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Abstract: Heusler alloys, which were unintentionally discovered at the start of the 20 century, have
become intriguing materials for many extraordinary functional applications in the 21% century, in-
cluding smart devices, spintronics, magnetic refrigeration and the shape memory effect. With this
review article, we would like to provide a comprehensive review on the recent progress in the de-
velopment of Heusler alloys, especially Ni-Mn based ones, focusing on their structural crystallinity,
order-disorder atoms, phase changes and magnetic ordering atoms. The characterization of the dif-
ferent structures of these types of materials is needed, where a detailed exploration of the crystal
structure is presented, encompassing the influence of temperature and compositional variations on
the exhibited phases. Hence, this class of materials, present at high temperatures, consist of an or-
dered austenite with a face-centered cubic (FCC) superlattice as an L2: structure, or body-centered
cubic (BCC) unit cell as a B2 structure. However, a low-temperature martensite structure can be
produced as an L10, 10M or 14M martensite structures. The crystal lattice structure is highly de-
pendent on the specific elements comprising the alloy. Additionally, special emphasis is placed on
phase transitions within Heusler alloys, including martensitic transformations ranging above, near
or below room temperature and magnetic transitions. Therefore, divers’ crystallographic defects can
be presented in such types of materials affecting their structural and magnetic properties. Moreover,
an important property of Heusler compounds, which is the ability to regulate the valence electron
concentration through element substitution, is discussed. The possible challenges and remaining
issues are briefly discussed.

Keywords: Heusler alloys; phase transition; crystal structure; thermal stability

1. Introduction

Nowadays, the development of smart materials, materials that respond to an external
stimulus by varying some of their properties or shape, have become more prevalent.
These have been heightened with the technological advancements throughout many
fields of knowledge. Shape memory alloys (SMA), which can be employed commonly in
actuators, microcontrollers and sensors, can be positioned between the new functional
materials [1]. The reversible phase shift from the low-symmetric, low-temperature mar-
tensitic phase to the high-symmetric, high-temperature austenitic phase, which can be al-
tered by induced stress or induced temperature, is responsible for the shape recovery [2].

Owing to their unique comprehensive properties, such as the shape memory effect
(SME), super elasticity (SE), biocompatibility, magnetic transformation, magneto caloric
effect (MCE) [1] and high corrosion resistance, shape memory alloys (SMA) are widely
used in various applications, such as aerospace components, magnetic sensors, biomedi-
cal implants, magnetic refrigeration and actuators [3,4]. The SME, which refers to a phe-
nomenon in which pre-deformed materials can regain their original shapes after being
heated [4], has gained a lot of attention as a key component of SMA over the years.
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Because of their capacity to conduct reversible, solid-to-solid martensitic phase tran-
sitions, with adjustable shape change and energy conversion capabilities, shape memory
alloys (SMA) are great candidates for solid-state actuation and thermal photovoltaic ap-
plications [5,6].

One of the most well-known types of smart alloys are the Heusler-type alloys. This
category of materials possesses the aptitude to change and recover the original shape once
exposed to strong magnetic fields. Consequently, these materials display a special attrac-
tion due to the magnetic response capacity to be faster and more forceful than responses
brought on by the effect of temperature [7]. Some Heusler alloys demonstrate mutually
ferromagnetic and shape memory properties at the same time, called magnetic shape
memory alloys (MSMA). These effects can be tuned by both magnetic field and/or tem-
perature [8]. These effects are attributed to a first-order martensitic transformation
(FOMT) through a robust magneto-structural coupling in which a cubic high-temperature
parent austenite phase transforms into a low-ordered martensitic phase by dropping the
temperature [9]. The transformation temperatures in these types of alloys are determined
by thermal analysis and/or vibrating sample magnetometer analysis.

Generally, magnetic shape memory alloys (MSMA) exhibit a large variation of mag-
netization during the martensitic transformation (MT), as in the transformation from the
ferromagnetic (FM) austenite state into the paramagnetic (PM)/antiferromagnetic (AFM)
martensite state [10]. There is constantly a significant coupling between the structural and
magnetic configurations of the austenite and martensite phases [11]. Furthermore, the fer-
romagnetic (FM) to paramagnetic (PM) transformation can occur simultaneously with the
structural transformation from austenite (AS) to martensite (MS). This magnetic change
can occur in the austenite or martensitic zones, depending on the alloy and composition.
Consequently, it is conceivable to combine AS-FM, AS-PM, MS-FM and MS-PM.

Within the most important systems, the typical Heusler Ni-Mn-based ferromagnetic
shape memory alloys have received extensive attention during the past decades owing to
their multifunctional properties [3]. It is worth noting that the MT temperature range and
the magneto-structural properties are directly impacted by varying chemical composi-
tions and multiple dopings in Heusler alloys. In this topic, numerous research studies
have been conducted on the doping of quaternary element on off-stoichiometric Ni-Mn-
Sn shape memory alloys, such as Ni-Mn-Sn—(Co, Cu, Fe) [12], Ni-Mn-5n-Cu [13] and
Ni-Mn-Sn-Pd [1]. With the addition of fourth-element atoms, we may tailor the transition
temperatures (magnetic, structural) and the degree of hysteresis associated with the struc-
tural martensitic transition. In addition, MSMA are being investigated for their properties
as half-metallic ferromagnets in the field of spintronics, thermoelectric and superconduc-
tors [14]. Hence, we aim to establish such alloys in order to enhance their physical charac-
teristics and promote their application in the future.

It is important to note that Heusler materials date back to 1903, according to their
history [15]. They first attracted the magnetism community’s attention when Fritz Heusler
was able to determine that a mixture of materials with the Cu2MnAl chemical formula
behaved as a ferromagnetic material despite the fact that it was composed of non-mag-
netic elements. Therefore, pure Mn exhibits an antiferromagnetic order. Because of the
way that the atoms are arranged between them, a ferromagnetic behavior can be achieved.
In other words, the magnetic properties of Heusler’s are highly reliant by their crystalline
structure. Hence, Heusler compounds present ternary intermetallic with a 2:1:1 stoichi-
ometry, with X2YZ being the general chemical formula [16].

Regarding the crystalline structure of full-Heusler compounds, they preferably crys-
tallize in the cubic Cuz2MnAl structure with a Fm-3m space group, known as L2: cubic
structure [17].

As the L21 phase presents the most ordered structure, the misplacing or arbitrarily
occupation of X and/or Y atoms in the unit cell will disturb the phase order. Subsequently,
this leads to the creation of disordered phases. Crystalline phases, such as the partially
disordered B2 and D03 phases and the completely disordered A2 phase, can appear. The
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B2 phase can be formed by the random distribution of Y and Z atoms’ positions. However,
the exchange of X and Y atoms in the unit cell results in the formation of the D03 structure.
Nevertheless, the totally disordered A2 phase occurs when all atoms occupy positions
randomly in the unit cell. Although, when one of the tetrahedral sites is vacant, it leads to
the XYZ-type half-Heusler compound with C1b cubic structure. Researchers are drawn to
the half-metallic ferromagnetic properties in Heusler alloys because of their potential
spintronic application. Also, electronic band structure calculations have predicted 100%
spin polarization for several full- and half-Heusler alloys [18].

As mentioned above, austenite is presented as the high-temperature, cubic phase of
MSMA, while martensite is the low-temperature, non-cubic phase. The transformation
from austenite to martensite occurs upon cooling the material below a critical tempera-
ture, known as the (MT), while the transformation from martensite to austenite occurs
upon heating the material above a critical temperature, known as the (AT).

