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ABSTRACT: This review paper presents an in-depth analysis of Heusler alloys, focusing on their
structural, electronic, magnetic, mechanical, and thermoelectric characteristics, and potential
applications. It begins with an examination of the crystal structure and composition, highlighting how
composition influences structural properties. The paper delves into the electronic aspects by
analyzing band structures and Fermi surfaces through density functional theory studies. The magnetic
behavior of these alloys, pivotal in spintronic applications, is also scrutinized. Furthermore, the paper
discusses mechanical properties like elastic constants and shape memory effects, and thermoelectric
features including phonon and electron transport. Applications in energy conversion, storage,
spintronics, sensing, and actuation are explored, emphasizing the alloys' role in lithium-ion batteries,
fuel cells, spin valves, and magnetic tunnel junctions. Finally, it addresses challenges and future
perspectives in synthesizing and integrating Heusler alloys for enhanced performance, underscoring
the need for further research to unlock their full potential in various technological fields.
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1.0 INTRODUCTION

1.1 Background and History importance due to their wide range of unique
properties and potential applications in several
technological areas. The following are some
notable applications where Heusler alloys have

shown promise:

Heusler alloys, named after Fritz Heusler who
first discovered them in 1903, are intermetallic
compounds with a unique crystal structure and
fascinating properties [1]. These alloys are

composed of three elements, typically one 1.2.1 Magnetic Materials: Heusler alloys
transition metal (X), one element from the exhibit remarkable magnetic properties,
group IIIA or IVA (Y), and one element from the including high magnetization, large
group VB or VIB (Z) of the periodic table [2]. magnetoresistance, and high Curie

The general formula for Heusler alloys is X2YZ.
Initially, Heusler alloys were primarily
investigated for their magnetic properties and
their potential applications in the field of
magnetism and spintronics. However,
subsequent research revealed their
multifunctional nature, leading to explorations
in various fields such as electronics,
thermoelectricc and even as catalysts
[3].Through this review, we aim to contribute to
the understanding of Heusler alloys and their
potential for various technological applications,
while also identifying areas that require further
research and development.

1.2 Importance and Applications

Heusler alloys have gained significant

temperatures [4]. These properties make them
suitable for applications in magnetic sensors,
magnetic recording media, and spintronic
devices.

1.2.2 Spintronics: The combination of excellent
spin-polarized transport properties and strong
spin-dependent phenomena in Heusler alloys
makes them valuable for spintronics
applications [5]. They have been investigated
for use in spin valves, magnetic tunnel
junctions, and spin-transfer torque devices.

1.2.3 Thermoelectric Materials: Heusler alloys
have attracted attention as potential
thermoelectric materials due to their unique
electronic structure and tunable transport
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properties [6]. They offer the possibility of
converting waste heat into electricity, making
them suitable for energy harvesting and cooling
applications.

1.2.4 Catalysis: Certain Heusler alloys have
demonstrated catalytic activity, particularly in
hydrogenation and dehydrogenation reactions
[7]. They can be utilized in processes such as
hydrogen fuel cells and hydrogen storage
systems.

1.2.5 Emerging Applications: Beyond the
above-mentioned areas, Heusler alloys are
being explored for applications in sensors,
actuators, magnetostriction, and even as novel
materials for data storage and memory devices
[8,9].

Heusler alloys are a class of intermetallic
compounds that exhibit a wide range of physical
effects and have potential applications in
various fields. Here are the key features of
Heusler alloys based on the provided abstracts:

1. Structural and Electronic Properties:

» Heusler alloys have an ordered structure
with a face-centered cubic (FCC)
superlattice and a body-centered cubic
(BCC) unit cell [10].

» The properties of Heusler compounds, such
as semiconductivity and magnetic moment,
can be predicted by counting the valence
electrons [11].

» Some Heusler alloys exhibit half-metallicity,
which makes them attractive for spintronics
applications [12,13].

2. Magnetic Properties:

» Heusler alloys can exhibit various magnetic
behaviors, including ferromagnetism,
superparamagnetic interaction, and short-
range ferromagnetic interaction [10]
[14,15].

» The magnetic properties of Heusler alloys
can be influenced by structural defects and
disorder [15].

