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Abstract

First-principles calculations, combined with the supercell approach, are employed to
investigate the effects of atomic disorder on the electronic and magnetic properties of the
CoFeMnZ (Z = Ge or Al) equiatomic quaternary Heusler alloy (LiMgPdSn-type). The
ordered CoFeMnGe alloy is a nearly-half-metallic ferromagnet and can be transformed into
full half-metal at 28.35 GPa of pressure. The ideal CoFeMnAl is half-metallic; Both
compounds follow the Slater-Pauling rule with Curie temperature Tc above 300 K. We
analysed twelve antisite and six swap disorder configurations. For CoFeMnGe Calculations
show that the Fege antisite is the most energetically favourable defect (-9.95 eV), followed
by the Femn, Coge and Comn antisite structures. Half-metallicity is completely lost for Coge,
Ger. antisite and CoGe, FeGe swap defects. Geco, and Mnge antisite, FeGe and MnGe swap
enhance half-metallicity by pushing the Vem below the Fermi level. The Femn antisite gives
4.135 pp/f.u, which is very close to the experimental value of 4.2 pug. For CoFeMnAl
Calculations show that the Femn antisite is the most energetically favourable defect (-1.25
eV), followed by the FeCo antisite and the MnAl swap. The disorder generally contracts
the spin-down gap. Half-metallicity is largely preserved but completely lost for Coai, Comn
antisite and CoAl, CoMn swap defects. The Fewmn antisite gives 3.12 us, which is very close
to the experimental value of 3.10 ug. Disorder has a significant effect on the magnetic
moment and Curie temperature for both compounds. This study demonstrates the

importance of considering disorder when predicting the properties of Heusler alloys.

Keywords: Quaternary Heusler, Disorder, half metal, FP-LAPW calculations.



Résumeé

Des calculs de premiers principes, combinés a l'approche de super-cellule, sont employés
pour étudier les effets du désordre atomique sur les propriétés électroniques de l'alliage
quaternaire de Heusler équiatomique CoFeMnZ (Z = Ge ou Al) (type LiMgPdSn). L'alliage
ordonné CoFeMnGe est un ferromagnétique quasi-demi-métallique et peut €tre transforme
en demi-métal a 28.35 GPa de pression. Le CoFeMnAl idé€al est demi-métallique ; les deux
composés suivent la regle de Slater-Pauling avec une température de Curie TC supérieure
a 300 K. Nous avons analys¢ douze configurations de désordre antisite et six configurations
d'échange. Pour CoFeMnGe, les calculs montrent que I'antisite FeGe est le défaut
énergétiquement le plus favorable (-9,95 eV), suivi par les structures antisite FeMn, CoGe
et CoMn. La demi-métallicité est completement perdue pour les défauts antisite CoGe,
GeFe et d'échange CoGe, FeGe. Les antisites GeCo et MnGe, les échanges FeGe et MnGe
améliorent la demi-métallicité en poussant le VBM en dessous du niveau de Fermi.
L'antisite FeMn donne 4,135 uB/u.f., ce qui est trés proche de la valeur expérimentale de
4,2 uB. Pour CoFeMnAl, les calculs montrent que l'antisite FeMn est le défaut
énergétiquement le plus favorable (-1,25 eV), suivi par 'antisite FeCo et 1'échange MnAl.
Le désordre contracte généralement la bande interdite spin-down. La demi-métallicité est
largement préservée mais complétement perdue pour les défauts antisite CoAl, CoMn et
d'échange CoAl, CoMn. L'antisite FeMn donne 3,12 uB, ce qui est tres proche de la valeur
expérimentale de 3,10 uB. Le désordre a un effet significatif sur le moment magnétique et
la température de Curie pour les deux composés. Cette ¢tude démontre 1'importance de

considérer le désordre lors de la prédiction des propriétés des alliages de Heusler.

Mots-clés : Heusler quaternaire, Désordre, demi-métal, calculs FP-LAPW.
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SN: Second-Neighbour

TN: Third-Neighbour

DOS: Density of States

TDOS: Total Density of States

PDOS: Partial Density of States

IPDOS: Integrated Partial Density of States
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BS: Band Structure

VBM: Valence Band Maximum

CBM: Conduction Band Minimum

NM: Non-Magnetic

FM: Ferromagnetic

AFM: Anti-Ferromagnetic

HM: Half-Metallic

NHM: Nearly-Half-Metallic

HMF: Half-Metallic Ferromagnet
NHMF: Nearly-Half-Metallic Ferromagnet
SGS: Spin Gapless Semiconductor
DMI: Dzyaloshinskii-Moriya Interaction
GMR: Giant Magnetoresistance

TMR: Tunnelling Magnetoresistance
MRAM: Magnetoresistive Random-Access Memory
HDD: Hard Disk Drive

STT: Spin Torque Transfer

Tc: Curie Temperature

us: Bohr Magneton

Es. Formation Energy

Efs: Formation Energy of Disorder

Ep: Pair Binding Energy

B: Bulk Modulus

B': Pressure derivative of the bulk modulus
G: Shear Modulus

E: Young's Modulus

Ae: Zener Anisotropy Factor

vi: Longitudinal elastic wave velocity

vt: Transverse elastic wave velocity

vm: Average acoustic velocity

o: Poisson's Ratio

p: Density

Op: Debye Temperature

Jij: Exchange coupling parameters



Introduction

Spintronics is a dynamic and rapidly advancing research topic that explores the
intrinsic spin degree of freedom of electrons, along with their charge, to enable innovative
capabilities in electronic devices. Initially, electronics relied merely on charge transport;
however, spintronics expands this framework by employing spin-polarised currents, hence
enabling faster, energy-efficient, and multifunctional devices. Giant Magnetoresistance
(GMR) and Tunnelling Magnetoresistance (TMR) [1] are two major phenomena in this area
of science that are now crucial to modern spintronic technologies. These effects have
fundamentally transformed various applications, including ultra-sensitive magnetic sensors
in biomedical and automotive sectors, high-density digital data storage technologies, and
innovative non-volatile memories such as magnetoresistive random-access memory
(MRAM), which integrates speed, durability, and low power consumption. The efficacy of
these applications fundamentally relies on the meticulous regulation and manipulation of
electron spins and magnetic orientations within sophisticated multilayered materials and

nanoscale heterostructures.

In the broad realm of spintronic materials [2], Heusler compounds have garnered
significant attention owing to their remarkable tunability and intricate interaction between
electrical and magnetic characteristics. These ternary and quaternary intermetallic alloys
are distinguished by their capacity to demonstrate half-metallicity a distinctive electronic
arrangement wherein electrons of one spin orientation conduct metallically, facilitating
unimpeded conduction, while electrons of the opposing spin experience an electronic band
gap, functioning as semiconductors or insulators. This yields complete spin polarisation at
the Fermi level, a highly sought-after characteristic that renders Heusler alloys exemplary
candidates for applications necessitating effective spin injection, detection, and transport.
Furthermore, when it comes to half-metallic properties [3], Heusler compounds exhibit
significant chemical flexibility, enabling adjustments to their composition and crystal
structure that optimise Curie temperatures, magnetic anisotropy, and other key physical
characteristics. Such features have established Heusler alloys as leaders in the forthcoming

generation of spintronic devices.
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However, the practical realisation of these materials' inherent potential is significantly
affected by atomic disorder [4, 5], which is unavoidable in any real material. In Heusler
alloys, these imperfections can appear as vacancies, antisite defects, or interstitials, each
possessing the potential to disrupt the equilibrium of electronic and magnetic interactions
[6, 7]. Defects can serve as scattering centres that modify the spin polarisation and
coherence, hence impairing essential properties, including magnetoresistance and spin-
transfer torque efficiency. On the other hand, if precisely controlled, these defects provide
a significant tool to manipulate material properties, transforming prospective liabilities into
benefits. The role of defects underscores the importance of comprehending their creation

mechanisms and their impact on macroscopic material behaviour.

This thesis investigates the influence of disorder on the electrical and magnetic properties
of quaternary Heusler alloys within the CoFeMnZ family, where Z represents either Ge or
Al. These compounds offer an optimal framework for examining the influence of structural
defects on spin-dependent events, including GMR and TMR effects. This study aims to
elucidate the microscopic mechanisms by which disorder alters electronic band structures,
magnetic exchange interactions [4], and transport parameters by integrating experimental
characterisation with theoretical modelling. The insights obtained aim to inform the
systematic design of Heusler materials with enhanced performance, thereby propelling the

advancement of spintronics towards more efficient, dependable, and scalable technologies.

The structure of this thesis i1s organized to progressively build a comprehensive
understanding of the complex phenomena associated with disorder in Heusler alloys. The
first chapter establishes the theoretical foundation of spintronics, focusing on the
fundamental principles of Giant Magnetoresistance and Tunnelling Magnetoresistance. The
second chapter delves into the physical and chemical properties of Heusler compounds,
their crystal structures, and their role as spintronic materials. The third chapter explores
defect types, formation mechanisms, and their effects on solid-state materials, with
particular attention to defects in Heusler alloys. Chapter four presents detailed results and
discussions, synthesizing experimental data and theoretical insights to elucidate the impact
of disorder on the electronic and magnetic behaviour of CoFeMnZ alloys. Supplementing

these analyses, multiple comprehensive methodological details, including the use of
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Wien2k FP-LAPW [8] with GGA and mBJ [5] corrections for electronic structure
calculations, Phonopy combined with DFPT for lattice dynamics, SPRKKR [9] for

exchange coupling computations, and Vampire for Monte Carlo simulations [10, 11] and

temperature-dependent magnetic properties.
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Chapter I : Heusler compounds

I.1 Introduction:

I.1.1. Historical Background:

In 1903, Fritz Heusler revealed the discovery of a ferromagnetic substance at room
temperature, which is curiously created by the elements Cu, Mn, and Al that show no
magnetism at room temperature [1]. In 1934, Otto Heusler (Fritz Heusler son) and Bradley
identified the crystal structure of CuzMnAl, which had previously been unknown [2,3].
Following Heusler's discovery, Nowotny and Juza presented results on a new set of
materials, all main group element compounds, now known as Nowotny-Juza Phases. In the
same continuation, L. Castelliz was the first to synthesize NiMnSb, establishing the link
between Nowotny-Juza phases and Heusler compounds [4,5]. Currently, these phases are
known as half-Heusler compounds, meaning one of the four FCC sublattices is vacant.
Filling the fourth sublattice creates compounds ranging from half to full Heusler, noted as
XYZ and X>YZ, where X and Y are transition metal elements and Z is a main group
element. When one of the two X atoms is replaced by a different transition metal X’, a new
quaternary Heusler alloy with the formula XX’YZ and F-43m symmetry (space group 216)
is obtained [6—8]. Due to their greater flexibility in component selection and lattice site
arrangement, compounds from the quaternary Heusler family have proven to be promising
for spintronic-based applications. exhibiting half-metallicity, high Curie temperature, and

spin gapless semiconducting properties [9].
1.2 Nomenclature and Classification of Heusler alloys:

Heusler alloys are divided into two groups: Compounds with the chemical formula X.YZ,
which have four fcc sublattices, and compounds with the formula XYZ, which contain three
fcc sublattices. Full-Heusler X2YZ compounds can be formed by combining different

elements according to the color palette indicated on the periodic table in the Figure 1.

However, in some cases, Y is replaced by either a rare-earth element or an alkaline-earth

metal. Traditionally, in the case of full-Heusler compounds, the metal that appears twice is
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placed at the beginning of the formula, while the main group element is placed at the end

[10-12].

X2YZ

hydrogen helium
1 2
H He
1.00794 . 4002602
be element name boro carbon nitrogen oxygen fluorine: neon
atomic number 6 7 8 9 10
Be symbol B C N o] F Ne
9 0 8 atomic weight 0.8 12.0107 1400874 15.9994 18.9984 201797
sodium gne co phosphorus| sulphur | chlorine argon
11 4 16 18 17 18
Na ' f P S Cl Ar
22.98977 4.3050 65.981538 8.0 30.97376 32.065 35.453 35984
potassium calcium d a d 0 g 0 oba opp Zi ga genma arse selenium bromine krypton
19 20 4 6 8 9 0 34 35 36
K Ca : 0 : : : Se | Br | Kr
39.0983 40.078 9559 8 0.9 9 9380 8 9 6 6 6 6 9 6 4 4.9 78.96 79.904 83.798
rubidium strontium Zircol b otybder e the od pallad d ti a 0 tellurium iodine Xenon
37 38 40 4 4 43 44 4 46 4 48 49 0 52 53 54
Rb | Sr b 9 Tc R R Pd Ag d b Te | Xe
85.4678 87.62 8.9058 9 90! 9 98] 02.9 07.868 4 8.710 60 127.60 126.9045 131.293
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132 90545 137327 174 967 8 49 180 9479 186.207 190.23 9 95.0 96 9 20059 204 3833 0 08.980 209 [210] [222]
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Fr | Ra | Lr Rf | Db | Sg | Bh | Hs | Mt | Ds | Rg | Uub Uuq
[223] [226] [262] [261] [262] [266] [264] [269] [268] [271] [272] [285] 28]
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Figure 2. The different structures of the Heusler compounds
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Table 1: Different variations of Heusler compound.

