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ARTICLE INFO ABSTRACT

Keywords: Heusler alloys, discovered serendipitously at the beginning of the twentieth century, have
Heusler alloys emerged in the twenty-first century as exciting materials for numerous remarkable functional
Half metallicity

applications, including spintronics and thermos-electric devices.

xiﬁgﬁ;ﬁal properties The basic structural characteristic is an ordered structure with a face-centered cubic (FCC)
Spintronics superlattice and a body-centered cubic (BCC) unit cell. This structure separates the atoms into

distances not encountered in their pure state nor disordered solid solutions and this provides the
opportunity for exploring a range of novel material properties. The original alloy, CupMnSn,
exhibited ferromagnetism, in spite of the fact that none of the three constituent elements show
this behavior in their pure state. Heusler alloys have become a broad class of materials with
designations including Full Heusler (with stoichiometry X,Y1Z), Half Heusler (with stoichiom-
etry X;Y;1Z;), Inverse Heusler (IH), Binary, and Quaternary Heusler (QH). This class of materials is
exiting the laboratories, where they were a curiosity and the object of basic investigations, to
technological applications. We review here the steps that led to the discovery of these materials,
the fundamental principles behind their magnetic and electronic properties, their mechanical
properties, and the magnetic shape memory effect that some of them exhibit. The computational
design of Heusler alloys is also presented, including the general workflow of the high-throughput
computational material design approach, the best-known computational techniques for estab-
lishing materials stability, the proper choice of materials descriptors, and the applications of the
emerging machine learning approach in the accelerated materials design. We conclude the review
article with a discussion of the current challenges and future directions in the field.

Giant magnetoresistance effect

1. Introduction and goals

Heusler alloys were discovered at the end of the 19th century but remained for many years a scientific curiosity because of their
fascinating ferromagnetism, being composed of non-ferromagnetic elements. There are only four ferromagnetic elements: Fe, Co, Ni,
and Gd. The number of papers published on Heusler alloys is over 6,000, but the majority occurred after the significant discovery of
their half metallicity (having both metallic and semiconductor character) in 1983 by de Groot [1]. This property makes them excellent
candidates for spintronic devices, which were made possible by the discovery of the Giant Magnetoresistance (GMR) effect in 1988.
The evolution of publications is shown in Fig. 1 [2]. The rapid rise in numbers since the 1980 s is astounding. The most important
breakthroughs since the 1883 discovery of these alloys [3,4] are presented in Fig. 2. In addition to the GMR effect, some alloys were
found to exhibit reversible martensitic transformations generating both the shape memory and superelastic effects. Interestingly, the
martensitic transformation is affected by an externally applied magnetic field, leading to significant strains. This effect opens the door
for a number of applications in sensors and even magnetic refrigeration. This will be presented in Section 9. Some alloys also exhibit
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antiferromagnetism, a property that has potential use in spintronics.

There have been several reviews on Heusler alloys [5-8], the most notable being the excellent collection of articles edited as a book
by Felser and Hirohata [9]. It contains twenty chapters addressing many important aspects, ranging from theory [10,11], functional
properties [12-14], nanoparticles, martensitic transformations [15] and applications such as spintronic (giant magnetoresistance)
devices [16,17], thermoelectric and other energy conversion devices [18,19], thin-film growth [20], and new properties [21].

This review, intended for the non-specialist, provides an introduction to these complex materials. This is a rapidly evolving field
with research at the global level introducing new ideas and applications at a high rate. Section 2 covers the history of the development
of these alloys, which started with the discovery of ferromagnetism in ternary (CusMnSn and CusMnAl) systems wherein the three
elements were not ferromagnetic. This research led to a broad class of materials exhibiting outstanding functional properties. Thus, the
contemporary classification of Heusler alloys encompasses three types (binary, ternary, and quaternary) presented in Section 3. The
electronic and magnetic properties of Heusler alloys are presented in Section 4. In this context, Section 5 describes the most important
property of half-metallicity, which enabled spintronics (Section 6). New Heusler alloys based on transition metals, called all-d-metal
Heusler alloys, which have great potential for applications in solid-state refrigeration, are presented in Section 7. Some of these alloys
also display the shape-memory effect (Section 8), albeit magnetic and not mechanical, like the common Ni-Ti alloys, well known to
materials scientists.

Magnetocaloric and inverse magnetocaloric effects open the door to solid-state refrigeration applications. An important discovery
was the multicaloric effect, whereby mechanical and electric fields can generate the martensitic phase and enhance the magneto
caloric effect; these caloric effects are explained in Section 9. Topological insulators, a new state of quantum matter, which are being
considered for application in spintronic and quantum computing are covered in Section 10. The mechanical properties of Heusler
alloys have received relatively less attention but are nevertheless summarized in Section 11. This is an area where we recommend
additional research efforts, especially in thin films.

These fundamental properties are being exploited in the development of novel applications, some of which are presented in
Sections 12 and 13. The computer design of alloys is being vigorously applied to Heusler alloys and is enabling the discovery of new
systems with enhanced functionalities (Section 13). It is hoped that the overview presented herein will introduce the non-specialist
materials scientist to this rapidly expanding field of research.

2. Historical Aspects: Facts leading to the discovery of the Heusler alloys

The history of Heusler alloys is a fascinating one, and some of the complexity it carries is since there were three, and not one
Heusler: Conrad, Friedrich (or Fritz), and Otto Heusler. They each contributed to what resulted in a class of ferromagnetic alloys
comprised of non-magnetic components which have outstanding functional applications. The work started in the search for a new
bronze.

In 1876 the “Isabelle” Plant, located in Dillenburg (Germany) began to produce technically iron-free manganese. This company
specialized in the manufacture of bronze (a CuSn alloy). Problems invariably arose in melting the bronzes, e.g., oxygen absorption and
consequent copper oxide formation causing loss of vital properties. These undesired effects were partially eliminated by the addition of
phosphor to the bronze. The phosphor removed the copper oxide from the material, but side effects were clearly noticeable by an
increased brittleness. In order to avoid this inconvenient property, Conrad Heusler [22] brought forth in 1881 the idea of adding
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Fig. 1. Total publications with the name “Heusler Alloys™; notice a rapid increase after de Groot et al. [1] discovers half metallicity. (From Web of
Science [2]).
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manganese to the bronzes. The substitution of phosphor by manganese as a reducing agent was successful, and the Cu-Mn-Sn alloys had
properties that made them common-use materials at the end of the last century.

They could be rolled and forged. They retained their properties at high temperatures, being therefore extremely useful as tightening
bolts inside steam engines of locomotives. Furthermore, they had a wide range of applications in electrical measuring instruments,
under the commercial name of “Manganin.” Their dimensional constancy was particularly important for use in spools, around which
copper conduction leads were wound. The precision obtained in electrical measuring instruments at that time was to a great extent due
to the size invariability of the “Manganin” alloys. Seventeen years later, in 1898, a second Heusler, Friedrich [23], discovered by
chance the ferromagnetic properties of this alloy. He had prepared a spool by quickly cooling and aging it. He was mounting it in an
electrical instrument when he noticed that it was strongly attracted by one of its magnets. By repeating the experiments with other
alloys, he observed still stronger attraction with Cu-Mn-Al.

The importance of manganin, and other alloys which have a negligible coefficient of thermal expansion, was recognized by the
precision instrument industry, especially in Switzerland. The Swiss Physicist Charles Edouard Guillaume was awarded the 1922 Nobel
prize for the study of these alloys. Contemporary versions of Manganin, with a composition of 86 %Cu-12 %Mn-2 %Ni, are used in
gages for the determination of the pressure in shock compression experiments because of the high sensitivity of their resistance to
hydrostatic pressure. For example, Manganin gages were used by Hsu et al. [24] in shock compression experiments on nickel. They are
also used in shunts and in manganin-constantan thermocouples which use the thermoelectric effect.

2.1. Early work on structure determination

In his subsequent investigations, Friedrich Heusler found the following alloys to be ferromagnetic: Cu-Mn- (Sn, Al, As, W, Sb, B).
The communication, as well as quantitative measurements of intensities of saturation magnetization by magnetometric techniques,
was made in 1903 [25,26]. The highest magnetization was found at the compositions CusMnAl and CugMn3Sn. The enormous interest
which arose from these discoveries was to great extent due to the fact that while the alloys were ferromagnetic, its constituent elements
were diamagnetic or paramagnetic. Table 1 [27] shows the mass susceptibilities of various elements participating in Heusler Alloys.

The Heusler alloys have mass susceptibilities higher than 1 and are ferromagnetic. Some workers initially suspected that the
ferromagnetism in the Heusler alloys was associated with the presence of iron traces. In Heusler’s [25,26] original work, the iron
content was approximately 0.4 %. In order to investigate the influence of iron, Haupt [28] prepared identical alloys having 0.4 and
1.2 % iron. They were indistinguishable in the magnetometer. Furthermore, Honda [29] observed that iron, in percentages smaller
than 2 %, never had any noticeable magnetic effect on alloys. The suspicion on the influence of iron was therefore definitely discarded.

The Cu-Mn-Sn system was explored by Take and Semm [30] in 1914 and the presence of two magnetization maxima was confirmed,
at the compositions CusMnSn and CugMngSn. Ross and Gray [31] studied in 1910 a series of Cu-Mn-Sn and Cu-Mn-Al alloys. Their
results did not allow a final conclusion and the maximum magnetizations with the tin alloys were much lower than with aluminum
alloys. Later studies show that this is absolutely not true [32]. Ross and Gray [9] thought that the intermetallic compounds CusAl and
CusSn played an important role in determining the magnetic behavior. They concluded by saying that these compounds had similar
behavior to Heusler alloys after undergoing similar heat treatment. It seemed therefore likely that magnetism in Heusler alloys of
aluminum or tin was due to the entrance of the intermetallic compounds into solid solutions.

2.2. Congress on magnetism

In 1912 the Faraday Society sponsored a congress on magnetism. A series of papers on Heusler alloys were presented. The
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Fig. 2. Historical development of the Heusler alloy field. (From Meyers [3], Wollmann et al. [4]).
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Table 1

Mass susceptibilities of elements [27].
Element X x10° (in cms/g) Classification
Cu —0.086 Diamagnetic
Mn 9.7 Paramagnetic
Al 0.65 Diamagnetic
Sn —0.25 Diamagnetic
Gd —-0.24 Ferromagnetic
In —0.11 Diamagnetic
Ag -0.2 Diamagnetic
Bi -1.34 Diamagnetic
B —0.69 Diamagnetic
As —0.31 Diamagnetic
Co > 10° Ferromagnetic
Ni >10° Ferromagnetic
Sb —0.87 Diamagnetic
Au -0.15 Diamagnetic

impressive number of references cited in their bibliography indicates that these alloys had been extensively studied, since their dis-
covery in 1898. Some polemics took place, and they are worth describing.

Heusler [33] attacked Wedekind for claiming for himself the association of the ferromagnetic properties of Cu-Mn-(As, Sb, Bi, B, Al,
Sn) with the molecular structure. It seems that Wedekind had not cited Heusler as the original discoverer, a common occurrence even
in our days. In the same communication [11], Take criticized Ross and Gray [9] for claiming the priority in the explanatory theory
involving solid solutions of CugSn and CusAl. Heusler had for the first time indicated [34] the solid solution (Cu, Mn)3Al as responsible
for ferromagnetism. This communication preceded Ross’ and Gray’s [31] by one year.

Heusler and Take refuted a theory explaining ferromagnetism forwarded by Guillaume. Guillaume assumed that pure manganese
existed in a strongly magnetic allotropic form. This structure was stable only at very low temperatures. The addition of aluminum or tin
had the effect of raising the transformation temperature so that ferromagnetism of Heusler alloys became possible at room temper-
ature. However, this theory did not explain strong ferromagnetism in Cu-Mn- (As, Sb, Bi, B). Furthermore, no experimental evidence
existed of the low-temperature ferromagnetic form of manganese.

Ross [35] presented a summary of all his previous work, which included magnetometric and metallographic analysis. He main-
tained his position as the first investigator to associate ferromagnetism with a solid solution of the type (Cu, Mn)sAl. This can be seen
from his statement: “Moreover, the metallographic examination of the structure of some of these alloys, which has been recently taken
in hand, has already afforded valuable evidence in support of certain hypothesis first advanced by the author 3 years ago, and it had
done much to explain the behavior of the alloys under varying heat treatment.” However, there is no solid evidence in his support and
the facts indicate that Heusler was the original introducer of the idea. Furthermore, Ross concluded, by deviating from his first
proposition [31], stating that the solid solutions were probably composed of two intermetallic compounds, CuzAl and Mn3Al. This
conclusion was wrong. Another paper presented at this meeting analyzed the magnetic changes taking place with heat treatment,
without coming to any positive conclusions. In general conclusion, the knowledge in 1912 on Heusler alloys was:

a) Ferromagnetism is caused by the presence of manganese atoms.

b) Ferromagnetism is associated with a solid solution of the type (Cu, Mn)sAl.

c) Aging has confusing effects on ferromagnetism.

d) The highest saturation magnetizations appear at the composition CupMnAl and CuaMnSn.