Indeed, when the material is cooled below the (MT) in the presence of a magnetic
field, the martensite phase will be magnetically oriented, resulting in a magnetic shape
memory effect. Similarly, the austenite phase will be magnetically oriented when the ma-
terial is heated above the austenite transformation temperature in the presence of a mag-
netic field. This results in the magnetic shape memory effect. Undoubtedly, these phase
transformations between austenite and martensite states are accompanied by a change in
crystal structure. Martensite, on the other hand, as a non-cubic crystal structure, can pre-
sent several different structures depending on the specific alloy and processing conditions
[19]. The less symmetrical martensite phase can manifest a tetragonal, monoclinic or or-
thorhombic structure [16]. The martensitic domains shift and facilitate the creation of sig-
nificant macroscopic deformations in the sample. In fact, martensite can be monitored
(atomic sites deviate in a relatively periodic way) [20]. The displacement in this instance
is caused by domain barriers, but the crystalline structure remains intact. Consequently,
this deformation, also identified as a non-diffusional solid-state phase transformation, re-
quires a relatively little amount of energy and is a reversible transition with low hysteresis
and an insignificant volume modification [13]. In all martensitic structures, the unit cell is
elongated along one axis compared to the other two axes. This transformation can result
in significant changes in the physical properties of the material, including a change in
shape and size, as well as changes in magnetic, electrical and mechanical properties.
Hence, the lattice parameter of the unit cell of austenite is larger than that of martensite.
In addition, the phase transformation involves a reversal of this distortion and reordering
of atoms, resulting in the recovery of the original austenite structure. This transformation
can also be accompanied by changes in physical properties [21]. Understanding the struc-
tural changes that occur during the phase transformations between austenite and marten-
site is important for designing and optimizing MSMA for specific applications. In this
review, we scrutinize the impact of Cu and Pd doping on structural variations and mag-
netic properties of Heusler Ni-Mn-Sn magnetic shape memory alloys in various combina-
tions.

2. Classification of Heusler Alloys

Full-Heusler, half-Heusler and inverse-Heusler alloys are the three categories for ter-
nary Heusler alloys. Furthermore, binary and quaternary compounds are formed from
Heusler alloys as a result of structural changes and chemical substitutions.

The conventional formula for full-Heusler alloys is X2YZ (2:1:1), where Z atoms are
part of the main group (III or IV) of the periodic table, and X and Y atoms are transition
metals or lanthanides [22].
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2.1. Symmetric Heusler Alloys
2.1.1. Conventional Heusler Alloys

Conventional Heusler alloys are formed by transition metals (d-metals) and the main
group (p-group), which is presented by Z atoms (D sites). These alloys typically present
the X2YZ composition, where X and Y are transition metals, and Z is a main-group element
and often crystallizes in the face-centered cubic (FCC) structure. Moreover, the p-d hy-
bridization present in conventional Heusler alloys significantly affects the parent phase’s
stability, atomic ordering and magnetic response [23]. However, the d-d hybridization in-
fluences the martensite transformation, as stated by Roy et al. [24]. The periodic table of
each element that comprises the full-Heusler alloys is illustrated in Figure 1. Regularly,
the first chemical element in the formula is the transition metal, whereas the main group
atom is placed at the end, such as Co2MnGe and Co2MnSi [25,26]. Nonetheless, this rule
does not apply to compounds like Li2CuSb, where one of the elements is defined as the
most electropositive. According to IUPAC criteria, the most electropositive element is the
first component in the formula. As aforementioned, full-Heusler alloys display an L21 cu-
bic structure and belong to the Fm-3m space group. However, full-Heusler alloys may
demonstrate A2 (X-Y-Z disorder) and B2 (Y-Z disorder) structures, depending on the site-
disordered state. Otto Heusler [15] originally established the basic structure for CuzMnAl,
and Meyers et al. for CuzMnSn [27]. In full-Heusler alloys system, four interpenetrating
FCC sublattices constitute the cubic unit cell, where atoms are situated following Wyckoff
positions. X atoms are placed at the 8c (1/4, 1/4, 1/4) position of the unit cell, and four Y
and Z atoms are placed at the 4a (0, 0, 0) and 4b (1/2, 1/2, 1/2) positions, respectively, as
proved by Otto Heusler [15]. According to Graf et al. [28], this structure, which was cre-
ated by a single X and Z atomm is referred to as a zinc blende sublattice. Furthermore, a
Y atom is positioned in the octahedral sites, and the second X atom is in the tetrahedral
sites [22].
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Figure 1. Periodic table of the elements. The huge number of Heusler materials can be formed by a
combination of the different elements according to the color scheme (reprinted with permission
from Ref. [29]).

2.1.2. All D-Metal Heusler Alloys

On the other hand, however, all-d-metal Heusler alloys are formed exclusively by
transition metals, which means the Z atoms are also a transition metal (D sites) [29]. The
distinguishing feature of all-d-metal Heusler alloys is the absence of main-group elements
in their composition. They have a specific composition where all the elements (X, Y and
Z) belong to transition metals. These alloys are characterized by having all-d-electron con-
figurations in their constituents. The two types of alloys may present diverse crystal struc-
tures as a result of this compositional difference. Accordingly, the crystal structure of all-
d-metal Heusler alloys can differ and depends on the specific elements involved. They
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may favor different structures as non-FCC structures. Otherwise, they might not neces-
sarily follow the cubic symmetry present in conventional Heusler alloys [30]. The differ-
ences in hybridization and chemical elements between conventional and all-d-metal Heu-
sler alloys are shown in Figure 2 [29].

p-d
full Heusler
X,YZ
7L

—

full Heusler
X,

Figure 2. Difference in hybridization and chemical elements between conventional and all-d-metal
Heusler alloys (reprinted with permission from Ref. [29]).

2.1.3. Half Heusler Alloys

Half-Heusler alloys are presented by the following chemical formula XYZ (1:1:1).
These compounds show covalent and ionic parts, where X and Y elements possess cationic
character, though Z displays the anionic character. The X element is the most electroposi-
tive element, forming a rock-salt (NaCl) sublattice with the main-group atom Z. This in-
teraction corresponds to a stronger ionic character of their bonding [29]. The Y and Z at-
oms form a zinc-blend (ZnS) sublattice; this indicates covalent bonding [31]. Accordingly,
the sum of zinc-blend and rock-salt lattice forms the structure of half Heusler alloys [29].
Figure 3 illustrates the difference between a full- and half-Heusler compound. These al-
loys crystallize in a C1b cubic structure, belonging to the F43m space group [32]. Filling
the vacancies in the octahedral lattice sites in the tetrahedral ZnS structure yields half-
Heusler alloys, which have a non-centrosymmetric arrangement and constitute a ternary
ordered modification of the CaF: structure [33]. As stated by certain authors, four FCC
sublattices might additionally be employed to represent these compounds while one sub-
lattice is empty [34]. In this situation, X atoms are situated in Wyckoff positions 4c (1/4,
1/4, 1/4), Y atoms are located in the 4b (1/2, 1/2, 1/2) positions and Z atoms occupy the 4a
(0,0,0) position, respectively. Furthermore, Table 1, expresses that for such a type of struc-
ture, three distinct atomic combinations are conceivable [14].

X2YZ full-Heusler XYZ half-Heusler

Figure 3. Crystal structure of full- and half-Heusler compounds (X atoms occupy the gray positions,
Y atoms occupy the orange positions and Z atoms occupy the blue positions).
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Table 1. Different site occupancies in Clb-type structure. Atoms located on 4a and 4c Wyckoff posi-
tions form a ZnS sublattice, while the 4b atoms are placed on the octahedral sites (reprinted with
permission from Ref. [33]).

