronic, magnetic, and thermodynamic properties of L1o-FeNi
alloys and their cobalt-doped counterparts have been investigated to assess the
Impact of cobalt as substitutional defects. This study aims to explore potential
alternatives for more efficient permanent magnets in advanced applications. The
research was conducted within the framework of Density Functional Theory
(DFT), where doping was performed at two different sites within the parent alloy:
nickel substitution (Op;) and iron substitution (Oge). The computed lattice
parameters showed excellent agreement with previous studies, while the
formation energy calculations indicated that cobalt doping enhances the structural
stability of the alloy. Furthermore, the results revealed that the FeNi:Co (Oni)
alloy exhibits a significant increase in magnetic moments and saturation
magnetization (Ms), whereas FeNi:Co (Og) shows a slight decrease in Ms. From
a thermodynamic perspective, the study was conducted using the quasi-harmonic
Debye model, demonstrating that reducing cobalt concentration leads to a
decrease in both the volumetric thermal expansion coefficient and the Debye
temperature. Based on these findings, cobalt-substituted FeNi alloys emerge as
promising candidates for rare-earth-free permanent magnets.



Résume:

Les propriétés structurales, électroniques, magnétiques et thermodynamiques des
alliages L1o-FeNi et de leurs versions dopées au cobalt ont été étudiées afin
d’évaluer I’impact du cobalt en tant que défauts substitutionnels. Cette étude vise
a explorer des alternatives potentielles pour des aimants permanents plus
efficaces dans des applications avancées. La recherche a été menée dans le cadre
de la théorie de la fonctionnelle de la densité (DFT), ou le dopage a été réalisé a
deux sites différents dans I’alliage d’origine : substitution du nickel (Oy;) et
substitution du fer (Og). Les parameétres de réseau calculés ont montré un
excellent accord avec les études précédentes, tandis que les calculs de 1’énergie
de formation ont indiqué que le dopage au cobalt améliore la stabilite structurelle
de I’alliage. De plus, les résultats ont révélé que 1’alliage FeNi:Co (Oni) présente
une augmentation significative des moments magnétiques et de la magnétisation
a saturation (Ms), tandis que FeNi:Co (Oge) montre une légere diminution de Ms.
D’un point de vue thermodynamique, I’étude a été réalisée en utilisant le modele
quasi-harmonique de Debye, démontrant qu’une réduction de la concentration en
cobalt entraine une diminution du coefficient de dilatation thermique volumique
ainsi que de la température de Debye. Sur la base de ces résultats, les alliages
FeNi substitués au cobalt apparaissent comme des candidats prometteurs pour des
aimants permanents sans terres rares.

Xi
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General introduction:

Materials used for permanent magnets have gained significant attention due to their
crucial roles in modern technological advancements, such as electric motors, data storage
devices, and renewable energy systems [1, 2]. The unique properties of hard magnetic
materials, including substantial uniaxial magnetic anisotropy, high saturation magnetization,
elevated Curie temperatures, coercivity, and high energy products, contribute to their growing
importance [3-5]. However, the cost of high-performance permanent magnets is considerably
increased because many of them contain rare-earth (RE) elements, such as Pr, Sm, Nd, Tb, or
Dy.

The excessive reliance on rare-earth hard magnets has resulted in a concerning depletion of
rare-earth elements, despite their numerous advantages. A significant obstacle limiting the
broad application of high-performance hard magnets lies in the expensive nature of these raw
materials. It is crucial to explore new materials and rare-earth-free alternatives that can rival

or even exceed the outstanding performance of rare-earth magnets to tackle these issues.

A significant breakthrough in materials science, the identification and advancement of
ordered ternary intermetallic compounds featuring the Llo structure, holds transformative
potential for both fundamental research and real-world applications [6,7]. Llo-FeNi, Llo-
FePt, and L1o-CoPt alloys are highly prized for their exceptional mechanical, thermal, and
magnetic properties, positioning them as leading candidates for next-generation material
innovation [8-10]. The unique atomic arrangement in the tetragonal lattice of Llo alloys
provides them with distinctive magnetic properties, such as high uniaxial magnetic
anisotropy, leading to remarkable coercivity and saturation magnetization [11,12]. This
capability to sustain stable magnetic domains at reduced scales is vital for the development of
high-density magnetic storage technologies. Additionally, owing to their superior
performance and sustainability, L1lo alloys could serve as viable alternatives to rare-earth-
based magnets. This marks a significant step forward in the pursuit of more economically

viable and environmentally sustainable materials.

The L1o-FeNi alloy, that is the tetrataenite phase, is found exclusively in meteorites and

forms under conditions of extremely slow cooling, at a rate of approximately 0.1 K per
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million years, and a temperature close to 600 K [13]. A recent breakthrough has enabled
scientists to successfully synthesize highly ordered tetragonal FeNi alloy in the lab using an
innovative and efficient method [14]. The L1o-FeNi alloy displays several notable properties,
including a substantial theoretical maximum energy product of (BH)max = 446 kJ/mé3, a high
saturation magnetization of Ms = 1.5 T, and a relatively elevated Curie temperature of TC =
830 K. It also features exceptional mechanical strength. Furthermore, the L10-FeNi alloy
possesses remarkable magnetic characteristics, underscored by its high magnetocrystalline
anisotropy (MCA = 1 MJ/m?). However, despite these benefits, the MCA value of L10-FeNi

is inadequate for use in permanent magnets [15,16].

The insertion of impurities or defects into materials is referred to as defect engineering. This
method offers the potential for improving the structural and magnetic properties of L1o-FeNi
alloys. As noted by Rani et al. (2019) [17], the tetragonal distortion caused by substitutional
doping with platinum (Pt) significantly affects the magnetocrystalline anisotropy (MCA) of
L1o-FeNi. However, Pt doping has proven to be ineffective and fails to produce cost-effective
magnets. In contrast, nitrogen (N) doping demonstrates benefits; despite a slight decrease in
saturation magnetization, it promotes magnetocrystalline anisotropy and improves the
structural rigidity of tetragonally distorted FeNi. This is supported by formation energy
calculations of L1o-FeNi with interstitial N-doping [18]. Manchanda et al. [19] studied L1o-
FeNi alloys for various doping compositions, including Al, Mn, Cr, V, Ni, S, Ti, P, and B at
both substitutional and interstitial sites. Their findings revealed that the anisotropy energy
increases from 0.20 meV to 0.89 meV per unity cell while B atoms occupy the interstices in

the Ni plane.

Density functional theory is among the most popular theoretical instruments in condensed
matter physics and quantum chemistry. It offers an effective alternative for addressing the
challenges of many-body systems by focusing on electron density rather than complex wave
functions. This approach simplifies calculations and enables accurate simulations through
powerful numerical methods. The applications of DFT are diverse, including the study of the
electronic structures of solids and the determination of the magnetic properties of certain
alloys [20,21].

One of the most prominent computing techniques based on ab-initio principles is the full-
potential linear augmented plane wave (FP-LAPW) method. this approach is well-known for
its excellent accuracy and capacity to determine a material's physical characteristics, this as
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total energy, band structures electronic, and magnetic moments. As a result, it is an effective

tool for studying complex materials and predicting their properties.

This thesis focuses on using density functional theory (DFT) to better understand the
structural, electrical, and magnetic properties of L10-FeNi tetragonal alloys and how doping
affects their performance. The substitutional doping of cobalt (Co) at two distinct sites—the
Ni (Oni) site and the Fe (Ore) site—is the main focus of the study. Cobalt was chosen because
of its chemical affinity and compatible size with FeNi alloys, which are known to form stable

structures with a variety of metals.

The linear amplified plane wave (FP-LAPW) approach is used in this work in the context of
density functional theory (DFT). The thesis is divided into three chapters following this

introduction:

Chapter 1 presents a comprehensive literature review, providing an overview of L1o-FeNi

alloys, their applications, and the principles of magnetic materials.

Chapter 2 discusses the basis of density functional theory (DFT) and introduces the ab-
initio method (FP-LAPW) that will be used to investigate the properties of the alloys. This
chapter also describes the various approximations employed in this research, as well as the
Wien2k code.

In Chapter 3, We show the findings of our computations according to the compounds' various

characteristics. Finally, the general conclusion provides a summary of the key findings.
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Chapter 1

Physics of FeNi alloys

|.1-Introduction:

Solid magnetic materials have become essential components in various technological
applications in recent years. Their unique characteristics, such as high coercive power and
large maximum energy products, emphasize their growing significance[1,3]. These properties
make hard magnets indispensable in a variety of fields, including magnetic recording media,

magneto-optical recording technologies, magnetic sensors, catalytic applications. [4,5].

Among the promising candidates in this field, the L1o-FeNi compound stands out for its

exceptional theoretical peak energy product. Also known as tetrataenite, L1o-FeNi is a
recently discovered meteoritic mineral with distinctive magnetic properties.
This chapter offers a comprehensive review of the background related to FeNi. It starts with
an overview of L1o-FeNi, explores the history of meteorites, after which it talks about the
material's magnetic characteristics., highlighting the significance and applications of FeNi
alloys.
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I.2- Overview of L1, FeNi alloy(Tetrataenite):

The L1,-FeNi alloy, referred to as the tetrataenite phase, represents a scarce and naturally
occurring ordered alloy composed of iron (Fe) and nickel (Ni) that demonstrates a distinctive
crystalline arrangement. This alloy is predominantly located within meteorites (Figure (I-1))
and is of significant scientific interest owing to its magnetic characteristics, which exhibit

similarities to those of rare-earth magnets.

Meteorite

Metal grains

Chondrule

Figure (I-1): BSE image of section of meteorite and its two metal grains. K=Kamacite (FeNi- «) and

T= taenite (FeNi-y) [5].
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This alloy is mainly composed of kamacite (containing up to 7% Ni) which has a (body-
centered cubic) structure, and the more Ni-rich taenite which has a (face-centered cubic)
structure (Figure I-2) with however other elements such as cobalt, tungsten, phosphorus,
iridium or chromium [6]. These phases are commonly associated with sulfides (Troilite FeS).

The metal grains are included either in the reduced chondrules or isolated in the matrix.
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Figure (1-2): The structure of FeNi metallic crystals corresponds to kamacite (the o phase)

and taenite (the y phase).

Thus, meteorites offer a unique window into studying the Fe-Ni system due to their
prolonged cooling periods, often spanning billions of years, with cooling rates as low as 0.1
K per million years. This extended timescale facilitates phase transformations at low

temperatures despite minimal driving forces [7].
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1.3- The formation of FeNi alloy:

According to condensation models, FeNi metal condenses around 1400K, from a gas of

solar composition for a pressure of 104 bar, [7, 8], and as indicated by the Yang’s Fe-Ni phase
diagram (Figure 1-3), the Fe-Ni alloy is only composed of taenite (y) at this temperature up to
850C°. During slow cooling, kamacite (the a phase) develops by nucleation to the detriment
of the taenite matrix where the alloy becomes biphasic (o + y), while this last phase is
progressively enriched in Nickel with the decrease in temperature. The study of the structure
and composition of the metal grains allows to specify the conditions of thermal
metamorphism because the metal is sensitive to the effects of secondary processes. However,
upon rapid cooling, taenite transforms without diffusion to a metastable body-centered cubic
phase, a2-FeNi, named Martensite.
The genesis of the metal is still controversial, with several scenarios having been proposed [9,
10]. Connelly et al. (2001) assumed that the metal is formed by re-condensation after local
evaporation of the metal [11]. Another model suggests that the metal grains are formed by
reduction of FeO in silicates by carbon or nebular gas [12]. Hewins et al. (1996)
demonstrated that metal grains in chondrites are formed by desulfurization of iron sulfides
(FeS) by partial volatilization [13].