2.3. Ordering studies

In 1927 Harang [36] studied a series of Cu-Mn-Al alloys by X-ray diffraction, each containing 12 % aluminum. He detected the
presence of three phases in the magnetic alloy. These three phases were probably present because of the sluggishness of his quenching
procedure. These phases remained basically identical for different manganese compositions. They were:

a) FCC structure of copper (a); a = 0.37 nm
b) BCC structure (); a = 0.3 nm
¢) A phase having an intricate cubic lattice, with 52 atoms per unit cell (Y); a = 0.870 nm.

The beta phase was identical to the previously described (Cu, Mn)3Al solid solution. Harang [36], therefore, contradicted Heusler
[11], concluding that ferromagnetism could not be exclusively associated with the beta phase. It resulted, according to him, from the
interaction of the three phases «, f§, and Y.

Persson [37] made a substantial contribution to the knowledge of Heusler alloys in 1928. He subjected Harang’s [14] §§ phase to a
careful crystallographic examination. His alloys had undergone a fast quench, inhibiting, for the most part, the precipitation of the low-
temperature phases alfa and gamma. He confirmed the BCC nature of the structure but noticed ordering among aluminum atoms. They
occupied sites of an FCC lattice with twice the lattice parameter (a = 0.605 nm) of the BCC. Thus, the basic pattern of a BCC structure
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with an FCC superlattice was identified. In ideal conditions, the unit cell contained four aluminum and twelve copper and manganese
atoms. Their positions referred to as letters in Fig. 3, are: B is aluminum; A, C, and D are copper and manganese.

X-ray techniques did not, at that time, allow distinction between copper and manganese atoms, because of their nearly identical
scattering powers. Wrong conclusions were, however, drawn by Persson on the change of magnetization with heat treatment. He
observed that alloys with low manganese amounts exhibited an increase in magnetization with aging. Persson’s explanation was that
the a and f} phase appearing during aging allowed the beta phase to be enriched by manganese. It is nowadays a well-known fact that
saturation magnetization increases due to a more perfect ordering attained by the atoms.

Most of the investigations conducted up to 1928 included considerations on aging and its effects on magnetizability. The aging
studies always gave confusing information. For this reason, Otto Heusler [38] decided, in 1928, to systematically analyze the copper-
rich portion of the Cu-Mn-Al system. The techniques used in his work were differential thermal analysis and microscopic examination.
He observed that the beta phase, existing over a considerable range of the ternary system, had its origin in the Cu-Al system. It
advanced into the ternary, surrounded by the two adjoining regions (« + p) and (f + Y). This configuration was stable at higher
temperatures (T > 600 °C). Fig. 4 shows an isothermal equilibrium section at a high temperature.

As the temperature dropped the beta phase range shrank. At low enough temperatures (T < 600 °C) it underwent a eutectoid
decomposition into (« + p). Some of the previously contradictory results obtained by aging were thus explained by the fact that this
eutectoid decomposition was very sluggish. From the three structures observed by Harang [14] and Persson [15], only the o and  were
at equilibrium at low temperatures. This tentative phase diagram was later found to be partially incorrect at low temperatures [39];
many other phases appear and complicate the picture. However, it was of great help in interpreting heat-treatment results.

Potter [40] in 1928 made an investigation with single crystals of CusMnAl. The elegance of his work justifies a detailed description.
He initially tried to grow CuaMnSn single crystals. This was, however, impossible due to the low melting point of the alloy at the
highest saturation magnetization composition. He analyzed the quenched specimens by X-rays, confirming the already identified beta
structure [15], by taking advantage of the fact that single crystals show different magnetizations along different crystallographic
directions.

The directional magnetic properties of the Heusler alloys were almost identical to those of nickel (FCC) and had no resemblance to
the directional properties of iron (BCC). This would be understandable if the magnetization were mainly produced by the distribution
of the aluminum atoms. It appeared more probable, however, that the important factor was the presence of manganese. It was known
to form various ferromagnetic compounds and alloys; thus, ferromagnetism was usually attributed to its presence. On this assumption,
the directional properties would probably depend on the spatial distribution of the manganese atoms. In a conclusion, Potter stated
that manganese, like aluminum, was arranged in an FCC structure.

There are, however, two possible ordering models. Potter [21] concluded by considering two alternate models but could not decide
between either of them because of inadequate X-rays techniques at the time. These models can be described, according to Fig. 3, by the
following distribution:

e Model 1: A — Cu; B- Al; C— Cu; D - Mn
e Model 2: A—Mn; B-Al; C-Cu; D-Cu

In 1929, Persson [41] presented a complete report on his previously described conclusions [17]. He carefully investigated the Cu-
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Fig. 3. In the beta-phase structure in Heusler Alloys; four atomic positions are shown which can be established through X-ray diffraction using
structure factor analysis (Adapted from Meyers et al. [60]).
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Fig. 4. Tentative phase diagram for Cu-Mn-Al. (Isothermal section for T > 600 °C). (From Meyers [3]).

Mn-Al system, having already the knowledge of the metastability of the beta phase at room temperature [38]. By analogy, he extended
his conclusions to the Cu-Mn-Sn system. He prepared sets of quenched and slowly cooled alloys. The quenched alloys were analyzed,
showing the presence of the  phase only. By comparing the saturation magnetizations with X-ray determinations (taking relative
intensities of the lines into consideration) he came to the final conclusion that the p phase alone was responsible for ferromagnetism. In
the quenched alloys the maximum magnetizations occurred at the composition CupMnSn and CupsMnAl.

This was already a well-known fact, but Persson reasoned that it was so because this composition allowed ideal conditions for
ordering among Mn atoms. He, therefore, suggested two alternate ordering models, identical to those of Potter [40]. The aging ex-
periments showed that the § phase decomposed into two or more phases. If the manganese content was less than the required for the
formation of the CusMnAl, the phases were CusAl (a = 0.583 nm) and CuaMnAl (a = 0.595 nm). If the manganese content was larger, a
structure of the § Mn type (a = 0.6370 nm) was formed, besides the CupMnAl. Less emphasis was given to the Cu-Mn-Sn system.
Persson [19] said that its p phase had probably the same type of ordering. The p phase decomposed, by aging, into an FCC structure
(a = 0.616 nm) and a phase very similar to hexagonal CusSn (a; = 0.2.824 nm), (a3 = 0.4502 nm), (ag/a; = 0.1594 nm).

Valentiner and Becker [42] presented in 1933 a comprehensive review on aging studies done on Cu-Mn-Al. They added to this their
personal experiments; the purpose of the work was to obtain consistent knowledge on aging. They completely ignored the phase
diagram constructed by Heusler [38] and therefore tried to relate saturation magnetizations and compositions with Curie tempera-
tures. Their conclusions are, as stated in their communication: “The aging temperatures influence the change in magnetic properties, as
well as the formation of the ordered CusMnAl crystal in different ways at different temperatures”. “The most appropriate aging
temperature varies with the composition of the alloy.”.

In 1934 the ordering among manganese atoms was experimentally proved. It is interesting to observe that two workers came
independently to these conclusions, but the communications were made on the same date, in different journals: October 4, 1933. The
coincidence is rather strange, since the techniques they used were nearly identical. A fact that enhances the suspicion that some in-
formation transfer might have taken place is that there is no common elucidative reference from which the authors could have gotten
their conclusions. They will be described below.

Otto Heusler [43], by using X-ray techniques and electrical measurements, studied quenched Cu-Mn-Al alloys in the beta range. He
comparatively analyzed two possible ordering models previously suggested by Potter [40] and Persson [41], by designating them by
their space groups: Oh® and Td2. He calculated the structure factors of the diffraction patterns for the two groups in an extremely rough
manner. Intensities were taken, as a first approximation, as proportional to the squares of the structure factors. The ratios found
between the intensities of the three types of lines (designated X, Y, and Z) were:

e Ohs Iy: Iy: I, = 100:4.34:1.56
e Td; Iy: Iy: I, = 100:1.56:2.95

The structure factors were calculated by taking advantage of the phenomenon of anomalous dispersion. Fe Ka radiation increased
the intensity differences between the Y and Z lines for the two models. The X-ray experiments showed that the Y lines were much
stronger than the Z lines. This served as a confirmation of the Ohs structure, corresponding, in Fig. 3, to the following atomic positions:

e A-Cu
e B - Mn
e C-Cu
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e DAl

Ordered alloys are known to have a decreased resistivity and an increased dependence of conductivity on temperature. Electrical
measurements conducted by Heusler [21] confirmed that maximum ordering existed at the composition CusMnAl. Bradley and Rogers
[44] prepared an alloy close to the stoichiometric composition CupMnAl. They subjected it to a fast quench in order to fully retain the
beta phase. They considered three alternate ordering models: the ones suggested by Potter [40] and Persson [41] and the third one
with randomization between copper and manganese atoms. The structure factors were calculated with great precision, by taking into
account the effect of the incident angle, the wavelength of the incident radiation, and anomalous dispersion near the K absorption edge
of the elements. The intensities of the lines were calculated by means of the expression:

_ 1+cos*20 PP
"~ sin*fcosd P

@

where I is the intensity, p is the multiplicity factor, and F is the structure factor. Calculations were made for Fe Ka, Cu Ka, and Ni Ko
incident radiations. A comparison of calculated and actual data led the authors to conclude that ordering existed among manganese
atoms and that it corresponded, according to Fig. 3, to the following pattern:

e A-Cu
e B-Mn
e C-Cu
e D-Al

Bradley and Rodgers [44] conducted their work with more precision than Heusler [43]. They based their structure factor calcu-
lations on strong theoretical evidence. Their investigation was more rigorous than Heusler’s, but it is interesting that both arrived at
the same structure.

2.4. Investigations on Heusler alloys from the 40 s to the 70 s

In the years following the discovery of the Heusler alloys, the attention of investigators was concentrated for the most part on the
Cu-Mn-Al system. This interest was justified by the fact that this system exhibited the highest saturation magnetization. However, after
the structure responsible for the magnetization had been identified and fully investigated, the interest in other Heusler alloys grew. In
1942 Carapella and Hultgren [32] published the results of a systematic investigation of the beta phase range in the Cu-Mn-Sn system.
They used X-ray, microscopic, and magnetometric techniques. They designed quenching equipment that allowed an almost instan-
taneous quench. Earlier saturation magnetizations obtained on the Cu-Mn-Sn systems were usually very low because sluggish
quenching media were used. The decomposition of the beta phase in the Cu-Mn-Sn is extremely fast and had never been completely
inhibited in the early investigations. Carapella and Hultgren [32] obtained saturation magnetizations exceeding the highest values
reported for the Cu-Mn-Al system. They outlined the phase range for temperatures above 620 °C, and it is shown by the full line in
Fig. 5.

No evidence of a Curie point, corresponding to the order-disorder transformation temperature, was found. X-ray photographs taken
at 630 °C showed the presence of superlattice lines. Quantitative magnetometric measurements showed that high saturation

\o/o Sn
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Fig. 5. The beta phase range for Cu-Mn-Sn (for T > 600 °C) and alloys was studied by Meyers et al. [60]. (From Meyers [3]).
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magnetizations were confined to alloys having long-range ordering. The highest value for the intensity of saturation magnetization was
equal to Ms = 660 emu. cm 2 (~0.830 Wb/m?); it was found at the composition CupMnSn. The investigators did not, however, make a
careful ordering study by X-rays.

In 1947 Valentiner [45] discovered ferromagnetism in the system Cu-Mn-In. Sometime later, the maximum was detected at the
composition CusMnlIn [46,47]. In 1948 Hames [48] reported ferromagnetism in the system Cu-Mn-Ga. In the following years, many
other ternary systems of manganese were found to exhibit ferromagnetism. A complete investigation on a series of alloys inside and
outside the Cu-Mn-Sn range was performed in 1953 by Valentiner [49]. He corrected the beta limits previously traced by Carapella and
Hultgren [10].

This is indicated in Fig. 5 by a dotted line. The quenched and slowly cooled alloys were analyzed by X-rays. The slowly cooled alloys
having a composition close to CusMnSn showed an FCC structure of the Cys type. The lattice parameter was 0.69658 nm. Valentiner
[23] attributed the composition CugMn4Sn to it. He considered it to correspond to the CugMn3Sn magnetization maximum found by
Take and Semm [30]. He interpreted some of Carapella’s aging results, in terms of the CugMn4Sn C;i5 phase. The C;5 phase was,
according to him, ferromagnetic, and the increase of ferromagnetism due to its appearance more than compensated for the decrease
due to the precipitation of the ordered §§ phase. So, he returned to the old-fashioned idea [36] that more than one phase was responsible
for ferromagnetism.