3. Thermoelectric Properties:

» Heusler alloys have been explored for their
thermoelectric properties, with some alloys

showing high power factors and low
thermal conductivity [14].

» The thermoelectric response of Heusler
alloys can be calculated using Boltzmann
transport theory [16,17].

Heusler alloys are a class of materials that have
been extensively studied for their unique
properties. Here is a summary of the structural,
electronic, magnetic, mechanical, and
thermoelectric features of Heusler alloys based
on the provided abstracts:

Structural Features:

» Heusler alloys have an ordered structure
with a face-centered cubic (FCC)
superlattice and a body-centered cubic
(BCC) unit cell.

» The structural characteristics of Heusler
alloys allow for the exploration of a range of
novel material properties.

» Different types of Heusler alloys include Full
Heusler, Half Heusler, Inverse Heusler,
Binary, and Quaternary Heusler [18].

Electronic Properties:

» Heusler alloys exhibit unique electronic
structures, including half-metallicity [19].

» The electronic properties of Heusler alloys
can be predicted by counting the valence
electrons [20].

» Some Heusler alloys show semiconductivity
or magnetic moment based on their
electronic properties [21].

Magnetic Properties:

» Heusler alloys can exhibit ferromagnetism,
even though the constituent elements do
not show this behaviourindividually .

» The magnetic properties of Heusler alloys
can be influenced by the presence of defects
and disorder [22].

> The total magnetic moment of Heusler
alloys can be predicted using the Slater-
Pauling rule.

Mechanical and Thermoelectric Properties:
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» The mechanical properties of Heusler alloys
are important for their processing and final
use

» Experimental studies on the mechanical
properties of Heusler alloys are limited,
highlighting the need for more research in
this area [19].

» Heusler alloys can exhibit good
thermoelectric properties, with high power
factors and low thermal conductivity [23-
25].

» The thermoelectric behavior of Heusler
alloys can be influenced by their electronic
and structural properties.

2. Crystal Structure and Composition
2.1 Heusler Alloy Classifications

» Heusler alloys can be classified into
different categories based on their crystal
structures and compositions. The most
commonly known types are the L2_1, X2YZ,
and XYZ families [26].

» The L2_1 family, named after the CuZMnAl
prototype, has a cubic crystal structure with
space group Fm-3m. Examples of L2_1
Heusler alloys include Cu2MnAl, NiZMnGa,
and Co2FeAl [27].

» The X2YZ family, named after the Heusler
prototype Ni2MnGa, is characterized by a
tetragonal structure with space group
P4/mmm. This family includes compounds
like Ni2ZMnGa, Co2MnSi, and Fe2VAI [28].

» The XYZ family represents a more diverse
group of Heusler alloys with different
crystal structures, such as hexagonal,
orthorhombic, or rhombohedral. Some
examples include Mn3Ga, Fe3Si, and
Co2TiAl [29].

2.2 Crystal Structure and Symmetry

The crystal structure of Heusler alloys is
crucial for understanding their properties and
behaviour. Generally, Heusler alloys adopt a
cubic, tetragonal, or hexagonal crystal
structure.The cubic L2_1 Heusler alloys have a
face-centered cubic (fcc) structure with a high
degree of symmetry. The X and Y atoms occupy
the face-centered sites, while the Z atom is
located at the body-centered position. This
arrangement results in a highly ordered crystal
structure with strong magnetic and electronic
properties [30].The tetragonal X2YZ Heusler

alloys have a distorted fcc structure, where the
lattice parameters in the z-direction differ from
those in the x-y plane. This distortion can lead
to the emergence of multiferroic properties and
shape memory effects in certain Heusler alloys
[31].The crystal structures of XYZ Heusler alloys
vary depending on the specific compound.
Hexagonal, orthorhombic, and rhombohedral
structures have been observed in this family.
The diverse crystal structures contribute to the
versatility of XYZ Heusler alloys and their
potential for various applications [32].