Yang and Goldstein published the low temperature Fe-Ni system's phase diagram (Figure
1.3) in 1996, making it the most latest and comprehensive diagram available. Here is a
description of the phase diagram's main characteristics. A dashed-dot-dotted line, denoting
the start temperature (M;,,+), indicates a Martensitic transition. The dashed-dotted line with
the label T,y indicates the A1 phase's Curie temperature, which varies significantly depending
on composition. At 48.8 weight percent Ni and 462 degrees Celsius, a point known as the
tricritical point is reached where the magnetic contribution to the free energy causes a
miscibility gap.The y-phase separates into a high Ni content ferromagnetic y2-phase and a
low Ni content paramagnetic y1-phase below the tricritical point. Dashed lines represent the
spinodal and dashed lines represent the miscibility gap. On Yang and Goldstein's phase
diagram, the y"-phase, also known as the L1, is depicted as a metastable phase that exists on
the high Ni content boundary of the miscibility gap. A short horizontal dashed line at TC y" =
320 °C indicates the key chemical order-disorder temperature of the y"-phase. Yang and
others [14].
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Figure (1.3): Yang’s Fe-Ni phase diagram [14].

Particularly observed in some meteorites, terrestrial rocks, and more lately in thin films
produced by monatomic layer epitaxial deposition, the synthesis of L1o FeNi has been
detected mainly under specific conditions, such as high-energy electron or neutron
irradiation [11].

The importance of electron and neutron irradiation in the formation of L1o-type FeNi was
emphasized by early research conducted in the 1960s by Néel and Paulevé et al. The short-
range atomic rearrangement that produced the chemically-ordered phase beneath the stated
chemical order-disorder temperature of 320 °C was made possible by the introduction of
atomic vacancies brought about by these processes. n the latter part of the 1970s, L10 FeNi
was identified in the complex microstructures of various slowly-cooled meteorites, providing

invaluable insights into the Fe-Ni system's behavior over geological timescales [7].

12
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Although it ignores the existence of readily-formed iron oxides that have peaks similar to
those of L1o FeNi, a recent work that highlights the achievement of L1lo FeNi through
extreme plastic deformation offers potential. Efforts towards bulk synthesis on Earth would
greatly benefit from a better knowledge of the kinetic mechanisms and energy needs for
phase formation [8].

Although research on irradiated and meteoritic samples has investigated the thermodynamic
stability of L1lo FeNi (tetrataenite), the question remains open whether L10-type FeNi
represents a stability or metastability phase. The chemical order-disorder temperature (TOD)
that identifies the structural conversion temperature between FeNi L1o and Al phases was
established at 320 °C through the examination of neutron-irradiated specimens [11].

These results have been confirmed by later research, which showed that L1o phase production
occurs in Fe-Ni samples that were irradiated between 200 and 400 °C and had initial average

compositions ranging from 31 to 70 at% Ni [12].

13
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1.4-The main characteristics of iron and nickel:

We summarize in the following table the most important physicochemical characteristics of

Fe and Ni elements:

Table (1.1): The different characteristics of iron and nickel [11].

Resistivity at 20 °C (1078Q.m)

Fe Ni
Electronic structure [Ar]3d64S2 [Ar]3d84S2
Atomic number (2) 26 28
Atomic radius (A) 1.27 1.26
Melting temperature (°C) 1535 1453
10 7.8

Magnetic state

Ferromagnetic

Ferromagnetic

Curie temperature (C)

770

350

Saturation magnetization Ms (kAm™1)

1714

485

14
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I.5-Magnetic properties:

1.5-1 History:
The advent of electrical engineering, more than a century ago now, was accompanied from its
beginnings by the development of “magnetic cores” (made of iron) which are at the heart of
electromagnetic devices and systems. These “cores” were quickly found combined with
silicon (1900s) to reduce “iron losses”; alloyed with cobalt (1920s) to further increase
induction, torque and electrical output voltage; alloyed with nickel (1920s) to significantly
reduce internal magnetic anisotropies and thus obtain much softer alloys. The large families
of crystalline soft magnetic materials emerged in the first half of the 20th century. In the
second part of the century, researchers devoted significant research and development efforts
to these materials and made major improvements to them thanks to advances in development,
metallurgical optimizations of microstructure and usage properties with respect to application
needs. In addition to the major case of grain-oriented Fe-Si steels (late 1940s) for distribution
transformers, these different families of polycrystalline materials (pure iron, FeSi—Al, Fe—Cr,
Fe—Ni, Fe—Co.. .)
mainly limited to direct current or low to medium frequency applications (50 Hz to a few
kHz). These soft magnetic materials have been able to adapt throughout the last century to
changes in diverse and varied application needs (frequency regime, temperature, energy
efficiency, corrosion resistance, mechanical resistance, thermomagnetic resistance to aging,
etc.). They continue to evolve today, especially with a view to researching new economical
alloys without degrading product performance. The second half of the 20th century will see
the emergence of other large families of soft magnetic materials competing with the first
wave (crystalline) [15,16].
In the 1950s, soft ferrites arrived and quickly found their way into mass and niche medium
and high frequency applications. Then came magnetic amorphous materials in the 1970s,
finding their place with difficulty between “crystalline” and ferrites in low-frequency energy
transformers, certain passive components, certain sensors, etc. Finally, towards the end of the
1980s, nanocrystalline materials arrived ( amorphous/nanocrystal hybrid alloys) very quickly
finding their place since the end of the 1990s in specific transformers and inductors. From a
metallurgical point of view, this last family (nanocrystals) resulting from amorphous
production technology is different from polycrystalline materials produced in ingots or slabs

then processed hot and cold. No one (except the Hitachi Metals researchers who were

15
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finishing patenting the birth of this new family) would have bet on making the size of the
metallic and ferromagnetic crystals of a crystallized alloy nanometric.
would generate such a combination of excellent magnetic performances while we have been
living for almost 100 years with the assurance that the increase in grain sizes rhymes with
better magnetic performances (ancestral law) [15-18]

1.5-2 Origin of magnetism:
The phenomenon of material magnetism is the result of the movements of electrons orbiting
around the nucleus of atoms. When an electron moves on an orbital, it generates an electric
charge in motion that produces a magnetic field. Additionally, as the electron rotates on its
axis, known as its spin, it generates yet another magnetic field. The combination of the orbital
movement and the spin creates magnetic dipoles that possess a magnetic moment. These
magnetic dipoles can be influenced by a magnetic field from the outside [15,19], as shown in
Figure (1.4)

Figure (I-4): Origin of magnetism in matter[10].

The net magnetic moment of the atom is equal to The vector average of the orbital magnetic
moments and spins of all the electrons orbiting the nucleus of this atom.

When two electrons are paired, meaning they have opposite spins, their spin magnetic
moments are opposite in sign and cancel each other out, so they do not contribute to the
overall magnetic moment of the atom. Additionally, the magnetic moment arising from the
electrons in any electrical layer or sublayer is zero. As a result, the net magnetic moment of
the atom depends solely on the electrons in the outer electronic layers, where the sum of the

guantum numbers is not zero [20].
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I.5-3 The orbital magnetic moment:
An electron’s orbital angular momentum (Gj) as it revolves around an atom's nucleus is linked
to its orbital magnetic moment (mj).Because of the electron's charge, the orbital magnetic

moment's direction is opposite to the orbital angular momentum's [19,20].

my = — (%) G, (1.1)
Bohr first proposed the idea that the electron's orbital angular momentum modulus is
quantized, or limited to a set of discrete values. To be more precise, Bohr suggested that the
electron's orbital angular momentum is a multiple integer of h/2m, where h is Planck's

constant.

G,=l— 1=01... (1.2)

As a result, the magnetic moment m; is also quantized and must be an integer multiple of a
fundamental unit called the Bohr magneton, denoted as us. The Bohr magneton is a
fundamental quantity in magnetism and is defined as:

G, = g (1.3)
118=9.273.10"%*A.m?

(this is the unit of magnetic moment on the atomic scale).

1.5-4 The spin magnetic moment:
The spin magnetic moment arises from the intrinsic angular momentum of an electron as it
rotates around its own axis, a property known as spin. This concept was first introduced by
S.A. Goudsmit and G. Uhlenbeck in 1925 to explain certain features of atomic spectra. The
spin angular momentum, denoted by Gs, can take two distinct values, often indicate to as
"spin up™ and "spin down". These values represent the orientation of the electron’s spin

relative to an external magnetic field [21,22].

G—+1(h) G, = 1(”) L4
STo2\2m/)” P 2\2m 4
This spin angular moment is associated with a spin magnetic moment such that:
e
mg = (E) G, (1.5)
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1.5-5 The magnetic moment total:

In atoms that have an incomplete electron subshell, such as the 3d subshell of transition
metals and the 4f subshell of rare earth metals, the magnetism is mainly due to electrons. This
is because the atomic magnetic moment that comes from the nucleus is typically weaker than
the magnetic moment contributed by electrons [22]. When we consider the motion of
electrons around the nucleus, we see that the magnetic moment has two main contributions:
the orbital contribution (Mr) and the intrinsic angular momentum of the electron, which is
known as the spin contribution (spin magnetic moment). Therefore, the total magnetic
moment is the combined sum of the orbital and spin moments, expressed as [23]:

m=m; +mg (I.6)

1.6 Classes of magnetic materials:

The source of magnetism is found in the orbital and spin movements of electrons and their
interactions with each other. The optimal way to explain the various types of magnetism is by
describing how different materials react to magnetic fields. Surprisingly, all substances
possess magnetic properties, although some are significantly more magnetic than others. The
primary difference lies in whether there is collective interaction among atomic magnetic
moments in the materials. In certain materials, there is no such interaction, while in others,
there is a very strong interaction between atomic moments. The magnetic behaviors of
materials can be categorized into five major groups [19,24]:

e Diamagnetism

e Paramagnetism

e Ferromagnetism

e Ferrimagnetism

¢ Antiferromagnetism

18
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1.6-1 Diamagnetism:

Although diamagnetism is sometimes very weak, it is a fundamental property of all matter.
This phenomenon arises from the opposing behavior of orbiting electrons when exposed to an
external magnetic field. Diamagnetic materials consist of atoms that lack a net magnetic
moment, meaning all their orbital shells are filled and there are no unpaired electrons. As a
result, a negative magnetization (M) is induced in response to an applied magnetic field (H),
leading to a negative magnetic susceptibility (). This relationship can be observed by plotting
the magnetization (M) against the magnetic field (H) [20,25].

Figure (1.5) illustrates that the magnetization is zero when the magnetic field is zero.
Furthermore, the fact that the susceptibility (¥) of diamagnetic materials is independent of

temperature (T) is a crucial feature.
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Figure (1.5): The M-H curve, domain alignment (right), and susceptibility (left) are utilized to explain
diamagnetism.
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|.6-2 Paramagnetism:

Some materials are composed of atoms or ions that exhibit a net magnetic moment

because of unpaired electrons located in partially filled orbitals. A notable example of

such material is iron, which contains unpaired electrons. In the absence of an external

magnetic field, these individual magnetic moments do not interact with each other

magnetically, much like in diamagnetic substances, leading to a net magnetization of zero.