Taglang and Ash [50] studied in 1954 the transformation occurring in CupMnSn. They observed that the decomposition of beta
CuyMnSn into an FCC structure with a lattice parameter of approximately 0.7 nm and the CusSn phase coincided with the decrease in
ferromagnetism. This contradicted Valentiner’s [49] conclusions. They observed that the beta phase was stable above 500 °C but only
had a considerable range of existence at 620 °C. Based on their magnetometric measurements, they suggested that it remained ordered
up to melting temperature. Thermal differential analysis measurements were made, indicating the presence of an intermediate state
between 400° and 440 °C.

The copper-rich portion of the Cu-Mn-Al system underwent a systematic survey in 1956 [39]. The isothermal sections above 600 °C
confirmed the phase diagram constructed by Heusler [38]. However, at low temperatures, an intricate array of phases appeared. One
fact that should be noticed is the discovery of the intermetallic compound CusMn,Sn, having a Cys-type structure. It was formed by the
peritectoid reaction § + p Mn = CugMnAl at temperatures below 550 °C.

In 1961 Gladyshevskii et al. [51] confirmed the existence of the CusMnSn compound in the Cu-Mn-Sn system. Taglang [52]
repeated his original experiments in 1961 by using dilatometric, electrical resistance, and X-ray measurements. He confirmed the
existence of an intermediate state limited by two transformations:

a) A first-order transformation at 432 °C
b) A second-order transformation at 477 °C

From this fact, he concluded that all alloys quenched from above 477 °C showed at room temperature the phase which was stable
between 432 °C and 477 °C. According to him, the high-temperature phase, existing between 477 °C and 650 °C was never retained. He
concluded that the intermediate state corresponded to the ordered beta phase. The order-disorder transformation occurred at 477 °C.
He did not verify his conclusions by high-temperature X-ray photographs. Those had been previously done by Carapella and Hultgren
[32] showing ordering up to melting temperature. Therefore, Taglang’s conclusions [50] are probably wrong.
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Fig. 6. Correlation between experimental parameter p.q.r from X-ray diffraction with saturation magnetization for six Cu-Mn-Sn alloys within the
range (shown in Fig. 5). (Adapted from Meyers et al. [60]).
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In 1963 Oxley, Tebble, and Williams [53] analyzed a series of Heusler alloys. They could not detect ferromagnetism in the Cu-Mn-
Sb system, although it had been previously reported. CusMnGe was found to be ferromagnetic. However, this behavior could not be
associated with a BCC-ordered structure; X-ray measurements showed a tetragonal structure. CupMnBi and CusMnGa were polyphase,
and the ferromagnetism was interpreted as being due to the precipitation of two binary phases.

Johnson et al. [54-56] reported in 1968 several discoveries on Heusler alloys. In their first communication [54] they studied partial
disordering in quenched Cu-Mn-Al alloys by X-ray and neutron diffraction. They analyzed the reordering taking place by aging and
producing the maximum magnetizability. The second communication presented a discussion on the nature of the intermetallic
compound CusMnyAl. It was found to be a Laves phase and antiferromagnetic. Their last investigation was on the Cu-Mn-Sb system,
where Oxley [53] and Heusler [23] had obtained conflicting results. In 1971, Webster [57] investigated the structural and magnetic
characteristics of some ternary systems of cobalt and manganese. In 1972, this same author carried out a series of studies on the
magnetic and chemical order containing cobalt and titanium-containing alloys [58].

In the early seventies, Meyers and Hepworth [59] determined the enthalpies of formation of several Cu-Mn-Sn alloys within the
beta phase range; they were trying to obtain the enthalpy of ordering but the sensitivity of the apparatus (tin calorimeter) was not
sufficient. Later, Meyers et al. [60] confirmed the ordered structure for this alloy using X-diffraction and structure factor calculations.
Thus, CupMnSn and CuaMnAl have the same structure. They also measured the saturation magnetization and correlated it with a
function of the long-range ordering parameter. A parameter p.q.r composed of three factors was defined; p corresponds to a number
varying linearly from the composition CupMnSn (p = 1) to the boundary of the p region (p = 0) in Fig. 6; q is the fraction of p phase
retained upon quenching as deduced from the height of the peaks in the X-ray diffractometer; and r is the highest value of the
saturation magnetization reported for CupMnSn, namely 660 emu.cm™> (~0.830 Wb/m?). The straight line represents a perfect
correlation. It can be seen that the parameter p.q.r represents the saturation magnetization of the different alloys fairly well and that
the maximum saturation magnetization corresponds to the composition CusMnSn. Some deviations are observed which are due to
experimental errors.

In the middle of the seventies, the magnetic properties of Heusler alloys continued to be explored. Ziebeck and Webster [61]
investigated the neutron-diffraction and magnetization of Heusler alloys with the composition Co2YZ (Y belongs to the family IVA or
VA, while Z represents the group IIIB or IVB of the periodic table). It was demonstrated that for the same family, the magnetic moment
and Curie temperature of alloys are similar, but their lattice parameters vary if Z belongs to the IIIB or IVB group. This behavior
suggests that for these Heusler alloys, the change in electron concentration has a larger effect on the magnetic properties than the
change in the lattice parameter.

Noda and Ishikawa [62] studied the spin waves of two Heusler alloys, PdoMnSn and NisMnSn, to understand their magnetic in-
teractions. Neutron scattering was used to determine the magnetic interactions because this technique has considerable precision. The
results indicated that the magnetic interaction for the alloys studied is long-range, reaching more than eight neighbors. In addition,
only Mn atoms have a magnetic moment. For both alloys, it was observed that the first two nearest-neighbor interactions are ferro-
magnetic, and that the Curie temperature is defined by the interactions.

2.5. Research activity from the 80 s to present

Whereas the activity in Heusler alloys continued at a moderate pace in the seventies, an acceleration of research occurred from the
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Fig. 7. Kerr rotation at room temperature versus the corresponding at an ambient temperature saturation magnetization. (Adapted From Buschow
and Engen [63]).
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80 s, as evident from the number of publications in Fig. 1. The triggering event was the discovery by de Groot et al. [1]. This work is
introduced and briefly described here. An in-depth and detailed presentation of the development is presented in Sections 6 to 13.

In the eighties, Buschow and Engen [63] studied a series of compounds with the general formula X,YZ, to investigate their magnetic
and magneto-optical properties. In this study, X is a 3d transition metal or Cu, Y characterizes a second 3d transition metal, and Z
represents Al or Ga atoms. The results showed that a limited combination of these elements promotes the formation of the cubic L2;
phase. Regarding the magnetic properties, they found that, for the XoMnZ Heusler alloys, the magnetic moment of the Mn does not
depend on the X and Y elements. This same effect was demonstrated by Noda and Ishikawa [62]. It is known that ferromagnetic
compounds with high Kerr rotation are used in magneto-optical recording devices. As the Heusler alloys are formed by different
components and their magnetization can be altered extensively, Kerr’s effect was analyzed for these materials. The Kerr effect of a
material is defined as the change in its refractive index as a function of an applied electric field. A plot of the Kerr rotation as a function
of the saturation magnetization at ambient temperature is shown in Fig. 7. The materials with the highest values of Kerr rotation also
have the maximum saturation magnetization values. However, according to Buschow and Engen [63], the correlation between these
two variables cannot be assumed. The highest Kerr rotation values are found for the systems CopFeAl and CosFeGa. In contrast, the
lowest Kerr rotation values are observed in the alloys containing Mn. According to Buschow and Engen [63], Mn atoms, when
combined with other magnetic 3d metals, cause a deleterious effect on the Kerr rotation. Table 2 presents the Kerr effect for the Heusler
alloys studied.

In 1983, de Groot et al. [1] discovered a most important phenomenon regarding this class of materials, the half-metallicity. They
studied the electronic properties of four Half-Heusler alloys: NiMnSb, PtMnSb, PdMnSb, and PtMnSn, and observed a particular
behavior for the NiMnSb alloy. Its majority-spin band has a metallic character; the minority-spin band is a semiconducting behavior.
The conduction electrons are 100 % polarized at the Fermi level. This unusual feature is known as half-metallicity. Materials that
exhibit this behavior are strong candidates for spintronic applications. After de Groot’s discovery, many investigations have been
conducted to search for half-metallicity in other families of Heusler alloys. In this context, two important research groups, led by
Galanakis [64-72] and Felser [73-82] have been studying theoretical and experimental aspects of the half-metallicity in Heusler
alloys. This will be further discussed in Section 5.

A discovery related to the Heusler alloys was made by Webster and collaborators [83]. They found a peculiar behavior for Ni,MnGa
alloys. During quenching heat treatment, these alloys undergo a martensitic phase transformation. The transformation occurred at a
temperature below 202 K. Fig. 8(a), (b), and (c) present the microstructure evolution at different temperatures: above 202 K, at
approximately at 202 K, and below 202 K, respectively. For temperatures above 202 K, there is no martensite formation. At a tem-
perature of nearly 202 K, the phase transformation is initiated. Finally, at a temperature below 202 K, martensitic platelets are
observed over the entire surface. This pioneering work by Webster et al. [83] opened a new study field for the Heusler compounds
because certain alloys that undergo structural transformation display superelasticity of a few percent as well as thermal recovery
strains. Compounds that exhibit these features are known as magnetic shape-memory materials due to their capability to exhibit a large
magnetically-induced strain due to the formation of the martensitic phase. As consequence, this class of materials is classified as ‘new
actuators.’.

In the nineties, it was reported that higher performance of new actuators is achieved by magnetic field control of the shape memory
effect. As a result, many research groups studied ferromagnetic alloys with the martensitic transformation, allowing control of the

Table 2

Kerr effect. The lattice constant (a), Curie temperature (T.), saturation moment at 4.2 K (us), saturation magnetization at 300 K (6300), and Kerr
rotation (24i) [63]. The T of Co,MnAl was exported from Webster’s investigation [58] while Co,V and Co,HfAl were exported from Ziebeck and
Webster [61].

Compounds Heat treatment a (A) T (K) ps (uB/FU) 6300 (emu/g) 2,1 degrees
633 nm 830 nm

Mn,VAl 30d 800 5.932 - 1.82 50 0.02 0.01
Fe,NiAl 30d 600 5.758 - 4.25 117 —0.50 —-0.61
Fe;MnAl 12d 900 5.816 - 1.58 52 -0.23 —-0.22
Fe,CrAl 11d 800 5.805 246 1.67 - - -
Fe,VAlL 11d 800 5.761 - Xg = 1.8x10°° emu/g - - -
Fe,TiAl 11d 900 5.879 123 0.11 - - -
Fe,MoAl as-cast 5.918 - 0.36 - - -
CoyFeAl 10d 800 5.73 - 4.96 138 —0.73 —0.84
Co,MnAl as-cast 5.749 639 4.04 104 —0.08 -0.07
Co,CrAl as-cast 5.887 334 1.55 17 -0.02 —0.02
CoyVAL as-cast 5.772 310 1.95 27 —-0.03 —0.03
Co,VAl 14d 800 5.847 134 0.74 - - -
Co,NbAl 10d900 5.935 383 1.35 22 0.00 0.01
CoyZrAl 3d 1050 6.078 178 0.79 - - -
Co,TaAl 10d 900 5.93 260 1.50 - - -
Co,HfAl 3d 1000 6.045 193” 0.82 - - -
NizMnAl 8d 900 5.824 Tn =30 - - - -
NiyCrAl sp.c. 5.737 140 0.13 - - -
Cu,MnAl 10d 800 5.968 603 3.60 86 0.00 0.00
Cu,CrAl 10d 800 5.809 - Xg = 3.5x107 emu/g - - -
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Fig. 8. Microstructure of Ni;MnGa alloy on cooling. (a) Above 202 K. (b) At 202 K and (c) Below 202 K. (From Webster et al. [83]).

displacement through the application of a magnetic field at a constant temperature. In this scenario, Ullakko et al. [84] induced strains
of 0.20 % along the [001] direction in a non-stressed crystal of NixMnGa, applying a magnetic field of 8 kOe at 265 K. We remind the
reader that the measurements of magnetic field intensity in Oersted (H; CGS) and Tesla (B; SI) are related by the equation:

B = p,uoH @

where y; is the permeability of the medium and iy is the permeability of vacuum.

Fig. 9(a) shows the strain gauge and the sample alignment caused by the application of the magnetic field. Fig. 9(b) and (c) present
the strain along [001] due to the fields applied along [001] and [110] at 283 K (parent phase), and 265 K (martensite phase). It was
observed that when the magnetic field has the same orientation as the [001] direction, i.e., they are in a parallel configuration, the
strain is higher than when they exhibit antiparallel alignment. In addition, the strain effect is more pronounced for the martensite
phase. The strains are due to the movement of coherent twin boundaries in the martensitic phase. At high temperatures, the Ni;MnGa
alloy has the L2; cubic lattice (a = 0.5822 nm). The martensite transformation occurs close to 276 K. At low temperatures, the crystal
structure evolves from the parent phase through a non-diffusional mechanism that promotes the tetragonal structure
(a=b =0.590 nm, ¢ = 0.544 nm)[85].