2.3 Influence of Composition on Structure

The composition of Heusler alloys plays a
crucial role in determining their crystal
structure. Substituting different elements or
varying the stoichiometry can significantly
influence the lattice parameters and symmetry.
For example, in the X2YZ family, changing the
composition of the alloy can lead to a transition
from the cubic L2_1 structure to a tetragonal or
even a hexagonal structure [33]. Substituting
different transition metals or modifying the Y or
Z elements affects the crystal symmetry and can
result in variations in magnetic, electronic, and
thermoelectric properties. Similarly, in the XYZ
family, altering the composition can lead to
different crystal structures. For instance,
Co2MnTi adopts a hexagonal structure; while
Co2MnAl exhibits an orthorhombic crystal
structure [34].The influence of composition on
the crystal structure of Heusler alloys is crucial
for tailoring their properties to specific
applications [35]. By understanding the
relationship  between  composition and
structure, researchers can design and engineer
Heusler alloys with desired functionalities.

3. Electronic Structure and Band
Properties

3.1 Density Functional Theory (DFT)
Studies

Density Functional Theory (DFT) has played a
pivotal role in understanding the electronic
structure of Heusler alloys. DFT calculations
based on the Kohn-Sham equations provide a
powerful tool for investigating the electronic
properties of materials [36].Numerous DFT
studies have been conducted to explore the
electronic structure of Heusler alloys. These
studies involve calculating the band structure,
density of states (DOS), and other electronic
properties. DFT calculations have proven
successful in predicting the half-metallic
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behaviour and spin-polarized properties
exhibited by certain Heusler alloys [37].

3.2 Electronic Band Structure

The electronic band structure of Heusler
alloys reveals valuable information about their
conducting properties and energy bandgaps. It
is obtained by plotting the energy eigen values
as a function of momentum along high-
symmetry directions in the Brillouin zone [38].
Heusler alloys often exhibit complex band
structures with a combination of metallic and
semiconducting features. The band structure
analysis allows for the identification of energy
bands crossing the Fermi level, which indicates
the material's conductivity and potential for
applications in electronic devices [39]. The band
structure calculations also provide insights into
the origin of the material's electronic
properties. They help determine the energy
bandgap, the presence of band crossings or
bandgap, and the behaviour of the valence and
conduction bands. Additionally, the band
structure analysis can reveal the presence of
spin-polarized states and the extent of spin-
splitting in magnetic Heusler alloys [40].

3.3 Fermi Surface Analysis

The Fermi surface analysis is a crucial aspect
of studying the electronic properties of Heusler
alloys. The Fermi surface represents the
boundary between filled and unfilled electron
states at the Fermi level and provides
information about the material's transport
properties and electron dynamics [41].DFT
calculations can determine the shape, topology,
and size of the Fermi surface in Heusler alloys.
Fermi surface analysis helps understand the
material's response to external stimuli, such as
magnetic fields or temperature variations. It
also reveals important features such as Fermi
pockets, nesting conditions, and the presence of
Dirac cones, which can influence the material's
electrical and magnetic properties [42].By
studying the Fermi surface, researchers gain
insights into the material's electronic transport
properties, including conductivity, Seebeck
coefficient, and thermoelectric behaviour. This
knowledge is crucial for optimizing Heusler
alloys for applications in electronic and
thermoelectric devices.

4. Magnetic Behaviour
4.1 Magnetic Properties and Phenomena

The magnetic properties of Heusler alloys
have been a subject of extensive research due to
their potential applications in spintronics,
magnetic storage, and sensing devices. Heusler
alloys exhibit a wide range of magnetic
phenomena, including ferromagnetism, anti
ferromagnetism, ferrimagnetism, and spin glass
behaviour [43].Ferromagnetic Heusler alloys
are particularly interesting due to their high
Curie temperatures and large magnetic
moments. These alloys can exhibit half-metallic
behaviour, where one spin channel shows
complete spin polarization, making them ideal
for spintronic applications [44]. The strong
exchange interactions between localized
magnetic  moments result in  robust
ferromagnetism and high magnetic ordering
temperatures [45]. Antiferromagnetic and
ferrimagnetic Heusler alloys, on the other hand,
possess a net zero magnetization due to the
antiparallel alignment of magnetic moments.
These alloys are of interest for their potential in
magnetic  sensors and data  storage
applications.Spin glass behaviour is observed in
some disordered Heusler alloys, where
competing magnetic interactions lead to a
frustrated magnetic state with a complex
magnetic  structure. Understanding and
controlling such behaviour is important for
designing novel magnetic materials with
desired properties.