A B C
Full Heusler X Y X
Half Heusler X Y
Quaternary Heusler X Y X’
Inverse Heusler X X Y

1.2.1. Half Heusler Alloys (XYZ):

The Cly-type structure of Half Heusler alloy structure (space group no. 216, F43m)
matches the L2, structure of a full Heusler alloy (X2YZ) but one X atom is removed. The
absence of inversion symmetry resulting from an unoccupied X site and the low
coordination number of the d-band metals in Half Heusler alloys is considered crucial for
the unique electronic and magnetic properties of these materials [13]. Several research
groups have identified three potential different atomic configurations, designated as Type-

I, Type-1l, and Type-III phases, resulting from the absence of the X atom in the Half

Heusler alloys [12,14]

Figure 3. Different structure types for half Heusler compounds.
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Table 2: Atomic arrangement of XYZ half Heusler compound in Cly structure.

Wyckoff coordinates
Structure
4a (000) 4b (1/4 1/4 1/4) 4c (1/21/21/2)
Type I X Y X’
Type 11 Z X X’
Type 111 Z Y X

1.2.2. Full Heusler Alloys (X:YZ):

Full-Heusler alloys are ternary compounds with an elemental chemical arrangement of
2:1:1, represented by the chemical formula X,YZ. They often exhibit two possible phases
of crystal structures: the AlICu;Mn type, which crystallizes in the cubic L2, structure with
the space group Fm3m (SG number 225). In this structure, the X, Y, and Z atoms occupy
the Wyckoff positions 8c (1/4,1/4, 1/4), 4a (0, 0,0) and 4b (1/2, 1/2, 1/2), respectively. The
second structure is the CuHg:Ti type, crystallising in the cubic Xa structure with the space
group F43m (SG number 216). In this structure, the X atoms are located at non-equivalent
positions 4a (0, 0,0) and 4c (1/4, 1/4, 1/4), while Y and Z atoms occupy the 4b (1/2, 1/2,
1/2) and 4d (3/4, 3/4, 3/4) positions, respectively. Both structures consist of interpenetrating
FCC lattices, each occupied by X, Y, and Z atoms [12]. In the presence of the Jahn Teller
effect, the ideal cubic structure can be transformed into a tetragonal structure resulting of a
distortion along the c-axis. In this situation, the two cubic structures, L2; and XA, become
tetragonal structures crystallizing in the space [4/mmm (SG number139) and I-4m2 (SG
number 119), respectively [8, 15]. The tetragonal structure with the space group 14/mmm

is often referred to as the D02, structure.

Table 3: Atomic arrangement of XoYZ full Heusler compound.

Wyckoff coordinates
Structure
42 (000) 4b (1/4 1/4 1/4) 4c¢ (1/21/21/2) 4d (3/4 3/4 3/4)
L2; (Conventional) X Y X 4
X4 (Inverse Heusler) Z X Y Y

23



Full Heusler L.2¢ Inverse Heusler X4

Figure 4. Full Heusler compounds ordered structures.

1.2.3. Quaternary Heusler Alloys (XX'YZ):

Quaternary Heusler compounds with the 1:1:1:1 stoichiometry has the general formula
XX’YZ. There are two different elements X and X’. They are located at the 4a (0, 0, 0),
and 4d (1/4, 1/4, 1/4). positions, respectively, Y is placed on 4b (1/2, 1/2, 1/2), and Z on 4c
(3/4,3/4, 3/4), Where the valence of X’ is lower than the valence of X atoms and the valence
of the Y element is lower than the valence of both X and X’. The sequence of the atoms
along the fcc cube’s diagonal is X-Y-X’-Z which is energetically the most stable [16]. This
structure has the LiMgPdSn structure [9,17-19] and crystallises in (space group no. 216,
F43m).

ox Ox Oy O

Figure 5. Crystalline structures of XX'YZ quaternary Heusler Y-Types alloy.
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Table 4: Possible different types of atomic arrangement of XX’YZ quaternary Heusler compound.

Wyckoff coordinates
Structure
42 (000) 4b (1/4 1/4 1/4) 4c¢ (1/21/21/2) 4d (3/4 3/4 3/4)
Type I X Y X’ Z
Type I1 Z X X’ Y
Type III Z Y X X’

1.3 Synthesis of Heusler compounds:

There are several methods for synthesising Heusler compounds, such as the arc melting of

stoichiometric quantities of high-purity elements and flash sintering.

Uniaxial pressure

Graphite
punch
Pulsed DC
power supply Powder
Graphite

Uniaxial pressure

Figure 6. Schematic diagram of the operating principle of Spark Plasma Sintering.
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Flash sintering (spark plasma sintering), or "Spark Plasma Sintering as illustrated in
figure 6," identified by SPS, is a sintering and synthesis technique that first appeared in
1930. It consists of passing a pressure-activated, low-voltage, pulsed direct current to
rapidly sinter nanosized powder materials. Nowadays, the FAST/SPS technique is widely
used. It is a mechanical loading system that acts simultaneously with a high-power electrical
circuit, placed in a controlled atmosphere, where low voltages produce high currents.
Thanks to the compact geometry of the die, sintering cycles with heating rates as high as
1000 °C min" are possible. Standard cooling rates up to 150 °C min! are possible (Figure

8).
1.4 Magnetism in Heusler compounds:

1.4.1. Introduction

Scientific studies on magnetism have continued for countless years; early
observations record back to the times of the Iron Age. First used for navigation, lodestone
(magnetite) possessed natural magnetic properties that allowed the early compass devices
to be developed by aligning with Earth's magnetic field. Further research was grounded in
the realisation that magnetic poles could interact, attract or repel and that magnetite could

draw iron.

1.4.2. Origin of magnetism:

Magnetism encompasses a set of physical phenomena in which objects exert attractive or
repulsive forces on other materials. These forces arise from electric currents and the
magnetic moments of fundamental elementary particles, which generate the magnetic field

responsible for the forces.
There are two types of external sources of a magnetic field:

 the intrinsic magnetic moment of particles, known as spin (which is the origin of

permanent magnets).
« and electric current, that is, the collective movement of electric charges.

The coupling between spins and the crystal structure determines the type of magnetism.
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1.4.3. Magnetic Ordering (collinear magnetism):

(a) (b) (c) (d)

N S |
D SPZaN 0 A A I A A
~ N |1 |

Figure 7. Schematic diagrams of the alignment of magnetic moments, (a) in paramagnetic
materials at all temperatures, and (b) in ferromagnetic materials, (c) in antiferromagnetic materials,

and (d) in ferrimagnetic materials at low temperatures.

1.4.4. Diamagnetism:

Diamagnetic behaviour is characterised by a very weak and negative susceptibility
to magnetic fields. A diamagnetic material is slightly repelled by a magnetic field and does
not retain magnetic properties when the external magnetic field is removed. Diamagnetic
materials are solids with paired electrons and, therefore, no permanent magnetic moment
per atom. Their magnetic properties arise from the realignment of electronic orbits under
the influence of an external magnetic field [20-22]. Most elements in the periodic table,

including Copper, Silver, and Gold, are diamagnetic.

1.4.5. Paramagnetism:

In the absence of an applied magnetic field, paramagnetic materials exhibit no net
magnetic moment. At room temperature, thermal agitation induces disorder in the
alignment of magnetic moments. Individual magnetic moments cancel each other out,
resulting in zero overall magnetization of the material. However, these magnetic moments
align in the direction of the applied magnetic field when it is present [21,22]. Consequently,
paramagnetic materials are characterized by a positive magnetic susceptibility, as observed

in Aluminum, Manganese, and Tungsten.

1.4.6. Ferromagnetism:
Ferromagnetic materials possess the property of becoming magnetic, that is, to

become magnetized, when placed in a magnetic field and to retain a portion of this
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magnetism when the field is removed. Ferromagnetic materials consist of metallic elements
such as iron (especially), nickel, and cobalt, which allow them to take on a strong
magnetisation [22]. Ferromagnetic materials are divided into small domains within which
all atoms have a parallel magnetization. These domains tend to align in the direction of an
external magnetic field, which gives the material a strong magnetisation. Furthermore, the
magnetic moments of each atom can align spontaneously within these domains, even in the
absence of an external field. Ferromagnetic substances are used for their magnetic
properties because not only can they be strongly magnetized, but they can also remain so,
thanks to the phenomenon of magnetic hysteresis. This is referred to as remanent

magnetization.

1.4.7. Antiferromagnetism:

Unlike ferromagnetic materials, in antiferromagnetic materials, the exchange
interaction between neighbouring atoms leads to an antiparallel alignment of atomic
magnetic moments. The total magnetization of the material is therefore zero. The magnetic
susceptibility of these materials is positive but generally weaker than that of ferromagnetic

materials [20].

In the periodic table, the only element possessing antiferromagnetic properties at room
temperature is chromium. Generally, antiferromagnets are ceramics composed of transition

metals along with oxygen or sulfur.

1.4.8. Ferrimagnetism:

Somewhat situated between paramagnetism (all electrons orient in the same
direction) and antiferromagnetism (electrons orient in pairwise opposite directions), we find
ferrimagnetism: the magnetic moments of the electrons are indeed opposed in pairs, but
those aligned with the external magnetic field are stronger than those in the opposite
direction [21]. The total magnetic moment in one direction is therefore greater than that in
the other direction, and consequently, the total magnetic moment of the sample is not zero.
Ferrimagnetism is observed in materials containing two types of atoms that behave like

magnets of different strengths oriented in opposite directions.
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I.5 Non collinear magnetism

Non-collinear magnetism, refers to a stable, spatially non-uniform configuration of
magnetic moments (spins) that deviates from a simple collinear order (e.g., ferromagnetic
or antiferromagnetic). These are not imperfections in the crystal lattice, but rather stable
textures or "defects" within the magnetic order itself. Their stability often arises from their
topological nature, meaning they possess a characteristic winding number that cannot be
continuously undone, similar to a knot in a rope. Their existence is governed by a
competition between fundamental magnetic interactions, including the Heisenberg
exchange, Dzyaloshinskii-Moriya interaction (DMI) [23], magnetic anisotropy, and

magnetostatic (dipolar) energy (Figure 8).

Figure 8. Interaction between two neighbouring spins is mediated by the non-magnetic atom. The
direction of DMI vector resulting from such interaction is defined by the bond vectors,

1.e., Di2Xrixrs.

I.5.1. Spins spirals:

A spin spiral is a particular, non-collinear magnetic structure in which the magnetic
moments (spins) of atoms are not aligned parallel or anti-parallel (as in standard
ferromagnets or antiferromagnets). Instead, the value of magnetisation and the direction of
the spins rotates Figure 9 continuously from one atomic site to the next along a specific

direction in the crystal lattice [24].

Spin spirals arise when "simple" magnetic ordering (all up or up-down) is frustrated by

competing forces due to:
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o Frustrated Exchange: The interaction between immediate neighbours wants them
parallel (ferromagnetic), but the interaction with further neighbours wants them anti-
parallel. The compromise is to rotate slightly, satisfying neither fully but lowering

the total energy.

o Dzyaloshinskii-Moriya Interaction (DMI) [23]: The absence of inversion symmetry

twists the magnetic structure into a spiral form.