In the early 2000 s, Sutou et al. [86] investigated the martensitic and magnetic transformation in Heusler alloys that were Ga-free.
The following systems were studied: NisoMnsg.yXy (where X corresponds to In, Sn, and Sb atoms). The transformation temperatures
(martensitic and magnetic) were evaluated through differential scanning calorimetry (DSC) and vibrating sample magnetometry
(VSM) techniques. Transmission electron microscopy (TEM) identified the martensite phase crystal structure. In addition, X-ray
diffraction (XRD) was utilized to determine the lattice of the martensite structure. Fig. 10(a), (b), and (c) show the results of the
thermomagnetization curves on cooling and heating for the alloys: NisopMns4lIn;e, NisoMnsySnys, and NisopMns;Sbys, which were
subjected to a magnetic field of 500 Oe. In these curves, martensitic transformation start and finish temperatures are defined as M and
Ay, respectively. Furthermore, martensitic-to-martensitic transformations are characterized by M’ and M;”. The reversible trans-
formation is defined by Ay’ and A¢” while the Curie temperature is designated as T.. The alloys exhibit the same behavior, i.e., the
thermomagnetization curves rapidly rise because of the magnetic transformation from the paramagnetic to ferromagnetic phase
during cooling. After that, the magnetization is significantly reduced due to the martensitic transformation and cooling rate change.
Sutou et al. [86] explain that this behavior is evidence of a martensite-to-martensite transformation, which appears in all compounds
studied. A particular case occurs for NisoMns;Sn;3 alloy (Fig. 10b), in which three stages of martensitic transformation are observed.
Fig. 11 shows TEM and XRD of the NisoMns;.5Sn12 5 alloy at room temperature. The presence of the modulated layer of twins or
stacking faults is observed in Fig. 11(a). Furthermore, the extra spots present in Fig. 11(b) indicate that the martensite exhibits an
orthorhombic four-layered structure. According to the authors, this type of geometry had not been demonstrated earlier in any other
ferromagnetic shape memory alloys.

The magnetocaloric effect (MCE) is a property present in some Heusler alloys. This phenomenon occurs by variation of magnetic
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Fig. 9. (a) Schematic drawing of the relative orientation of strain gauge and sample. (b) Strain as a function of the applied field for parent phase, at
283 K. (c) Strain as a function of the applied field for martensitic phase, at 265 K. (From Ullakko et al. [84]).

fields promoting heating or cooling of the materials, due to the temperature change (AT,q) in an adiabatic process or by entropy change
(AS;so) in an isothermal system [87]. The magnetocaloric effect is an intrinsic property of magnetic materials. Furthermore, a large
magnetocaloric effect is reached for materials that undergo magneto-structural transition and first-order magnetic transition. This
property allowed the creation of a new technology of refrigeration that did not require the expansion and compression of a gas. Fig. 12
shows how the magnetic refrigeration process occurs. In the first stage, a magnetocaloric material is adiabatically magnetized pro-
moting an increase in the temperature. In the second step, additional heat is rejected into the environment, and the temperature of the
materials drops. In the third stage, the magnetic field is removed adiabatically; this action causes a decrease in the temperature. In the
last step, the cooling is accomplished [88].

Magnetic refrigeration demonstrates several advantages compared to the conventional compression gas method. The cooling ef-
ficiency is higher (30-60 % of a Carnot cycle, while for the conventional technique it is 5-10 %) even on a small scale [89]. In addition,
magnetic refrigeration does not use corrosive substances (ammonia), ozone-depleting (chlorofluorocarbons and hydro-
chlorofluorocarbons), or any substances that promote global warming [90,91]. In other words, magnetic refrigeration is considered an
environmentally-friendly cooling technology. The magnetocaloric effect is not a unique property found in Heusler alloys. The inverse
magnetocaloric [92-99], mechanocaloric [100-103] properties are examples of caloric effects present in these materials. The latter is
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Fig. 10. Measurement of the thermomagnetization curves for (a) NisopMn34In;e, (b) NisoMn3;In;3, and (c) Nisg Mn3,Sby3 alloys via VSM. (From
Sutou et al. [86]).

divided into barocaloric (pressure) and elastocaloric (elastic uniaxial deformation).

Topological insulators (TIs) are defined as a new state of quantum matter, which exhibits a gapless surface inside the bulk energy
gap [104,105]. They can occur in two-dimensional (2D), called quantum spin Hall (QSH), and three-dimensional (3D) states. The first
material identified as a 2D topological insulator was CdTe/HgTe/CdTe quantum well [106,107], while Bi; xSby was the first alloy
known as a 3D topological insulator [108]. Investigations led by Felser’s group [109-115] revealed that some ternary Heusler
compounds can be classified as topological insulators. This new state has gained much attention in diverse areas such as condensed
matter physics, chemistry, and materials science with great potential in spintronics and quantum computing applications
[109,116,117].

The first investigations on the mechanical properties of the Heusler alloys began in 2016, by Rogl et al. [118]. They evaluated the
hardness, elastic moduli, Vickers fracture resistance, and thermal expansion of Half Heusler alloys. They also compared experimental
data with density functional theory (DFT) simulations. It was observed, as in most materials, that elastic moduli are dependent on the
porosity: they decrease as porosity increases. Furthermore, there is a linear relationship between the Vickers hardness and Young’s
modulus. It is well known that hardness is proportional to the yield strength; this is the so-called Tabor equation. Regarding fracture
resistance, it was demonstrated that this property rises with increasing zirconium/hafnium content. Concerning the thermal expan-
sion, it was concluded that for Half Heusler alloys this parameter shows a linear behavior above 100 K.

Theoretical studies based on atomistic modeling methods and DFT simulations were performed by Everhart and Newkirk [119] to
obtain information on the mechanical properties of Heusler alloys. They evaluated various properties such as Young’s modulus, shear
modulus, bulk modulus, hardness, porosity, and fracture toughness. Through this theoretical investigation, it was possible to predict
the mechanical behavior of Heusler compounds and to compare it with other classes of materials (metals and ceramics).

Recently, experimental studies of mechanical properties based on Ni-Mn-In [120,121], and all-d-metal Ni-Mn-Ti [103,122] alloys
have been conducted since these alloys are promising alternatives to the vapor compression refrigeration cycle, due to their multi-
caloric properties. All-d-metal Heusler alloys refer to a novel class of Heusler alloys comprised totally of transition metals, i.e, the p-
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Fig. 11. TEM and XRD analysis for NisoMns;.5Sn155 alloy at ambient temperature. (a) Usual microstructure and (b) Diffraction pattern of
martensite phase. (From Sutou et al. [86]).
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Fig. 12. Diagrammatic representation of magnetocaloric refrigeration principle. (From Yan et al. [317]).
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elements of the periodic table (formed by the groups 13, 14, 15) are replaced by d-elements (transition metals). Yan et al. [122]
demonstrated a high ultimate strength of 1.1 GPa for the NisoMns; 7Tiig 25 all-d-metal Heusler alloy.

3. Classification of Heusler alloys

Ternary Heusler alloys are classified as: Full Heusler, Half Heusler, and Inverse Heusler. Additionally, due to the chemical sub-
stitutions and structural variations, Heusler alloys are extended into Binary and Quaternary compounds.

Full Heusler alloys have the general formula X,YZ (2:1:1), where X and Y atoms are transition metals or lanthanides and Z atoms
belong to the main group (III or IV) of the periodic table [119]. Fig. 13 shows the periodic table of each element that forms the Full-
Heusler alloys. Usually, the transition metal is the first in the formula, while the main group atom is put at the end, such as CusMnAl,
CuyMnSn, and CooMnGe, Co,MnSi [123,124]. However, this rule does not apply to compounds in which an element is defined as the
most electropositive, as LiCuySb. In this case, the most electropositive element is the first in the formula, following the criteria of IUPAC
[125]. Full Heusler alloys exhibit the cubic structure L2; and belong to the space group Fm3m number 225. However, depending on the
site-disordered state, the Full Heusler alloys can present the B2 (Y-Z disorder) and A2 (X-Y-Z disorder) structures. The basic structure is
shown in Fig. 3 and was originally established by Otto Heusler [43] for CupMnAl and Meyers et al. [60] for CupMnSn. Full-Heusler
alloys can be characterized by four interpenetrating FCC lattices, two of which are equally occupied by X. In this system, X atoms
occupy Wyckoff positions 8c (Y4, ', %), four Y atoms occupy the Wyckoff position 4b (!4, %, }4), and four Z atoms, occupy the Wyckoff
position 4a (0, 0, 0), as demonstrated by Otto Heusler [43], Bradley and Rodgers [44]. Graf et al. [6] showed that this structure is
known as a zinc blende sublattice, developed by one X and Z atom. The second X atom is located in the remaining tetrahedral voids,
while Y is placed in the octahedral holes. The relationship between zinc blende type sublattice and Full Heusler alloys is presented in
Fig. 14.

Half Heusler alloys follow the chemical formula XYZ (1:1:1), for instance, NiMnSb and TiNiSn. According to Graf et al. [7], these
compounds exhibit covalent and ionic parts, where X and Y elements have cationic character, while Z is the anionic part. X, the most
electropositive element, forms a rock-salt (NaCl) sublattice with the main-group atom Z, and this interaction corresponds to a stronger
ionic character of their bonding. Y and Z atoms form a zinc-blend (ZnS) sublattice: this indicates covalent bonding [9]. Consequently,
the structure of Half Heusler alloys is a sum of zinc blende and sodium chloride lattice, as shown in Fig. 15. The most electropositive
atom is located in the first position of the formula; it can be a transition metal, the main group element, or lanthanides. In contrast, the
most electronegative atom is placed at the end of the formula: this is a main-group element and belongs to the right side of the periodic
table [7]. Fig. 16 presents the periodic table of the elements that composed half-Heusler alloys. These alloys crystallize in cubic
structure C1p, belonging to space group F43m number 216 [6]. Half Heusler alloys have a non-centrosymmetric arrangement, which is
a ternary ordered modification of the CaF; structure and can be obtained from the tetrahedral ZnS structure by filling the empty
octahedral lattice sites [7]. Webster and Ziebeck [126] proposed that these compounds can be also represented by four FCC sublattices;
however, one sublattice is empty. The atom X is located in Wyckoff positions 4b (', 4, '5,) the Y atom is placed in the 4c (%, %, '), and
the Z atom occupies the 4a (0,0,0) position, respectively. Furthermore, it is possible to obtain three different atomic arrangements for
this type of structure as presented in Table 3 [6].

Inverse Heusler alloys are derived from Full Heusler alloys. Therefore, they follow the same chemical formula X,YZ, such as the
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Fig. 13. Periodic table of the elements that form the Full-Heusler alloys (X2YZ). Red: X; blue: Y; green Z (From Graf et al. [7]). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 14. Comparison between ZnS prototype and Full-Heusler. (a) Zinc blend structure and (b) Full-Heusler structure (CuoMnAl).

HgsTiCu and ZryPdAl prototypes [9]. In addition, the atom sequence in this system is X-X-Y-Z and the valence of the Y atom is higher
than the X transition-metal element. According to Graf et al.[127], X and Z atoms form a NaCl structure to reach octahedral coor-
dination for X. The other X and Y elements fill up the tetrahedral voids. Although Inverse Heusler alloys originated from Full-Heusler,
they crystallize in the XA or Xa structure with F43m symmetry (number 216). These alloys also present four interpenetrating FCC
sublattices, but the X elements do not exhibit a simple cubic arrangement. They are located on the Wyckoff positions 4a (0,0,0) and 4c
(Y, Y4, i), whereas the Y and the Z elements are placed at 4b ('%, ', ') and 4d (%, %, %) [127]. The crystal structure of the Inverse
Heusler alloys is shown in Fig. 17.

Binary Heusler alloys exhibit the chemical formula X3Z (3:1), X being transition metals and Z elements of the main group. These
alloys have a face-centered cubic structure DOs-type and present the space group Fm3m number 225. In the unit cell of X3Z, tetrahedral
and octahedral coordination are observed, depending on the X atom position. When two corresponding X atoms are encircled by
four X and Z atoms, there is a tetrahedral position. Further, when one X atom is surrounded by eight X atoms, an octahedral position is
achieved. The atomic sites in the unit cell of these alloys are (', %, ) for X(A), (%4, %, %) for X(C), (%, %, ') for X(B), and (0,0,0) for Z
[128]. Fig. 18 presents the DOs-type crystal structure.

As demonstrated by Felser’s team [128,129], Binary Heusler alloys display many features, for instance, gapless semiconductors
(V3Al and V3Ga), gapless half-metallic ferrimagnets (V3Si and V3Ge), half-metallic antiferromagnets (MnsAl and Mn3Ga), half-metallic
ferrimagnets (Mn3Si and Mn3Ge), and a spin gapless semiconductor (CrszAl). Due to these features, they are potential candidates for
spintronics applications. Other examples of Binary Heusler alloys are FeyZ (Z = In, Sn, Sb, and As)[130] and MnyZ (Z = As, Sb, As)
[131].