Type 4a 4b 4c
I X Y z

I z X Y
111 Y Z X

2.2. Less Symmetric Heusler Alloys
2.2.1. Inverse Heusler Alloys

Inverse-Heusler alloys are derived from full=Heusler alloys through a rearrangement
of the atomic positions. Compared to the X2YZ formula of full-Heusler alloys, in inverse-
Heusler alloys, the positions of X and Y are interchanged, leading to a different crystal
structure. This inversion of the X and Y positions alters the electronic and magnetic prop-
erties of the material. Commonly, the site preference of the metal transition atoms de-
pends on the number of valence electrons (ZV). In other words, if ZV(Y) > ZV(X), where
X and Y are transition metal elements belonging to the same period of the periodic table,
two X atoms occupy two sites, precisely (Y5, ¥4, ¥2) and (%, %4, %), whereas Y and Z atoms
are located in the remaining positions, (4, ¥4, %) and (0, 0, 0), respectively, resulting in the
XA type structure with F43m space group [14]. Referring to Graf et al., to better under-
stand the XA crystal structure, X and Z atoms form a NaCl structure in order to reach an
octahedral arrangement for X [28]. However, X and Y elements fill up the tetrahedral in-
terstitial sites [35]. The difference between the full- and the inverse-Heusler alloys’ crystal

structure is presented in Figure 4.
* P P

A LS

Full Heusler Alloys Inverse Heusler Alloys

Figure 4. Comparison between regular full- and inverse-Heusler crystal structure (X atoms occupy
the black positions, Y atoms occupy the green positions and Z atoms occupy the red positions).

2.2.2. Binary Heusler Alloys

Binary Heusler alloys can display the XsZ (3:1) chemical formula, with X being the
transition metals and Z elements of the main group [36]. These alloys present a face-cen-
tered cubic structure D03-type and present the same space group Fm-3m of full Heusler
alloys. When the X and Y elements of full-Heusler compounds are the same chemical ele-
ment, a D03-type structure is formed. Therefore, three X1, X2 and X3 atoms are positioned
in the (Y4, Y4, Y4), (Y2, Y2, ¥%) and (%4, %, %4) sites, and Z atoms fill up the (0, 0, 0) positions.
This arrangement leads to a ferromagnetic interaction between the two X1, X3 and X2
atoms, as the positions occupied by X1 and X3 are equivalent [37]. Figure 5 presents the
DO03-type crystal structure.
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006

i—»a 003

Figure 5. Binary XsZ Heusler structure (X atoms occupy the green positions, and Z atoms occupy
the blue positions).

2.2.3. Quaternary Heusler Alloys

Quaternary Heusler alloys are a type of Heusler alloys exemplified by an LiMgPdSn-
type crystal structure (known as Y-type structure), whose primitive cell contains four at-
oms. Likewise, these types of alloys follow the same symmetry as half and inverse Heusler
with an F43m space group [38]. Depending on the atom positions, three nonequivalent
structures are obtained for the Y-type arrangement. Table 2 presents three different atom
arrangements, mentioned as type 1, type 2 and type 3 at various Wyckoff positions [38].
The chemical formula XX'YZ is demonstrated in the quaternary Heusler compounds due
to the stability along the FCC cube’s diagonal. Rather than being formed by a single ele-
ment, X and X' are formed by distinct chemical elements. The valence of the elements in
these types of alloys is another characteristic; X atoms have a higher valence than X', while
Y atoms have a lower valence than both X and X' elements [14]. Three-unit cell structures
with the possible arrangement sites of the quaternary Heusler are represented in Figure 6
[38].

Figure 6. Unit cells representation of quaternary Heusler Li (X)X'YZ; type Y1, type Y2 and type Y3
(reprinted with the permission from Ref. [38]).

Table 2. Different types of structures for quaternary Heusler alloys with Wyckoff positions (re-
printed with the permission from Ref. [38]).

Type 4a 4c 4b 4d
Y1 X X Y z
Y2 X Y X z
Y3 X X Y Z
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2.2.4. Non-Stoichiometric Heusler Alloys

Based on stoichiometry, the Heusler alloys are classified as described above. On the
other hand, many Heusler compounds present non-stoichiometric compositions. Non-
stoichiometry can arise due to a range of factors, including defects in the crystal lattice,
substitutions, vacancies or compositional variations within the material. These deviations
from stoichiometry can have significant impact on the alloy’s physical, chemical and elec-
trical properties. In such circumstances, the crystal’s chemical order may shift from the
totally ordered L2: structure to a partially ordered B2 within an exchange of atoms on the
Y and Z sites positions or to a fully disordered A2 structure, where all the elements, X, Y
and Z, are randomly distributed [25,26]. As a result, the distance between the magnetic
atoms may also change, altering the exchange interaction between chemical elements [23].

2.2.5. Atomic Disorder in Heusler Alloys

Furthermore, the complicated crystallographic structure, L21, which consists of four
interpenetrating face-centered cubic cells and where the atomic order affects the proper-
ties, is responsible for all of the Heusler alloys characteristics [39]. The ordered structures
provide the best features, although a disordered structure can also occur. The most prev-
alent kind of disorder is associated to the random switching of the Y and Z atoms, result-
ing in a lower symmetry phase and a B2-type structure, which is a primitive unit cell ra-
ther than the FCC cell (Fm-3m—Pm-3m) [26,40], as shown in Figure 7 [40].

From theoretical calculations, it is important to note that the B2-type disorder struc-
ture generated in Y-Z elements affects the spin polarization values considerably less than
the X-Y and X-Y-Z disorders, which both significantly reduce this feature [41]. As a result,
one of the primary difficulties in producing X2YZ full-Heusler alloys is obtaining the good
properties of the chemically ordered L2: phase. Moreover, according to ab initio calcula-
tions [42] and experimental observations [43], the physical characteristics (cell parameter,
Curie temperature, magnetic moment and spin polarization) of the L21 and B2 phases are
somewhat distinct from one another, and the half-metallic spin gap should be preserved.
In addition, Heusler alloys, on the other hand, can crystallize in different phases with re-
duced chemical ordering, without altering the atomic sites in the lattice [44]. Moreover,
the p-d hybrid state that occurs in the typical Heusler alloys is thought to be crucial for
both the structural instability that causes the martensitic phase change and for stabilizing
the Heusler structure [39]. However, all-d-metal systems do not provide any additional
p-electrons. Accordingly, a d-d hybridization must assume this role [45]. Meanwhile, a
stable structure can be achieved for every Heusler alloy. It is plausible that the distinct
hybridization occurring in the all-d-metal Heusler alloys also influences the ordering ar-
rangement [44]. Several authors have attested that Co-containing Heusler alloys are sen-
sitive to chemical disorder by a drastic shift of the phase transition, owing to a change of
magnetic interactions between atoms [44]. Likewise, it is evidenced that the existence of
the B2 disorder structure strongly affects the magnetic and coercivity behaviors at applied
low magnetic fields [26]. Thus, theoretical X-ray diffraction (XRD) patterns of Co2MnSi
were simulated for different crystal structures, with L21, B2, DOs and A2 being displayed
in Figure 8. In order to determine the degree of B2 and L2: ordering in the alloys, the
following equations were used:

(I12001220) exp= SB22(12001220)th (1)

(11111220) exp = [SL2:1 (3 - SB22)]2 (11111220)th )

where I (hkl) denotes the Bragg peak’s intensity Miller indices (hkl), the suffix ‘exp” signi-
fies the experimentally obtained intensities values and ‘th’ represents the theoretically
simulated ones, respectively [46]. The degree of B2 and L2:1 ordering is represented by SB2
and SL2i, respectively [26].
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(a)

- i

Figure 7. (a) L2: cubic structure; (b) B2 cubic structure [26]. Each color represent an atomic site of
the structure.
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Figure 8. Simulated X-ray diffraction patterns measured with Mo-Ka radiation for Co2MnSi in dif-
ferent crystal structures: a) CuzMnAl-type (L21), b) CsCl-type (B2), ¢) BiFs-type (DO3), d) tungsten-
type (A2) (reprinted with the permission from Ref. [14]).