However, when an external magnetic field is introduced, the atomic magnetic moments

partially align in the direction of the applied field. This alignment results in a net positive

magnetization and a positive magnetic susceptibility [26], as depicted in Figure (I.6).
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Figure (1.6): M-H curve, susceptibility (left), and domain alignment (right) used to explain

paramagnetism.
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1.6-3 Ferromagnetism:

These materials exhibit extremely strong interactions between their atomic moments, unlike
paramagnetic materials. These interactions, driven by electronic exchange forces, cause the
atomic moments to align either parallel or anti-parallel to one another. Exchange forces are
exceptionally powerful, being approximately 100 million times stronger than the Earth's
magnetic field, equivalent to a field of around 1000 Tesla. The exchange force is a quantum
mechanical phenomenon that depends on the relative orientation of the spins of two electrons.
In ferromagnetic materials, even in the absence of an external magnetic field, the moments
align parallel to each other, leading to a substantial net magnetization [26,27], as illustrated in
Figure (1.7).

NN
PR

A, Random domain orientation B. After magnetization

Figure (1.7): Domain alignment in ferromagnetism.

The main ferromagnetic materials include iron, cobalt, nickel, gadolinium, and their alloys.
It's worth noting that certain iron alloys are not ferromagnetic, such as the 80% iron, 12% Mn
alloy and the 68% Fe 32% Ni alloy which behave like paramagnetic materials. This is also
true for all ferromagnetic materials above a so-called "Curie temperature,” which is different
for each material (for example, Tc for iron is 770°, Ni is 358°, and Co is 1127°). On the other
hand, certain alloys such as the 61% Cu, 23.5% Mn, 15% Al alloy are strongly ferromagnetic,

while none of the individual constituents have ferromagnetic properties [28].
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1.6-3-1 Spontaneous Magnetization:
Spontaneous magnetization is the net magnetization that happens inside a uniformly
magnetized tiny volume without the presence of a field. The amount of this magnetization at
0 K depends on the electrons' spin magnetic moments.In the laboratory, the saturation
magnetization can be measured,the maximum induced magnetic moment achievable in a
magnetic field (Hsat) is referred to as saturation magnetization; beyond this field,
magnetization does not increase further. Magnetic domains contribute to the difference
between saturation magnetization and spontaneous magnetization. The size of particles does
not affect saturation magnetization, which is an inherent characteristic that depends on

temperature. The susceptibilities of ferromagnets and paramagnets vary significantly [27,29].

1.6-3- 2 Curie Temperature:

Although ferromagnets possess very strong exchange forces, thermal energy ultimately
overcomes the electronic exchange forces, causing a randomizing effect. This occurs at a
specific temperature known as the Curie temperature (TC). Consequently, the ferromagnet
becomes disordered above this temperature and ordered below the Curie temperature. The
saturation magnetization drops to zero when at the Curie temperature. As a diagnostic
marker, the Curie temperature is another intrinsic characteristic that could be useful in
identifying minerals. However, it is not always reliable, as different magnetic materials may

theoretically share the same Curie temperature [20,22].
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1.6-3- 3 Hysteresis:

Apart from the saturation magnetization (Ms) and the Curie temperature, ferromagnets are
able to recall an applied field even after it has been withdrawn. a phenomenon known as
hysteresis is seen in ferromagnetic materials and is defined by a lag between changes in the
external magnetic field and changes in the magnetization of the substance. a ferromagnetic
material becomes more magnetized when an external magnetic field is applied because the

magnetic domains inside the material align with the field's direction.
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Figure (1.8): Hysteresis Loop.

When the external magnetic field is reduced or removed, the alignment of the magnetic
domains does not instantly return to its original state. This delay causes a hysteresis loop
when graphing magnetization against the applied magnetic field. Key characteristics shown
in the hysteresis loop include coercivity, which is the field required to reduce magnetization
to zero, and remanence, which is the magnetization that remains after the external field has
been eliminated. Hysteresis is affected by factors such as grain size, temperature, and internal
stresses within the material. It plays a crucial role in applications such as magnetic data

storage, transformers, and magnetic sensors [19,20].
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1.6-4 Ferrimagnetism
Ferrimagnetism is a magnetic phenomenon observed in certain substances. In this
phenomenon, the magnetic moments within domains align in an anti-parallel manner, but
with different magnitudes. This configuration results in a non-zero total magnetic moment.
There are two primary scenarios in ferrimagnetic materials[19-21]:
1. There can be an equal number of crystal sublattices with opposite directions. However, the
alignment of magnetic moments in one subassembly may be stronger than in the other. This
is seen in materials like ilmenite, magnetite, titanomagnetite, iron oxides, or compounds
containing iron and titanium.
2. The number of crystal sublattices aligned in one direction may outnumber those in the
opposite direction, as seen in pyrrhotite.
However, ferrimagnetism is temperature-dependent, and it ceases to exist beyond a specific
temperature threshold known as the Curie temperature.
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Figure (1.9): Domain alignment in ferromagnetic materials.
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1.6-5 Antiferromagnetism:

Although the magnetic moments in antiferromagnetic materials interact with one another,

these materials are often composed of two magnetic networks with antiparallel couplings

between their magnetic moments [20]. The antiferromagnetic materials do not exhibit

macroscopic magnetization because the magnetizations of the two networks balance each

other out. Furthermore, as illustrated in Figure 1.10, antiferromagnetic materials have a weak,

positive susceptibility that varies in a particular manner with temperature, zero remanence,

and no hysteresis. Antiferromagnetism depends on the behavior of susceptibility below a

threshold temperature, known as the Néel temperature (TN). Above the Néel temperature,

susceptibility is governed by the Curie-Weiss law [30,31].

—F 4+— —F
+— — 41—
— 4+— —>
+— —F 4—
—F 4+— —>
+— — 41—

et

Figure (1.10): Antiferromagnetism's domain alignment (right) and susceptibility as a function of

temperature (left).
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1.7 Industrial applications of FeNi alloys:

Soft magnetic FeNi alloys are economically significant not because of their high volume
use in electrical construction but rather because of their essential function in a variety of
devices and components. These alloys serve as the core material for a wide array of devices,
including toroids and various other parts. Their significance is especially noticeable in
electrically functional and safe equipment. These FeNi alloys provide optimal performance
and reliability by enabling the effective functioning of such a wide range of electrical
devices[32-35].

The industrial applications of Fe-Ni alloys are diverse and can be categorized into three main

types:

I.7-1-Alloys for Miniaturized Electrical Engineering:

Fe-Ni alloys find extensive use in miniaturized electrical engineering applications. They are
utilized in various forms such as wires, strips with thicknesses ranging from 0.1 to 2 mm, and
grids. These alloys play a crucial role in the construction of compact electrical components,

enabling the development of smaller and more efficient devices.

1.7-2-Alloys with Very High Permeabilities:

These alloys are typically manufactured in the form of thin strips and are meticulously treated
to enhance their magnetic properties. They are commonly employed in the fabrication of
finely tuned circuits where precise control over magnetic flux is essential, contributing to the

efficient functioning of electronic devices.

I.7-3-Alloys with Special Hysteresis Cycles:

Fe-Ni alloys with unique hysteresis cycles find specialized applications in the field of
electronics, particularly in the development of security devices. These alloys are engineered
to exhibit specific magnetic properties that make them suitable for applications requiring
controlled magnetization and demagnetization processes. They are integral components in

security systems, ensuring reliable performance and accurate detection capabilities.
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e Watchmaking:

FeNi alloys play a significant role in the prestigious and innovative field of watchmaking.
The movement of the hands in classic analog watches is powered by a LAVET-type stepper
electric motor. This motor features a bipolar rotor made of a permanent magnet, a stator that
is cut from a strip of soft magnetic alloy, and a core that is wound with a possibly different

soft magnetic alloy than that of the stator, as shown in (figure-1.11) [34].

Figure (1.11): Electric motor watch of the LAVET type[34].
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e Automotive field:

Manufacturers in the automotive sector are incorporating an increasing number of sensors
and actuators into their products. In the specific area of electric power steering, a torque
sensor employs Fe-50%Ni alloy to provide precise measurement of wheel position.
Refractory alloys, which are resistant to mechanical wear, oxidation, and high temperatures,

are utilized for cylinder head gaskets(figure-1.12) [36,37].

Figure (1.12): Refractory alloys used for gaskets[36].
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Chapter 2

The Theoretical Framework

1.1 Introduction:

The behavior of a solid system's electronic structure determines its physical
properties, which can be visualized as light electrons circling the heavy nucleus. This has
been widely recognized since the advancement of quantum mechanics, which provides the
primary concept for these investigations. To fully characterize an N-electron quantum
system, the associated wave function, ¥(ry, r2, rs,... rn) [1], must be computed. The time-
independent Schrddinger equation can be used to derive this in theory, but in reality, each
electron's potential is determined by the motion of all the other electrons in the actual system
as well as its closest neighbors. This would necessitate solving simultaneous differential
equations in a Schrodinger equation. The use of approximations is crucial because, as Dirac
noted in 1929 [2], "all progress in this knowledge depends essentially on the development of
the most accurate approximation techniques possible™. Some theorems, however, address
these systems. Hence, the nucleus's motion is merely insignificant since the Born-
Oppenheimer approximation views it as a point charge at fixed places. Because the electrons
travel swiftly and weigh less than the nucleus, this approximation is rather accurate. Based on
this supposition, we can next concentrate our investigation on the electrons because we know
they have interactions with the nucleus. Since they can communicate with one another as
well, this interaction can be handled even though it cannot be calculated. That means we need
to apply different approximations. The bulk of the study on estimating electron-electron
interaction in solid systems began in the 1960s, when advances in the understanding of a
solid system's electronic structure were made possible by the works of Lu Sham, Walter
Kohn, and Pierre Hohenberg. Density functional theory (DFT) is the development of these
concepts. Density functional theory's (DFT) primary goal is to use the electron density as a
crucial variable in determining a solid system's total energy[3,4]. In this chapter, the
theoretical concepts underlying the development of density functional theory, the linearly
augmented plane wave (FP-LAPW) approach, and the computer code (WIEN2K) that we
employed will all be covered.
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11.2 Schrodinger equation:

The Schrédinger equation is one of the basic equations in quantum mechanics. It
explains how interacting electrons change over time, which aids in our comprehension of the
various physical and chemical characteristics of materials. a solid system consists of nuclei
(heavy, positively charged particles) and electrons (light, negatively charged
particles).Electrons and nuclei are moving and interacting with one another.This turns into a
quantum many-body problem when the particles are so light that quantum mechanics is
required. Understanding the behavior of the particles in this system depends on knowing the
precise many-particle Hamiltonian [5].