The last Heusler alloy family is called Quaternary Heusler, exemplified by LiMgPdSn-type (called of Y-type structure), such as
CoFeMnSi alloy. Depending on the atom positions, three nonequivalent structures are obtained for the Y-type arrangement. The
Quaternary Heusler compounds exhibit the chemical formula XX’YZ. However, X and X’ are formed by different transition group
elements and not by a single element. Another characteristic of these alloys refers to the valence of the elements, in which X atoms have
higher valence than X’, and Y atoms have a valence lower in comparison to both X and X’ elements. The compounds also obey the same
symmetry as Half and Inverse Heusler, F43m(number 216). Graf et al. [127], explained the fact that the X and X’ atoms are located at
the Wyckoff positions 4a (0,0,0) and 4b (!4, ', /4), while the Y and Z atoms occupy 4c (Y4, Y, ¥4) and 4d (% %, %) positions, respectively.
Due to stability along the FCC cube’s diagonal, the sequence of atoms in Quaternary Heusler is X-Y-X’-Z. The crystal structure of the
Quaternary Heusler alloys is demonstrated in Fig. 19.

The above classification describes the Heusler alloys based on stoichiometry. However, there are numerous Heusler compounds
with off-stoichiometric composition. This explains why there are>1,500 Heusler compounds.

4. Electronic and magnetic properties of Heusler alloys

This section is important for the understanding of Heusler alloys since it provides the non-specialist with a good foundation on how
to understand the different stoichiometries and how to determine the magnetic properties.
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Fig. 15. ZnS and NaCl prototypes and their relationship with the Half-Heusler. (a) Zinc blend structure. (b) NaCl structure and (c) Half-Heusler
structure (NiMnSb).

4.1. Application of the Slater-Pauling rule to ferromagnetic Heusler alloys

The electronic structure and the magnetic properties of Heusler alloys have been extensively studied due to the unique features of
these materials. Understanding the electronic structure is important since the properties of these compounds can be estimated by the
valence number. In general, Heusler alloys obey the Slater [132] and Pauling [133] rule. These researchers, working individually,
discovered that for binary magnetic compounds, when adding one valence electron, it occupies spin-down states only and the total spin
magnetic moment is reduced by about 1pB/f.u. (9.274 x 10 2* J T™!). Notably, analogous behavior occurs in half-metallic Heusler
alloys, where the extra valence electron is localized at spin-up states, increasing the total spin magnetic moment by nearly 1pB/f.u.
(9.274 x 10 24 3 T’l). [71]. This rule demonstrates that the magnetic moment (M) of 3d transition elements can be predicted by the
number of valence electrons (Z) per atom. The compounds are classified into two parts according to the electron valence. The first part
of the Slater-Pauling curve is the region of low valence electron (Z < 8) and localized magnetism. Concentrated BCC structures are in
this area. The second part is the region of high valence (Z > 8) and itinerant magnetism. The FCC and HCP structures are found in this
region. Iron is situated at the border between localized and itinerant magnetism. Heusler alloys are positioned in the localized part of
this curve, as shown in Fig. 20. The total magnetic moment is equal to:
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Fig. 16. Periodic table of the different elements that compose XYZ Half-Heusler alloys. Blue: X; red: Y; green: Z (From krez and Balke [318]). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3
Different site occupancies in Cly-type structure. Atoms located on 4a and 4c Wyckoff position
form a ZnS sublattice, while the atoms located on 4b fill the octahedral Holes. (From Graf et al.

[71.

4a 4b 4c
I X Y Z
I VA X Y
il Y Z X

@®xuy v @z
Fig. 17. Inverse Heusler structure (HgCuTi prototype).
M,=Z,-2N | 3

where M, is the total magnetic moment, Z; is the total number of valence electrons and 2N | refers to the number of electrons in the
minority-spin band configuration. The magnetic moment is generated by electrons spinning around the nucleus, in a similar way to
current circulating in a loop.

Half metallic ferromagnetic materials have a band gap in the spin-down density of states at the Fermi level. As a result, the number
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Fig. 18. Binary Heusler structure (V3Al DOs-type).
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Fig. 19. Quaternary Heusler structure (LiMgPdSn prototype).

of occupied minority states is required to be an integer. However, this rule does not follow the integer number value if the total valence
electrons are not an integer. As consequence, it is more appropriate to use the valence electron number per formula unit.

For the Full Heusler alloys (L2), the minority-spin band exhibits twelve electrons per unit cell. Then the corresponding Slater-
Pauling rule is:

M, =7 — (4)

In the case of Half Heusler compounds (C1), the minority-spin band exhibits nine electrons per unit cell and the Slater-Pauling rule
is:

Mt=27-18 5)

Fig. 21 shows the total spin magnetic moment as a function of the total number of valence electrons for Full Heusler alloys. As can
be seen, the maximum magnetic moment for these alloys is approximately 7 pB/f.u. (6.49 x 1022 J T™1). Fig. 22 presents the same
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behavior for Hall Heusler alloys, in which the maximum magnetic moment is equal to 5 pB/f.u. (4.63 x 1022 J T~1) This behavior
indicates that several Heusler alloys can be produced with diverse magnetic moments.

Inverse Heusler alloys (Xa) exhibit three different forms of the Slater-Pauling rule. This interesting behavior depends on the
chemical type of the component transition-metal atoms, and the hybridization of the d-orbitals of adjacent atoms. The Slater-Pauling
rule is given by:

M, =7 -24 4
M, =718 )
M, =27 -28 6)

Fig. 23 presents the relationships between the total spin magnetic moments per unit cell of various Inverse Heusler alloys as a
function of the number of valence electrons. According to Skaftouros et al. [71], if the X atom is scandium or titanium, the total spin
magnetic moment follows Equation 4. Differently, if the X atom is chromium or manganese, the rule is defined by Equation 3. Besides,
if the X atom is vanadium, Slater-Pauling’s behavior is established as material specific. The last modification of the rule happens when
the X atom is chromium or manganese, and the Y atom is cooper or zinc. In this scenario, Cu or Zn d-states are completed, thus, they
have low energy in comparison to the X d-states. Therefore, these alloys follow Equation 5. Furthermore, the authors demonstrated that
many alloys described in Fig. 23 are half-metallic ferromagnetic. As a result, they obey the Slater-Pauling rule for the magnetic
moment.

For Quaternary Heusler alloys, the Slater-Pauling rule obeys the same relationship as Full-Heusler compounds, i.e., Equation 4
(M, = Z;, — 24). Fig. 24 presents the relationship between the magnetic moment and the number of valence electrons for Quaternary
Heusler alloys. The lower magnetic moment values correspond to (CoCr)TiAl and (CoV)TiSi. In contrast, the higher magnetic moment
value corresponds to (CoFe)MnAs.

4.2. Antiferromagnetic Heusler alloys

In addition to the ferromagnetism, some Heusler alloys have been found to be antiferromagnetic. Antiferromagnetism, discovered
by Néel in 1948 [134], is obtained when the magnetic moments of Mn are in antiparallel alignment. This effect found applications in
spin-valves, which are a basic component of hard disk drive read heads. The Mn-Ir alloy is the primary antiferromagnetic component
used in these applications: it has a high corrosion resistance and excellent magnetic pinning to adjacent ferromagnetic layers. How-
ever, Ir is extremely rare and is listed as a critical raw material by the European Community and the US. Hirohata et al. [135] review
the research on antiferromagnetic Heusler alloys and state that the concentration on the earth is 4 x 10 ~* ppm, in comparison with Pt
(3.7 x 10 ~3 ppm) and Ru (1 x 10 ~3 ppm). Iridium belongs to the platinum group and is extremely expensive. Thus, there is a great
incentive to find alternative antiferromagnetic materials. This includes Heusler alloys, several of which are known to be antiferro-
magnetic. The ordered phases of the RuyYZ, Ni;YZ and Mn,YZ Heusler alloys are antiferromagnetic. Together with an Fe ferromagnetic
layer, a pinning strength of up to 680 Oe at 3 K (RuzMnGe), 90 Oe at 10 K (NizMnAl) and 120 Oe at 10 K (Mn3VAl) can be reached. This
approaches the pinning strength of the currently used Mn-Ir alloy, 1.4 kOe. Antiferromagnetic materials are important in magnetic
recording, spark plugs, and crucibles. Half-metallic MnsAl and MnsGa are also promising antiferromagnetic Heusler alloys for spin-
tronic applications [128].
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Fig. 23. The total spin magnetic moment for Inverse-Heusler alloys. The Slater-Pauling behavior for three variants is represented by the dashed
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Fig. 24. The total spin magnetic moment for Quaternary-Heusler alloys. The Slater-Pauling behavior is characterized by the dashed line. (Adapted
from Galanakis et al. [72]).

5. Half-Metallicity

Half-metallicity is a feature found in materials that display a unique behavior in their spin-band structure. They are described as
hybrids between metals and semiconductors. The majority spin-band has a metallic behavior, whereas the minority spin-band shows a
semiconducting (or insulator) character with a gap at the Fermi energy (Ep) [136]. Due to the gap, 100 % spin polarization (P) is
achieved in these materials. Fig. 25 represents the density of states for half-metallicity materials.

The spin polarization P at the Fermi energy (Ep) is a helpful measure to define the electronic properties. P which is defined as:

p— p1(Er) —pl(€r) @
Py (€r) —py (€r)

where p; (€p) and p, (€r) represent the spin-dependent density of states. The arrows describe the majority and minority states. For
paramagnetic or antiferromagnetic materials, even below the magnetic transition temperature, the spin polarization value is
neglected. In contrast, for ferromagnetic or ferrimagnetic materials below the Curie temperature, there is a finite value in spin po-
larization. The electrons at the Fermi energy are completely spin-polarized (P = 1) when either p; (€p) or p, (€f) is zero [6].

In 1983, de Groot et al. [1] based on ab-initio calculation discovered the half-metallicity behavior for NiMnSb, which is classified as
a Half Heusler compound. Fig. 26 shows the density of states calculations for this alloy. As can be seen, there is a gap at the Fermi level
located in the minority spin-band. The gap comes from the stable hybridization between the d sates higher valence transition atom (Ni)
and lower valence transition atoms (Mn), promoting the establishment of bonding and antibonding bands with a gap between them.
The bonding band is developed by the atom with the higher valence electrons, while the antibonding state is formed by a lower valence
electron atom [64]. Fig. 27 presents the gap for the NiMnSb alloy.
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Fig. 25. Illustration of the density of states for a half-metal compared to metal and semiconductor. (From Galanakis and Dederichs [136]).
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Fig. 27. Development of the gap for minority spin-band in NiMnSb Half-Heusler alloys. (From Galanakis et al. [136]).

After the pioneering work by de Groot et al. [1], many investigations have been carried out to find the half-metallicity in other types
of Heusler alloys. Galanakis’ group [64,67,69] studied Half Heusler alloys based on X-MnSb (X = Fe, Co, Ni, Cu, Rh, Pd, Ag, Ir, Pt, and
Au). Their calculations, based on the density of states, pointed out that only FeMnSb, CoMnSb, and NiMnSb exhibit the half-metallic
behavior with a gap in the spin-down channel. In the case of PAMnSb, PtMnSn, and IrMnSb compounds, the Fermi energy slightly
indicates non-half metallic properties. For the RhMnSb alloy, the Fermi level falls in the minority valence band leading to the loss of
half-metallicity. Table 4 shows the results of spin magnetic moments for XMnSb alloys.

Ksenofontov et al. [75] also studied the half metallicity for CoMnSb alloys. Their experimental work demonstrated through X-ray
powder diffraction that the CoMnSb structure is part of the group Fm3m, instead of F43m as expected for a C1}, type. Furthermore, this

Table 4
Spin magnetic moments (uB/f.u.) for XMnSb Heusler alloys [69].
m spin (uB) X Mn Sb Void Total Half-metallic
NiMnSb 0.264 3.705 —0.060 0.052 3.960 Yes
PdMnSb 0.080 4.010 -0.110 0.037 4.017 No
PtMnSb 0.092 3.889 —0.081 0.039 3.938 No
CoMnSb —0.132 3.176 —0.098 0.011 2.956 Yes
RhMnSb —0.134 3.565 —0.144 < 0.001 3.287 No
IrMnSb —0.192 3.332 —-0.114 —0.003 3.022 No
FeMnSb —0.702 2.715 —0.053 —0.053 1.979 Yes
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alloy crystallizes in a superstructure with a supercell containing eight elementary C1y, cells that are built from varying CooMnSb and
MnSb structural units. The band structure calculations revealed that there is no gap in the density of states, as shown in Fig. 28. These
results proved that the CoMnSb compound does not exhibit a half-metallic behavior, as previously considered by Galanakis et al.
[67,69].