Figure 9. Schematic illustrations of spin spirals

I.5.2. Magnetic skyrmions:

In 1962, Tony Skyrme proposed a model of a nucleon to describe the stable field
configuration of a certain class of nonlinear sigma models [25]. In 1980s, Bogdanov and
Yablonskii predicted a type of vortex-like magnetic structure (Figure 10) in some low-
symmetry magnetic crystal structures [26,27] called magnetic skyrmion, which was first
coined in a theoretical work by RoBler et al. [28] in 2006. Three years later, their prediction
was experimentally demonstrated in reciprocal space using neutron scattering in chiral
magnetic MnSi [29] and in real space using Lorentz transmission electron microscopy
(LTEM) in chiral magnetic FeosCo00.5Si [30]. Since then, several promising features of
magnetic skyrmions such as nontrivial topology, small size, and high mobility driven by
electric current have been reported. These advantages make magnetic skyrmions suitable
to study magnetic topological defects and as information carriers in future high-density

memory devices with low energy consumption.
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Figure 10. Schematic illustrations of four types of magnetic skyrmions: (a) Bloch-type skyrmion,

where spins rotate perpendicularly to radial direction; (b) Néel-type skyrmion, where spins rotate
along radial direction; (c) Antiskyrmion, where spins located on two diagonal lines rotate along

radial direction, while other spins rotate perpendicularly to radius.
1.6 Half-metallic compounds:

In 1983, Groot and colleagues formulated a theoretical prediction concerning half-
metallicity in Heusler alloys. Their research established the theoretical foundations of half-
metallicity in these materials, with the goal of calculating the band structure of the half-
Heusler alloy NiMnSb [10,14]. A common approach is to examine the electronic density of
states N(EFr) at the Fermi level for majority spin (N1(EF)) and minority spin (N|(EF)). This
analysis allows the spin polarization, representing the spin asymmetry, to be defined by the

following expression:

_pT(EF)_pJ’(EF)
T pT(Ep) +p ! (Ep)

P x 100%

p represent the density of states
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For half-metallic materials, the conduction properties differ completely between minority
and majority spin states, thus presenting a metallic property for one spin direction (non-
zero density of states at the Fermi level) and a semiconducting or even insulating property
for the other direction, and consequently a 100% spin polarization rate (Figure 12). That is,
one of the two spin orientations do not contribute to conduction. This characteristic is called

half-metallic ferromagnetism [7-9].

A A A

C

(2) (b) (c)

(e) ® (2)

Figure 11. Schematic DOS curve (a) for a metal, (b) ferromagnet, (c) spin polarised metal, (¢)
ferromagnet, (f) half-metallic ferromagnet and (g) compensated half-metallic ferrimagnet, the band

gap occurs in the minority DOS (left).
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Figure 12. Schematic representation of a material’s density of states and spin polarization: (a)

non-ferromagnetic, (b) ferromagnetic, and (c¢) half-metallic ferromagnetic.

1.7 Application of Heusler compounds:

The potential use of Heusler alloys for high-performance spintronics comes from its
electronic and magnetic (Half-Metallic Ferromagnetism with nearly 100% spin polarisation
High Curie Temperature, low Damping Constant, Low Coercivity, Slater-Pauling
Behaviour)

Leveraging these strengths, Heusler alloys are applied in two primary domains:

e MRAM / Spin-RAM: Non-volatile, high-speed random access memory.

e HDD Sensors: High-sensitivity read heads for dense hard drives.

e Racetrack Memories: 3D domain-wall storage devices.

e GMR & TMR: Giant and Tunnel Magnetoresistance sensors.

e Spin Torque Transfer (STT): Energy-efficient writing mechanisms for memory.
e Spin Injection & Accumulation: Efficient spin transfer.

e Spin Resonance: High-frequency oscillators and signal processing.

e Spin Operation: General spin-based logic processing.
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I.7.1. Concept of spintronics:

spintronics, 1s a technique that exploits the quantum property of the electron's spin for the
purpose of storing information. Spintronics can be described as a type of electronics that
utilizes not only the charge but also an additional property: the spin of electrons. Spintronics
emerged with the discovery of giant magnetoresistance (GMR) in 1988 by Albert Fert and
Peter Griinberg (which would earn them the Nobel Prize in Physics in 2007), consisting of
a succession of thin multilayers alternating between ferromagnetic and non-magnetic layers
(for example, Fe/Cr or Co/Cu) [7, 8]. The general concept of spintronics is to place
ferromagnetic materials in the path of electrons and to exploit the influence of spin on the
mobility of electrons in these materials. This influence, first suggested by Mott in 1936,
was later demonstrated experimentally and described theoretically in the late 1960s. The
discovery of GMR opened up a field of possibilities for many other phenomena that also
exploit the spin of electrons and which later proved to be very interesting and completely
innovative. Today, spintronics is developing in many directions: tunnel magnetoresistance,
spin-transfer phenomena, spintronics with semiconductors, molecular spintronics,

spintronics with multiferroics.

I.7.2. Spintronics Phenomena:

Giant Magnetoresistance (GMR): A phenomenon consisting of a switching of the electrical
resistance of multilayers composed of an alternation of thin ferromagnetic and non-
magnetic layers, depending on the configuration of the ferromagnetic layers
magnetisations: either antiparallel, leading to a very high resistance, or parallel following

the application of an external magnetic field, leading to the collapse of this resistance [7].

Tunnel Magnetoresistance (TMR): In physics, tunnel magnetoresistance is a property that
appears in a tunnel junction. A tunnel junction, in its simplest form, is a thin insulating
barrier between two conductive electrodes. The passage of current occurs by the tunnel

effect through this barrier.

The electrical resistance to the current tunnelling from one material to another through the
insulating layer then varies according to the relative orientation of the magnetization of the
two layers. For a parallel alignment, the current will have a greater tendency to pass through

the insulator, as the Tunnel effect is more probable[8, 9]. But when the magnetizations are
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antiparallel, the resistance is then at its maximum. The application of a magnetic field
allows the orientation of one layer's magnetization to be individually modified. Thus, one

can switch from a maximum of resistance to a minimum.
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Chapter II : Defects in Solids

I1.1 Introduction to Defects in Solids

According to the principles of thermodynamics, it is challenging to produce a crystal
with a perfect atomic structure at a specified temperature due to the opposing influences of

ordering (enthalpy) and disorder (entropy) .

I1.2 Importance of Defects in Materials Science

Point defects are important because they influence many physical properties and are
responsible for many diffusion-controlled processes. The mechanical properties of metals
are particularly sensitive to the presence of point defects because of their strong interactions
with dislocations [1],[2]. Diffusion processes, which are responsible for many solid-state
reactions, are largely controlled by the migration characteristics of point defects, primarily
vacancies. Thus, both the static and dynamic properties of point defects are of crucial

importance in many areas of materials science.

I1.3 Classification of Defects

Vacancy Substitution

© 6,0 © 0/ ©00
Antisite_>‘ ‘ ‘ ‘ Q ‘ °°‘
0 00000 -

0000 “00
Interstitial _>° ‘ ‘> 3;‘;:[’
©00 01000

Self-Interstitial

Figure 15. Different types of point defects.
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11.3.1. Point Defects

Point defects (zero-dimensional defects) are local imperfections in the crystal lattice that
include one or two atoms and cause lattice disruption at a few atomic positions [3],[4].

Primary point defects are classified as vacancies, interstitials, and substitutions (Figure 15).

I11.3.1.1. Vacancies:

A vacancy i1s a missing atom at a regular lattice site. In a magnetic material, a vacancy
removes a magnetic moment and, more importantly, breaks the exchange interaction
pathways with its neighbouring atoms, which can lead to a local weakening or modification

of the magnetic order [3],[5].

11.3.1.2. Interstitials

An interstitial is formed when an atom occupies a site that is normally vacant in the perfect
crystal... The number of available interstitial sites is generally larger than the number of
vacancies. The formation energies of interstitials are generally so high, however, that their

equilibrium concentration is negligible for all practical purposes.

11.3.1.3. Substitutional Defects

Substitutional defects occur when an atom is discovered to replace a regular atomic site
of a different atom; for example, impurity X substituting a Fe site in the CoFeMnAl lattice
1s denoted as Xre. [f the X atom is from the same lattice, this type of defect is called antisite;
for example, a Co atom occupying a Fe-site in a regular CoFeMnAl lattice is referred to as
Co-antisite (Core). If the antisite defect is compensated; for instance, if there is a Co atom
occupying a Fe-site while having at the same time a Fe atom occupying a Co-site in the

crystal, this is known as a swap defect, and its noted CoFe [6],[7].

11.3.1.4. Swap Defects

A swap defect (sometimes referred to as a "site exchange" or "site swap defect") occurs
when two atoms exchange their positions within the lattice. The most common scenario is
in a binary compound or alloy where an atom of type A at its designated lattice site
exchanges places with an atom of type B at its respective site. This process results in both
atoms occupying each other's original positions. Swap defects conserve both the overall

composition and stoichiometry but disrupt the local chemical ordering.
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11.3.1.5. Antisite Defect

An antisite defect happens when an atom resides on a lattice site that is typically reserved
for another element, but without a corresponding exchange. For instance, in a binary crystal
AB, an antisite defect would be an A atom located on a B site, or vice versa, without the B

atom necessarily occupying an A site in return [2],[7]-[8].

I1.3.2. The Kroger—Vink nomenclature :
Kroger—Vink nomenclature is a standardised notation used in solid-state/ceramic
defect chemistry to describe point defects (vacancies, interstitials, and substitutional

defects) and their effective charges relative to the perfect crystal lattice [4].

A defect is typically written as X, : the species X occupying a site, the site Y being
occupied, and the effective charge q relative to the ideal lattice. This convention is widely

used for writing defect reactions and for constructing defect diagrams in ionic solids.

Table 5: Kroger—Vink notation for point defects in an ionic binary compound. The table lists
notation for defects where X represents the atom forming the positive ion (cation) and Y represents
the atom forming the negative ion (anion). Effective charges are denoted by dots (+) for positive,

primes (') for negative, and crosses (%) for neutral relative to the perfect lattice.

Sites Notation Sites Notation
X+ on X site Xy Y on Y site Y,
Vacancy on X site V., Vacancy on Y site v,
Interstitial X ion X, Interstitial Y ion Y,
Interstitial X atom X/ Interstitial Y atom Y”
i?l;erilg;(l ;?tré Ay Foreign ion A2* on X* site Ay
Free electron e' Free hole h’
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11.4 Defects in Heusler alloys:

Various variants of the L2; structure can be formulated, if the X, Y, and/or Z atoms
are intermixed on the respective crystallographic positions, leading to different (local)
symmetries and structure types. In the following, we will describe the most common types

of structures:

I1.4.1. Defected half-Heusler structures:

Various forms of atomic disorder can occur within the Half-Heusler structure.
Figure 16Error! Reference source not found. illustrates an overview of potential disorder
types. A mixture of atoms in Wyckoff positions 4a and 4b results in a CaF2-type structure
(C1, space group Fm3m, no 225). Conversely, the unoccupied sites may become partially

filled, while simultaneously, vacancies emerge in the other sublattices.

Table 6: Site occupancy and general formula for different atomic order of half-Heusler
compounds. The notations according to the Inorganic Crystal Structure Database (ICSD), the

Strukturberichte (SB), the Pearson database, as well the space group are given.

Site occupancy Formula ICSD SB Pearson Space group

4a, 4b, 4c XYZ LiAISi (MgAgAs)  Cl, cF16 F43m (No. 216)
4a=4b, 4c XZ, CaF, Cl cF12 Fm3m(No. 225)
4a, 4b, 4c = 4d X2YZ CusMnAl L2 cF16 Fm3m(No. 225)
4a=4b,4c=4d XZ CsCl B2 cP2 Pm3m(No. 221)
4a=4c, 4b=4d YZ NaTl B32a cF16 Fd3m (No. 227)
da=4b=4c=4d X W A2 cl2 Im3m (No. 229)

Consequently, a partial occupation of the 4d sites, coupled with vacancies at the 4c sites,
results in a Cu2MnAl-type structure (L21, space group Fm3m, no. 225), while further
intermixing of atoms at the 4a and 4b positions induces a CsCl-type disorder (B2, Pm3m,
no. 221). Conversely, if the unoccupied lattice site is partially filled by atoms from the 4b

site, along with intermixing of the 4a and 4c positions, a NaTl-type structure is achieved
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(B32a, Fd3m , no. 227). A wholly arbitrary distribution of the three atoms across the four
available positions results in a tungsten-type disorder (W, Im3m, no. 229). Table 6 presents
a summary of various structural types and corresponding notations as per the Inorganic
Crystal Structure Database (ICSD), Strukturberichte (SB), Pearson database, and space

group classifications.

Q vz

Q@ xvizv

Q xv

Cu;MnAl-type disorder (L2:)

Figure 16. Different types of disorder in the " 8 ‘ X/Z
XYZ half-Heusler structure, V represent a |
vacancy. a ‘ ‘

CaF,-type disorder (C)
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11.4.2. Defected full-Heusler structures:

The properties of Heusler compounds, analogous to Half-Heusler materials, are
significantly influenced by atomic arrangement. Band structure calculations indicate that
even minimal disorder in the atomic distribution on lattice sites results in significant
alterations to their electronic structure, subsequently affecting their magnetic and transport
properties [5],[7],[9] Consequently, a meticulous examination of their crystal structure is
imperative to comprehend the structure-property relationship of Heusler compounds.
Figure 17 illustrates the transition from ordered to the most prevalent disordered Heusler
structures, which will be elucidated subsequently. [10]-[12] Should the Y and Z atoms be
uniformly distributed, the 4a and 4b positions will be rendered equivalent. This results in a
CsCl-type structure, referred to as B2-type disorder. Consequently, the symmetry
diminishes, resulting in the space group Pm3m. The random distribution of X and Y or X

and Z results in a BiF3-type disorder (Space group no. 225: Fm3m, DOs).