Hy = Ey (1L.1)
According to the Schrodinger equation, the wave function y describes a quantum system's
constant state irrespective of time, and H represents the system's Hamiltonian factor, which is

expressed as follows:

H=Te + Ug + Uy + Ty + Unn (1L 2)
Where,
Te: Kinetic energy of electrons

Uee: Energy of electron-electron interaction
Uen: Energy of the electron-nucleus interaction

Tn: Kinetic energy of the nuclei

Unn: Nuclei-nuclei interaction energy

As each phrase is developed, we will have:

e ZaZﬂ
Ra—Rg]

H=—Xyyp_ My g1 ) —y, +13 IL3
T am ST oM, e ””Ir r| L _Ral 2 2B [Ry—Ry| (11.3)

7i—Rgl
m;: The mass of the electron i
M, The mass of the nucleus a
Z4: The atomic number of the nucleus o

;. The position of the electron i

R,: The position of the nucleus o
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I1.3 Fundamental approximations:

11.3-1 Born-Oppenheimer approximation (BOA):

A first-level method for solving multiple-body issues is the Born-Oppenheimer
Approximation (BOA), which highlights the significant difference between the mass of the
system's electrons (lighter, hence more mobile) and nuclei (significantly heavier M =1800 m,
so less mobile). To put it another way, this approximation is predicated on the notion that
nuclei move slowly enough in relation to electrons for us to ignore them with minimal error,

producing a Hamiltonian that is entirely electronic [6].
In this example, the Hamiltonian will be written as follows:

H,=T,+ U, + Usy (11.4)
The following is the system's wave equation:

The Born-Oppenheimer approximation only applies when the correlations between the
electron motions and the nuclear motions are low, i.e. when the wave function does not
change significantly when the nuclei change. Unfortunately, the equation (I1.4) has many
variables, making direct resolution impossible. Therefore, reasonable approximations must be

made.
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11.3-2 Hartree-Fock approximation:

Despite the simplifications offered by the Born-Oppenheimer approximation, the
presence of N bodies makes it challenging to account for the electron-electron interaction
term. When there are more than one electron, solving the Schrédinger equation exactly
becomes impossible. In 1927, Douglas Hartree came up with a method to calculate the
approximate energies and wave functions of ions and atoms. This approximation is predicated
on the idea that electron mobility is uncorrelated and independent of one another [7]. The

Hamiltonian for this type of system is expressed as follows:

Ne
H = Z h() (1L.5)

Where 4(i) is the monoelectronic Hamiltonian.

The exchange interaction is not taken into account in the Hartree approximation. The
asymmetry of the wave function when the coordinates of two electrons are switched is what
defines this interaction. The following equation can be used to characterize the system with N

electrons:
’P(Tl, Ty e Ty ...,TN) = —"IU(TI, Ty, Ty, ...,TN) ( II. 6)

The positions of “a” and “b” have been swapped. ¥ (r1, ...,tb, ..., ra, ..., tN) represents the
wave function of the N-body system, which is derived from the product of mono-electronic
functions. This is because electrons are Fermions (with spin 1/2) and follow a Fermi-Dirac
distribution [8].

V. Fock suggested using Slater determinants as an alternative to Hartree’s wave functions. A
Slater determinant is an order N determinant composed of N different spin-orbitals, which are

mono-electronic functions of spatial and spin variables [9].
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The determinant can be represented as follows:
Wi(r) e e e Yy (ry)
W(Tl,rz, ...... ) iy — ' (117)

W () oo W ()

There is no instantaneous electron-electron interaction because the Hartree-Fock method
treats electrons as independent particles moving in a mean potential created by all the nuclei
and other electrons; this lack of correlation necessitates the development of specific methods

to address this issue.
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11.4 Density functional theory (DFT):

The Born-Oppenheimer approximation is used to convert the quantum many-body
problem into a system of interdependent electrons subjected to an external nuclear potential,
which is still very difficult to solve. Among the various techniques employed to streamline
equation (11.4), which effectively characterizes atoms and molecules, the Hartree-Fock
method is one of them. However, a more potent approach, known as Density Functional
Theory (DFT), stands out as a more contemporary alternative to the Hartree-Fock method.
DFT was established in 1964 through the introduction of two theorems by Hohenberg and
Kohn. The main idea in this theory is to replace the wave functions with the electronic

density function to reduce the number of variables that enter into the calculation [10].
11.4 1-Theorems of Hohenberg and Kohn:

Density functional theory (DFT) is based on two fundamental theorems that were proposed

and demonstrated from Hohenberg and Kohn [10,11]:
Theorem 1:

The ground state electron density p(#) and the external potential Vex: are established to have
a one-to-one connection by the first theorem. Consequently, the total energy of the ground-
state system is a special universal function of the electron density.

E = E[p(r)] (I.8)
Theorem 2:

Hohenberg and Kohn demonstrated that the exact energy of the ground state is represented by
this functional minimum value, and that the density corresponding to this energy represents
the exact density of the ground state. Additionally, other ground-state properties are

determined by this density as well.

[Po ] = Min [p] (11.9)

po the density of the ground state

The properties of a system that are affected by an external potential Vext (r) can all be

identified using the electronic density of the ground state.
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1.4 2-Kohn-Sham equations:

The Kohn and Sham equations were released in 1965 [12]. these equations are essential, To
determine the correlation to exchange contributions for gas of dependent electrons.the
difference in kinetic energy functional between an electron gas that is interacting and one that

is not is what is known as the correlation energy functional Vc:
Ve=T—-T, (11.10)

T denotes the kinetic energy functional of a dependent-electron gas, whereas TO corresponds
to the kinetic energy functional of an independent-electron gas. By comparing the potential
energy functional of an interacting and a non-interacting electron gas, the exchange energy

functional Vx is obtained.
Vo=V -y (11.11)

where V is a dependent-electron gas's precise potential energy functional and VH represents

the Hartree potential energy functional for an independent-electron gas .
This is how the Hohenberg-Kohn functional is expressed.

Fuyk =T+V =To+Vy+Ve+V, =Ty +Vy + Vi (1.12)
Vxc is the energy functional for exchange-correlation.

A representation of the Kohn-Sham Hamiltonian looks like this:

ﬁKS = TO + ‘71.1 + [ZCC + Vext- (II 13)
The functional derivative can be used to determine the exchange-correlation potential:
o 6V
Ve = I1. 14
xXc 6p ( )

The Kohn and Sham theorem expresses an N-electron system's precise ground-state density

N —_—
CEDWEAGLIO (11.15)
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The wave functions for single particles are the N lowest-energy solution of the Kohn Sham

equation.

Hys®; =€; ®; (11.16)

The terms 7, and V,, are dependent on the density, which in turn is influenced by the ®;.
The original equation (7, and V. in Hys) is dictated by the solves ®;, and the equation
cannot be represented and solved before its solution is known. This leads to a self-

consistency problem. Iterative steps are needed to overcome this paradox.

A guessed density pg serves as the starting point for this process, from which a Hamiltonian

hks1 is constructed. After the eigenvalue problem is resolved, a set of p; is produced, from
which a density can be calculated. The initial rrrO and calculated rrrl will typically be

different. This p, is then used to build Hksz, which produces a new value, p,, and so forth. It

is possible to build up the technique so that this series will converge to a final density py that

creates an Hksz and yields a solution p once more. This final density is then consistent with

the Hamiltonian.
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Figure (11.1): Flowchart of the DFT [12].

However, the Kohn-Sham (KS) equations can only be applied when appropriate
approximations for the exchange and correlation functional Exc are provided. As a result,
various approximations are required to compute the energy and the exchange-correlation
potential, with the Local Density Approximation (LDA) and Generalized Gradient

Approximation (GGA) being the most prominent ones.
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11.4 -3 Approximation of the Local Density (LDA):

The exchange-correlation energy function is approximated Exc [p], The concept of local
density approximation (LDA) was suggested by Cohen and Shum in 1965. This approach is
predicated on the idea that an electron at a point r in an inhomogeneous electron gas has the

same exchange-correlation energy Exc[p ()] as a homogeneous gas with an electron density

that is the same as the point density r locally. This is because a gas with an inhomogeneous

electron density can be divided into parts of a gas with a uniform density [10, 13].

ERA[p(r)] = f [0() exc + £c[p()] (1L17)

11.4 -4 Generalized Gradient Approximation (GGA):

Most of the corrections that have been introduced to the (LDA) are based on the idea of
taking into account local variations in the density. For this reason the electron density
gradient was introduced leading to the generalized gradient approximations (GGA), in which
the exchange and correlation energy are functions of the electron density and its gradient[14]:

B8 10, 0] = [ 8100, 190 (N dr (11.18)

There are many expressions to describe the GGA functional depending on the choice of ( , 7
p ) such as the forms of Becke [15], Perdew and Wang [16] and the most popular, Perdew,
Burke and Enzerhoft [17]. Ultimately, the GGA functional gives a lower exchange-
correlation energy than the LDA which results in a better agreement with experimental values
and generally tends to an overestimation of the lattice parameter and the gap compared to the
LDA. However, this improvement is not systematic and it is necessary to compare the results

obtained with different approximations and with experimental values when they are available.
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11.5 The Linearized Augmented Plane Wave (FP-LAPW) Method:

11.5.1 Introduction:

The study of the different properties of condensed matter is based on various
calculation methods, which can be classified into three types: empirical methods, semi-
empirical methods, and ab-initio or first principle methods. Density Functional Theory (DFT)
is the foundation of a number of ab-initio or first principle techniques. The augmented plane
wave (APW) approach was created in 1937 by Slater [18] and subsequently refined by
Andersen [19].The modified method is now known as the augmented and linearized plane
wave (FP-LAPW) method and is implemented in the new Wien2k calculation code[20].
Before delving into the new method, we will first describe the APW method and the reasons
behind the development of the FP-LAPW method.

11.5.2 Augmented Plane Wave (APW) method:

The origin of the idea of Augmented Plane Waves is that, far from the nucleus, electrons
can be described by plane waves. This is not the case when they are close to a nucleus. The
electron behaves as if it were in an isolated atom. The APW method separated space into two
regions[19,21]:

e The first area is captured close to the atomic nucleus, where the wave function and
potential resemble those of an isolated atom. The potential in this space, which is
bounded by a "Muffin-Tin" (RMT) sphere of radius Ra, is spherical, and the wave

functions are radial functions ("solution of the Schrdédinger equation™).

e The second area is known as the interstitial region (RI), where plane waves are

employed as the wave functions and the potential is taken to be constant.
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I1

Figure (11.2): Partition of the space using the APW method.

(I): Zone «Muffin-tin», (11): Zone interstitielle[19].

Both the spherical and interstitial regions are defined by the wave functions ¢

1 ,
il I el(G+K)7‘ r> Ra

o) a0 (1. 19)
Yim AUy ()Y (1) r < Ra

Where:

Ra: is the sphere's radius (MT).

Cc and A are the coefficients of the development.
Q: Volume of the unit cell.
Ym: The spherical harmonics

The Schrodinger equation involving the radial portion can be regularly solved by the function

Ui (r, E), which is expressed as follows:

{_d_z_l_ 1(1+1)

dr? r2

FV(@) — El}rUl(r) =0 (1L 20)

Where V (r) is the Muffin-Tin potential and E; is the linearization energy.
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The radial functions, which are orthogonal to any eigenstate of the core and determined by
equation (11-21), vanish on the sphere's edge [22]. As demonstrated by the equation that

follows:

dZTUl dzT'Uz
E, — E)rU U, = U -
( 2 1) 1Y2 2 dr? 1 dr2

(1L.21)

where Uy and U» are radial solutions for energy E1 and E», and the overlap is built by
integrating it by parts using equation (I1-22), Slater justifies that plane waves are the solution
of the Schrddinger equation when the potential is constant, which supports the specific
selection of these functions, to ensure the continuity of the function ¢ (r) on the surface of the
MT sphere, The following statement represents the coefficients Awm, which must be
constructed in terms of the coefficients Ce of the existing plane waves in the interstitial

regions.