2.2.6. Crystallographic Defects in Heusler Alloys

Produced Heusler alloys are frequently exposed to several kinds of point defects and
lattice distortions. These crystal defects can be minimized or exploited based on the de-
sired material properties; they can affect the properties and performance of Heusler alloys.

In this context, Qiu et al. [47] studied the changing antisite defects’ degree in ZrNiSn
Heusler alloys and found that it can improve the thermoelectric performance of this alloy,
where the antisite of Zr and Sn atoms can modify the band structure and influence the
electrical transport properties performance greatly. Likewise, Jodin et al. [48], confirmed
the improvement of the thermoelectric performance in FeVSb half-Heusler alloys through
an excess of Sb (or vacancies on the Fe sublattice) as well as the disorder between V and
Sb. Other studies on the Co2MnAl alloys have reported some exceptional properties,
where various point defects (such as binary antisite disorder, ternary antisite disorder and
vacancy defects) and the lattice distortions (uniform cubic strains and tetragonal distor-
tions) affect the structural, electronic and magnetic properties [49]. They have found that
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the disordered structures maintain the high spin polarization (=70%) and nearly same
magnetization as that in the L2i-ordered structure. Furthermore, the tetragonal Heusler
alloys can be considered as tetragonal distortions from the cubic structure along the z di-
rection, and the c/a ratio can be used to quantify the amount of tetragonal distortion [50].
The elongation along the c-axis (with compression of the ab-plane) is the favored condi-
tion for the occurrence of tetragonal distortion than compression along the c-axis (with
elongation of the ab plane) [49]. For tetragonal XsZ (Z= Al, Ga, InTl, 5i, Ge, Sn, Pb) alloys,
the X(A), X(B), X(C) and Z atoms occupy the (0, 0, 0), (0.25, 0.25, 0.25), (0.5, 0.5, 0.5) and
(0.75, 0.75, 0.75) Wyckoff positions, respectively [22]. Thus, Chen et al. [51] detected meta-
stable tetragonal phase formation in Mn2CoAl upon Ar+ irradiation. They found that the
saturation magnetization decreased, and an anomalous Hall resistivity progressively de-
viation from negative to positive was observed as a result of the structural deterioration.

3. Characteristics and Properties of Heusler Ni-Mn-Sn-X Alloys

The magneto-structural transition in Ni-Mn-Sn Heusler magnetic shape memory al-
loys (MSMA) refers to a phenomenon where a change in the magnetic state of the material
leads to a structural transition in the crystal lattice. Instead of the Ni-Mn-Ga alloy, recent
research has focused on the new MSMA of the Ni-Mn-5n alloys with and without substi-
tuting the fourth element [10,12,52-55].

3.1. Structure and Phase Change in Ni-Mn-Sn-X Heusler Alloys

The structure of Ni-Mn-Sn MSMA depends on its temperature. Thus, the phase
change in Ni-Mn-Sn MSMA occurs due to a shift in the relative stability of the austenitic
and martensitic phases as the temperature changes. It is important to note that at high
temperatures, the austenitic phase is stable, whereas the martensitic phase is stable at low
temperatures. Likewise, the shape change in Ni-Mn-Sn MSMA ensues due to the rear-
rangement of the crystal structure during the phase transformation. As the material trans-
forms from the austenitic to the martensitic phase, it undergoes a change in shape, which
is reversible upon returning to the austenitic phase. In this context, XRD is a non-destruc-
tive technique used to analyze the crystal structure and phase composition of materials,
where diffraction patterns can provide us information about the arrangement of atoms
and, consequently, the crystallographic structure and atoms positions [46]. The XRD ex-
periments are typically performed using a diffractometer equipped with an X-ray source
(e.g., Cu Ka radiation). The diffraction patterns are recorded, and the intensity of dif-
fracted X-rays is measured at room temperature, although elevated temperatures can also
be employed for studying phase transformations in some case [27]. The magneto-struc-
tural evolution of Heusler Ni-Mn-Sn alloys was studied by Hernando et al. [56]. They
demonstrated that the alloys were monophasic, and the high-temperature parent phase
was ferromagnetic L21 austenite. Moreover, at low temperatures, the austenite phase was
transformed into a martensite phase with an orthorhombic 7 M, monoclinic 10 M and
monoclinic 14 M symmetry-modulated structure.

Similarly, Chabri et al. reported that the NisMnwuSnu alloy was confirmed to be in
cubic 121 austenitic phase with lattice parameter a = 5.945 A at room temperature [57].
Referring to the L2i-order degree, the development of the intensities of super lattice re-
flection peaks like (111) and (311) allows one to estimate it qualitatively. In addition, in
the abovementioned study, the authors validated the first-order martensite transition ex-
tracted from the large exothermic and endothermic peaks found in the calorimetric meas-
urements [58]. The structural modification was equally investigated by Krenke et al. in Ni-
Mn-Sn MSMA [59]. On the basis of Sn composition, they proved that the austenite struc-
ture was of the L2i-ordered type, whereas the martensite was of the 10 M, 14 M, or L10
type. Similarly, they concluded that both phases exhibited ferromagnetic behavior. Stud-
ies performed by Bachaga et al. [8] have examined MnsoNi 50xSnx SMA and have deter-
mined that the martensitic phase resulting in a phase transformation from austenite is a
14 M-modulated monoclinic structure. Other authors have stated that the Nii.g7sMnu.se2s
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Snos discloses a four-layer-modulated 4O structure with Mn excess atoms randomly dis-
tributed in the Ni and Sn sublattices [60]. Wang et al. indicated that the stoichiometric
Ni2MnSn alloy does not undergo a martensitic phase transition from the cubic Heusler L21
structure to the non-modulated structure [61], whereas studies on the Ni2Mni:x Sni+xalloys
have demonstrated that the martensitic transition can only be seen in Mn-rich conditions
with x > 2 [55].

MnsoNisoxSnx (x = 7-10) MSMA structural modification was researched by Yiwen et
al. [62]. It was shown that the increase of Sn content resulted in a decrease of martensitic
transformation temperatures in the ribbons. Due to the strong magneto-structural cou-
pling in MnsoNiswSnio MSMA ribbons, the field-induced reverse martensitic transfor-
mation from a weak magnetic martensite to a ferromagnetic austenite was established.
The results specify that at room temperature, ribbons with Sn contents of 7% and 8% ex-
clusively showed a single martensite phase. Once the Sn concentration was raised to 9%,
supplementary austenite diffraction peaks were apparent in the XRD pattern in addition
to the martensite peaks, proving that the ribbons are composed of both phases at room
temperature.

Afterwards, the structural phase completely changed into a single austenite with a
cubic L21 structure when the Sn concentration reached 10%. Hence, an increase in Sn con-
tent tends to make austenite more stable.