Q xvz

Cs-Cl-disorder (B2) W-type disorder (A2)

O xv

%

NaTl-type disorder (B32a) BF3-type disorder (DO3)

Figure 17. Different types of disorder for the Full Heusler structure.
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In contrast to these types of disorders, the NaTI-type structure is infrequently observed. In
this structural type, the X atoms sitting in one of the fcc sublattices are intermixed with the

Y atoms, while the X atoms in the second sublattice are combined with the Z atoms.

Table 7: Site occupancy and general formula for different atomic order of Heusler compounds.
The notations according to the Inorganic Crystal Structure Database (ICSD), the Strukturberichte

(SB), the Pearson database, as well the space group are given.

Occupancy Formula ICSD SB Pearson Space group
X, X,Y,Z XX’YZ LiMgPdSn Y cF16 F43m(No. 216)
X=X.Y,Z X,YZ Cu,MnAl L2 cF16 Fm3m(No. 225)
X, X' =Y,Z XXy’Z CuHg,Ti X cF16 F43m(No. 216)
X=X"=Y,Z X;Z BiF3 DO; cF16 Fm3m(No. 225)
X=X,Y=2 XoY> CsCl B2 cP2 Pm3m(No. 221)
X=Y,X'=2 XXy’ NaTl B32a cF16 Fd3m(No. 227)
X=X'=Y=2Z X4 W A2 cl2 Im3m(No. 229)

This disorder is also referred to as B32a disorder (Space group number 227, Fd3m ). The
X atoms occupy the Wyckoff position 8a (0, 0, 0), whereas Y and Z are randomly
distributed at position 8b (1/2, 1/2, 1/2). Unlike these partial disorder phenomena, all
positions in the tungsten-type structure with a body-centered cubic lattice and diminished
symmetry (Im3m(A2)) become equivalent [3], [11]. In contrast to these types of disorders,
the NaTl-type structure is infrequently observed. In this structural type, the X atoms sitting
in one of the fcc sublattices are intermixed with the Y atoms, while the X atoms in the

second sublattice are combined with the Z atoms.

In contrast to these types of disorders, the NaTl-type structure is infrequently observed. In
this structural type, the X atoms sitting in one of the fcc sublattices are intermixed with the

Y atoms, while the X atoms in the second sublattice are combined with the Z atoms.
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Table 7 shows the various ordering variants of Heusler compounds. The site occupancy is
associated with the relevant general formula. The various notations of crystal structures
according to the Inorganic Crystal Structure Database (ICSD), Strukturberichte (SB), and
Pearson database, along with the corresponding space group, are provided. All types of
disorder present in the Heusler structure can also manifest in Half-Heusler compounds,
where vacancies are statistically distributed across all positions. In the CaF2-type disorder,
the vacant site is maintained. The values associated with t (“translationsgleich”) and k
(“klassengleich™) denote the degree of symmetry reduction. It is important to note that there
are two atoms per unit cell in both the tungsten-type and CsCl structures. For all other

structural types, there are 16 atoms per unit cell due to the duplication of all cell axes.
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Chapter III : Results and discussions

In this chapter, we present and discuss the results of our first-principles investigations into
the quaternary Heusler alloys CoFeMnGe and CoFeMnAl. The primary objective of this
study is to elucidate the complex interplay between atomic ordering, electronic structure,

and magnetic behaviour.

I11.1 Methodology:

Our first-principles calculations implemented two complementing techniques to
calculate the properties of CoFeMnZ (Z = Ge and Al) alloys. We employed the WIEN2k
ab initio simulation software, utilising density functional theory (DFT), for preliminary
structural optimisations and analyses of disordered structures [1]-[4]. We utilised the
Perdew-Burke-Ernzerhof (PBE) generalised gradient approximation (GGA) for the
exchange-correlation interaction [5]. Initially, we constructed the ordered
EQH alloys CoFeMnGe and CoFeMnAl and relaxed its geometry to identify the ground
state. Then we employed the supercell approach for evaluating the disordered structure
[18,19]. This requires building a large supercell from the ordered unit cell to integrate
antisite and exchange defects at a specified concentration [6],[7]. To attain a 12.5%
concentration, we built a 32-atom supercell of CoFeMnGe and CoFeMnAl from the
relaxed unit cell. After that, we inserted antisite disorder by substituting one atom X with
another Y (designated as YX antisite in Kroger—Vink nomenclature), and we simulated
swap disorder by interchanging the locations of two randomly chosen atoms (designated as
XY swap). Following that, we optimised these disordered structures to evaluate their total
energy, together with their electronic and magnetic properties. The stability of the Twelve
antisite and Six swap disordered structures has been evaluated relative to the ordered (ideal)
CoFeMnZ EQH alloy. This comparison is primarily conducted by the computation of
disordered formation energies, allowing the evaluation of the energetic favorability of each
defect arrangement. Furthermore, we investigate the impact of these defects on the
electronic and magnetic properties, clarifying their implications on half-metallicity and
magnetism. For the calculations of the ordered structure, we assigned muffin-tin sphere

radii of 2.20 a.u. for Co, Fe, Mn, and Ge, and 2.0 a.u. for Al. The cut-off parameter
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RMTKmax is established at 9, utilising 3000 k-points across the whole Brillouin zone, with
a separation energy selected at -6 Ry. The self-consistent field (SCF) convergence criteria
were set at 10 Ry for energy and 107 ¢ for charge. The dynamical and thermal stability
was determined by phonons calculations using the Density functional perturbation theory
(DFPT) method implemented in Phonopy package [8],[9], it involves creating a 2x2x2
supercell and calculating the force constants. Subsequently, we employed these force
constants to compute the phonon dispersion curves and the phonon density of states.
Furthermore, we acquired the exchange interaction parameters Jij of the CoFeMnZ alloys
utilising the Munich SPRKKR algorithm [10] in accordance with the Vosko-Wilk-Nusair
(VWN) approximation [11]. We employed the full-potential mode with an angular
momentum cutoff of lnax = 3 on a 250 k-point mesh.We used the Monte Carlo method to
simulate the Curie temperature. We created a 12 x 12 x 12 supercell for the calculations,
utilising 10,000 equilibrium steps and the Hinzke—Nowak algorithm within the Vampire

package [12] to estimate the magnetisation at each temperature.
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I11.2 Investigation of ideal CoFeMnZ (Z = Ge, Al) structures:

I11.2.1. Structural Properties

In order to identify the ground state of the ordered CoFeMnGe and CoFeMnAl compounds,
we have primarily investigated the variation of total energies versus the lattice parameter
for the three types. The results we obtained indicate that Type I has a lower total energy for
we have

booth compound Figure 18 and Figure 19. Next, investigated the

following magnetic orders: non-magnetic (NM), ferromagnetic (FM), and anti-
ferromagnetic (AFM), as shown in (Figure 10) and (Figure 12). Based on these results, it
can be concluded that the ferromagnetic state is the most favourited for both investigated

materials.

electronic, and magnetic properties for this compound are conducted solely on Type I FM

structure.
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Figure 18. Total energies E versus lattice parameter for CoFeMnGe Heusler alloy: (a) for Type I,

Type II and Type III structures in ferromagnetic (FM) order, (b) for different magnetic orders in
type L.
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Figure 19. Total energies E versus lattice parameter for CoFeMnAl Heusler alloy: (a) for Type I,
Type II and Type III structures in ferromagnetic (FM) order, (b) for different magnetic orders in

type L.

The ground state for the studied compound was determined using the non-linear fitting
Murnaghan's equation of state [13].

Vo\®

BVy | BV (#)
B'—1 B |B' -1

EWV)=EW,) - +1 (1)

The formation energy for each structure is determined using the equation (2) provided from

reference [14]:
Ep = EfStal™ — (EE™ + EfMk + Efut 4 ERUIK) @)

ELoFeMnZ represents the total energy of the compound, incorporating EZ%k | Bulk  pBulke

EZ“ The bulk values denote the chemical potentials of the respective pure component

elements (Co, Fe, Mn, and Z (Ge or Al) within their stable bulk reference structures. The
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Hexagonal Close-Packed (HCP) structure is observed in Cobalt (Co), while Iron (Fe, or a-
Fe) and Manganese (Mn) exhibit a Body-Centered Cubic (BCC) structure. Germanium (Ge)
have a Cubic-Diamond (CD) structure (a-Ge) and Aluminium (Al) is characterised by a
Face-Centered Cubic (FCC) crystal structure. The calculated lattice parameters and
formation energies (E;) presented in Table 2 align well with existing theoretical and
experimental values. For booth compound the Type I FM structure is the easiest to

synthesise due to its low formation energy. All the following calculations of the elastic,

Table 8: Structural parameters, the lattice parameter a in (A), bulk modulus B in (GPa) and its
first pressure derivative B', total energy E in (Ry) and formation energy Efin (eV) for CoFeMnGe
and CoFeMnAl in the three cubic types.

Y - Type a B B’ E Es

This work 5.71 214.659  4.444 -11848.1272 -22.34

Type '™ Other work'? 5.71

Experimental'?  5.75

CoFeMnGe TypeI™  This work 575  187.629 4236  -11848.1085  -22.17
Type IA™  This work 5.67  228.141 4.445 -11848.0363 -21.19

Type 1™  This work 5.73 196.700 5.863 -11848.1057 -22.13

Type III™  This work 5.79 119.505 4918 -11848.0754 -21.72

This work 5.69 189.539 4.819 -8135.6021 -5.63

Type ™ Other work'? 5.69 -8135.6022 -5.63

Experimental'>  5.78

CoFeMnA] ~ Type I™ 564 221290 4751  -8135.5365 473
Type [ APM 570 177747 4540  -8135.5878 5.43
Type II ™ 570  209.728 4597  -8135.5804 -5.33
Type III ™M 579 157.675 4984  -8135.5708 -5.20

I11.2.2. Elasticity, mechanical and dynamical properties

Elastic properties are crucial as they establish connections between the mechanical and
dynamical properties of materials, which can be analysed through equilibrium total energy
calculations [10]. They provide information on stability and offer critical insights into
anisotropic properties, binding features, mechanical stability, and elasticity. The elastic

constants Cij have been calculated to evaluate the mechanical stability of the cubic
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structure. The elastic constants were determined by applying isotropic, tetragonal, and
rhombohedral strains to the optimised cubic primitive cell. The quaternary
Heusler alloys CoFeMnGe and CoFeMnAl possess a cubic structure, resulting in three
independent elastic constants: Ci1, Ci2, and Caas. Its mechanical stability is confirmed by the

criteria of Born-Huang [15],[16]:
Cll + 2C12 > 0, C44 > 0, al’ld Cll - C12 > O (3)
The elastic properties are derived from the elastic constants, specifically the bulk modulus

B, shear modulus G, Young's modulus E, and anisotropy factor Ae, utilising the following

equations [14],[17]:

Ci1 + 2C
B = 11 12 (4)
3
Gy + Gg
— v R 5
. 5)
Gy and Gr are the Voigt and Reuss shear modulus, respectively.
GV — Cll - 6152 + 3C4-4- (6)
5C4-4-(Cll - CIZ)
. )
4Chq + (€1 — Cy3)
9BG
E = 8
3B+ G ®)
where the bulk modulus & represents the compressibility of the compound
2C,4
A=—7— 9)
Cll - ClZ

The Poisson's ratio o, density p, longitudinal elastic wave velocities v;, average sound
velocity vm, transverse elastic wave velocities v;, average acoustic velocity v, and Debye

temperature dp are next obtained using the following equations [17],[18]:
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°=2BB+06) 10

3B — 26
' 2BB +6) an

G\ 1/2
v, = (;) (12)

-1/3
1/2 1
Vn = [5 (v—s + v—f)] (13
h (3np 1/3

0p = E(Eﬁ) U (14)

The calculated elastic constants are shown in Table 3. The bulk modulus (B) of CoFeMnGe
1s 204.80 GPa, which suggests a significant resistance to compression, surpassing that of
CoFeMnAl 184.06 GPa. The Young's modulus (E) of 227.23 GPa for CoFeMnGe indicates
superior stiffness relative to CoFeMnAl, which possesses an E value of 192.22 GPa.
Poisson's ratio (v) is defined as the ratio of lateral contraction to axial elongation. The
Poisson's ratios for CoFeMnGe and CoFeMnAl are 0.315 and 0.308, respectively. Since
both values exceed 0.25 and are associated with a positive Cauchy pressure, a metallic
bonding characteristic is suggested.