Amit

App = —5———
T 0120, (Ry)

> Cair(IK + IRV (K +6) (11.22)

Aim is determined by the plane wave parameters G¢ and the energy parameters E;. These two
terms are variation coefficients in the APW method, as a result, expanded plane waves
(APW) are produced when the individual functions, designated G, align with the radial
functions of the spheres. Therefore, the energy of the band with index G must equal the
energy of E,. This indicates that the secular determinant must be treated as a function of
energy since the energy bands (for a point k) cannot be determined by straightforward
diagonalization.

The APW technique has some issues with the function U, (Ra) that is present in the
denominator of equation (111-20). Actually, the value of U, (Ra) on the Mt sphere's surface
can become zero based on the value of the parameter E;, which causes the radial functions
and the plane wave functions to separate. A number of changes have been made to the APW
technique to address this issue, most notably those put out by Koelling [23] and Andersen
[24]. To create the FP-LAPW approach, the radial functions U, (r) and their derivatives with
respect to the energy U, are linearly combined to represent the wave function inside the

spheres.
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11.5.3 Principle of the LAPW method:

According to the LAPW approach [24-26], the MT spheres’ basis functions are linear
combinations of the radial functions U;(r)Y,,(r)and their energy-dependent
derivatives U;(r)Y;,,, (). the U; functions are defined according to the APW approach, the

function U, (r)Y;,,, () must meet the following criteria:

+

dr? r2

{_i 1(1+1) + V(r) _ El}rUl(r) — T'Ul(r) (H 23)

These radial functions U,(r) and U,(r) guarantee continuity with the plane waves from the
outside on the MT sphere's surface in the non-relativistic situation. The wave functions that

are augmented in this way become the basis functions (LAPW) of the FP-LAPW approach.

L12(; Cc;ei(GH()r r> Ra
o(r){ oz . (11.24)
Yim|Am Ui (1) + By Uy ()] Yy (1) r < Ra

When the function U, (r) has coefficients Bim that are identical to the coefficients Aim.

As with the APW approach, LAPW functions are plane waves only in interstitial zones; they
are more appropriate inside LAPW spheres than APW functions. In fact, a linear combination
will duplicate the radial function more accurately than APW functions made up of a single
radial function if E: departs slightly from the band energy El. As a result, the U, function can

be enlarged using its derivative U, and the energy E|.

U, (E,r) = U,(E,7) + (E — EDU,(r) + 0((E — E))?) (11.25)

Where: 0(E — E,)? represents the energy squared error.
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While the FP-LAPW method produces an error on the wave functions of the order of (E —
EIl)? and another on the band energies of the order of (E — EI)*, the LAPW method thus
guarantees the continuity of the wave function on the surface of the MT sphere, but the
calculations lose precision in comparison to the APW method, which produces very accurate
wave functions. Notwithstanding this order of inaccuracy, the LAPW functions provide a
solid foundation that enables the acquisition of every valence band in a wide energy range
with just one EI. If this isn't feasible, the energy window can usually be split into two
sections.Takeda and Kubler [19] proposed an extension of the LAPW method that utilizes N
radial functions along with their (N-1) derivatives. This is much more straightforward than
the APW approach.

11.5.4 The structure of the calculation:

Numerical simulations now allow us to know the structural and electronic properties of the
studied material, among these ab initio methods we have the linear method of augmented
plane waves (FP-LAPW) which is used to calculate the electronic structures, this method is
introduced in the wien2k code [20]. The Wien2K simulation code was created at the
Technical University of Vienna's Institute of Materials Chemistry and released in 1990 by P.
Blaha, K. Schwartz, P. Sorintin, and S. B. Trickey [28].

This code has been continually revised in the following years and has undergone several
updates. Versions of the original Wien code have been developed (named according to the
year of their appearance, Wien93, Wien95, Wien97...). We used the Wien2K version (year
2018). The Wien2K package is written in Fortran, it runs under the LINUX operating system.

It is made up of multiple separate applications linked by C-Shel Script. These applications
calculate the electrical structure of solid things using the density functional theory (DFT).
This code can be used to calculate a number of material properties, including:

e Energy bands, state density, and Fermi energy.

e X-ray structural factors, spin density, and electron density.

Optimizations of structure, equilibrium geometries, atomic forces, and total energy

e Spin polarization (ferromagnetic, antiferromagnetic, or other structure) and spin-orbit
coupling.

e X-ray emission and absorption spectra.

e Optical properties
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11.6 The Wien2k Algorithm:

The diagram in Figure (11.3) illustrates the development and usage of various Wien2k

programs.

The initial step involves running a series of small auxiliary programs that generate inputs for

the main programs, known as initialization.
11.6.1- Initialization:

- NN: provides the distances to the closest neighbors and aids in calculating the Muffin-Tin
sphere's radius.

- LSTART: specifies how the various orbitals such as core states and valence states, with or
without local orbitals, are handled in the band structure computation and generates the atomic
densities.

- SYMMETRY:: produces the LM expansion for the lattice harmonics, the local rotation
matrices, the space group symmetry operations, and the point group of each particular atomic

site.
- KGEN: Generates a k-cell in the Brillouin zone.

- DSTART: superimposes the atomic densities produced in LSTART to provide a beginning
density for the SCF cycle.

11.6.2- The SCF calculation:

In the second step, we calculate the energy and electron density of the ground state in a self-
consistent cycle (SCF). Until the convergence condition is met, this cycle is initiated and

continued.The following programs are used for this process:
LAPWO: generates the Poisson potential for density calculation.

LAPW1: computes valence bands, eigenvalues, and eigenvectors.

LAPW?2: calculates valence densities for eigenvectors.

LCORE: computes densities and core states.

MIXER: creates a new density by combining core and valence densities.
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11.6.3- Calculation of properties:

The following programs are used to calculate physical properties:

- OPTIMISE computes the total energy as a function of volume in order to determine the
lattice parameter, compressibility modulus, and its derivative.

- TETRA: calculates the total and partial density of the state.
- SPAGHETTI: uses the eigenvalues produced by LAPW1 to compute the band structure.
- OPTIC: calculates the optical properties.

- XSPEC: determines the X-ray absorption and emission spectrum structures.
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Figure (11.3): The program flowchart of the Wien2K code[28].
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Chapter 3

Results and Discussions

I11.1-Introduction:

Permanent magnets play a significant role in many modern technologies, including
electric motors, generators, sensors, and data storage devices. The performance of
permanent magnets is essentially governed by their magnetic properties, including
coercivity, remanence, and maximal energy product [1,2]. Among the materials of
interest,the ordered tetragonal FeNi alloy, commonly referred to as L1o-FeNi or tetrataenite,
is receiving widespread attention in the materials research community because of its
promising magnetic characteristics, which are crucial for advanced technological
applications. Llo-FeNi has a unique tetragonal structure, which contributes to its
exceptional magnetic properties[3,4]. To better understand and optimize these properties,
first-principles calculations based on Density Functional Theory (DFT) provide an effective
framework for investigating the structural, electronic, magnetic, and thermodynamic

behavior of such alloys [3].

In this chapter, the structural, electronic, magnetic, and thermodynamic properties of
the tetrataenite L1o-FeNi alloy are investigated using density functional theory (DFT). This
study employs the full relativistic full-potential augmented plane wave plus local orbitals
(FPLAPW) method as implemented in the WIEN2K package [6].
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111.2-Calculation details:

Density Functional Theory (DFT) was employed to investigate the structural, electronic,
magnetic, and thermodynamic properties of the tetrataenite L1o-FeNi alloy. The calculations
were carried out using the fully relativistic full-potential linearized augmented plane wave
plus local orbitals (FPLAPW) method, as implemented in the WIENZ2k package [6]. We used
GGA+U (Hubbard potential) and spin-polarized GGA, which were created by Perdew,
Becke, and Ernzerhof (PBE) [7], for the exchange-correlation energy. The valence levels
were handled as scalar relativistically in FPLAPW computations, while the core states were
treated fully relativistically. Additionally, the Muffin-tin sphere's valence electronic wave
functions were expanded to Imax = 10. Charge leakage was prevented by selecting the Muffin-
tin sphere (Rmt) radii for the Fe and Ni atoms in a way that resulted in nearly touching
spheres. The plane wave cut-off parameters were found to be Rmtkmax = 7, where Rwr is the
lowest atomic sphere radius and Kmax is the magnitude of the biggest K vector in the plane-
wave expansion. This allowed for the exchange and correlation potential. n the interstitial
region, the Fourier expansion of potential has a Gmax 0f 12 a.u.™. A dense 6x6x4 k-mesh was
utilized to guarantee excellent resolution for computations. The threshold for energy
convergence was established at 10™ Ryd. This study employed the quasi-harmonic Debye
model with the Gibbs2 computational program to investigate the thermodynamic properties
of L1o-FeNi alloy [8, 9]. A function of the crystal's volume can be used to express the Debye

temperature using the Voigt Reuss approximation [10]:

1
i 113 Bs
0 = z|6n?van|’ f (o) /ﬁ (N1.2)
M stands for molecular weight per unit of formula, n for number of atoms per unit of

formula, Bs for adiabatic bulk modulus, and o for Poisson ratio [11]. The following is one

way to formulate the equation for f(c) [12] and BS [13]:

B, ~B(V) =V (de/(z")) (11.2)

The total energy of the crystal at OK is expressed as E(V) as a function of volume V.
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f(o) = {3 Iz (2 %) +(3 gfg)_l_ } (111.3)

These definitions apply to the constant volume heat capacity Cy, the volumetric thermal

expansion coefficient a, and the isothermal bulk modulus Br:

a%G6*(v;P,
By(P,T) =V (%Z”))PT (111.4)
Cy = 3nk (4D(0/T) - 1) (111.5)

G* is the Gibbs free energy in non-equilibrium.

D(®/T) is the Debye integral

=rv (111.6)

BtV
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111.3 Study of Structural, Electronic, Magnetic, And Thermodynamic
Properties Of L1o-FeNi Alloy.

111.3-1 Structural properties:

The two types of unit cells that make up the L1o-FeNi crystal structure are (a) face-centered
tetragonal (fct) and (b) body-centered tetragonal (bct), as shown in Figure (I111.1). The
primordial unit cell, or body-centered tetragonal, is frequently employed for computing
operations because of its minimum basis, which lowers computational costs [14]. In this
work, We examined the bct unit cell, where FeNi crystallizes in an Lio tetragonal form with
alternating Ni and Fe layers. In this case, the positions of the Fe and Ni atoms are (0, 0, 0)
and (0.5, 0.5, 0.5), respectively.

fct

—_—

(o}

P U—

o——\/ia——o -~ 7 —»

(a) (b)

Figure (I11.1): Crystal structure of the L1, phase of FeNi: (a) face-centered tetragonal and (b) body-

centered tetragonal unit cells.
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The c-axis is used to extend the layers (or z-axis).The reported theoretical value of the lattice
parameters a is equal 2.53 A and c is equal 3.58 A, with a crystal structure belongs to the
space group P4/mmm space group [15]. Figure (111.2) shown unit cell of tetrataenite L1o-
FeNi.