4.2 Spintronic Applications

Heusler alloys have gained significant
attention in the field of spintronics, which aims
to utilize the spin of electrons for information
storage and processing. The half-metallic nature
of certain Heusler alloys makes them ideal
candidates for spintronic applications, as they
allow for efficient spin injection, high spin
polarization, and low electrical resistance
[46].Heusler alloys can be used as spin valves,
magnetic tunnel junctions, and spin filters in
spintronic devices. The unique combination of
metallic conductivity and high spin polarization
makes Heusler alloys promising for realizing
spintronic  devices  with  low  power
consumption, high-speed operation, and
enhanced functionality.

4.3 Influence of Composition on Magnetism

The magnetic properties of Heusler alloys can
be tuned by modifying their composition. The
influence of composition on magnetism is
particularly evident in the XYZ family of Heusler
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alloys, where different combinations of
transition metals and elements can lead to
varying magnetic behaviours. By substituting
different  elements or  adjusting the
stoichiometry, researchers can control the
strength of the exchange interactions, magnetic
moments, and Curie temperatures in Heusler
alloys [47]. For example, replacing one
transition metal element with another can
result in a change from ferromagnetic to
antiferromagnetic behaviour. Furthermore, the
introduction of nonmagnetic elements in
Heusler alloys can induce modifications in their
magnetic properties. The dilution of magnetic
elements or the insertion of nonmagnetic
spacers can influence the magnetic ordering and
spin dynamics. Understanding the influence of
composition on magnetism is crucial for
tailoring Heusler alloys with specific magnetic
properties suitable for various applications in
spintronics, magnetic storage, and sensing
devices.

5. Mechanical Properties
5.1 Elastic Constants and Mechanical
Stability

The mechanical properties of Heusler alloys
are crucial for their structural integrity and
potential applications in engineering. The
elastic constants, including the Young's
modulus, shear modulus, and Poisson's ratio,
provide insights into the stiffness, strength, and
deformation behaviour of these materials
[48].Experimental  techniques, such as
ultrasonic measurements and nano-indentation,
combined with theoretical calculations, have
been employed to determine the elastic
constants of Heusler alloys. The mechanical
stability of Heusler alloys is assessed by
evaluating the elastic constants to ensure that
they satisfy the Born stability criteria [49]. The
mechanical stability is essential to prevent
phase transformations and maintain the
structural integrity of the material under
different loading conditions.

5.2 Deformation Mechanisms and Plasticity

Understanding the deformation mechanisms
and plasticity of Heusler alloys is vital for their
applications in structural materials. Heusler
alloys can exhibit different deformation
mechanisms, including dislocation glide,
twinning, and martensitic transformations
[50].The deformation behaviour of Heusler
alloys is influenced by various factors, such as

the crystal structure, composition, and
temperature. The activation of specific
deformation mechanisms depends on the
stacking faults, grain boundaries, and alloying
elements present in the material. Plasticity in
Heusler alloys can be enhanced by alloy design
and optimizing the microstructure to promote
favourable deformation mechanisms.

5.3 Shape Memory and Super elasticity

Some Heusler alloys exhibit shape memory
and super elasticity, which are unique
functional properties related to reversible
phase transformations. Shape memory alloys
undergo a reversible martensitic
transformation, allowing them to recover their
original shape after deformation upon heating
[51]. Superelasticity refers to the ability of a
material to exhibit large recoverable strains
without permanent deformation. Heusler alloys
with a narrow hysteresis in their stress-strain
curves can display superelastic behaviour,
making them suitable for applications requiring
high flexibility and damping capacity [52].The
understanding and control of the deformation
mechanisms, plasticity, and shape
memory/superelastic behaviour in Heusler
alloys contribute to the development of
advanced functional materials for applications
in sensors, actuators, and biomedical devices.

6. Thermoelectric Features
6.1 Thermoelectric Effect and Efficiency

Thermoelectric materials are of great interest
for energy conversion applications. Heusler
alloys have shown potential as thermoelectric
materials due to their ability to convert heat
into electricity through the Seebeck effect. The
Seebeck coefficient, electrical conductivity, and
thermal conductivity are key parameters that
determine the thermoelectric efficiency of
Heusler alloys [53].