Table 9: Pressure P in (GPa) All values of the elastic constants Cii, Ci2 and Ca4 (in GPa), shear

modulus G (in GPa), Young modulus E (in GPa), B/G ratio and Zener anisotropy factor A for
CoFeMnAl quaternary Heusler alloy.

Compound P Cu Ciz Cy B G E B/G Ae

This work 0 26296 175.72 136.14 204.80 86.39 22723 237 3.12
CoFeMnGe This work 28.35 440.44 319.55 232.31 359.85 136.13 362.65 264 3.84

Other " 0  263.00 178.00 156.00 206.00 3.50

This work 0 226.74 190.50 167.28 184.06 73.29 19622 2.76 9.23
CoFeMnAl
Other 21 0 212.00 178.00 167.00 189.00 9.70
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The Zener anisotropy factor (4.) for CoFeMnAl is 9.23, markedly higher than the value of
3.12 for CoFeMnGe. This indicates an increased elastic anisotropy in CoFeMnAl. The
ductility or brittleness of a solid is assessed using Pugh's ratio (B/G). According to Pugh's
criteria specify that for ductile materials, the ratio of bulk modulus to shear modulus must
exceed 1.75. The calculated ratio 1s 2.37 and 2.27 for CoFeMnGe and CoFeMnAl
respectively, classifying both materials as ductile.

Table 10: Calculated Poisson’s ratio o, density p (in g.cm™), longitudinal elastic wave

velocities v (in m/s), transverse elastic wave velocities v¢ (in m/s), average acoustic
velocity vm (in m/s) and Debye temperature 0p (in K) for CoFeMnAl Heusler alloy.

Compound P c p v Ve Vm Op
This work 0 0.315 8.62 6092 3165 3542 465.0
CoFeMnGe
This work 28.35 0.332 8.64 8144 3968 4436 592.0
This work 0 0.308 7.06 6432 3389 3790 499.0
CoFeMnAl
Other calc 2% 0 0.340 7.08 6512 3217 3611 599.5

The phonon spectrum of CoFeMnGe and CoFeMnAl illustrated in Figure. 3 reveals
dynamical stability, confirmed by the absence of imaginary (negative) phonon frequencies,
suggesting that the ordered structure of both compounds is dynamically stable and is

insensitive to spontaneous distortion or phase transition at low temperatures.

CoFeMnGe 121 CoFeMnAl

—S———=

Frequency (THz)
Frequency (THz)

Figure 20. Calculated phonons spectrums.
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I11.2.3. Electronic Properties:

The electronic structure of a material is an essential tool for determining its range of
applications. The presence of the energy gap in the band structure of such a material plays
a significant role in spintronic, thermoelectric, and shape-memory devices. Information
about the band structure and density of states is crucial for examining the electronic
properties of the studied compound. Electronic properties are often analysed through the
band structures and densities of states, which depend primarily on the electronic distribution
in both the valence and conduction bands and sometimes on the size of the energy gap.
These properties help us analyses and understand the nature of the bonds formed between

cach element in the material, as well as its behaviour.

In this subsection, we offer additional details about the electronic properties of the
CoFeMnAl and CoFeMnGe compounds in their stable phases by calculating the densities
of states (TDOS and PDOS) and the band structure (BS) for both spin-up and spin-down
electrons using the GGA approximation. The electronic valence states considered are 4s/3d
for Co, Fe, and Mn; 3s/3p for Al; and 4s/4p for Ge. For the CoFeMnAl compound, the
graphical representations of the TDOS and the BS functions are given in Figure 24. We
observe a 0.62 eV gap near the Fermi level in the minority spin states, which indicates that
CoFeMnAl exhibits half-metallic behaviour. Specifically, for the minority spin states, the
valence band maximum (Vgwm), primarily composed of hybridised d-states from Co, Fe, and
Mn, is observed to be located below the Fermi level. The conduction band minimum (Cgwm),
consisting of unoccupied d-states, is situated above the Fermi level (Er), thereby confirming
the presence of an energy gap. This specific electronic configuration primarily arises from
the ordered Heusler lattice's crystal field effects and resulting interatomic covalent bonding,
which allow electron hybridisation and d-state splitting. As evidenced in the partial density
of states (PDOS) (Figure 25), the d-orbitals of Co, Fe, and Mn undergo characteristic
splitting into tyz and eg components. The dominant orbital splitting and hybridisation are
fundamentally responsible for pushing the minority spin states away from the Fermi level,
thereby creating the requisite band gap for high spin polarisation and establishing the
compound's half-metallic ferromagnetic properties. A similar analysis of the CoFeMnGe
compound at its equilibrium lattice parameter (5.72 A) (Figure 21) and (Figure 22) reveals
a more complex behaviour. While a significant reduction in the density of states is observed
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in the minority spin channel around the Fermi level, the valence band maximum is
positioned slightly above Er. This feature characterises CoFeMnGe as nearly half-metallic,
as it implies a small but non-zero density of states at the Fermi level that prevents complete
spin polarisation. Given this nearly half-metallic nature, we investigated the effect of
hydrostatic pressure on the material. The calculations demonstrate a pressure-induced
transition to a complete half-metallic state. At a compressed lattice parameter of 5.43 A,
the valence band maximum is pushed below the Fermi level, opening a clean gap in the
minority channel. Using the Birch-Murnaghan equation of state, the pressure required to
induce this transition is estimated to be approximately 28.35 GPa. The stable behaviour of
the integer magnetic moment across this transition offers strong evidence for pressure-
induced half-metallicity, highlighting an effective approach to manipulating the spintronic

properties of CoFeMnGe via pressure.
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Figure 21. The band structure of spin-down electrons (left panel), spin-up electrons (right panel)
and total densities of states (middle panel) for CoFeMnGe quaternary Heusler alloy.
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Figure 23. The IPDOS of Co-d, Fe-d and Mn-d orbitals for CoFeMnGe.
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Figure 24. The band structure of spin-down electrons (left panel), spin-up electrons (right panel)
and total densities of states (middle panel) for CoFeMnAl quaternary Heusler alloy.
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metals of CoFeMnZ compounds.
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I11.2.4. Magnetic properties:

One of the most intriguing features of Heusler compounds is their capacity to
manipulate the magnetic properties, including the total magnetic moment and the Curie
temperature. These properties can be manipulated by altering the atomic configuration or
by inducing atomic disorder, rendering these materials suitable candidates in spintronics
and magnetic storage technologies. To explain the magnetic origin, the IPDOS plots
(Figure. 7) highlight the d-orbital occupancy for transition metal sites in both CoFeMnAl
and CoFeMnGe.

The IPDOS of CoFeMnAl (Figure 26) indicates that the t; and e, orbitals of the Co
atom each possess one spin-up and one spin-down electron. The remaining d orbitals have
approximately one spin-up electron, resulting in a local contribution of 0.81 pug. The Fe
atom exhibits a symmetric spin distribution in its d-shell, resulting in a minimal net
magnetic moment of -0.13 ps. The Mn atom has the most significant influence, as both
spin-up and spin-down electrons occupy its t¢ and e, orbitals. All other d orbitals contain
solely spin-up electrons, resulting in a magnetic moment of 2.44 ug. The aggregate of these
site-specific contributions yields a total magnetic moment of 3.00 pug. This integer value is
expected for half-metallic ferromagnets due to the gap in the minority spin channel at the
Fermi level, consistent with the Slater-Pauling rule. The dominant moment arises from the
Mn site, and experimental data at 5 K show a slightly higher total value, likely due to antisite

disorder.

CoFeMnGe reveals its magnetic behaviour in a similar manner (Figure 23).
According to the IPDOS, the Co atom d orbitals contribute 0.87 ug, the Fe 0.51 us (both
slightly higher than in CoFeMnALl), and the Mn atom 2.71 pug, which is the primary source
of magnetism. The calculated total magnetic moment reaches 4.02 pug for this alloy, again
an integer value, and the Al or Ge sites are essentially nonmagnetic. The Curie temperature
of CoFeMnGe, measured at 578.7 K using the mean field approximation, and CoFeMnAl
at 557.4 K. The results, corroborated by prior computations and actual data, indicate that

Mn is essential for the magnetic property formation.
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Table 11: Total and partial Magnetic moment potal and px in (1), and the Curie temperature
Tc in (K).

Mtotal McCo MFe MMn MAl Tc
. 578.7 MFA
This work 4.02 0.87 0.51 2.71 -0.03 54,9 MC
Other calc!™! 3.96 0.84 0.27 3.02 -0.15
CoFeMnGe  Other calc?!l 4.01 0.86 0.51 2.71 711
Exp (5 K)m] 4.20
Exp (300 K)m] 3.80
. 557.4 MFA
This work 3.00 0.81 -0.13 2.44 -0.03 448 9 MC
Other calc?!l 3.00 0.81 -0.13 2.44
CoFeMnAl  Other calc/®! 3.00 0.73 -0.18 2.59
Exp (SK)[ZI] 3.10
Exp (300K)21 2.70
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Figure 28. The total magnetic moment as a function of the lattice parameter for CoFeMnGe

The estimated total magnetic moment ;,.,; 1S an integer, which is common for half-
metallic ferromagnets with a minority state band gap at the Fermi level, supporting the

Slater-Pauling rule [23],[24]:
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Utotal = (Nv - 24’).“3 (15)

We used the classical Heisenberg to calculate the Curie temperature [25]. The Hamiltonian

of a spin system described by this model is described by equation (15):

H = —Z eiej]ij (16)

Lj
Where Jj; is the exchange coupling parameters, e; and e; are the unit vectors indicating the
direction of the magnetisation on position i and j. The calculation of exchange coupling

parameters J; is done using SPRKKR package by mapping the electronic system onto a

Heisenberg Hamiltonian [18].

We used the mean-field approximation (MFA) to obtain the Curie temperatures. For a

single-lattice system, the Curie temperature within MFA [26] is given by:
 kaTH™ = Jy = ZJO, (17)

Where kg is the Boltzmann constant, and Jy represents the total effective exchange
interaction, defined as the sum of individual exchange interactions Jy; between a central site
0 and its neighbours j. For a Quaternary Heusler such as our CoFeMnZ compounds, we

need to extended this concept to multi-sublattice system and solve the coupled equations

(17):

kaTHAeR) = ) 2 (e") (18)
= (19)
r#0

Where (e#) is the average z component of the unit vector {eX') pointing in the magnetisation
direction at position (v, r). (Figure 29) illustrates the calculated exchange coupling
parameters Jij for Mn-Co, Mn-Fe, Mn-Mn and Mn-Ge (or Mn-Al) interactions (left panel
for CoFeMnGe; right panel for CoFeMnAl) as a function of interatomic distance r.

For booth compounds the main contribution comes from interactions between

different transition metal Within the 1% neighbour’s atomic distance. For CoFeMnGe
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Mn-Co interaction has the largest value of 13.74 meV followed by the Mn-Fe at 2.05 and
Co-Fe at 0.6 eV (same for Fe-Fe interaction). For CoFeMnAl the largest value goes to
Mn-Co at 15.54 meV followed by Mn-Fe at 4.22 meV and Co-Fe at 1.15 meV while the

other interactions are too small and can be ignored for booth compounds.

Table 12: Exchange coupling parameters J;j in (meV) between the 1% neighbours 1:Co , 2:Fe,
3:Mn and 4:Ge (or Al).

Ji1 Ji Ji3 Jus J22 J23 J2u J33 J34 Ju

CoFeMnGe 0.11 0.60 13.74 0.14 0.60 2.05 0.14 0.07 0.11 0.00

CoFeMnAl 0.00 1.15 1554 0.26 0.00 4.22 0.12 0.00 0.24 0.00

Last, we can calculate the Curie temperature by solving a 4x4 matrix equation for
CoFeMnZ multi-sublattice systems. However, the Curie temperature estimated within the
Mean Field Approximation is overestimated because the exchange interaction calculated
from the first principle is often long-term and oscillatory [18],[26]-[27]. Consequently, it is
essential to employ the Monte Carlo simulation to calculate accurate Curie temperature.
We Hinzke—Nowak algorithm implemented in the Vampire package [12]. We created a
10 x 10 x 10 supercell for the calculations and set equilibrium steps to 15000 to determine

the magnetisation at each temperature.

(Figure 30) illustrates the temperature-dependent magnetisation, from which the Curie

temperatures can be derived using the fitting equation [26]:

m(T) = (1 - Tl)ﬂ (20)

C

Where T is the temperature, T¢ is the Curie temperature, and S is the critical exponent.
Table 11 reveals that the calculated Curie temperature is notably higher than room
temperature, suggesting that the booth alloys can serve as promising candidates for

spintronic devices.