Figure (I111.2): Unit cell of tetrataenite L1o-FeNi.

Our approach begins with structural optimization, or figuring out the equilibrium parameters
of compounds, which serves as the foundation for the remaining computations. A and ¢ (A),
volume Vo (in A%), bulk modulus Bo (GPa), first pressure derivative B', and minimum total
energy Eo (eV) are examples of equilibrium lattice characteristics that are important in
defining how responsive and stable the crystal structure is under various circumstances.
Therefore, by fitting the curves of total energy minimization using the Murnaghan equation

of state that is given by [16]

_ Bo %\ _ |4 By
E(V) = Ey + 5 [V (%) Vo] + 2V = V) (11.7)

Where B, is the bulk modulus, By is its derivative, V is the strained volume, Eq is the

minimum energy, and V, is the reference volume.
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The equilibrium lattice constants, equilibrium volume V, , equilibrium volume coefficients
By, and first pressure derivative for volume units B; can all be found. Until the required
convergence is attained, the optimization cycle is repeated. The total energy is shown in

Figure (111.3) as a function of both volume and c/a volume.
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Figure (111.3): (a) Total energy vs the volume and (b) total energy as a function of c/a ratio of the

L1o-FeNi compound.

Further, to examine the stability of the structure, the formation energy (Efor) of L10-FeNi

alloy was estimated using the prescribed formulae [17]:

EfFoe;Vl = Epeni — Ere — Eni (111.8)
Where Egeni, Ere, and Ey; stand for the ground state energies of individual Fe and Ni atoms
as well as pure FeNi supercells.

Table (111.1) illustrates the calculated ground state parameters, formation energy (Er) as well

as the available experimental and theoretical data.
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Our calculated lattice parameters for L1o-FeNi agree with experimental findings (a = 2.533

and ¢ = 3.582) [18, 19] and also with the previous calculations for tetragonally ordered FeNi
(a =2.531 A to a=2.58 and ¢ = 3.579 A to ¢=413) [17, 20]. Furthermore, the calculation
formation energy was found to be -0.181/f.u is consistent with previous results, and the

negative value of formation energy (Eror) that was observed is indicative of structural

stability.

The bulk modulus B, for the L1,-FeNi was calculated to be 197.8 GPa at 0 K. Previous

calculations using coherent potential approximation (CPA) of the Fe,sNiys random alloy

yielded a B, value of around 220 GPa. For contrast, the experimental B, values for the

Fe, sNiy s alloy evaluated at room temperature range from 165 to 177 GPa [21], whereas the

experimental B, values for Fe and Ni are about 170 and 180 GPa, respectively.

Table (111.1): The optimized lattice parameters (a and c), tetragonal distortion (c/a), formation

energy, Ero/f.u. (eV), the bulk modulus B (GPa) and first order derivative of bulk modulus (Bo’) of

FeNi compound.

Compound | Properties | This work Experiment Theory
a(A) 2514 2.53[18,19] 2.531 [17] 2.58 [20]
¢ (A) 3.562 3.58[18,19] 3.579 [17] 3.413 [20]
L1o-FeN c/a 1.417 1.415[18,19] 1.414 [17] 1.32 [20]
V(A?) 22.52 22.91[18,19] 22.93 [17] 22.72 [20]
B(GPa) 197.828 165-177[21] 194.0 [17] 177.8 [20]
B 4.763 / / 4.98 [20]
Erorl/f.U -0.181 / -0.18 [17]

60




Results and discussions Chapitre 111

111.3-2 Electronic properties:

Understanding the ground-state band structure is essential for comprehending the
microscopic behavior of electrons in materials [22]. It gives a clue as to whether a material
possesses metallic characteristics. The band structure of FeNi near the Brillouin zone's high
symmetry point is shown in Figure (l11.4). (R—I—X—M—T'). The virgin L1o-FeNi alloy's
strong ferromagnetic character is highlighted by the spin-resolved band structure, which
shows a clear separation between spin-up and spin-down bands close to the Fermi level. A
number of bands in the spin-up channel cross the Fermi level, suggesting strong metallic
behavior and high electron mobility, both of which improve the conductivity of the material.
Although the spin-down channel exhibits metallic properties, ferromagnetic exchange
splitting is shown by its bands being pushed to higher energy in comparison to the spin-up
channel. The strong exchange interaction between the Fe and Ni atoms causes an upward
shift of spin-down states, which strengthens the magnetic characteristics of the system [23].
The spin-up channel has a larger net magnetic moment than the spin-down channel because it
has more states surrounding the Fermi energy (Er). At the Fermi level, some bands show low
dispersion, especially in the vicinity of the M-point. These flat bands play an important role
in the system's magnetic moment and are linked to localized Fe 3d states.

DS 2 up
N
\"h.__ f: g Wy dn

=

Energy (eV)

/! <7/

I

Figure (I111.4): Energy band structure of L1,-FeNi.
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Figure (111.5) displays the total and orbital projected density of states (DOS) for L1o-FeNi in
order to examine the electronic characteristics. With the Fermi level set at zero, the positive
values represent the spin-up density of states (DOS) and the negative values represent the
spin-down states of DOS, with the Fermi level set at zero.
The distribution of electrons or holes among the accessible quantum states per unit volume at
different energy levels is explained by the density of states. A significant number of quantum
states that are open for electron or hole occupation are indicated by a high density of states at
a certain energy level. On the other hand, a zero density of states, means that there are no
accessible quantum states at that specific energy level [19].

It is evident from the (top panel) that L1o-FeNi demonstrates pronounced magnetic
properties, which can be ascribed to the significant asymmetry between the spin-up and spin-
down total density of states (TDOS). Therefore, the total density of states (DOS) analysis
confirms that the Llo-FeNi alloy is spin-polarized, highlighting its ferromagnetic
characteristics. The fundamental electronic configurations of the elements forming
tetrataenite L1o-FeNi are Fe: [Ar] 4s? 3d® and Ni: [Ar] 4s? 3d®. The partial density of states
(PDOS) reveals that Fe-3d and Ni-3d completely hybridize and contribute equally to the total

DOS.

a Fe-d

Density of states (States/eV/spin)

E-E.(eV)

Figure (111.5): Computed total and projected density of states (DOS) for L1,-FeNi alloy.
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All alloys exhibit significant ferromagnetism due to the fact that the fully filled 3d-orbitals of
Ni and Fe are easily identifiable in majority spin states whereas they are only partially

occupied in minority spin states.

111.3-3 Magnetic properties:

The saturation magnetization (Ms) and total atom-resolved spin magnetic moments for the
Lio-FeNi alloy are shown in Table (111.2). Analysis of the results shows that the estimated
total and atom-resolved spin is quite similar to the measured results for the L1o-FeNi phase
both theoretically and experimentally [24,25]. The net magnetic moment is determined by the

difference between majority and minority spin states in the region being occupied.

Table (111.2): Total and atom-resolved spin magnetic moments (ug), and saturation magnetization
M; (T) of L1o- FeNi compound.

Compound Magnetic Moments(us) Ms (T)
Fe Ni Total
FeNi (GGA) 2.702 0.651 | 3.265 1.32
FeNi (GGA+U) 2.658 0.678 | 3.271
Ref. [24] 2.540 0.730 1.47
Ref. [25] 2.701 0.645 | 3.272 1.33

As seen in Figure (111.4), the minority spin states are less filled in Fe-3d as compared to Ni-
3d, contributing large spin magnetic moments for Fe (2.702 ug) as compared to Ni (0.65 ug).

The saturation magnetization (Ms) is determined as the total magnetic moment per volume.
As shown in Table 2, the saturation magnetization of pristine FeNi is 1.32 T, which is nearly

identical to the previously calculated theoretical value of 1.33 T [25, 26].
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111.3-4 Thermodynamic properties:

One essential property for assessing the thermal stability of an alloy is its volumetric thermal
expansion coefficient. Figure (111.6) displays the volumetric thermal expansion coefficient vs.
temperature at various pressures for Lio-FeNi alloy. It is observed that the expansion
coefficients increase slowly (almost linear increases) in the high-temperature region (up to
300 K) and exponentially in the low-temperature zone (T < 300 K). Our results are more in
line with theoretical results when we compare the computed coefficient of thermal expansion
of L1o-FeNi to theoretical data [12].

As shown in Figure (111.6), the volumetric thermal expansion coefficient decreases with
increasing pressure. This indicates that pressure has a significant impact on the coefficient at
low pressure; however, this influence diminishes at higher pressures. According to the study,
temperature and pressure both have an impact on the volumetric thermal expansion

coefficient, and rising temperatures may counteract rising pressures.
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Figure (111.6): Volumetric thermal expansion coefficient versus temperature at different pressures of
L1,-FeNi alloy.
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Also, the current computations support the Debye model. Both the force of atom-to-atom
interaction and the melting point of compounds are related to the Debye temperature. with an
increase in the Debye temperature, the melting point and contact force also rise. Figure (111.7)
depicts the Debye temperature versus temperature for different pressures for L1o-FeNi

compound.
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Figure (111.7): Debye temperature versus temperature at different pressures of L1o-FeNi alloy.

L1o-FeNi's greater Debye temperature indicates that these compounds are thermally stable,
which makes them excellent thermal conductors by enabling electrons to flow across lattice
planes with less scattering (low electron-phonon coupling) [27]. It is clear that, of all the
temperatures, the Lio-FeNi alloy at 20GPa has the highest Debye temperature. This suggests
that this alloy has the highest thermal stability and melting points across a range of

temperatures.
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Furthermore, one important indicator of an alloy's thermal stability is its constant volume
heat capacity. The L1o-FeNi alloy's constant volume heat capacity at different pressures and

temperatures is shown in Figure (111.8).
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Figure (111.8): Constant volume heat capacity versus temperature at different pressures
of L1o-FeNi alloy.

As demonstrated in Fig. (111.8), when the temperature is less than 500 K, the constant volume
heat capacity of the L1,-FeNi alloy increases significantly at various pressures. However, at
temperatures over 500 K, the constant volume heat capacity of this alloy approaches the
Dulong-Petit limit (about 99.77 J.mol~1. K1) [28]. Figure (111.8) shows that C,, decreases as
pressure increases. Similarly to the previous comments regarding thermal expansion, the
impact of pressure on the Cy is greatest at low pressure and gradually diminishes as pressure

increases. It has been found that temperature affects Cv more than pressure does.
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I11.4- Study of structural, electronic, magnetic, and

thermodynamic of Cobalt doping the L10-FeNi alloy.

111.4-1 Structural properties:

The 12.5% Co substitution process was started by substituting a Co atom for a Ni(Fe)
atom using the internal structure of a 2x2x2 FeNi (bct) supercell (Fig. (111.2)) with a four-
cell bet unit, as seen in Figure (111.9). Likewise, an 8.33% substitution ratio might be seen

in a 2x2x3 supercell.

FeNi Co-doped FeNi

Co-doped FeNi

“Wwivry
Waby

Co-doping
—_—
8.33%

Figure (111.9): Schematics of 2 x 2 x 2 and 3x2x2 super cell of FeNi employed to simulate cobalt
doping by replacing 12.5 % and 8.33% of the nickel atoms with cobalt.