Half Heusler alloys based on Li atoms have been studied due to their potential applications in optoelectronic and spintronic devices
[137,138]. Damewood et al. [82] conducted a series of calculations using the density functional theory to examine the half-metallicity
in B-LiMnZ (Z = N, P, and Si) alloys. An investigation in other Half Heusler based on o and y phases also was carried out. The results
demonstrated half-metallic properties for a-LiMnN, o-LiMnP, C-LiMnSi, B-LiMnP, and y-LiMnSi compounds. In addition, it was shown
that the half-metallicity is preserved if the lattice constant is increased slightly. Through the tetragonal cell, it was verified that
a-LiMnN, o-LiMnP, and -LiMnP are antiferromagnetic, whereas the § and y phases of LiMnSi are ferromagnetic [82].

The half-metallic behavior is not exclusive of Half Heusler alloys. The groups led by Ishida et al. [139,140] and Fujii et al. [141]
were the first to predict half-metallicity behavior for Full-Heusler alloys. Ishida et al. [139,140], based on ab-initio electronic structure
calculations found this behavior in CooMnZ alloys (Z represents Si and Ge elements). Fujii et al. [141] observed half-metallicity for
FeoMnZ (Where Z is Al, Si, and P). Kiibler et al. [142] also noticed the half-metallicity for CooMnAl and Co,MnSn alloys. Galanakis
etal. [65,69] used first-principles calculations to investigate the half-metallicity and the gap formation in Full Heusler alloys composed
of Co, Fe, Rh, and Ru. Their calculations indicated that many alloys studied, such as CooMnZ (Z = Al, Si, Ga, Ge, and Sn) compounds,
exhibit the half-metallic character. Fig. 29 shows the density of states for these alloys and the presence of the gap in the Fermi energy.
Galanakis et al. [65] explain that the origin of the gap in Full Heusler alloys is more complex compared to Half Heusler alloys due to the
presence of two X atoms. Fig. 30 presents the gap in the spin-down band for CooMnZ compounds. The gap originated from the hy-
bridization of d states occurs between the two atoms of Co. Due to the interaction, d4 and ds orbitals create bonding e, and antibonding
e, states. Each coefficient ahead of the orbitals is given by the degeneracy. It is important to mention that the d;, dy, and ds orbitals of
each Co atom also hybridize forming triple-degenerated bonding (tz¢) and antibonding (t,) states (Fig. 30 a). Secondly, the hybrid-
ization occurs between the two atoms of Co and Mn. The double-degenerated e, orbitals hybridize with d4 and ds of the Mn atom. Then,
they form a double-degenerated bonding (eg) that exhibits lower energy and an antibonding state which is unfilled and above the Fermi
energy. Continuing, the 3 x tz Co orbitals combine with the d;, d, and d3 of the Mn and form six new orbitals (three are bonding and
occupied, while the remaining are antibonding with high energy). Lastly, the 2 x e, and 3 x t;;, Co orbitals are not able to combine with
any of the Mn d orbitals because none of them is transforming with u representations (Fig. 30 b)[65].

Jourdan et al. [81] experimentally demonstrated the half-metallicity in the CooMnSi alloy. To show this phenomenon, thin films of
CooMnSi were prepared and analyzed in situ through an ultrahigh vacuum cluster. The first step was to create an epitaxial buffer layer
of CopMnGa (30 nm) compound on the substrate containing MgO (1 00) through radiofrequency technique at room temperature. In the
second step, CooMnSi (70 nm) was sputtered over it, also by radio frequency at room temperature. Different annealing temperatures
(T,) were utilized to obtain an ordered structure (L2;). Fig. 31 shows the intensities of CooMnSi thin film through the high energy
electron diffraction (RHEED) and X-ray diffraction (XRD) under different annealing temperatures. The results showed that at low
temperatures (T, = 300 °C) there was an increase in the intensity of the peaks peculiar to the L2; structure. On the other hand, the XRD
showed no (111) peak for the L2; order at temperatures lower than 400 °C. This feature, as explained by Jourdan et al. [81] implies
that the ordered structure is not present in the thin film bulk, but only at the film surface. The (11 1) peak was observed for annealing
temperatures above 400 °C. In addition, for temperatures over 500 °C, some Ga atoms, located in the buffer layers, diffused to the
CooMnSi surface. Besides, the Jourdan et al. [81] determined the spin polarization in situ via the spin-resolved ultraviolet-photo-
emission spectroscopy (UPS) method. Fig. 32 presents the spin polarization of thin films at different annealing temperatures. The
results reveal that samples annealed between 300 °C and 450 °C exhibit a higher room temperature spin polarization in the range of
90-93 % of the Fermi level at ambient temperature. This investigation was able to demonstrate the direct observation of half-
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Fig. 28. The density of states (DOS) of ordered CoMnSb calculated by WIEN2K.The Fermi level is indicated by the vertical line. (From Felser
et al. [75]).
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Fig. 30. Schematic of gap formation for Full-Heusler alloys. (a) hybridization between Co-Co atoms and (b) Hybridization between Co atoms and
Mn orbital. (From Galanakis et al. [136]).

metallicity on the surface area of a Heusler alloy, providing solid evidence for 100 % spin polarization in the bulk of the thin films.

The half-metallicity in Inverse Heusler alloys has been demonstrated theoretically in several works [143,143-145]. Skaftouros
etal. [71], for instance, reported through first-principles calculations the half-metallic behavior for ScoCrAl, CroCrAl, CroZnSi, TigNiAl,
MnyCoAs, and MnyZnSi compounds. Fig. 33 shows the density of states for these alloys, and as can be observed, the gap is situated in
the minority spin-band, as expected for half-metallic materials. As discussed in Section 4, Inverse Heusler alloys follow three different
forms of Slater-Pauling rules. As a result, the gap formation depends on the chemical composition of the compound. For example, if
the X atoms are Cr or Mn, the d states energy position of the Cr* (Mn®) and Y atoms are closer, and the antibonding minority-band t,,
states are filled like in the Full Heusler alloys. Fig. 34 shows the gap for Inverse Heusler alloy based on Cr or Mn atoms.

The half-metallicity behavior is demonstrated in some Quaternary Heusler alloys. Dai et al. [77] developed an experimental
investigation to search for half-metallicity in the CoFeMnSi compound. The samples were produced by arc melting and analyzed by the
XRD. The magnetic properties and band structure calculations also were measured. As explained in Section 3, Quaternary Heusler
alloys of LiMgPdSb-type exhibit three non-equivalent structures. Thus, three different structures are expected for the CoFeMnSi alloy,
designated Type I, Type II, and Type III; they are indicated in Table 5. The density of states calculations in Fig. 35 reveals that the Fermi
level of type I CoFeMnSi has an energy gap of 0.75 eV located in the minority band channel. Type II exhibited an electronic structure
similar to type I, but the Fermi level leads to a pseudo gap. As can be seen from Fig. 35, the type III structure does not show any gap in
the spin-down state, indicating that for this atomic arrangement the half-metallicity is destroyed. Through theoretical and experi-
mental analyses, Dai et al. [77] demonstrated that type I and type II structures present the half-metallic behavior, whereas type III
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figure legend, the reader is referred to the web version of this article.)
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Fig. 32. Spin polarization measured via in situ spin-resolved ultraviolet-photoemission spectroscopy (SRUPS). (From Jourdan et al. [81]).

displays metallic character. In addition, it was demonstrated that among the three types of structure, type I is energetically favorable
for CoFeMnSi with 100 % spin polarization, being considered a candidate in spintronics applications.

Alijani et al. [79] investigated both experimentally and theoretically the half-metallicity for CoFeMnZ (Z = Al, Ga, Si, and Ge)
Quaternary Heusler compounds. The samples were synthesized by arc melting, and the electronic properties were analyzed through X-
ray photoelectron spectroscopy. Three nonequivalent atomic arrangements occur for these alloys since they belong to a Y-type
structure. The half-metallicity for all compounds was investigated via ab-initio calculations. The results demonstrated that CoFeMnAl,
CoFeMnGa, CoFeMnSi, and CoFeMnGe are half-metallic materials with a gap located at the spin-down channel. Fig. 36 shows the
structure and density of states for CoFeMnAl and CoFeMnSi compounds as well as the gap located at the minority spin band.

Ozdogan et al. [72] developed a theoretical investigation of sixty LiMgPdSn- type alloys based on ab-initio electronic structure
calculations. The results demonstrated that forty-one compounds exhibit the half-metallicity property, nine compounds are semi-
conductors, and eight alloys are classified as spin gapless semiconductors. As demonstrated by this research, many Quaternary Heusler
alloys present the half-metallic behavior making them strong candidates in spintronic and magnetoelectronic applications.

As mentioned earlier, half-metallicity is one of the most important phenomena in the Heusler alloys. This property has a strong
influence on the crystal structure. In disordered arrangements, such as B2, A2, and D03, the half-metallicity is drastically affected
[146,147]. The major challenge in Heusler alloys is to produce thin films in an ordered structure to maintain the half-metallicity. This
property is not exclusive to Heusler alloys. Some oxides (Fe3O4 and CrO,)[148], double perovskites (SroFeReOg)[149], pyrites (CoSs)
[148], and others are examples of half-metallic compounds. These materials attract much attention for application in spintronic de-
vices. Heusler alloys, in special, are the most attractive because of their relatively high Curie temperature [136].
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Table 5
Different site occupancies in Y-type structure [77].
4a 4b 4c 4d
1 Fe Mn Co Si
I Mn Fe Co Si
il Mn Co Fe Si

6. Spintronics and Heusler alloys

Spintronics or spin electronics is a new field of solid-state physics, discovered in the past 30 years, which explores the influence of
spin currents on electrical conduction [150]. Electrons are characterized by having two important degrees of freedom (DOF): electron
charge and spin. In conventional electronic devices, the information is conducted and stored exclusively by the electron charge. On the
other hand, spintronic devices apply the spin of the electron to carry and store information [151,152]. Compared to conventional
electronic devices, spintronics demonstrated several advantages such as universal memory, reduction in electric power, rise in data
processing rate, and increase integration densities. The discovery of the giant magnetoresistance effect (GMR) initiated studies on
spintronics technology [153].
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The magnetoresistance (MR) effect was discovered independently by Peter Griinberg’s group [154] and Albert Fert’s group [155],
in 1988. This discovery transformed the scientific community, in special, computer science. In 2007, Griinberg and Fert received the
Nobel Prize in Physics due to this breakthrough [156]. The GMR structure is formed by two or more thinner magnetic layers, which are
separated by a nonmagnetic material. This structure can occur in two geometries: current-in-plane (CIP) or current-perpendicular-to-
plane (CPP). In the first case, the electric current flows parallel to the layers while for the CPP, the electric current is perpendicular to
the layers. Fig. 37 presents the CIP and CPP geometries.

A drastic reduction in the electrical resistance is reached if the magnetic multilayers exhibit the same orientation of the magne-
tization. As a result, the spin of the electron can flow through the device without finding any barrier. In contrast, if these magnetic
layers have an antiparallel configuration of the magnetization, a higher electrical resistance is achieved. Fig. 38 (a) shows the GRM
multilayers system while Fig. 38 (b) illustrates the change in the resistance due to the configuration of ferromagnetic layers. In 1997,
the first application of spintronic devices based on the giant magnetoresistance effect was introduced by IBM [157], in the hard disk
drive (HDD) read heads. Fig. 39 presents the read-head hard drive based on the GMR effect. Two properties are vital to building the
new generation of ultrahigh density HDDs: ultra-low resistance-area (RA) and large magnetoresistance (MR) ratio. Fig. 40 shows
potential materials for HDD read-head applications. The magnetoresistance ratio is defined as:

AR Rsp — R
MRratio = —— =42 7P (€3))
R Rp

where Rp and R4p correspond to the resistance measured for parallel and antiparallel systems of the ferromagnetic magnetizations.

Nowadays most HDD read heads produced use spintronics and many experimental works have been conducted in this field.
Nakatani et al. [158] based themselves on the current-perpendicular-to-plane giant magnetoresistance to produce thin films of
Quaternary Heusler alloy (CooFe(AlysSi05)) with Ag as a space layer in a crystalline substrate (MgO-001). The results showed a
magnetoresistance ratio of 80 % and the resistance change-area product (ARA) equal to 17 m Qum? at 14 K, while at room temperature
the MR and the ARA were 34 % and 8 m Qum? in a B2-structure. Chen et al. [159] studied the epitaxial growth current-perpendicular-
to-plane GMR devices using a Si (001) wafer rather than MgO (001) substrate, which is costly for mass production and non-
compatible with the current manufacturing techniques. They produced Quaternary Heusler (Cosg9 sFe246Gaj2.9Ge;s)-based CCP-
GMR that grew up on the NiAl buffered Si (001) substrate. The NiAl as a buffer layer offers several advantages due to its excellent
thermal stability (melting point equal to 1620 °C), small lattice mismatch with Si substrate, and excellent lattice mating (<1%) with
Co-Heusler alloys [160,161]. The magnetoresistance ratio and the resistance change-area product at room temperature obtained by
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Chen et al. [159] were 27.8 % and 8 m mez, similar to Nakatani et al.’s [158] results.