67



Jj (meV)

Rjjfa ' Rjj/a
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Figure 30. Magnetization curve as function of temperature in CoFeMnGe (left panel) and
CoFeMnAl (right panel) alloys.

I1L1.3 Investigation of disordered CoFeMnGe:

I11.3.1. Disordered formation energy of antisite structures:

In order to evaluate the role of antisite disorder on CoFeMnGe, we created 32 atoms
supercells. The ideal structure contains 8 atoms of each element. We analyse twelve
structures with antisite disorder: Geco, Gere, Gemn, Feco, Femn, Fege, Coge, Core, Comn,
Mnco, Mnre and Mnge. In each of these twelve configurations, one atom of the element
indicated in subscript is substituted with an atom that precedes it; for instance, one Ge atom
replaces one Co atom in Gec, antisite. The computed disordered formation energy Ey, band

gap width, and magnetic moments are presented in Table 13.
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Table 13. The formation energy of disorder Ef in (eV), total magnetic moment o (UB),
polarisation (%) and the width of spin down gap Wgap (e€V) of possible structures with antisite
disorder.

Antisite Ey Weap Polarisation Meotal Tc (MFA)
Ideal 0.15 88.98 32.08 579
Cor. 0.37 0.40 95.20 33.00 596
Coge -8.84 0.00 81.82 36.78 661
Comn -8.59 0.60 51.05 32.13 580
Fec, -0.35 0.60 90.76 31.10 562
Fece -9.95 0.35 99.95 36.00 648
Femn -9.77 0.40 91.13 33.08 597
Geco 12.84 0.45 88.55 33.00 596
Gere 13.27 0.00 76.41 34.00 612
Gewn 1.67 0.50 88.9 29.13 527
Mnc, 9.38 0.40 92.02 30.00 544
Mnr. 9.87 0.20 89.75 31.08 562
Mnge 0.00 0.53 99.11 35.00 630

The lowest value of formation energy (-9.95 eV) corresponds to Fege antisite disorder, while
the highest Ey values (13.27 eV, 12.84 eV, 9.87 eV and 9.38 eV) are associated with Gere,
Geco, Mure and Mnc, antisites, respectively. These high-energy defects can often be
removed through annealing processes. Femn, Coge, Comn and Fec, antisite defects are also
likely to form due to their negative disordered formation energies of -9.77 eV , -8.84 eV, -
8.59 eV and -0.35 eV respectively. These defects are most likely to happen alongside Fege
defects. Moreover. Mnge antisites have a disordered formation energy of 0 eV and cannot

be ignored.
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I11.3.2. Effects of Antisite Disorder on the Electronic properties:

The band structures (BS) and density of states (DOS) for each of the twelve antisite
configurations are shown in Figure 31 and Figure 33, respectively. All twelve antisite
configurations exhibit substantial modifications in their electronic properties compared to
the ordered CoFeMnGe configuration, which has a spin polarisation of 98.58% and a spin-
down band gap around 0.5 eV with Cyg slightly above the Fermi level, thereby establishing
nearly-half-metallic behaviour. Antisite defects globally maintain the gap width in

minority-spin states; nevertheless, certain configurations can destroy half-metallicity.

50 Cop. (Antisite) Cog. (Antisite) Coy, (Antisite)

A~

Feg. (Antisite)

Fe,, (Antisite)

' Feg, (Antisite)

A\N\_/\_/

il
_aihil
A

- Geg, (Antisite) Gep, (Antisite) Geyy, (Antisite)

\\\—“M

‘Mg, (Antisite)

Density of States (States/eV)

Mng, (Antisite) Mng, (Antisite)

=0 25 00 2.5 5.0 =50 25 00 2.5 5.0 -50 25 00 2.5 5.0

Figure 31. The total density of states of possible kinds of antisite disordered structures. The
shadow region in blue color is the DOS of ideal CoFeMnGe, the solid line is the DOS of antisite
disordered structures.
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Figure 32. The PDOS of most favourable antisite defect structures. The FN, SN and TN are
respectively the first-neighbour, second-neighbour and third neighbour of defective atom, the blue
shadow is the PDOS of corresponding atom in perfect CoFeMnGe.
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Figure 33. The band structure of twelve possible kinds of antisite disordered structures for
CoFeMnGe compound.

Coce and Ger. antisite structures may destroy half-metallicity completely by causing state

overlap at the Fermi level, therefore eliminating the spin-down gap. The DOS charts for
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these combinations demonstrate that states intersect the Fermi level. Their respective band
structures display metallic properties because new electronic states emerge within the
minority spin band gap at the Fermi level, converting the material into a regular metal. The
polarisation is reduced to 81.82% for Coge and 76.41% for Gere. Fece and Mnge antisite
display increased half-metallic properties pushing the Vem below the Fermi level, often
leading to a perfect half-metallic phase with band gap width of 0.35¢V and 0.53 eV
respectively Fege and Mnge antisite have the highest increase in spin polarisation to 99.95%

and 99.11%.

Figure 32 illustrates the PDOS of the first, second and third neighbours for the most
favourable antisite defects in CoFeMnGe. A clear, distance-dependent influence on
electronic properties is revealed. The FN undergo significant shifts in peak positions and
intensities in the —2 to +2 eV range around the Fermi level and modified d-orbital
hybridisation; second neighbours display moderate perturbations (2040 % intensity
variations concentrated around —1 to +1 eV) yet preserve the overall PDOS profile; third
neighbours, by contrast, show only subtle peak deviations, closely mirroring the perfect

crystal and confirming the localised nature of defect-induced electronic restructuring.

I11.3.3. Effect of Antisite on the Magnetic Properties:

Antisite imperfections in quaternary Heusler alloys may impact their magnetic properties,
particularly the total magnetic moment (uwot) and the Curie temperature (7c). We have
summarised these effects across twelve unique antisite combinations in Table 13 and Table
15. The ideal CoFeMnGe supercell configuration, with a total magnetic moment of 32.08 pug
and a Curie temperature of 579 K, is taken as a reference for comparison. The introduction
of antisite disorder disrupts the d-orbital hybridisation between the transition metals (Co,
Fe, Mn). This disturbance can alter the magnetisation and the exchange interactions that
define the ferromagnetic state and its thermal stability. For instance, we observed that many
antisite defects increase both the total magnetic moment and the Curie temperature,

indicating a more robust ferromagnetic state.

The antisites Coge, Fege, Mnge, Gere, Geco, Core and Fewmn all enhance psowm and Tc. The

Coge antisite demonstrates a noticeable enhancement in both characteristics, with iotal
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attaining 36.78 ug and Tc reaching 648 K followed by Fege antisite which exhibits an
increase to 36.00 ug and 661 K. That demonstrate the replacing Ge atom by one transition
metal have a high impact on magnetic behaviour on the compound. Conversely, defects
such as Gemn , Mnco, Mnre and Fec, antisites result in decreasing ot to 29.13 — 31.10
us and Tc to 527 — 562 K, suggesting reduced magnetic interactions. The magnetic moment
for the Femn antisite is 33.08 us (4.135 us/f-u), closely matching the experimental value
measured at 5 K. This indicates that this particular arrangement may represent the material's
magnetic state under standard synthesis conditions. These defects may affect the validity of
the Slater-Pauling rule. The total number of valence electrons for an ideal 32-atom supercell
of CoFeMnGe is 224. Assuming optimal half-metallicity and the rigid band model during
an antisite substitution (e.g., Y — X), we can forecast the total magnetic moment by

counting valence electrons and modifying the slater equation:

Heotalsypercen — (4x8)+ (Vx —Vy) =32+ (Vx — Vy)ug (21)
Or:

(VX - VY)

3 us/f-u (22)

Heotar = 4+

The total number of valence electrons is modified by Vx — Vy, Vx and Vy are the valence

electrons of the substituting and substituted atoms, respectively.
For example, Core antisite reduces the supercell's total valence electrons by 1.

Heotar(Cope) =32+ 1 =33 g
we would anticipate an integer total moment of 33 ug for the 32-atom defected supercell.
By normalising this to the formula unit (divided by 8, as our 32-atom supercell contains
eight formula units), we derive an expected moment of W =33/8 =4.125 up/fu.
Moreover, the total magnetic moment values obtained for these disordered structures, as
presented in Table 13 (even when normalised to the 32-atom supercell), frequently deviate
significantly from these straight forward expectations. Specific configurations such as Core,
Fege, Geco, Mnc,, and Mnge antisites produce total supercell moments that are integer

values, e.g., Ideal at 32.0 ug, Fege at 36.0 pus, Mnge at 35.0 pg). In contrast, others, including
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Coge (36.78 uB), Comn (32.13 ug), Feco (31.10 up), Gemn (29.13 ug), and Mnre (31.08 pp),
lead to non-integer values for the complete supercell indicating that the simple Slater-
Pauling rule (Figure 34) is not entirely relevant to these disordered systems.
These deviations and complex behaviours occur due to the influence of antisite defects on
the hybridisation interactions and crystal field splitting of the transition metal d-orbitals.
Modifications in bond lengths, orbital overlaps, and the surrounding atomic environment

of the defect significantly influence these factors.
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Figure 34. Magnetic moment vs valence electrons for antisite defected CoFeMnGe

I11.3.4. Formation Energy of Swap Disordered Structure:

In order to figure out the effects of swap disorder on CoFeMnGe, we constructed supercells
with 32 atoms. We investigate all six distinct kinds of swap disorder: CoFe, CoGe, CoMn,
FeGe, FeMn, and MnGe. In each of these six configurations, one atom of the element X is
exchanging its position with an atom of element Y creating XY swap; for instance, one Fe

atom switches its position with a Mn atom in the FeMn structure. Whether the creation of
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XY swap disorder is stable regarding its associated X(Y) and Y(X) antisite disorders is
dictated by the pair binding energy, which is approximated as [7]:

EXY = EfY + Ef% — gXY (23)

Where E}(Y is the disorder formation energy of the XY swap configuration and

E;( Mand E }/ @) are the disorder formation energy for Xy and Yx antisite configuration.

A positive pair binding energy relates to a stable swap structure, but simply having a
positive pair binding energy does not mean that the compound will certainly form.

Based on the analysis of formation energies and pair binding energies in Table 14, all swap
configurations have positive disordered formation energy indicating that type of defects
isn’t favourited for CoFeMnGe compound. CoFe has been identified as the most stable
swap defect. It has a negative formation energy of 0 eV and a negative binding energy of -
0.02 eV, showing that it is less energetically stable with its corresponding Fec, antisite.
Although not easily removed, it may still impact on the material's formation. CoGe, FeGe
and MnGe, have high formation energies of 3.03 eV, 2.64 eV and 1.66 eV, respectively,

and can be eliminated.

Table 14: The formation energy of disorder Eq in (eV), the magnetic moment ot (UB),
polarization (%) , Curie temperature Tc (K) and width of spin down gap Wgap (€V) of possible
structures with swap disorder.

Swap Epu E, P (%) Weap Miotal Tc (MFA)
Ideal 88.98 0.15 32.08 579
CoFe 0.01 0.01 90.06 0.40 32.05 579
CoGe 3.03 0.97 82.29 0.00 37.85 680
CoMn 0.82 -0.03 42.51 0.40 29.62 536
FeGe 2.64 -2.54 97.24 0.20 38.01 683
FeMn 0.15 3.18 88.84 0.30 32.09 579
MnGe 1.66 0.02 98.57 0.50 32.00 578
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Table 15: The calculated total magnetic moment ¢ of four most favourable defective
structures, magnetic moment of defective atoms (Xq) and its first-neighbour atom (FN), second-
neighbour atom (SN) as well as third neighbour atom (TN).

System Co(uB) Fe(uB) Ge(uB) Mn(uB) Reot(1B)

Ideal 0.858 0.492 -0.033 2.718 32.06

Defect Xa FN SN TN Meot(11B)

Coge Co: 2.006 Co: 1.059 Mn: 2.685 Ge: -0.055 36.78
Fe: 1.154

Comn Co: 1.663 Co: 0.878 Ge: -0.034 Mn: 2.648 32.13
Fe: 0.879

Feco Fe: 0.094 Mn: 2.687 Fe: 0.440 Co: 0.870 31.10
Ge: -0.027

Fece Fe: 2.781 Co: 1.010 Mn: 2.699 Ge: -0.045 36.00
Fe: 0.788

Fewyn Fe: 2.730 Co: 0.897 Ge: -0.033 Mn: 2.670 33.08
Fe: 0.783

Mnge. Mn: 2.814 Co: 0.928 Mn: 2.672 Ge: -0.040 35.01
Fe: 0.560

CoFe Fe: 0.236 Mn: 2.768 Co: 0.880 Co: 0.863 32.05

Co: 0.880 Ge: -0.031 Fe: 0.236 Fe: 0.519

I11.3.5. Effect of Swap Disorder on the Electronic Properties:

In addition to antisite imperfections, swap disorder highly impacts the electronic and half-
metallic features of CoFeMnAl. The density of states (DOS) and band structures (BS) for
all six swap configurations are illustrated in (Figure 35), (Figure 36) and (Figure 37)

respectively, with pertinent data summarised in Table 14.
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Figure 35. The total density of states of possible kinds of swap disordered structures. The shadow
region in blue color is the DOS of ideal CoFeMnGe, the red solid line is the DOS of antisite
disordered structures.