Numerous studies have discussed the substitution of fourth elements on Ni-Mn-Sn
compositions such as Wederni et al. [46], who investigated the influence of Cu doping on
Niso-«MnssSnisyCu xy (x = 0,1, 2 and y = 1 at. %). They stated that the addition of Cu,
with the corresponding reduction of Ni, stabilized the austenite phase and increased the
martensitic start temperature from 194 to 228 K, whereas replacing small amounts of Cu
for Sn stabilized the modulated martensite phase and increased the martensitic transfor-
mation temperature from 194 to 325 K. As the Cu content rises, the transformation tem-
peratures often rise as well.

It was recognized from other studies [63] that the austenite phase with the L2i-type
structure was designed in NisoxCuxMnazsSni2 (Fm-3m space group) with a lattice parameter
of a=0.5967 nm, 0.5970 nm, 0.5973 nm and 0.5976 nm for x =0, 1, 2 and 5, respectively. A
regular rise in the lattice parameter was seen when Cu was substituted for Ni. This could
be related to the differing ionic radius sizes of Ni and Cu. Because of the high rate of the
Cu substitution, an obvious shift from martensite transition temperature to low tempera-
tures was clearly observed. If we assume that Cu?" atoms occupy exactly Ni** sites, then
the larger ionic radius of Cu?* (0.128 nm) compared to Ni* (0.125 nm) would result in an
increase of the lattice parameter.

It has been shown that the substitution of Ni by Cu and Co in NisxMnssSni1[64] re-
sults in a shift of the martensitic transition to a lower temperature, while the transition
shifts to higher temperatures when Cu doping atoms replaces Sn in the off-stoichiometric
NisMneSnz [55]. It is worth pointing out that the simulated structure in this case is ordered;
however, in a real material, the distribution of the Cu and Mn ions on the Sn sites would
be random.

Additionally, Wederni et al. analyzed and investigated the effect of Pd substitution
on the Ni-Mn-5Sn-Pd alloys [13]. They revealed that the martensitic transition and mag-
netic characteristics are sensitive to the Palladium concentration, even in small amounts.
Thus, the substitution of Pd on Ni sites express a L21 austenitic state (X sites of the Heusler
structure), and a modulated monoclinic martensitic structure by the substitution of Pd on
Sn sites (Z sites). Otherwise, the structural transition temperatures rise if Pd atom sites
substitute Ni or Sn sites and the cell parameters shift equally to higher values. Likewise,
in such an off-stoichiometric SMA, additional Mn atoms could occupy certain Sn posi-
tions. Therefore, along the (110) directions, Mn atoms can have Mn atoms as their nearest
neighbors. At that point, the Mn-Mn interatomic distance became closer than that of the
stoichiometric composition.
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Generally, the alloys’ crystal structure is examined in relation to the magnetic prop-
erties, which include exchange interactions, magnetic moments and spin configurations
[65].

Phase transitions in the X2YZ-type alloys are linked to magnetic ordering. The dis-
covery of critical magnetic transitions, including ferromagnetic to antiferromagnetic and
paramagnetic states, emphasizes how crystallographic variations affect the magnetic be-
havior [66]. As reported in earlier studies, the excess of Mn atoms in the NiMn5Sn alloys
prefers to occupy the Sn sites. In Figure 9, Mn atoms at Mn sites are marked as Mn-Mn,
while Mn atoms that substitute Sn atoms in the Sn sites from stoichiometrically Ni2MnSn
alloy are marked as Mn-Sn. Moreover, two situations of magnetic moments are consid-
ered. Hereafter, “AP” represents the antiparallel magnetic interactions between the Mn-
Mn and Mn-5n, and “P” represents their parallel magnetic interactions [67].

Thus, as detailed by Xu et al. [66], the ferromagnetic coupling between NiX/CoX and
MnY ions and the antiferromagnetic coupling between NiX/CoX and MnZ ions can be
used to represent the magnetic ordering of the X2YZ-type in (NiixCox)2MnGe Heusler al-
loys.

Furthermore, the identification of magnetic moments in half- and full-Heusler alloys
was conducted in other studies [68], describing that XYZ half-Heusler compounds can
display only one magnetic sublattice since only the X atoms on the octahedral sites convey
a local magnetic moment. However, X2YZ Heusler alloys present two magnetic sublat-
tices, which can be coupled ferromagnetically or antiferromagnetically.

Mnyn

(b)

Figure 9. Unit cell of the cubic structure of (a) Ni2MnSn and (b) NiCoMnSnCu alloys (reprinted with
the permission from Ref. [67]).

3.2. Thermal Properties in Heusler Alloys

Differential scanning calorimetry (DSC) is a process of thermal analysis that
measures the enthalpy of phase transformation in a material that undergoes structural
changes as a function of temperature and time, depending on whether heat is released or
absorbed. Heusler materials, and more precisely MSMA, represent a distinctive class of
metallic materials characterized by their remarkable ability to undergo reversible solid-
to-solid transformations, resulting in substantial recoverable strains upon exposure to
controlled temperature changes. The investigation of thermal stability and phase transi-
tions within these materials requires a meticulous reliance on XRD analysis. The phenom-
enon of thermal hysteresis, a prominent feature observed during the martensitic transi-
tion, undergoes the inherently first-order nature of this phase change. To discern the mar-
tensite-austenite transition effectively, differential scanning calorimetry (DSC) scans can
be conducted, entailing heating/cooling procedures from ambient temperature to temper-
atures surpassing the austenite start temperature, As. Conversely, DSC scans are executed
through cooling/heating sequences from room temperature to temperatures below the
martensite start temperature, Ms, to obtain an austenite-martensite transition. A thorough
comprehension of these DSC thermal results holds a huge significance for optimizing the
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functionality and reliability of these alloys across various practical applications [22]. It is
frequently a crucial step in the characterization process and is used to determine the mar-
tensitic transition temperatures, heat flow curves, thermal hysteresis and enthalpy/en-
tropy changes in shape-memory Heusler alloys [69]. As abovementioned, the calorimetric
DSC studies were conducted in terms of heating followed by cooling cycles to determine
the structural transition temperature (TM). A well-defined endothermic peak appearing
during heating indicated the martensite to austenite phase transformation, while an exo-
thermic peak was detected upon cooling, representing the austenite to martensite phase
transformation [58]. The endothermic and exothermic peaks in the DSC thermograms,
which characterize the martensite start and finish (Ms, Ms) and austenite start and finish
(As, Ar) temperatures, respectively, were used to determine the typical transition temper-
atures, as illustrated in Figure 10. These are revealing of a first-order phase transition. The
heat created with the production of martensite-austenite transitions is what causes the
DSC curves to appear [1]. For example, in Nisox Mns7+Snis alloys, a decrease in the Ni/Mn
ratio or an increase in the Mn content results in a decline in the martensitic transformation
temperature [70]. In the study conducted by Wederni et al. [46], the authors acquired the
typical transformation temperatures from differential scanning calorimetry scans. It was
observed that the copper addition for Ni led to the stabilization of the austenite phase
(increasing the martensitic start temperature from 194 to 228 K); however, substituting
minor amounts of Cu for Sn stabilized the modulated martensitic phase (increasing mar-
tensitic transformation temperature from 194 to 325 K). Generally, the transformation tem-
peratures rose by increasing the Cu content. Furthermore, with Te doping in
NisMnssSnu~xTex Heusler compounds, the martensite transition temperature increased
from 215 K to 289 K to be near room temperature [71].
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Figure 10. DSC curves during the heating and cooling processes. The reverse martensitic transition
(austenitic transition) upon heating start (As) and finish (Af) temperatures and martensitic transi-
tion upon cooling start (Ms) and finish (Mf) temperatures are indicated (the arrows indicate the
cooling or the heating process)(reprinted with the permission from Ref. [46]).
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Mostly, the average number of valence electrons by atom (e/a) is a parameter that has
a strong effect on the martensitic transition temperature in Ni-Mn-Sn Heusler alloys [46].
The e/a ratio is calculated as the concentration-weighted average of the valence (s, p and
d) by extracting the electron configurations from the outer shells of various elements fol-
lowing this equation [69]:

_fNj-eNj+fMn-eMn+fSn-eSn +fX-eX
a 100

where f Ni, f Mn, f Sn and f X symbolize the atomic fractions of the elements; eNi, eMn,
eSn and eX are the corresponding numbers of valence electrons; and X symbolizes the
fourth element of a quaternary alloy, respectively.