We used the L. D. Marks [6] optimization approach to optimize the volume to find the
lattice constants (a, b, c) of the L1o-doped FeNi alloys in the ground state. As illustrated in
Figure (111.10), we determined the lattice parameters, bulk modulus, and pressure derivative
of the Fe1.xNiCox and FeNi1xCox alloys by fitting the total energy versus volume data to the

nonlinear Murnaghan equation of state [16]. Table (111.3) shows the collected results.
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Figure (111.10): The total energy versus the volume for (a)Fe;_4NiCoy (12.5%),
(b)FeNi;_4Coy (12.5%), (c) Fe;_4NiCoy (8.33%), and (d)FeNi,_,Coy (8.33%) alloys.

First, using the specified formulas, the formation energy (Efor) of FeNi:Co has been
calculated in order to evaluate the stability of the structure [17]:

FeNi—Co
Efor

= (Ereni-co — XEpe — YEni — ZE¢,)

(11.9)

In this context, Ereni-co, Ere, Eni, and Eco represent the ground state energies of pure Feni-co

supercells, as well as the individual energies of Fe, Ni, and Co atoms. The variables X, y, and

z indicate the number of Fe, Ni, and Co atoms in the corresponding supercell. The formation

energies (Efor) of the Co-doped FeNi alloy per formula unit have been calculated and are
presented in Table (111.3).
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Table (111.3): The optimized lattice parameters a and ¢ (A), tetragonal distortion (c/a), formation

energy Ero/f.U. (€V), the bulk modulus B (GPa) and first order derivative of bulk modulus (Bo’) of

FeNi:Co compounds.

Compound Supercell | a(A) c(A) cla V(A% | B(GPa) Bo’ Efor
FeNi (This work) 2x2x%x2 2.514 3.562 1.417 2251 197.828 4763 | -0.181
Exp. [29] 2.533 3.5682 1414 22.98
Theor. [17] 2X2Xx2 2.531 3.579 1.414 22.93 -0.18
Fe1xNiCox(12.5%) 2X2x%x2 2.515 3.577 1.422 22.62 199.617 | 4.959 -0.26
FeNi.«xCoy (12.5%0) 2x2x%x2 2.516 3.567 1.418 22.58 196.776 5.430 -0.23
Fe1xNiCoy (8.33%0) 3x2x2 2.515 3.573 1.421 22.60 191.279 5.137 -0.27
FeNi.xCoy (8.33%0) 3x2x2 2.521 3.568 1.416 22.67 0187.35 4.34 -0.24
Theor. [30]
Fe1xNiCoy (12.5%) 2x2x1 2.509 3.575 1.424 22.50
FesNiCox (8.33%) 251 | 3565 | 1420 | 22.46

The lattice parameters and c/a ratios for the FeixCoxNi alloy, with Co concentrations of
12.5% and 8.33%, show excellent agreement with the previously reported values by Islam
and Borah (2021) [30]. When cobalt is added to the ONi or OFe sites and the structure is
relaxed, the c/a ratio increases compared to the pure alloy. This increase is attributed to the

tetragonal distortion induced by Co doping.

The reason for the rise in the c/a ratio is that the 3d-element Co is comparatively greater than
the 3d-elements Fe and Ni. Additionally, the observed negative formation energy (Eror) values
provide compelling evidence of improved structural stability across all examples studied, as
they systematically drop with cobalt doping. Thus, the tetragonal distortion induced by Co
doping contributes to the improved stability of the FeNi alloy. The differences in c/a ratios
between the pure and doped compounds offer valuable insights into how substitution affects

the overall crystal geometry and the structure of the materials.
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I11.4-2 The Electronic Properties:

111.4-2- 1. The Band Structure:

To investigate the electronic properties of Co-doped FeNi alloys, we analyze the band
structure, as shown in Figures (111.11). This figure illustrates the spin-resolved band structure
of Co-doped L1o-FeNi alloys at varying concentrations of 12.5% and 8.33%. The spin-up
bands are represented by (black lines), while the spin-down bands are shown in (red lines).
These bands are plotted across high-symmetry points in the Brillouin zone, with the Fermi
level (Es) indicated at 0 eV by a (dashed blue line).

In the case of 12.5% cobalt in both substitution configurations (refer to Figures (111.11-a)
and (111.11-b)), the Fermi energy shifts downward compared to the L1o-FeNi alloy(Figure
I11.4), with a more pronounced effect observed in the spin-down channel. In the spin-up
channel, many bands still cross the Fermi level; however, the density of states near this level
decreases, indicating that there are fewer available conductive states. Conversely, in the spin-
down channel, bands move closer to or cross the Fermi level, resulting in a more metallic
character. This shift in Fermi energy is attributed to the electron contributions from cobalt
(3d74s?), which redistribute the electronic states and lead to a downward shift in the Fermi

level.
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Figure (111.11): Energy band structure curves of (a) Fe1-xNiCox (12.5%), (b) FeNi1-xCox (12.5%),
(c) Fe1-xNiCox (8.33%) ,and (d) FeNil-xCox (8.33%).

Consequently, both spin channels contribute more equally to electrical conduction. This

reduction in spin asymmetry is crucial for applications like spintronics, where a strong spin

polarization is typically required [31]. Additionally, Both the spin-up and spin-down bands

show a minor increase in dispersion, especially around the X and I' points, as shown in

Figure (I11.11-c). More electron mobility within both spin channels is suggested by this

improved dispersion, which could have a favorable effect on electronic conductivity.

At a cobalt concentration of 8.33%, in both substitution configurations, the Fermi energy
shifts downward compared to pure FeNi (as shown in Figures (I11.11-c) and (111.11-d)).
However, this change is less significant than at a concentration of 12.5% cobalt, indicating
that the electron redistribution is smaller than in the 12.5% cobalt case. Even at 8.33% cobalt,
the system demonstrates reduced spin asymmetry, with more minority states contributing to
conduction. At lower cobalt levels, the electronic properties are more similar to those of pure

FeNi, but the shift in the Fermi energy indicates that cobalt still affects the balance between
up and down spin bands.
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I11.4-2 2. Density of States (DOS):

As illustrated in Figure (111.12), the total DOS attests to the fact that every alloy exhibits
metallic properties and spin polarization. Figures (111.12-a) and (111.12-b) show that the
substitution of 12.5% Co at both the Fe and Ni sites raises the DOS close to the Fermi level,
suggesting a change in the electronic states brought about by the additional 3d states of Co
that hybridize with Fe-d and Ni-d orbitals. Hybridization between Co, Fe, and Ni orbitals is
revealed by the new Co-d DOS profile, which affects the ferromagnetic phase's stability and
magnetic moment. Due to the higher exchange contacts made possible by the hybridized Fe-
Co states, this interaction can improve magnetic coupling. While the Ni-d orbitals vary less
than the Fe-d orbitals, Ni-Co hybridization close to the Fermi level improves the alloy's
ferromagnetic properties.

In FeNi with 8.33% Co doping, as shown in Figure (I11.12-d), the density of states (DOS)
indicates an increased spin asymmetry near the Fermi level. This implies stronger
ferromagnetic interactions and increased spin polarization. Below the Fermi level, the spin-
polarized regions are dominated by Fe and Co states, while the contribution from Ni
decreases, indicating a shift in electron density towards the Fe and Co. Additionally, new Co
(3d) states appear around the Fermi level, introducing spin-polarized states that align with the
Fe and Ni (3d) states, thereby strengthening the alloy’s net magnetic moment through
collective ferromagnetic coupling. With 8.33% Co doping, significant hybridization occurs
between the 3d states of Fe, Ni, and Co, altering the bonding structure and enhancing

exchange interactions.
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Figure (111.12): Computed total and projected density of states (DOS) for (a) Fel-xNiCox (12.5%),
(b) FeNil-xCox (12.5%), (c) Fel-xNiCox (8.3%) and (d) FeNi1-xCox (8.3%).
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I111.4-2 3. Charge Density Distribution :
The computed charge density distribution, which displays the type of chemical bonds present

in L1o-FeNi and Co-doped FeNi alloys, is displayed in Figure (111.13).

Figure (111.13): Contour maps of electron density distributions of (a) L1,-FeNi, (b) Fe;_yNiCoy
(8.33%) and FeNi,;_,Co, (12.5%) alloys.

The charge density distribution of the pristine L1o-FeNi alloy is shown in Figure (I11.13-
a). The consistent electron density distribution surrounding the Fe and Ni atomic centers in
the L1o-FeNi alloy suggests delocalized metallic bonding. Although there is minimal directed
electron density, indicating weak covalent bonds, the predominant metallic bonding

contributes to good electrical conductivity and mechanical properties.

Because of Co's unique electron configuration and stronger interaction with Fe, a minor
portion of Fe is substituted by Co in Feix Ni Cox with 8.33% see Figure (111.13-b), which
helps to improve electron localization around the Co atoms. Co has more unpaired d-
electrons than Ni, which allows for more d-orbital overlap between Co and Fe atoms. This
results in an enhanced covalent character, especially in Fe-Co couples where the electron
density is more concentrated along the bond lines. While metallic bonding is the main form
of interaction, the introduction of Co changes the bonding characteristics by increasing the
localized electron density between certain atomic pairs, especially between Fe-Co. This is
demonstrated by the formation of slightly elongated or directional electron density, which

indicates that covalent interactions are enhanced.
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As shown in Figure (I11.13-c), at higher Co concentrations (12.5%), the charge density
around Co atoms in FeNi;xCox alloy becomes more localized, especially near Fe and
neighboring Ni atoms, indicating stronger covalent-like connections than at lower Co
concentrations. Due to the overlap of the d orbital of Co and the slightly higher
electronegativity of Ni, this higher Co content creates a marked directional electron density
between the Fe-Co and Ni-Co pairs, indicating an enhanced covalent bond nature. The
resulting structure exhibits a heterogeneous bonding pattern, with significant covalent
properties localized around Co atoms, but overall it primarily demonstrates metallic bonding.
Alloys with a higher Co concentration show a mixed bonding feature that enhances both

mechanical and magnetic stability.
111.4-3 The magnetic properties:

The saturation magnetization (Ms) and the total atom-resolved spin magnetic moments for
Co-doped FeNi are presented in Table (111.4). The analysis indicates that the introduction of
cobalt affects both the total magnetic moment and the magnetic moments of individual atoms.
The net magnetic moment is determined by the difference between the minority and majority
spin states in the occupied region.

Table (111.4): Total and atom-resolved spin magnetic moments(ug), and saturation magnetization Ms
(T) of pure and Co-doped FeNi.