6.2 Phonon and Electron Transport

Phonon and electron transport significantly
influence the thermoelectric properties of
Heusler alloys. Phonons are responsible for heat
transfer, while electrons carry the electrical
charge. Understanding the phonon and electron
transport mechanisms is crucial for optimizing
the thermoelectric performance of Heusler
alloys [54].
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6.3 Enhancement Strategies for
Thermoelectric Performance

Various strategies have been employed to
enhance the thermoelectric performance of
Heusler alloys. These include alloying, doping,
nanostructuring, and optimizing the carrier
concentration. Alloying and doping can modify
the electronic band structure and scattering
mechanisms to enhance the Seebeck coefficient
and electrical conductivity [55].
Nanostructuring can reduce thermal
conductivity by phonon scattering, leading to
improved thermoelectric efficiency [56]. The
optimization of carrier concentration through
doping and control of defects can further
enhance the thermoelectric performance of
Heusler alloys. By tailoring the composition and
structure of Heusler alloys, researchers aim to
achieve high thermoelectric efficiency for
applications in waste heat recovery and energy
harvesting.

7. Recent Advancements and Potential
Applications
7.1 Energy Conversion and Storage

Heusler alloys have shown great promise in
the field of energy conversion and storage.
Their combination of desirable properties, such
as high electrical conductivity, tunable thermal
conductivity, and excellent mechanical stability,
makes them suitable for various energy-related
applications. For instance, Heusler alloys have
been explored as electrode materials in lithium-
ion batteries and fuel cells, where their high
electrical conductivity and chemical stability
contribute to improved battery performance
and enhanced energy storage capabilities [57].
In the context of energy conversion, Heusler
alloys have been investigated for thermoelectric
applications. The ability of these alloys to
efficiently convert waste heat into electricity
through the Seebeck effect holds potential for
applications in waste heat recovery and energy
harvesting. By optimizing the composition and
structure of Heusler alloys, researchers aim to
enhance their thermoelectric efficiency and
contribute to the development of more
sustainable energy conversion technologies
[58].

Superconductors have interesting
electrocatalytic properties that make them
potential replacements for expensive and scarce
platinum in catalysis. High-temperature
superconductors like YBa2Cu307 (YBCO) and

Bi2Sr2CaCu208 (BSCCO) have been studied for
their electrocatalytic potential in hydrogen
evolution and oxygen reduction reactions.
These  superconductors can easily be
synthesized and have shown impressive
electrocatalytic properties [59]. Additionally,
the road to implementing high-temperature
superconductors in applications has seen
numerous advances in materials science and
manufacturing [60]. However, it is important to
note that while superconductors have potential
applications in catalysis, not many have become
commercially  viable. Challenges in
commercialization and the need for further
technological advancements, overall,
superconductors show promise in catalysis, but
further research and development are needed
to fully realize their potential [61].

Superconductors have interesting
electrocatalytic properties that make them
potential replacements for expensive and scarce
platinum in catalysis. High-temperature
superconductors like YBa;Cuz0; (YBCO) and
Bi>Sr;CaCu20g (BSCCO) have been studied for
their electrocatalytic potential in hydrogen
evolution and oxygen reduction reactions.
These  superconductors can be easily
synthesized and have shown impressive
electrocatalytic properties [62]. Additionally,
the road to implementing high-temperature
superconductors in applications has seen
numerous advances in materials science and
manufacturing [63]. However, it is important to
note that while superconductors have potential
applications in catalysis, not many have become
commercially viable. Challenges in
commercialization and the need for further
technological advancements remain. Overall,
superconductors show promise in catalysis, but
further research and development are needed
to fully realize their potential [64].

7.2 Spintronics and Magnetic Devices

The unique magnetic properties of Heusler
alloys have opened up opportunities for their
use in spintronics and magnetic devices.
Heusler alloys exhibit desirable properties such
as high spin polarization, tunable magnetic
moments, and robust magnetism, making them
attractive for applications in spin valves,
magnetic tunnel junctions, and spin filters [65].
In spintronics, Heusler alloys play a crucial role
in the manipulation and control of spin currents
for information storage and processing. The
ability to efficiently inject and transport spin-
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polarized electrons in Heusler alloys enables the
development of low-power and high-speed
spintronic devices [66]. Furthermore, the
integration of Heusler alloys with other
magnetic materials and non-magnetic materials
has shown potential for the realization of
multifunctional  devices  with  enhanced
functionality and performance.