The investigation of these configurations indicates strong maintenance of near-half-
metallicity in CoFe, MnGe and FeM. CoGe and CoMn swap configurations exhibit metallic
character, demonstrating no gap in the minority spin channel and notably diminished
polarisations to 82.29% and 42.51%. The band structures reveal states overlapping the
Fermi level in the minority spin channel. However, the FeGe swap structure displays half-
metallic character revealing high polarisation increase and pushing the Vsm below the

Fermi level.
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Figure 36. The PDOS of most favourable swap defect structures. The FN, SN and TN are
respectively the first-neighbour, second-neighbour and third neighbour of defective atom, the blue
shadow is the PDOS of corresponding atom in perfect CoFeMnGe.
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Figure 37. The band structure of six possible kinds of swap disordered structures for CoFeMnGe
compound.

I11.3.6. Effect of Swap Disorder on the Magnetic Properties

Beyond antisite imperfections, swap disorder, arising from the interchange of atomic
positions, also influences the magnetic properties. From Table 14 and Table 15, MnGe
swaps maintains a total magnetic moment of 32.00 pg. This is attributed to a local moment
compensation; for the CoFe swap, the negative moment induced at the Fe(Co) site (-0.37
ug) is effectively balanced by the positive moment at the Co(Fe) site (0.94 ug). Their Curie
temperatures are very close, with CoFe and FeMn swaps at 579 K and MnGe at 578 K.
These particular swap disorders have minimal effect on overall magnetisation and the

thermal stability of the ferromagnetic state.
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On the contrary, the FeGe and CoGe swap configurations increase Lot to 38.01 ps and
37.85 us and push the Curie temperatures to 673 K and 672 K, respectively, indicating a

significant modification of d-orbital hybridisation and associated exchange interactions.

Defective atoms exhibit enhanced moments (notably 2.814 ug for MnGe, 2.781 pg for FeGe
and 2.730 us for FeMn), while first-neighbour Mn retains remarkable stability (2.68-2.77
uB), in contrast to Co and Fe which vary more broadly (0.560—1.154 pg and 0.878-2.77 us,
respectively). Second neighbours experience moderate moment deviations (5—40 percent),
and third neighbours show minimal change (< 10 percent), with Ge consistently bearing
small negative moments (—0.040 to —0.055 pg) and Mn remaining close to its ideal moment
(2.648-2.670 pg). This combined analysis, focused on the near neighbours of the most
energetically favourable antisite defects, underscores the intrinsic defect resilience of the

quaternary Heusler alloy.
I11.4 Investigation of disordered CoFeMnAl:

I11.4.1. Disordered formation energy of antisite structures:

In order to evaluate the role of antisite disorder on CoFeMnAl, we created 32 atoms
supercells. The ideal structure contains 8 atoms of each element. We analyse 12 structures
with antisite disorder: Alco, Alre, Alvin, Feco, Fevm, Feal, Coal, Core, Comn, Mnco, Mnre and
Mnge. In each of these 12 configurations, one atom of the element indicated in subscript is
substituted with an atom that precedes it; for instance, one Al atom replaces one Co atom
in Alco antisite. The computed disordered formation energy Es, band gap width, and

magnetic moments are presented in Table 16.

The lowest value of formation energy (-1.25 eV) corresponds to Fewmn antisite disorder,
while the highest E; values (2.39 eV, 1.94 eV and 1.39 eV) are associated with Alco, Alre
and My, antisites, respectively. These high-energy defects can often be removed through
annealing processes. Feal and Alw, antisite defects are also likely to form, with formation
energies of -0.74 eV and -0.23 eV, respectively. These defects are most likely to happen
with Femn defects. Moreover, Comn, Core, Coal, Mnai and Mnc, antisites have slightly

higher values of disordered formation energy and may not be removed easily.
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Table 16: The formation energy of disorder Es in (eV), total magnetic moment ptotal (ug) ,
polarisation (%) and the width of spin down gap Wgap (e€V) of possible structures with antisite
disorder.

Antisite Eu Weap Polarisation Hiotal Tc (MFA)
Ideal 0.62 98.58 24.00 557
Alco 1.94 0.46 95.23 24.00 557
Alpe 2.39 0.58 98.20 25.00 580
Alyvn -0.13 0.26 99.02 20.00 468
Feco -0.58 0.57 99.14 23.00 536
Femn -1.25 0.39 95.71 25.00 578
Fea -0.74 0.38 99.95 29.00 667
Coal 0.49 0.00 90.88 26.24 607
Core 0.50 0.49 97.95 26.24 607
Comn 0.09 0.00 68.14 26.16 605
Mny 0.67 0.50 99.94 22.56 525
Mnc, 0.82 0.43 98.61 28.00 646
Mnr. 1.39 0.46 99.26 21.84 509

I11.4.2. Effects of Antisite Disorder on the Electronic properties:

The band structures (BS) and density of states (DOS) for each of the twelve antisite
configurations are shown in (Figure 38), (Figure 39) and (Figure 40), respectively. All
twelve antisite configurations exhibit substantial fluctuations in their electronic
properties compared to the ideal CoFeMnAl structure, which has a spin polarisation of
98.58% and a spin-down band gap of 0.62 eV, thereby establishing its half-metallic
behaviour. Antisite disorders globally reduce the gap width of minority-spin states;
nevertheless, certain configurations can destroy half-metallicity. Coal and Cowmn antisite
structures destroy half-metallicity by causing state overlap at the Fermi level, therefore
eliminating the spin-down gap. The DOS charts for these combinations demonstrate that
states intersect the Fermi level. Their respective band structures display metallic properties
because new electronic states emerge within the minority spin band gap at the Fermi level,
converting the material into an ordinary metal. However, they claim a polarisation of

90.88% for Coal and 68.14% for Comn. Almn, Femn, Core, and Mnc, antisite display
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reduced half-metallic properties without completely destroying it, often leading to a nearly
half-metallic phase. The valence band of the Fewmn structure barely intersects the Fermi level,
suggesting a slight metallic character despite the presence of a clear band gap and high
spin polarisation. The Alma, Core, and Mnc, structures, characterised by significant
polarisation, have their valence band maxima at the Fermi level, indicating a nearly half-
metallic behaviour. Fec, antisite has high polarisation and gap in the spin-down channel,

while it demonstrates reduced robustness compared to the perfect crystal.

Conversely, other antisite configurations, such as Alre, Mnai, Mnre, Feal, Alco, and Feco,
continually preserve their half-metallic characteristics as their valence bands are
consistently positioned below the Fermi level. These structures typically demonstrate
substantial spin polarisation and noticeable spin-down gaps. For example, Alr. exhibits

significant spin polarisation and a gap that closely aligns with the ideal.

Alg, (Antisite) Alg, (Antisite) Aly, (Antisite)

50

4
7

=50

Co,, (Antisite) Coy, (Antisite)

Copy, (Antisite)

Fe

50

?

=50

50 Fe, (Antisite) Fec, (Antisite) Feyy, (Antisite)

Density of States (States/eV)

¥
t

Mn,, (Antisite) Mng, (Antisite) Mng, (Antisite)

)
t

=50

-50 25 00 25 50 50 -25 00 25 50 50 -25 00 25 50
E-E; (eV)
Figure 38. The total density of states of possible kinds of antisite disordered structures. The blue

shadow region is the DOS of ideal CoFeMnAl, the solid line is the DOS of antisite disordered
structures.
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I11.4.3. Effect of Antisite on the Magnetic Properties:

Antisite imperfections in quaternary Heusler alloys may impact their magnetic properties,
particularly the total magnetic moment (uwti) and the Curie temperature (7c). We have
summarised these effects across twelve unique antisite combinations in Table 16 and Table
18. The ideal CoFeMnAl supercell configuration, with a total magnetic moment of 24.00 pus
and a Curie temperature of 557 K, is mandatory for our investigation. The introduction of
antisite disorder disrupts the d-orbital hybridisation between the transition metals (Co, Fe,
Mn). This disturbance can modify both the magnetisation and the exchange interactions
that define the ferromagnetic state and its thermal stability. For instance, we noted that
many antisite defects increase both the total magnetic moment and the Curie temperature,

indicating a more robust ferromagnetic state.

The antisites Feal, Mnco, Coai, Core, Comn, Alre, and Fewmn all enhance g and Tc. The Fear
antisite demonstrates a noticeable enhancement in both characteristics, with Lot attaining
29 pg and Tc reaching 667 K followed by Mnc, antisite which exhibits an increase to 28 g
and 646 K. Conversely, defects such as Alwvn antisite result in decreasing Lot to 20.00
us and Tc to 468 K, suggesting reduced magnetic interactions. The magnetic moment for
the Fewmn antisite is 25 ps (3.12 ps/f.u), closely matching the experimental value measured
at 5 K. This indicates that this particular arrangement may represent the material's magnetic
state under standard synthesis conditions. The Alc, antisite preserves the magnetic moment
and Curie temperature of the ideal structure, showing its thermal stability relative to the
ordered configuration. These defects may affect the validity of the Slater-Pauling rule. The
total number of valence electrons for an ideal 32-atom supercell of CoFeMnAl is 216.
Assuming optimal half-metallicity and the rigid band model during an antisite substitution
(e.g., Y — X), we can forecast the total magnetic moment by counting valence electrons

and modifying the slater equation:
Heotalsypercen — Bx8)+ (Vx = W) =24+ (Vx — Vy)ug (24)
Or:

Vx — W)
Heotar = 3 + %”B/f-u (25)
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The total number of valence electrons is modified by Vx — Vy, Vx and Vy are the valence

electrons of the substituting and substituted atoms, respectively.
For example, Cor. antisite reduces the supercell's total valence electrons by 1.
Heotar(COpe) = 24 +1 = 25 pg

we would anticipate an integer total moment of 23 ug for the 32-atom defected supercell.
By normalising this to the formula unit (divided by 8, as our 32-atom supercell contains
eight formula units), we derive an expected moment of Lot =25/8 =3.125 pp/fu.
Moreover, the total magnetic moment values obtained for these disordered structures, as
presented in Table 16 (even when normalised to the 32-atom supercell), frequently deviate
significantly from these straight forward expectations. Specific configurations such as Alco,
Alre, Alvn, Feco, Femn, Feal, and Mnc, antisites produce total supercell moments that are
integer values, e.g., Ideal at 24.0 pg, Almn at 20.0 ps, Fear at 29.0 pug). In contrast, others,
including Coai (26.24 pug), Core (26.24 u), Comn (26.16 pug), Mnre (21.84 pg), and Mna
(22.56 uB), lead to non-integer values for the complete supercell indicating that the simple
Slater-Pauling rule is not entirely relevant to these disordered systems. These deviations
and complex behaviours occur due to the influence of antisite defects on the hybridisation
interactions and crystal field splitting of the transition metal d-orbitals. Modifications in
bond lengths, orbital overlaps, and the surrounding atomic environment of the defect

significantly influence these factors.

This enhancement is driven by the introduction of a large local magnetic moment [27] on
the Al site; for the Fe-Al swap, the Fe atom exhibits a strong moment of 2.724 ug, which is
not offset by the nearly non-magnetic Al atom it replaces. These swap defects also affect
the validity of the Slater-Pauling rule. The total magnetic moment values for the entire 32-
atom supercells, as derived from Table 14, indicate that the CoFe, FeMn, CoMn and MnAl
swaps yield exact integer total moments of 24.00 ps. CoAl and FeAl swaps have an integer
Hotal 0f 30.00 pp but still deviate from the simple Slater-Pauling rule, since all six types of
swap disorder have the same total number of valence electrons and must have the same
magnetic moment value of 24.00 uB. This deviation is a direct result of the strong local

moment induction on the Al site, an effect not accounted for by the rule.
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Figure 41. Magnetic moment vs valence electrons for defected CoFeMnAL.

I11.4.4. Formation Energy of Swap Disordered Structure:

In the same manner to investigate the effects of swap disorder on CoFeMnAl, we created

32 atoms supercells and we studied all 6 distinct kinds of swap disorder: CoAl, CoFe,

CoMn, FeMn, FeAl, and MnAl.