Compound Magnetic Moments (up)
M;s (T)
Fe Ni Co Total

FeNi (this work) 2.702 0.651 / 3.265 1.32
Exp. [26] 2.540 0.730 / 1.47
Theor. [25] 2.701 0.645 / 3.272 1.33
Fe, NiCo,(12.5%) 2.6938 0.6444 1.8097 3.1211 1.30
FeNi, Co,(12.5%) 2.6788 0.6360 1.8975 3.3114 1.36
Fe, NiCo, (8. 33%) 2.6830 0.6537 1.7675 3,1894 1.31
FeNi, ,Co,(8.33%) 2.6934 0.6758 1.6186 3.308 1.35

75



Results and discussions Chapitre 111

Table (111.4) shows that substituting Co into the FeNi alloy increases the overall spin
magnetic moment for both doping ratios when compared to the pure FeNi alloy (Table
(111.2)). This occurs because Co has a greater spin magnetic moment than Ni. Conversely,
substituting Co into Ore decreases the overall spin magnetic moment for both doping
percentages since Iron has a higher spin magnetic moment than Co. Similarly, a recent study
indicates that replacing Fe with Pd reduces the total spin magnetic moment, while replacing
Ni with Pd increases it in relation to the L10-FeNi alloy[17]. Additionally, the calculated spin
magnetic moments are isotropic for all the compounds analyzed.

The saturation magnetization (Ms) is defined as the sum of the magnetic moments per unit
volume. As shown in Table (111.4), adding a cobalt (Co) atom to L1o-FeNi (Oni) increased the
saturation magnetization for FeNi-Co by 12.5% (8.3%), raising it from 1.32 T to 1.36 T (or
from 1.32 T to 1.35 T ). This rise results from the Co atom's larger magnetic moment than
that of Ni, which is found in the plane with magnetic Co impurities. Consequently, the
improvement observed in Ms indicates that cobalt (Co) not only possesses a greater magnetic
moment than nickel (Ni), but it also fortifies the exchange contacts present inside the

crystalline lattice, potentially enabling increased magnetic moment alignment.

Nevertheless, Co-substitution at FeNi:Co(Ore) causes a slight decrease in FeNi magnetization
from 1.32 T to 1.31 (1.30)T for FeNi-Co at 8.3% (12.5%). This is explained by the Co atom's
smaller magnetic moment than Fe. Because Co atoms replace Fe atoms with larger magnetic
moments, ferromagnetic exchange contacts become weaker, as seen by the slight drop in
saturation magnetization (Ms). A slight decrease in Ms results from this substitution since it

lowers the net magnetic moment per unit cell.

This shows that Co maintains substantial ferromagnetic coupling with Fe and Ni in the Llo
structure, even though the fall in Ms is less significant than anticipated. This suggests that the
tetragonal structure of the L1o-FeNi alloy is resistant to Co substitution, maintaining magnetic
order with little interference from Ms [32,26]. Consequently, FeNi:Co (Oni) seems to be a
more promising substitute for permanent magnetic materials based on its magnetic properties.
On the other hand, the reduction in Ms leads to softer magnetic behavior, making it suitable
for applications that require frequent magnetic switching. Therefore, Thus, optimizing Ms
through alloy design and doping is crucial for tailoring materials to meet specific

technological requirements.
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I11.4-4 Thermodynamic properties:

A crucial factor in evaluating the thermal stability of an alloy is its volumetric thermal

expansion coefficient. Figure (I11.14) illustrates the relationship between the volumetric

thermal expansion coefficient and temperature for the Fe1.xNiCox (12.5% and 8.33%) alloys,

as well as for the FeNi1.xCox (12.5% and 8.33%) alloys at various pressures.
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Figure (111.14): Volumetric thermal expansion coefficient versus temperature at different pressures
for (a) Fe1xNiCox (8.33%), (b) FeNi1xCox (8.33%), (c) Fe1xNiCox (12.5%) and
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FeNi: Co(Ore) and FeNi: Co(Oni) alloys with a ratio of 8.33% consistently exhibited the
lowest volumetric thermal expansion coefficient at the same temperature and pressure,
indicating that these alloys are the most thermally stable. Our results thus show that lower
cobalt doping rates can enhance the thermal stability of codoped FeNi alloys. Additionally,
the FeNio.92Co00s alloy continuously exhibits the lowest volumetric thermal expansion

coefficient, proving that the alloy's thermal stability is improved by substituting Co for Ni.

Additionally, the Debye temperature is correlated with the melting point of compounds and
the strength of interactions between atoms. As the Debye temperature increases, both the
melting point and the interaction strength also rise. Figure (111.15) illustrates the relationship
between Debye temperature and temperature at different Fel-xNiCox (12.5% and 8.33%),
and FeNi1-xCox (12.5% and 8.33%) compounds.

¥ vy v w » - = -+ »
v —r—y - v v -
re bk & b4 4 | o~
- x
= =
fal B
o | E A A—A—ik A—u—— 3 4 "
= r
] L3 9 & - =
—— W ——p . . — .
L L = i = » -— g
B —E—8——p — . g
T(K TIK)
v —r—y
¥ v - L v - - ¥ ¥ v T —
" ~~
-4 ¥
0 1
[ & A—b—A—a 5 4 = 4 b g
= i -A— B e
= =

Figure (111.15): Debye temperature versus temperature at different pressures of: (a) Fel-xNiCox
(8.33%) (b) FeNil-xCox (8.33%) (c) Fel-xNiCox (12.5%) (d) FeNil-xCox (12.5%).
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The doped FeNi:Co(Ore) alloy, with an 8.33% concentration, consistently exhibits the highest
Debye temperature across all temperatures. This indicates that this alloy is the most thermally
stable and has the highest melting points at various pressures. However, in line with the
observed pattern of bulk modulus changes, the Debye temperature of the Co-doped FeNi
alloy decreases as the cobalt content increases.

Another important indicator of an alloy's thermal stability is its constant volume heat

capacity. as illustrated in Figure (111.16) the constant volume heat capacity at various

pressures and temperatures for Fel-xNiCox (12.5 % and 8.33 %), and FeNil-xCox (12.5 %
and 8.33 %) compounds.
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Figure (111.16): Constant volume heat capacity versus temperature at different pressures of: (a) Fes-
«NiCox (8.33%) (b) FeNil1-xCox (8.33%) (c) Fel-xNiCox (12.5%) (d) FeNil-xCox (12.5%).
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The volume constant heat capacity of cobalt-doped FeNi alloys exceeds that of FeNi alloys
when the temperature drops below 700 K (see Figure 8). Moreover, from a numerical
perspective, the volume constant heat capacity of these four alloys differs very little,
indicating that the volume constant heat capacity of cobalt-alloyed FeNi alloys is not

significantly affected by the increase of cobalt concentration.

111.5 Comparison with Previous Doping Studies and Current Findings:

When comparing the results of this study to previous research, it is evident that cobalt
doping offers distinct advantages due to cobalt’s atomic size, which closely matches that of
Fe. This similarity minimizes structural distortion within the Llo-FeNi phase, thereby
stabilizing the alloy, enhancing crystallinity, and maintaining structural symmetry without
inducing lattice strain. In contrast, doping with Pt and Pd results in a slight increase in lattice
constants with minimal distortion, contributing to stability. However, Pt doping is constrained
by its high cost and significant weight, which Ilimits its scalability in practical
applications[15,17]. Meanwhile, N-interstitial doping introduces considerable tetragonal
distortion to the L1o-FeNi structure, improving the c/a ratio and magnetocrystalline
anisotropy (MCA). Nonetheless, excessive distortion can lead to internal strain and lattice
defects, which may undermine the alloy’s long-term stability[20].

From an electronic and magnetic perspective, the doping elements significantly influence
spin polarization and magnetic behavior in FeNi alloys. Cobalt doping, in particular,
enhances spin polarization and magnetic exchange interactions, improving electronic stability
while maintaining the robust ferromagnetic properties of L1lo-FeNi. Additionally, cobalt
increases saturation magnetization due to its high magnetic moment and strong interaction
with iron. These characteristics make Co-doped FeNi alloys well-suited for high-temperature
applications where high magnetization and magnetic stability are critical.
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FeNi alloys exhibit significant thermodynamic properties, including excellent phase
stability and thermal resilience. Nitrogen doping contributes to stabilizing the L10 phase [33];
however, excessive concentrations may introduce strain, compromising long-term stability. Pt
doping similarly enhances phase stability and maintains performance under elevated
temperatures but is restricted in large-scale applications due to its high cost [17]. Boron
doping effectively improves phase stability and high-temperature performance by mitigating
grain growth. Notably, cobalt doping offers a comprehensive solution by ensuring both
thermal and phase stability over a broad temperature range. These attributes position Co-
doped FeNi alloys as an optimal choice for high-temperature and permanent magnet

applications.
I11.6 Conclusion:

The thorough examination of the Llo-FeNi alloy highlights its unique magnetic
characteristics and structural stability, which have been confirmed by both theoretical and
experimental findings. The alloy's potential for a variety of uses is highlighted by its capacity
to retain these qualities under a broad range of pressures and temperatures. The results
revealed that cobalt (Co) doping significantly influences the structural, electronic, and

magnetic properties of the L1o-FeNi alloy.

Low Co concentrations were found to enhance structural stability, increase saturation
magnetization, and improve thermal stability through a higher Debye temperature and a
lower thermal expansion coefficient. bThese findings confirm that controlled doping is an

effective strategy to tailor FeNi alloys for rare-earth-free permanent magnet applications.
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General conclusion

This study provides valuable insights into the potential of cobalt-doped L1o and L1o-
FeNi nickel-iron alloys as promising alternatives to rare-earth-based permanent magnets,
which are essential in various industrial and technological applications. Through the use of a
linearized augmented plane wave approach, incorporating density functional theory and the
generalized gradient approximation (GGA), we conducted a thorough investigation into their
structural, electronic, magnetic, and thermodynamic properties. his study examined two types
of co-substitution doping (Oni/Ore) at the nickel/iron site in the parent alloy, considering two
different ratios. Additionally, a semi-harmonic Debye model, implemented using the Gibbs2

computational program, was utilized to analyze the thermodynamic properties of the alloys.

The structural analysis confirmed that the unique tetragonal configuration of L1o-FeNi plays a
crucial role in its exceptional magnetic properties. Furthermore, the introduction of cobalt at
different substitution sites (Oni/Ore) Within the parent alloy significantly affects its stability.
The computed formation energy (Ef,), elastic modulus (B0O’), and lattice parameters were
found to be consistent with previous theoretical and experimental results, further validating the
structural integrity of these alloys. Additionally, it was observed that cobalt substitution
induces a tetragonal distortion in the L1o-BCT structure, leading to an increase in formation

energy and enhancing the overall structural stability of the alloy.

From a magnetic perspective, the study demonstrated that the 3d orbitals of iron and nickel
play a fundamental role in defining the metallic nature of these alloys. More importantly, the
incorporation of cobalt into FeNi:Co(Oni) alloys was found to enhance key magnetic
properties, including spontaneous magnetization and saturation magnetization (M), making

them highly suitable for advanced magnetic applications.

The thermodynamic analysis further revealed that reducing the cobalt content in these alloys
decreases the volumetric thermal expansion coefficient while simultaneously increasing the
Debye temperature and strengthening interatomic interactions. This suggests that cobalt-doped
L1o-FeNi alloys not only exhibit improved thermal stability but also maintain desirable
mechanical and electronic properties, making them robust candidates for high-performance

permanent magnets.
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General conclusion

In conclusion, this study enhances our understanding of the effects of elemental doping on
the structural, electronic, magnetic, and thermodynamic characteristics of L1o-FeNi alloys. The
findings highlight their strong potential for rare-earth-free permanent magnet applications and
pave the way for future research aimed at optimizing their performance for next-generation

technological and industrial advancements.
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