7.3 Sensing and Actuation

Heusler alloys have also found applications in
sensing and actuation devices. Their unique
properties, such as shape memory effect,
superelasticity, and magnetostriction, make
them suitable for use in sensors, actuators, and
microelectromechanical systems (MEMS). The
shape memory effect allows Heusler alloys to
recover their original shape upon heating,
enabling their use in medical implants, robotics,
and smart materials [67]. Themagnetostrictive
properties of Heusler alloys make them
attractive for applications in sensors and
actuators that respond to magnetic fields. By
exploiting the reversible magnetostrictive
behaviour, Heusler alloys can be utilized in
magnetic field sensors, magnetic switches, and
vibration energy harvesters [68].

7.4 Emerging Applications

Beyond the aforementioned applications,
Heusler alloys have shown promise in various
emerging fields. For instance, their high thermal
conductivity and mechanical stability make
them potential candidates for thermal
management applications, such as heat sinks
and thermal interface materials [69].
Additionally, Heusler alloys have been explored
for their catalytic properties, with potential
applications in catalysis for clean energy and
environmental remediation [70]. The versatility
of Heusler alloys, combined with their tunable
properties and unique functionalities, continues
to drive research towards exploring novel
applications and expanding their technological
impact [71].

SUGGESTION AND RECOMMENDATION

1. Heusler alloys exhibit a diverse range of
crystal structures, which significantly impact
their electronic, magnetic, and thermoelectric
properties. The relationship between
composition and structure is crucial for
tailoring  these properties for specific
applications.

2. The unique electronic properties, particularly
the half-metallicity predicted by Density
Functional Theory, position these alloys as
promising candidates for spintronic
applications. However, more experimental
studies are needed to validate these theoretical
predictions.

3. Despite their potential, there is a lack of
comprehensive experimental data on the
mechanical properties of Heusler alloys. Future
research should focus on understanding and
improving their mechanical stability and
durability for practical applications.

4. Heusler alloys demonstrate promising
thermoelectric properties, with high power
factors and low thermal conductivity. Enhancing
their thermoelectric efficiency could lead to
significant advancements in energy conversion
technologies.

5. The paper suggests that integrating Heusler
alloys into existing technologies, such as
lithium-ion batteries, fuel cells, and magnetic
devices, can offer significant improvements.
However, challenges in synthesis, property
tuning, and integration with other materials
must be addressed to fully exploit their
potential in these applications.

CONCLUSION

Heusler alloys have emerged as a versatile
class of materials with remarkable properties
and potential applications. The comprehensive
review of Heusler alloys presented in this paper
highlights their structural, electronic, magnetic,
mechanical, and thermoelectric features. The
crystal structure and composition play a crucial
role in determining the properties of Heusler
alloys, with various classification schemes
based on their unique structural symmetry. The
electronic structure and band properties of
Heusler alloys have been extensively studied
using density functional theory (DFT), enabling
a deep understanding of their electronic band
structures and Fermi surface properties. The
magnetic behaviour of Heusler alloys offers
opportunities in spintronics and magnetic
devices, showcasing their high spin polarization,
tunable magnetic moments, and robust
magnetism. The mechanical properties of
Heusler alloys, including elastic constants,
deformation mechanisms, and shape memory
effects, make them suitable for applications in
structural materials and actuation devices.
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Additionally, Heusler alloys exhibit
thermoelectric features, enabling  the
conversion of waste heat into electricity. The
optimization of thermoelectric efficiency
through strategies such as alloying, doping, and
nanostructuring opens up new possibilities for
energy conversion and harvesting. Recent
advancements and potential applications of
Heusler alloys in energy conversion and
storage, spintronics, sensing, actuation, and
emerging fields highlight their versatility and
potential impact. However, challenges remain in
synthesis techniques, property tuning, and
integration with other materials and systems.
Future research efforts should focus on
addressing these challenges to unlock the full
potential of Heusler alloys in various
applications. Overall, Heusler alloys offer
exciting prospects for the development of
advanced functional materials with diverse
technological applications.
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