Chen et al. [162] produced Heusler films through CPP-GMR on Si (00 1) substrate with CoFe/NiAl buffer layers. They used a three-
dimensional (3D) integration process, called direct wafer bonding, to join the film to a poly-crystalline electrode. This process allows
for achieving better quality in epitaxial CPP-GMR films grown on the Si (001) substrate. Fig. 41(a) shows the cross-section image by
high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) of a CPP-GMR film on the Si (001) wafer
and the poly-crystalline electrode while Fig. 41(b) presents the bonding interface between them. As observed in the image, the
epitaxial structure of CPP-GMR was bonded on the poly-crystalline electrode. Furthermore, the structure layers were homogeneous,
and the bonding interface did not exhibit any defects. The resistance change-area was 9.54 m Qum?, and the magnetoresistance was
equal to 37.1 %, higher than previous work.

Another progress related to spintronics was the development of tunnel magnetoresistance (TMR), which is a magnetoresistive effect
present in a magnetic tunnel junction (MTJ). The magnetic tunnel junction is formed by two magnetic electrodes which are separated
by an ultrathin insulation spacer [163]. The substitution of a non-magnetic layer with insulating materials increased the magneto-
resistance by ten times compared to the GMR spin-valve [7]. The alteration of the resistance due to the tunneling magnetoresistance
effect depends on the magnetic configuration of the electrodes. A parallel configuration of two electrodes leads to a low resistance
state. As a result, the spin currents can flow without obstacles. However, if the electrodes are in antiparallel alignment, a high
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resistance state is reached. Consequently, the tunneling current is drastically decreased. Fig. 42 (a) shows the MTJ system and Fig. 42
(b) the change in the resistance due to the configuration of two ferromagnetic electrodes.

The first investigation of tunnel magnetoresistance was reported in 1975 by Julliere [164]. In 1982, Maekawa and Gafvert [165]
also studied this effect. However, these initial studies did not advance since it was not possible to replicate them. In 1995, the groups
led by Moodera [166] and Miyasaki [167] reproduced a large tunnel magnetoresistance (around 24 %) utilizing an ultrathin tunnel
barrier made of oxidized aluminum at 4.2 K. Sakuraba et al. [168] obtained a high tunneling magnetoresistance of 570 % at 2 K and
67 % at 300 K in CoyMnSi (electrode)/Al-O (barrier). Fig. 43 presents the high-resolution images of the CooMnSi/Al-O/Co;MnSi
structure by transmission electron microscopy (TEM). No defect was observed in the film, and the MTJ exhibited a remarkable smooth
and flat morphology. Furthermore, the interface between the aluminum oxide and the Heusler alloy was very flat and sharp.

From these important contributions, new investigations were performed to improve the magnetic tunnel junction to obtain a higher
magnetoresistance at room temperature. The replacement of a magnetic tunnel junction made of amorphous materials (oxidized
aluminum barrier) to a magnetic tunnel junction of a single-crystal (oxidized magnesium) [169] is an example. Fig. 44 shows the
progress in tunnel magnetoresistance ratios based on AlOy and MgO barriers with both the traditional ferromagnets and the Heusler
alloys as electrodes. In 2004, a larger tunnel magnetoresistance (~200 % at room temperature) in magnetic tunnel junction using a
MgO barrier was demonstrated by Tsukuba [170] and IBM [171]. An outstanding work conducted by Ikeda et al. [172] demonstrated a
tunnel magnetoresistance up to 604 % at room temperature, using an electrode of CoFeB and MgO barrier. Since 2007, the read heads
of hard disks based on the giant magnetoresistance were replaced by magnetic tunnel junctions, because a higher magnetoresistive
effect is achieved in this system. IBM [173] was the first company to produce a magnetic random-access memory (MRAM) sensor
applying the tunneling magnetoresistance effect. Fig. 45 presents the MRAM based on magnetic tunnel junction.
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The most important aim of spintronics is to develop devices with a maximum tunneling magnetoresistance effect. This goal can be
achieved in two different manners: The first is designing an insulation barrier [174]. The second is to replace a conventional magnetic
electrode with 100 % spin-polarized materials, such as half-metallic ferromagnetic oxides [175] and half-metallic ferromagnetic
Heusler alloys [176]. In this scenery, Co2YZ Heusler alloys (Y is a transition metal and Z is the main group element), in special, have
attracted much attention for applications in spintronic due to their half metallicity and high Curie Temperature [139,177,178]. Thin
films of these alloys have been extensively explored in magnetic tunnel junctions in arrangement with a MgO barrier [176,179].
Inomata et al. [180] produced a film by epitaxial growth of Quaternary Heusler alloy, CoFeSi; 4Aly, on the MgO (001) substrate for
magnetic tunnel junctions. Fig. 46 shows the TEM at low and high magnifications of the multilayer structure. A good quality
morphology of the magnetic tunnel junction with a smooth interface between the electrode and the barrier was observed at low
magnification. Excellent epitaxial plane matching was achieved for upper and lower Heusler alloy and MgO barrier, as demonstrated
by high magnification. The magnetoresistance values obtained were 200 % at room temperature, and 380 % at 5 K. In addition, the
XRD results demonstrated that the (11 1) intensity of the L2; structure was formed in the film at annealing temperatures (T) higher
than 450 °C, whereas the B2 structure was formed by annealing below 400 °C. Fig. 47 presents the XRD patterns.

Wang et al. [181] fabricated fully epitaxial magnetic tunnel junctions through CosFeAl (electrode) and MgO (tunnel barrier) on a
MgO (011) substrate by a sputtering technique. The results showed a tunneling magnetoresistance of 330 % at room temperature in a
B2-structure, making this alloy a strong material for building spintronic devices. Liu et al. [182] reported a tunnel magnetoresistance
above 1,995 % at 4.2 K and 354 % at 290 K for epitaxial CooMnSi/MgO/Co,MnSi magnetic tunnel junctions. Liu et al. [182] explain
that the giant tunnel magnetoresistance achieved is due to two interdependent factors: the half-metallicity of Co,MnSi electrodes, and
the coherent tunneling contribution of the MgO barrier. Fig. 48 shows the cross-sectional image of Heusler compound MTJ structure
layers by high-resolution TEM. Fig. 48 (a) shows each layer that forms the MTJ structure, which grew epitaxially; no damage was
detected. Fig. 48 (b) and (c) illustrate the lower and upper Co,MnSi electrodes by nano-beam electron diffraction patterns. The 111
spots indicate the L2; structure, while the 022 indicate B2 arrangements. From these results, the L2; structure is present in both the
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(b)

lower and upper layers. Recently, Kabanov et al. [183] produced a magnetic tunnel junction film using Full Heusler alloys, as a free
layer. The magnetoresistance obtained at room temperature was 149 %. CogFeSi alloy has received much attention in the spintronic
field owing to the high Curie temperature (1100 K), highly spin-polarized transport, and large saturation magnetization (~6 uB/f.u.; or
5.56 x 1022 JT°1) [73]. Therefore, CoyFeSi (L2;.ordered) films demonstrate attractive properties for combination into the magnetic
sensor as well as memory device due to the low Gilbert damping (0.0018), moderate magnetic anisotropy, and high exchange stiffness
(31.5p J/m) [184-186].

The fundamental challenge of the spintronic industry is developing new technologies and devices. Two examples are included in
these tasks: fourth-generation magnetic random-access memory (MRAM) and energy-assisted magnetic recording. To achieve these
requirements, new materials, notably Heusler alloys with half-metallic nature, are essential. For the new generation of MRAM, is
necessary a ferromagnetic Heusler alloy that exhibits huge spin-orbital torque and/or magnetic anisotropy voltage control to achieve
low energy magnetization reversal. For the second device, a ferromagnetic Heusler alloy exhibiting a high magnetic anisotropy fol-
lowed by low damping constants is required to reach fast magnetization reversal at the free magnetoresistance junction [187].

7. All-d-Metal Heusler alloys

Conventional Heusler alloys are characterized by the covalent bond between the main group (p-group) and the transition metals (d-
group) elements, thus forming a p-d Hybridization [188]. On the other hand, all-d-metal Heusler alloys are formed only by transition
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Fig. 43. (a) Low-magnification image of Magnetic tunnel junction via TEM technique in Co,MnSi/Al-O/Co,MnSi film. (b) and (c) Upper and lower
Co,MnSi layer at high magnification. (From Sakuraba et al. [168]).

metals. As a result, the covalent bonds form a d-d hybridization. Fig. 49 illustrates the difference between conventional and all-d-metal
Heusler alloys in terms of chemical elements and hybridization.

In conventional Heusler alloys, the p-d hybridization has a strong effect on the magnetic response, atomic ordering, and stabili-
zation of the parent phase [188]. The d-d hybridization influences the martensite transformation, as reported by Roy et al. [189].
Martensite transformation plays an important role in shape memory alloys and other magnetic compounds. The first investigations of
all-d-metal Heusler alloys are attributed to Muldawer [190] in 1966 and Murakami et al. [191] in 1980. These authors studied the
crystal structure and magnetic properties of AuAgZn, and CuAuZn, alloys. Using X-rays, they demonstrated ordered (L2;) and
disordered (By) structures for both compounds. In addition, they display a nonmagnetic behavior, invalidating their application as
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Fig. 44. Development in tunneling magnetoresistance ratios (From Hirohata et al. [320]).
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Fig. 45. Schematic drawing of magnetic random-access memory (MRAM) based on magnetic tunnel junction. O (parallel) and 1(antiparallel)
represent the binary information. (Adapted from Chappert et al. [321]).

ferromagnetic shape memory alloy.

Surprisingly, in 2015 Wei et al. [188] reported that ferromagnetic shape memory alloys (FSMAs) in Heusler states are formed by
only 3d metals. In the first stage, they added Ti to the binary alloy NiMn, creating a ternary compound, Ni-Mn-Ti. The Ti atom promotes
the formation of the Heusler phase through d-d hybridization between Ni/Mn and Ti. In the second step, through the addition of Co
atoms, strong ferromagnetism was reached and FMSAs were produced in the Niso.xCoxMnsg.yTiy system.

In a subsequent investigation, Wei’s group [192] studied the magnetostructural martensitic transformation followed by volume
change and magneto-strains in the MnsoNis.xCoxTi1o all-d-metal Heusler alloy. They observed that Ti atoms were responsible for the
formation and stabilization of the Heusler alloys. Besides, the magnetostructural transformations were promoted through Co atoms
which produced local ferromagnetic Mn-Co-Mn arrangements. A large magneto-strain equal to 6900 ppm and a volume change of
—2.54 % were obtained for the Nisg.xCoxMns.yTiy all-d-metals alloy. The authors explain that after phase transformation no cracks
were observed in the samples because of the high mechanical toughness promoted by d-d hybridization in these alloys. Fig. 50 shows
the volume changes (4V/V) by the martensite transformation strain for some Heusler alloys and other ferromagnetic shape memory
alloys. MnsgNigo.5C09 5Ti1o synthesized by Wei et al. [192] has a higher volume change and strain compared to conventional Heusler
alloys and other shape memory alloys such as NiTi and FePt that underwent a martensitic transformation.

After the results obtained by Wei et al. [188,192], several research groups studied the properties of all-d-metal Heusler alloys
[193-196]. This new class of Heusler alloys has received much attention due to its high mechanical properties and potential appli-
cation in solid-state refrigeration, since these alloys undergo a first-order phase transition. Section 9 presents some examples of all-d-
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Fig. 47. XRD patterns of Quaternary Heusler alloy films deposited on a Cr-buffered MgO substrate at different post-annealing temperatures. (a) out
of plane spectra for 30 nm thick specimen. (b) The (111) intensity scans. (From Inomata et al. [180]).

Heusler alloys for applications in solid-state refrigeration and Section 11 shows the mechanical response for these new Heusler alloys.

8. Magnetic shape memory alloys

It was observed by Korenko and Cohen [197] in the 1970 s that magnetic fields can accelerate the martensitic transformation in
iron-nickel alloys both by increasing the Gibbs free-energy difference between the product and parent phases and by allowing the
reaction to take place at higher temperatures.

Magnetostriction is the spontaneous deformation of a solid in response to its magnetization. Martensitic transformations also
produce a spontaneous deformation of a solid, upon lowering the temperature. Since the martensitic transformation can also be
induced by a magnetic field, magnetostriction can be generated in this manner. In the Ni;MnZ system (Z: Ga, Al, In, Sn, Sb), the
martensitic transformation, shown in Fig. 51, creates the L10 tetragonal structure. This martensitic transformation has an associated
strain. James and Wuttig [198] developed a theory for magnetostriction in a highly cited paper. Fig. 52 shows his theory, compared
with experimental results for FegPd. It is also applicable to Heusler alloys. The martensitic crystallography and magnetic structure of
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Fig. 48. (a). Cross-sectional image by high-resolution TEM of CoFe/Co,MnSi/MgO/Co,MnSi magnetic tunnel junction multilayers. (b) and (c)
Nano-beam electron diffraction patterns for the lower and upper Heusler compound electrodes. (From Liu et al. [182]).
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Fig. 49. Difference between conventional Heusler alloys and all-d-metal Heusler alloys. Conventional Heusler alloys are formed by transition metals
(d-metals) and main group (p-group) which is presented by Z atoms (D sites) All-d-metals Heusler are formed exclusively by transition metals, which
means the Z atoms are also a transition metal (D sites). (From Paula and Reis [322]).