It is crucial to recognize that for Heusler alloys, (e/a) has a significant influence on
the transformation temperatures, considering that the valence electron concentrations per
atom are derived through extracting the electron configurations from the outer shells of
various elements. Therefore, a linear relationship exists between them, where the e/a ratio
is thought to have an impact on the martensite start temperature, Ms. As has been previ-
ously established [46], Ms rises with the e/a ratio. Consequently, the two values of Ms and
e/a should rise monotonously in accordance with the rule.

For instance, in alloys with the same e/a values, the effects of Ni/Mn ratios on mar-
tensitic transformation and magnetic characteristics are comparable [69]. In addition, low-
ering the e/a value can increase the lattice parameter and cell volume, as stated elsewhere.
However, the e/a ratio can be abolished in the case of NisoxMnssSnsPdx alloys due to the
substitution of Ni for Pd and the fact that both belong to the same group of the periodic
table and the same location of X2YZ Heusler alloys [1].

The (1 1 0) Brillouin zone is just about to be reached by the Fermi surface, which
stabilizes the L.21- austenite structure. Thus, the Fermi surface and the (1 1 0) Brillouin zone
will overlap by the increasing of the e/a ratio, and electrons above the Fermi level will then
migrate to the corner states of the Brillouin zone. Hereafter, an excessive rise in system
energy will influence the formation of martensite by distorting the lattice to diminish the
free energy [72]. Because of their linear relationship and prior findings in the literature
[73], the martensite start temperature, Ms, is thought to be influenced by the e/a ratio. As
a result, the Ms value must follow the rule and increases monotonically with the increase
of the e/a ratio, and vice versa. Furthermore, martensitic transformations in Niso-x Mns7x
X3 alloys are found above a critical value of a valence electron concentration of 7.86 [70].
Figure 11 illustrates the linear dependence of Ms as a function of the e/a ratio for several
common X2MnZ Heusler compounds, where the possibility of producing alloys with the
thermal hysteresis intervals at the desired temperature range is evidenced by the linear
tendency. Moreover, it has been discovered by Jing et al. [74] that in Ni-Mn-Sn-Co Heusler
alloys, partial substitution of Ni for Co pushes the martensitic transition to lower temper-
atures. As stated by Cong et al. [75], when replacing cobalt by nickel in NisoxCoxMnszoSn11
alloys, the martensitic transformation temperatures first drops slowly when x=0, 1, 2, 3
and 4, and then drops quickly when x exceeds 4. They did not detect martensitic transfor-
mation in alloys when x exceeded 9. In addition, Coll et al. [76] studied the thermal anal-
ysis of MnsoNiso-«Snx (x = 6, 8, and 10) and MnsoNiso«Inx (x = 6 and 8) alloys produced by
melt spinning. They described that, with an increase in Sn or In content, the transfor-
mation changed to lower temperatures. By increasing the Sn and In content, the enthalpy
change stabilized its value, whereas the entropy change value increased continuously.
Then, the martensitic transition temperature in NiswsCu25Mnse.s5n14.3 was detected at
around 200 K as the first-order magnetic transition [77]. Commonly, one must refer to the
DSC results in order to analyse the thermal stability and to be able to follow the phase
transitions carried out in Heusler shape memory alloys; however, one must refer firstly to
the XRD results.

As reported above, thermal hysteresis is a typical characteristic for the martensitic
transition because of the first-order nature of the transition. Henceforth, in order to notice
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the martensite—austenite transition, thermal analysis (DSC scans) must be performed by
heating/cooling between room temperature and a temperature higher than the austenite
start temperature for alloys that present an austenite phase at room temperature (in XRD
spectrums), whereas a cooling/heating rate from room temperature to a temperature
lower than the martensitic start temperature for alloys presenting a martensitic phase
must be performed [46].

Additional noteworthy features can be extracted from the calorimetric measurements
for specific thermodynamic parameters. These include the width of the hysteresis, AT,
which is characterized by the difference between the peak position’s temperatures. Like-
wise, from the calorimetry data, the entropy change can be calculated by means of the
following expression:

-1

s=1(D) () ar @
T\dt/\dt

where the integrals are mathematically calculated from martensitic start temperature on

cooling and from austenite finish temperature on heating to a given temperature T in the

transformation interval after picking a suitable baseline [46].

By the transformational process, Q is determined to be the heat exchange. It is con-
sidered as the DSC peak area and can be equally recognized as the enthalpy change (AH)
at the temperature that signifies the martensitic transformation (To), and the Gibbs ener-
gies of martensitic phase are equivalent to the parent phase.

Thus, respecting the thermodynamic equilibrium conditions, the martensitic trans-
formation (To) is given by the following expression:
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Figure 11. Correlation between the e/a ratio and the martensitic start temperature (Ms).

3.3. Magnetic and Shape Memory Alloys

Moreover, it is conceivable to design an alloy with the adequate temperature range
by selecting chemical (and e/a) parameters. However, the e/a ratio is not the only factor
that can affect the functional qualities. There are other parameters linked to the functional
response, such as magnetic interactions between atoms, the concurrence of the structural
and Curie ferromagnetic transformation and so on.

The magnetic properties of Ni-Mn based Heusler alloys can be tuned by varying their
composition and crystal structure. The Curie temperature (Tc), which is the temperature
above which a material loses its ferromagnetic properties, can be adjusted by tuning the
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ratio of Ni and Mn in the alloy, as well as by adding extra elements. Due to the reversibility
of the structural transition, a shape memory effect is observed [46]. Moreover, Ni-Mn-
based Heusler alloys can also exhibit magneto-striction, which is the change in dimen-
sions of a material when subjected to a magnetic field. This property can be utilized in
various applications such as sensors and actuators [46]. For that, Ni-Mn-based Heusler
alloys hold great potential for use in various magnetic applications due to their unique
magnetic properties that can be tuned by composition and crystal structure. Therefore, in
order to determine the transition temperatures and the magnetic state of the alloys, ther-
momagnetic measurements can be conducted using a vibrating sample magnetometer
(VSM) by means of zero-field cooling (ZFC), field-cooling (FC) and field-heating (FH) pro-
tocols within a temperature range around the phase transition and by the effect of an ap-
plied magnetic field. Several authors have discussed the FC and FH curves behaviors,
from which much information can be extracted. For instance, Chabri et al. [57] stated that
the presence of a distinct thermal hysteresis of roughly 12 K between FH and FC curves
suggests that the martensite transition is of first order in nature in NisMnuSni1 melt-spun
ribbons. However, the coincidence of these thermo-magnetization curves close to the Cu-
rie temperatures of austenite and martensite phases, TcA and TcM, respectively, indicates
that these transitions are of the second order. From these curves, the typical structural and
transition temperatures are noticed as Ms = 261.0 K, Mf =250.4 K, As =262.2 K, Af=274.1
K, TcM =172.0 K, and T2 = 307.3 K. Also, it has been discovered elsewhere [78] that the
magnetic transformation temperature of the austenite phase (Curie temperature Tc?) is
approximately 325 K for NisoMnssSnus alloys. In the regions of 230 K (Ms)-170 K (Mf) and
195 K (As)-255 K (Af), which correspond to martensitic and reverse martensitic transfor-
mations, respectively, dramatic changes in magnetization are seen below TcA. Further-
more, the zero-field cooling (ZFC) curve has a blocking temperature TB (65K) as an inflec-
tion point that indicates the presence of magnetically inhomogeneous states. The field-
cooling (FC) and zero-field cooling (ZFC) curves both split at low temperatures. Gener-
ally, this behavior is related to the competition between ferromagnetic (FM) and antifer-
romagnetic (AFM) systems. Afterwards, with further temperature increases, the magnet-
ization intensity can drop, and the HL vanishes.