Based on the analysis of formation energies and pair binding energies, MnAl has been

identified as the most stable swap defect. It has a negative formation energy of — 1.23 eV

and a high positive binding energy of 1.76 eV, showing that it is energetically easier to form

and that this structure is stable with its corresponding antisite pairs, MnAl and AIMn. CoFe,

although relatively stable with a negative formation energy of —0.13 eV and a binding

energy of 0.06 eV, is less stable than MnAl. CoMn and FeMn swaps have positive

formation energies, indicating lower stability. Although not easily removed, they may still
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impact on the material's formation. CoAl and FeAl, despite their high formation energies

of 1.89 eV and 1.33 eV, respectively, can be eliminated.

Table 17: The formation energy of disorder Ez in (eV), the pair binding energy Ep in (eV), the
magnetic moment Lol (LB/f-11), polarization (%) and width of spin down gap Wgap (V) of possible
structures with swap disorder.

Swap Ey E, Polarisation Weap Hrotal Tc
Ideal 98.58 0.62 24.00 557
CoAl 1.89 0.56 92.97 0.00 30.00 673
CoFe -0.13 0.06 98.97 0.47 24.00 558
CoMn 0.86 0.04 65.53 0.00 24.08 560
FeMn 0.08 -0.84 99.61 0.36 24.00 558
FeAl 1.33 0.33 97.48 0.28 30.00 672
MnAl -1.23 1.76 98.39 0.33 24.00 556

I11.4.5. Effect of Swap Disorder on the Electronic Properties:

The density of states (DOS) and band structures (BS) for all six swap configurations are

illustrated in (Figure 42), (Figure 44) and (Figure 43) respectively, with pertinent data

summarised in Table 17. The investigation of these configurations similarly indicates

effects ranging from total annihilation to strong maintenance of half-metallicity.
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Figure 42. The total density of states of possible kinds of swap disordered structures. The shadow
region is the DOS of ideal CoFeMnAl, the red solid line is the DOS of antisite disordered structures.
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The configurations of CoAl and CoMn swaps destroy half-metallicity, demonstrating no

gap in the minority spin channel and notably diminished polarisations (92.97% for CoAl
and 65.53% for CoMn).
The band structures reveal states overlapping the Fermi level in the minority spin channel.

However, the CoFe, FeMn, FeAl, and MnAl swap structures perfectly maintain the half-

metallic character but reveal band gap sensitivity to this type of disorder.

1.0 : 3 : TR R e L =
CoAl (Swap) %5 | CoFe (Swap) E‘,;E':"..g P CoMn (Swap) ]
f.." "'.... *.." :i:;'.;lr oot tee, 2 ":... ."l' . 'g.‘. "f wosd| 832
0.5 _::-" - o
0.0 +
1111y
T
0.5 1, o, e
—~
> » : :
L -10 g
2 r X w K w K
B e
m l-e.Al (Swap) . " ::';.;‘ i

g .
oo Soo|e

Spectral Weight

Figure 43. The band structure of six possible kinds of swap disordered structures for CoFeMnAl
compound.
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Figure 44. The PDOS of most favourable swap defect structures. The FN, SN and TN are
respectively the first-neighbour, second-neighbour and third neighbour of defective atom, the blue
shadow is the PDOS of corresponding atom in perfect CoFeMnAl.
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I11.4.6. Effect of Swap Disorder on the Magnetic Properties

Beyond antisite imperfections, swap disorder, arising from the interchange of atomic
positions, also influences the magnetic properties. From Table 17 and Table 14, CoFe,
FeMn, CoMn, and MnAl swaps maintain a total magnetic moment of 24.00 pg. This is
attributed to a local moment compensation; for the CoFe swap, the negative moment
induced at the Fe(Co) site (-0.37 ug) is effectively balanced by the positive moment at the
Co(Fe) site (0.94 ug). Their Curie temperatures are very close, with CoFe and FeMn swaps
at 558 K and MnAl at 556 K. These particular swap disorders have minimal effect on overall
magnetisation and the thermal stability of the ferromagnetic state.

Table 18: The calculated total magnetic moment p of four most favourable defective

structures, magnetic moment of defective atoms (Xq4) and its first-neighbour atom (FN), second-
neighbour atom (SN) as well as third neighbour atom (TN).

System Al(us) Co(us) Fe(us) Mn(ug) Reot(B)
Perfect -0.034 0.816 -0.135 2.445 24
Defect Xa FN SN TN Meor(MB)
Fea Fe: 2.724 Co: 0.999 Mn: 2.420 Al: -0.049 29
Fe: 0.490
Feco Fe: -0.483 Mn: 2.431 Fe: -0.117 Co: 0.778 23
Al: -0.027
Femn Fe: 2.634 Co: 0.818 Al: -0.035 Mn: 2.344 25
Fe: 0.323
CoFe Fe: -0.369 Mn: 2.556 Fe: -0.200 Co: 0.752 24
Co: 0.944 Al: -0.035 Co: 0.827 Fe: -0.139
AlMn Al: -0.015 Co: 0.923 Al: -0.042 Mn: 2.416 24
Mn: 2.615 Fe: 0.136 Mn: 2.416 Al: -0.042

On the contrary, the CoAl and FeAl swap configurations increase Lol to 30 pus and the
Curie temperatures to 673 K and 672 K, respectively, indicating a significant modification
of d-orbital hybridisation and associated exchange interactions. This enhancement is driven
by the introduction of a large local magnetic moment [27] on the Al site; for the FeAl swap,
the Fe atom exhibits a strong moment of 2.724 ug, which is not offset by the nearly non-

magnetic Al atom it replaces. These swap defects also affect the validity of the Slater-
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Pauling rule. The total magnetic moment values for the entire 32-atom supercells, as
derived from Table 17, indicate that the CoFe, FeMn, CoMn and MnAl swaps yield exact
integer total moments of 24.00 us. CoAl and FeAl swaps have an integer Lot of 30.00 pg
but still deviate from the simple Slater-Pauling rule, since all six types of swap disorder
have the same total number of valence electrons and must have the same magnetic moment
value of 24.00 pg. This deviation is a direct result of the strong local moment induction on

the Al site, an effect not accounted for by the rule.
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Conclusion and further research:

The influence of antisite and swap defects on the electronic and magnetic properties
of the CoFeMnZ (Z = Ge; Al) quaternary Heusler alloy was investigated using first-
principles calculations based on Density Functional Theory (DFT), supercell approach and
Monte Carlo simulation. Results for the ideal structure show that the Type I atomic
arrangement with a ferromagnetic (FM) state is the most energetically favourable ground
state for both compounds. The ordered structure satisfies the requirements for mechanical
stability and is classified as a ductile material; however, phonon calculations indicate the
absence of imaginary frequencies, signifying that the perfect crystal is dynamically stable.
Electronic structure calculations indicate that the ordered CoFeMnGe alloy behaves as a
nearly-half-metallic ferromagnet with 0.15 eV gap. A systematic analysis of 18 different
defect types shows that disorder is often energetically favourable; the Fege antisite is
identified as the most probable defect with a formation energy of -9.98 eV, followed by the
Femn, Coge, Comn and Fec, antisites. Defects significantly affect the characteristics of the
material. The spin-down gap (Wgap) 1s notably influenced, varying from 0.00 eV to 0.60 eV
across various disorder configurations. Coge, Comn ,Gere antisite, CoGe and CoMn swap
defects destroy half-metallicity completely, underscoring the imperative necessity of
avoiding these configurations during experimental synthesis. Moreover, structural disorder
1s evident in the magnetic aspects; the total magnetic moment (poral) SWings significantly
between 29.13 pg and 38 up, while the polarisation spans from 51.05% to 99.95% across
all antisite and swap disorder types. The calculated magnetic moment for the Femn antisite
arrangement is 4.125 us/f-u, closely aligning with the experimental value of 4.2 pug. The
Curie temperature varies from 527 K to 683 K, in referenceto 579 K for the
pristine structure. CoFeMnAl alloy behaves as a half-metallic ferromagnet, exhibiting an
integer magnetic moment of 3.00 pp/fu in accordance with the Slater-Pauling rule. The
origin of the 0.62 eV half-metallic gap is the hybridization of Co, Fe, and Mn d-orbitals,
which pushes the minority spin states away from the Fermi level. A systematic analysis of
18 different defect types shows that disorder is often energetically favourable; the Fewmn
antisite is identified as the most probable defect with a formation energy of -1.25 eV,

followed by the MnAl swap and Feai antisite. Defects significantly affect the characteristics
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of the material. The spin-down gap (Wgap) ranges from 0.00 eV to 0.58 eV across various
disorder configurations. Coai, Comn antisite, CoAl and CoMn swap defects entirely destroy
half-metallicity, underscoring the imperative necessity of avoiding these configurations
during experimental synthesis. Moreover, structural disorder is evident in the magnetic
aspects; the total magnetic moment ([wotal) SWings significantly between 20 pg and 30 ps,
while the polarisation spans from 65.53% to 99.95% across all antisite and swap disorder
types. The calculated magnetic moment for the Fewmn antisite arrangement is 3.12 up/fu,
closely aligning with the experimental value of 3.10 ug. The Curie temperature varies from
468 K to 673 K, in reference to 557 K for the pristine structure. Our research highlights the
significance of atomic disorder in predicting the properties of Heusler alloys, offering

crucial insights for the development of durable material options for spintronic applications.

We successfully modelled collinear ferromagnetism; however, the presence of heavy
elements (such as Ge) and the broken inversion symmetry in disordered local environments
indicate the potential occurrence of Dzyaloshinskii-Moriya Interactions (DMI). Future
research may investigate non-collinear magnetic configurations, including spin spirals or
skyrmions, within these disordered Heusler systems, which would be highly relevant for

next-generation spintronics applications.
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Abstract

First-principles calculations, combined with the supercell approach, are employed to investigate the effects of atomic disorder
on the electronic properties of the CoFeMnAl quaternary Heusler alloy (LiMgPdSn-type). The ordered alloy is a half-metallic
ferromagnet; its moment obeys the Slater-Pauling rule with 7> 300 K. We analyse twelve antisite and six swap disorder
configurations. Calculations show that the Fe,y, antisite is the most energetically favourable defect (—1.25 eV), followed
by the FeCo antisite and the MnAl swap. The disorder generally contracts the spin-down gap. Half-metallicity is largely
preserved but completely lost for Co,,, Coyy, antisite and CoAl, CoMn swap defects. Disorder has a significant effect on the
magnetic moment and Curie temperature. The Fey,, antisite gives 3.12 pg, which is very close to the experimental value of
3.10 pg. This study demonstrates the importance of considering disorder when predicting the properties of Heusler alloys.

Keywords Quaternary Heusler - Disorder - Half metal - FP-LAPW calculations

1 Introduction

In recent years, Heusler alloys have attracted considerable
attention due to their diverse properties and broad poten-
tial applications. These compounds exhibit interesting and
diverse magnetic properties [1-4], such as itinerant and
localised magnetism, giant magnetoresistance, and mag-
netic shape-memory effects. Such characteristics made them
promising for advanced technological topics beyond spin-
tronics [5-7]. Heusler alloys comprise a large group of inter-
metallic compounds, typically with compositions such as
X,YZ or XY'Z, where X and Y are transition metals, and Z
is a main group element [8]. They usually crystallise in cubic
space groups, such as Fm-3m or F-43m. The electronic and
magnetic properties of this group of compounds are highly
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dependent on the distribution of the constituent elements
in the crystallographic sites. These materials often exhibit
a certain level of atomic disorder, making them suitable for
investigating the effects of disorder and variations in electron
concentration on their magnetic properties [9]. Quaternary
Heusler alloys (XX'YZ) represent more advanced evolution
within the Heusler family and offer enhanced flexibility in
compositional and site engineering [10, 11]. This versatil-
ity facilitates the realisation of crucial spintronic features,
including half-metallicity where one spin channel conducts
while the other is insulating, leading to fully spin-polarised
conduction electrons. Numerous Heusler alloys also exhibit
high Curie temperatures, and their magnetic moments often
adhere to the generalised Slater-Pauling rule, underscor-
ing their robust ferromagnetic order, which is essential for
practical applications. First-principles calculations, utilis-
ing advanced methods like the supercell approach within
Density Functional Theory and SPRKKR, are indispen-
sable tools for investigating these properties, along with
thermodynamic and mechanical stability. The CoFeMnAl
equiatomic quaternary Heusler (EQH) is a half-metallic
ferromagnet with an integer magnetic moment of 3.0 py
and possessing a Curie temperature above 300 K. Despite
these promising properties of its ideal ordered structure,
the impact of atomic disorder is an inherent and unavoid-
able aspect during the experimental synthesis; CoFeMnAl’s
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