Furthermore, it has been noted that MT increases progressively in NisMnasSnii-Tex
as Te content increases [71]. This might be explained by the increase in the e/a ratio and
the reduction of the unit cell volume. Authors have observed that the Mn atoms that sub-
stitute for Sn atoms are coupled anti-ferromagnetically to the ferromagnetic manganese
sites. On the other hand, Niso-xCuxMnssSni2 + B3% that are produced in ribbon form by the
melt spinning technique have had their manufacturing procedure explained in previous
works [1,13,46]. In a previous study, boron was added to the Ni-Mn-5n system in order to
diminish Mn evaporation during the elaboration technique. These Heusler alloys dis-
played an austenite phase at room temperature, where the Cu substitution for Ni in the
Ni-Mn-5n-B system led to the reduction of the martensitic transformation temperature
[63]. A negative magnetoresistance was detected in all the produced ribbons near the mar-
tensitic transition. The authors supposed that the magnetic field-induced structural tran-
sition could have been responsible for the large magnetoresistance near the martensitic
transition. The results attained for the NisCuiMnssSniz + B ribbon showed that the re-
sistances measured at different temperatures dropped suddenly with the rise of the ap-
plied magnetic field and overlapped near 80 kOe, thus making the Cu-substituted Mn-Ni-
Sn-B based alloys promising candidates for magneto-resistive devices such as magnetic
field sensors [63].

By dividing the spin density of Ni into two antiparallel sections, Z integrally displays
a relatively poor interaction with its nearby Mn atoms for the L21 of the alloys with Z = Ni
and Cu. Additionally, the Z can create a strong FM coupling with Mn/Mn' and serve as a
mediator between Mn and Mn' in alloys with an L21 structure where Z = Co and Fe, which
can considerably increase the stability of the FM state. The parallel spin order between the
Mn and Mn', which results from the strong AFM coupling between the Z and Mn/Mn’,
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increases the stability of the FM state in the L21 with Z = Mn and Cr. Similarly, further
authors have estimated that the magnetic transition from ferromagnetic (FM) to paramag-
netic (PM) state can occur simultaneously with the structural transformation from austen-
ite (AS) to martensite (MS) [79]. Referring to Sun et al. [78], in the NisoMnssSni+ Heusler
alloy, the temperature at which magnetic transformation occurred was roughly 325 K. In
the ranges of 230 K (Ms)-170 K (Mf) and 195 K (As)-255 K (Af), respectively, dramatic
changes in magnetization were seen below Curie temperature, which was related to MT
and reverse MT. As a further feature, the zero-field cooling (ZFC) curve demonstrated a
blocking temperature TB (65 K) inflection point that indicated the presence of magneti-
cally inhomogeneous states. However, the ZFC and FC curves reversibility in Nix
xMni+xSb demonstrates that the samples are stabilized in a magnetically homogeneous
state [80].

The magnetic properties of ferromagnetic Ni-Mn-Sn-Cu ribbons’ forms are described
elsewhere [46]. The authors concluded that the magneto-structural transition was tuned
by an appropriate Cu doping in the alloys. Thus, due to an obvious hysteresis, both FC
and ZFC curves exhibited an irreversible behavior, resulting in forward and inverse MT.
They stated that the martensitic phase became more stable by increasing an applied mag-
netic field. Thus, martensite requires more energy from austenite. Related to the ferro-
magnetic state of the martensite alloy, this makes the MT shift to a higher temperature.
The observed 3% deformation was entirely restored to the original shape of the material
in the NissCosMns.e7Iniss compound; this was attributed to a reverse transformation from
the antiferromagnetic (or paramagnetic) martensite state to the ferromagnetic parent
phase [33]. Because of their very high magnetic field-induced strain (up to 10%) and full
shape recovery within <108 mechanical cycles, Ni-Mn-Ga-based materials are highly suit-
able for technological applications of magnetic shape memory materials, such as actuators
with a long stroke and high precision [81]. The magnetic shape memory alloys lead to a
number of important functional properties such as giant magnetoresistance, shape recov-
ery, metamagnetic properties and large magnetocaloric effect.

3.4. Magnetocaloric Effect in Heusler Alloys

Generally, “caloric effect” refers to the application of an external stimulus in a solid
material. These stimuli can be applied through a magnetic field (H), hydrostatic pressure
(P), mechanical stress (o) or an electric potential (E), resulting in magnetocaloric, mecha-
nocaloric (barocaloric and elastocaloric) or electrocaloric effects, respectively.

Thus, the magnetocaloric effect (MCE) is the most studied among all caloric effects
[82]. The magnetocaloric effect in magnetic refrigeration needs to function around room
temperature; hence, the Ms of the Heusler alloys that are susceptible to this effect should
be near it [29]. As reported by Pasquale et al. [83], Ni-Mn-Ga alloys have been expansively
studied owing to the highest magnetocaloric effect value (AS = 86 J/kg /K at 50 KOe field).

In Heusler alloys, the magnetocaloric effect is linked to the magnetic shape memory,
which is the reversible martensitic transformation induced by a magnetic field. Buchelni-
kov et al. [84] stated that the non-stoichiometric NizisMnos2Ga and Ni2z1sMnosiGa alloys
exhibit a highest MC in the vicinity of the ferromagnetic martensite to paramagnetic aus-
tenite magneto-structural transition. In addition, in the alloys containing a significant ex-
cess of nickel, the change in magnetic entropy turns out to be much smaller. Subsequent
studies on almost-stoichiometric Ni-Mn—-Ga alloys revealed that the MCE type changed
from inverse (entropy change AS > 0) to direct (entropy change AS < 0) with increasing
magnetic field to H>1 T [85]. As previously mentioned, the presence of the AFM interac-
tion in the Ni-Mn—X (X = In, Sn, and Sb) alloys causes magnetization jumps to appear,
which are noticeable in the region of the magnetic structural transition, and effects such
as an inverse MCE, giant magnetoresistance and exchange bias effect are observed [82].

Likewise, the inverse magnetocaloric effect can be perceived in some Heusler alloys.
This is the most typical case. In this instance, a rise in the magnetic field allows the de-
crease of the temperature. Therefore, Krenke et al. [86] established the initial observation
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of the inverse magnetocaloric effect in Ni 050 Mn o50x Sn x alloys. It was demonstrated that
the structural and magnetic phase transformation took place in the range of composition
of 0.13 <x <0.15. Additionally, they examined the field-induced entropy change (AS) at
various compositions around the martensitic transition. The compositions with x = 0.15
and x = 0.13 revealed a positive entropy change between Mf <T <Ms. Therefore, the en-
tropy variation as a function of temperature for the highest applied magnetic field (5 T)
was 15 J/ K/kg for x = 0.15 and 18 J /K/kg for x = 0.13. Furthermore, other Heusler alloys
exhibit the inverse magnetocaloric effect such as Ni-Mn-In-X [87] and Ni-Mn-Sn-X [88].

3.5. Additional Properties and Applications of Heusler Alloys

Heusler materials are commonly categorized into three distinct groups based on their
electronic properties: metals, known for their ability to conduct electricity; topological in-
sulators; and semiconductors or semimetals [89]. Given that they combine metallic behav-
ior at the surface and insulating behavior in the bulk, topological insulators are classified
as part of a novel class of materials that cannot be solely categorized as insulators, semi-
conductors or metals, offering promise for innovative spintronic and quantum computing
applications [90].

These distinctions arise from the features of their valence and conduction bands. In
materials where the valence band is fully occupied and separated from the conduction
band by an energy gap, the material can act as either an insulator or a semiconductor.
Insulating materials present a significant energy gap between their valence and conduc-
tion bands, preventing electrons excitation between them [90]. Conversely, they possess a
smaller band gap compared to insulators, allowing for the migration of electrons from the
valence to the conduction band under suitable conditions. In the case of metals, there is
an overlap between the valence and conduction bands, leading to no defined band gap.
This overlapping enables electron conductivity from absolute zero temperature (0 K) up
to finite temperatures [32].

The electronic structures of full and half Heusler compounds are relatively different.
In order for full Heusler to achieve semiconductor status, a total of 24 valence electrons
are required for the electron in the outermost layer to reach a full shell state, like Fe2VAL
Ferromagnetism, ferrimagnetism or antiferromagnetism will manifest when the total
number of valence electrons is not 24 [29].

Once the total number of valence electrons in the half-Heusler compound is 18, it will
act as a semiconductor [89]. However, compounds in which the total number of valence
electrons is less than 18 tend to transform into metals or magnetic materials.

The majority of them, including FeMnSb, CrMnSb, and MnCoSb, do not yet crystal-
lize in the Clb configuration; that instability results from the electrons of Mn ions being
partially bonded within the ions and owing to the fact that they include multiple magnetic
elements. Several semi metallic ferromagnets, such NiMnSb and PtMnSb, are an exception
to the rule and will crystallize in the C1b configuration. These semimetals can display both
metal and insulator qualities in the same material, depending on the distinct spin direc-
tions [91].

Considering thermoelectric characteristics, half-Heusler compounds exhibit more
obvious thermoelectric characteristics than FH, including a greater Curie temperature and
spin polarizability. Additionally, as indirect bandgap semiconductors having bandgaps
of 0.91 eV and 0.82 eV, respectively, the half-Heusler PdZrSn and PdHfSn materials and
PdHfSn have demonstrated a strong thermoelectric performance [92]. Since thermoelec-
tric materials permit direct energy conversion between heat and electricity and vice versa,
they could be promising approaches for solid-state cooling and waste heat recovery ap-
plications [93].

Moreover, Heusler compound’s thermoelectric effectiveness can be enhanced by
doping it or by adding a giant anomalous Nernst transverse thermoelectric effect. In ad-
dition, the Heusler compounds may develop into topological superconductors [94]. In this
context, unexpectedly, half-Heusler semimetals of YPtBi and LuPtBi have already been



Metals 2024, 14, 688

19 of 25

proven to exhibit topological superconductivity by Lui et al. [95]. The non-centrosymmet-
ric crystal structure resulting from symmetry breaking and band inversion is the root
cause of the topological surface states of LuPtBi and YPtBi [96].

Certain alloys exhibit superconductivity at low temperatures, showcasing potential
applications in high-performance electronics and energy storage. Among them, the YPtBi
surface state exhibits superconductivity below the critical temperature Tc = 0.77 K, and at
Hc(0) = 1.5 T, the positive charge carrier density is incredibly low [97]. However, the
LuPtBi surface state’s superconductivity occurs below Tc = 1.0 K and Hc(0) = 1.6 T [96].
According to several studies, the element composition of XPtBi (a rare earth element)
tends to become a semiconductor when X is a light rare earth element, a semimetal when
X'is heavy and only a semimetal when the orbital spin coupling interaction occurs [91].
Moreover, there exists topological superconductivity in HoPdBi, LnPd25n (Ln=Sc, Y, Lu)
and other full- and half-Heusler materials [98].

Overall, the topological insulators hold significant potential for revolutionizing vari-
ous technological fields, from electronics to quantum computing, owing to their exotic
electronic properties and robust surface states.

Concerning the applications areas, spintronics, also known as spin electronics, is a
new discipline of solid-state physics devoted to investigating the impact of spin currents
on electrical conduction, which was discovered during the last three decades [99].
Spintronics has proven to offer several advantages over conventional electrical devices,
including higher integration densities, rise in data processing rates, universal memory
and lower electric power consumption [100]. The development of devices with a greatest
tunneling magnetoresistance effect is the key objective of spintronics. A pair of approaches
exist for achieving this objective: the first is creating an insulating barrier, while the second
involves using novel 100% spin-polarized materials instead of a conventional magnetic
electrode [101]. Half-metallic ferromagnetic oxides and half-metallic ferromagnetic met-
als, such as Heusler compounds, are potential candidates [100].

Co2YZ Heusler alloys, in particular, have attracted an extensive interest for their use
in spintronic applications owing to their high Curie temperature and half metallicity [102-
104]. Thin films of these alloys have been extensively explored in magnetic tunnel junc-
tions in arrangement with an MgO barrier. For magnetic tunnel junctions, Inomata et al.
[105] created a film by growing the Quaternary Heusler alloy Co2FeSi 1-x Alx epitaxially on
an MgO (0 0 1) substrate. High magnification showed the magnetic tunnel junction’s
good-quality morphology, and the top and lower Heusler alloy’s and MgO barrier’s out-
standing epitaxial plane matching were observed. The magnetoresistance values at room
temperature and 5 K were found to be 200% and 380%, respectively. Furthermore, the
XRD results showed that the annealing at temperatures over 450 °C produced the L2:
structure in the film, while annealing at temperatures lower than 400 °C produced the B2
structure. Overall, Heusler alloys offer a wide range of possibilities for various technolog-
ical applications, as presented in Figure 12, and ongoing research continues to explore and
exploit their unique properties for practical use in different fields.
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Figure 12. List of different structures, properties and possible applications of Heusler alloys.

4. Conclusions

The overview of this paper is devoted to a review of current research investigations
on structural, phase transitions and thermal properties of ternary Ni-Mn-X and quater-
nary Ni-Mn-Sn-X Heusler compounds. Furthermore, this review underlines the im-
portance of Heusler alloys in diverse applications, ranging from magnetic and spintronic
devices to thermoelectric materials. The authors expertly navigate through the complexi-
ties of structural changes and phase transitions, offering insights that could facilitate the
design and optimization of Heusler alloys for specific functionalities. Several multifunc-
tional properties have been identified in these systems, such as the shape memory effect,
extraordinary magnetocaloric effect, large magnetoresistance, the superparamagnetic ef-
fect and associated ferromagnetic-antiferromagnetic characteristics. We contend that fu-
ture studies ought to focus on the atomic site occupancy and atomic order rules of these
types of alloys and specifically off-stochiometric ones. Also, further studies remain to be
conducted concerning the effects of various synthesis procedures and thermal annealing
techniques on the development of the ordered L2: phase.
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