NipMnGa are similar to those of FesPd, but with apparently different easy axes. Other interesting alloy systems for the study of the
magnetostriction of martensite are Heusler alloys near the composition NipMnGa. This magnetoelastic effect was apparently
discovered by Vasil’ev et al. [199] but is widely attributed to Ullakko et al. [84]. Chernenko et al. [200] investigated systematically 23
compositions close to the stoichiometric Ni;MnGa and found large differences in the M; temperature. Ullakko et al. [84] demonstrate
field-induced strains of 0.2 % in NioMnGa.

Mn-based Heusler alloys are known to undergo a martensitic transformation from a high-temperature L2; or B2 crystal structure to
a low-temperature one having less symmetry: tetragonal, orthorhombic, or monoclinic (L10, 10 M, and 14 M). Such a transformation
for NioMnGa is shown in Fig. 51. The magnetism of the two phases is quite different and these alloys are known to exhibit a range of
effects under the influence of magnetic fields, stresses, or pressure. Two of these effects are the magnetic shape effect (MSE) and the
superelastic effect (SE). These magnetic shape memory alloys have an analogous classification to the stress-driven SMAs. These are the
shape memory and the superelastic effects. In conventional SM alloys, the austenite is transformed to martensite by virtue of the
external stresses.

There is additional complexity in the SME. In the martensitic state, the sample is composed of several structural domains; two of
them are shown in Fig. 53. Below the Curie point, there are magnetic domains within each martensitic variant with the magnetization
pointing along the easy axis and organized in such a way that they minimize the magnetostatic energy. Upon the application of a
magnetic field, the magnetic moments will align with this applied magnetic field. If the magnetic anisotropy is weak, the magnetic
moments will rotate within each martensitic variant. This will result in almost no change in the sample dimensions other than those
corresponding to conventional magnetostriction. However, if the magnetic anisotropy is high, rotation of magnetic domains requires a
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Fig. 50. Volume change versus strain in martensitic phase transformation for some Heusler and other ferromagnetic shape memory alloys. All-d-

metals ferromagnetic shape memory alloys (FSMAs) are represented by a filled star, red hollow star, and red circle. (From Wei et al. [192]). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 51. Martensitic transformation in NioMn Ga Heusler alloy: grey atoms: Ni; white atoms: Mn; black atoms: Ga. The structure changes from the
cubic L2, to the tetragonal L1,. (From Planes et al. [205]).

significant increase in magnetic energy. Provided that the energy to move twin boundaries is low enough, there will be a rotation of the
structural domains in such a way that their easy axis becomes aligned with the externally applied field.

Entel et al. [201] modeled the phase diagram of magnetic shape memory alloys of the Heusler type Nis ,Mn;_xGa alloys by using
the phenomenological Ginzburg-Landau theory. Ullako et al. [84] obtained a magnetic field-induced strain (MFIS) of 0.2 % in a single
crystal of NioMnGa; since then, much higher strains have been reported: Murray et al. [202] reported MFIS of 6 % in ferromagnetic
martensitic Nigg gMngg 5Gag; 7 alloy at room temperature. Sozinov et al. [203] declared that they acquired giant MFIS of 9.5 % in
Ni4g gMngg 7Gag; 5 orthorhombic seven-layered martensitic phase in the field of<1 T at ambient temperature. The latter result is shown
in Fig. 54. These magnetic shape memory alloys (MSMAs) lead to a number of important functional properties such as giant
magnetoresistance, shape recovery, metamagnetic properties, and large magnetocaloric effect. These are presented in subsequent
sections.

Some materials undergo significant strains (up to 10 %) in response to externally applied magnetic fields. This effect can be used in
many applications, such as sensors, actuators, transducers, micromechanical systems, and even magnetic refrigerators.

As mentioned earlier, some Heusler alloys undergo martensitic transformations, and these are altered by external fields. Ullakko
et al. [84] discovered this effect in the full Heusler alloy NioMnGa. It should be mentioned that most Heusler alloys do not exhibit
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Fig. 52. Magnetic shape memory effect. Cooling below M, generates the martensite structure, and the variants, under the effect of the magnetic

field, align with the magnetic field, with associated strains. Upon removal of the field, the one-structure remains. Upon heating, the austenitic
structure is recovered. (From Planes et al. [205]).
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Fig. 53. Strain induced by the application of a magnetic field h on the (a) Martensitic and (b) Austenitic structures. (a) The martensite variants are
altered creating the magnetic superelastic effect. The application of a field shifts the transition to a higher temperature, thus inducing the forward

martensitic transition. (b) The application of a field shifts the transition to a lower temperature, thus inducing the reverse martensitic transition in
(b) the austenite transforms to martensite. (From James and Wuttig [198]).

martensitic transformations. After this discovery, a significant number of Heusler alloys were found to have this effect. The following
alloys undergo these effects:

e Ni-Mn-Ga
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Fig. 54. Magnetic field induced strain for a Nisg gMnog 7Gan; 5 alloy at 300 K measured perpendicular to magnetic field applied along [100] di-
rection reaching 9.5 %. (From Sozinov et al. [203]).

e Ni MnX (X = Al, In, Sn, or Sb)
e Ni Co MnX (X = In, Sn, Sb, or Al)

Ni-Mn-Al also undergoes a martensitic transition, even though it does not exhibit a large magnetization change like the others,
because the magnetic state changes from antiferromagnetic to paramagnetic. Thus, they are limited in their use for magnetic re-
frigerators or magnetic shape memory materials; nevertheless, the martensitic transition is there.

This magnetic shape memory effect manifests itself through two microstructural processes:

e Twin boundary motion (inside the martensite).
e Martensitic transformation.

The typical martensitic structure for such alloys is shown in Fig. 55. The martensite is twinned rather than dislocated and this is the
typical microstructure of martensite in the metallic alloys undergoing the shape memory and super-elastic effects. Fig. 56 shows the
effect of external magnetic fields on M; and A, in a NigsCosMnsg gIn;3 4 alloy. A field of 70 kOe reduces M; by 30 K. The Clausius-
Clapeyron equation can be modified for the magnetic field and has this form [119].

dB AS AM

where B is the applied magnetic field, AT, is the change in transition temperature, AS is the entropy difference between the two
phases, and AM is the difference in magnetization between the two phases (austenite and martensite).

Fig. 55. Martensite in a NissMnysGay; alloy (close to the composition of Heusler alloy Ni,MnGa where this effect was first discovered). (From Ma
et al. [323]).
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Fig. 56. Cooling and heating curves for NiysCosMngg¢lngs4; notice downward shift with the increasing external applied field. The high-
temperature phase is ferromagnetic. (From Kainuma et al. [324]).

A better representation of the Clausius-Clapeyron equation (Eq. (9)) is:

AM

~ AT,/AB )

AS

The change in entropy increases with AM and is also influenced by the shift in AB and the transition temperature. For the alloy
shown in Fig. 56, the austenite (high temperature) phase is ferromagnetic, and the martensite is nonmagnetic (either antiferromagnetic
or paramagnetic). Thus, the magnetization difference (AM) between them is very large. The martensitic transformation for this alloy
has a strain of 3 %, at 70 kOe. The stress of 108 MPa was obtained through the transformation, which is very significant.

In other alloys, the magnetic field produces the motion of internal twin boundaries. This is best explained by an illustration in
Fig. 57. The external magnetic field causes the twin variant aligned with it to grow at the expense of the other ones, resulting in an
increase in the length of the specimen.

On the other hand, an applied stress causes the opposite motion of the boundaries. The latter is the classic shape memory effect
which can also cause superelasticity. This is leading to the design of new Heusler alloys using density functional and Monte Carlo
simulations. The phase diagrams of magnetic shape-memory Heusler alloys, in particular, ternary Ni-Mn-Z and Quaternary (Pt, Ni)-
Mn-Z alloys with Z (%Ga, Sn) can be constructed, and important parameters unraveled, as explained by Siewert et al. [204].

> H C!

yr
P

X

Fig. 57. Movement of two twin variants in martensite in response to horizontal external magnetic field H and vertically applied stress c,,, producing
opposite strains; expansion of light gray variant increases the length of the specimen and dark grey variant reduces it. (From Acet et al. [325]).
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9. Caloric properties in Heusler alloys

The caloric effect is described as an adiabatic temperature change (AT,q) or an isothermal entropy change (ASis,) resulting from
external stimulus application in a solid material [205]. These stimuli may be carried out by a magnetic field (H), hydrostatic pressure
(P), mechanical stress (o), or an electric potential (E), producing magnetocaloric, mechanocaloric (barocaloric and elastocaloric), or
electrocaloric effects, respectively. The magnetocaloric effect (MCE) is the most studied among all caloric effects. Recently, a com-
bination of these stimuli (magnetic field and stress), called multicaloric effects has been explored [206-208].

9.1. Magnetocaloric effect

The magnetocaloric effect was theoretically predicted by William Thomson in 1878 [209]. Through thermodynamic studies,
Thomson explained the cooling and heating of iron due to the presence of a magnetic field. In 1881, Warburg [210] experimentally
reported the magnetocaloric effect in iron. In 1917, Weiss and Piccard [211] were the first to measure a temperature change of 0.7 K in
Ni under a magnetic field of 1.5 T. In 1933, Giauque and MacDougall [212] were the pioneers to reach sub-Kelvin temperature (0.25 K)
under adiabatic magnetization by using a paramagnetic salt (Gd2(SO4)3.8H20)). Due to this investigation, in 1949, Giauque received
the Nobel Prize in chemistry. In 1976, Brown [213] built a magnetic refrigerator using gadolinium plates. From this experiment, Brown
reached the temperature of 47 K after 50 cycles without a heat load. In 1997, Pecharsky and Gschneider [214] discovered a compound
(Gds(SiaGeyg)) that exhibits a giant magnetocaloric effect. This effect had been known before but was much smaller. If such a material is
subjected to a magnetic field adiabatically, there is a decrease in temperature which can be used in a thermodynamic cycle such as
Carnot or Rankine. This is better understood by analyzing the second law of thermodynamics (More details in Franco et al. [215]):

dU = 00 — oW (10)

where U is the internal energy, Q is the heat, and W is the work., respectively. The work W can be considered as composed of two
components: mechanical (PdV) and magnetic (u,HdM):

OW = PdV — p,HdM (11)

where H is the applied magnetic field, y¢ is the magnetic permeability, and M is the magnetic moment.
The adiabatic temperature change upon the application of a magnetic field H is expressed as:
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Fig. 58. Entropy change (AS.) (a) For x = 0.15 and (b) For x = 0.13. The AS is positive for two compositions for the temperature between My < M
(From Krenke et al. [92]).
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T (oM
AT,y = —ﬂ/ —(—) dH (12)
¢ 0 Hi Cru or P.H

where H; and Hyare the initial and final magnetic fields, respectively. The magnitude of the magnetocaloric effect is often expressed
by the entropy change as proposed by Tishin et al. [216].

H;
S(T,H) :uo/ ' (‘%{) dH (13)
i H

where the AS sign is governed by the dM/dT sign.

The following, materials have been found to exhibit this effect: Laves phases [217], Gd [217], Gds(Ge,Si)s, and the related
Gd5(SixGe4_X) alloys [214,218], Lao_8Ca0_2Mn03 [219], La(Fe,Si)lg, AlFesz [217], Tb5Si2G€2 [220], MnAs and MIlASl_XSbX COIIlpOllndS
[221], MnFeP 45As¢ 55 and related MnFeOxAs; x alloys [222], FeRh [223], FeyP-based alloys [224]. Heusler alloys based on Ni-Mn-X
(X = Ga, In, Sn, Sb) also are materials that exhibit a magnetocaloric effect. Furthermore, multifunctional properties, for instance, the
magnetic shape memory effect [205], magnetoresistance [205,225], magnetic superelasticity [93], elastocaloric [102,103] and
barocaloric [100] effects are present in many Heusler alloys. In particular, Ni-Mn-Ga single crystals have been extensively studied due
to the highest magnetocaloric effect value (AS = — 86 J kg~ ! K~! at 50 KOe field) reported by Pasquale et al. [226]. In Heusler alloys,
the magnetocaloric effect is associated with the reversible martensitic transformation induced by a magnetic field (magnetic shape
memory). Since magnetic refrigeration requires the magnetocaloric effect to operate close to room temperature, the Heusler alloys
amenable to this effect should have a Mg close to it.

It should be mentioned that some Heusler alloys also can exhibit the inverse magnetocaloric effect. This is the most common case.
For this situation, the increase of a magnetic field leads to a decrease in the temperature. The inverse magnetocaloric effect was first
observed in Nig 50Mng 50.xSnx alloys, by Krenke et al. [92]. It was observed that the structural and magnetic phase transformation
occurs in the range of composition between 0.13 < x < 0.15. Krenke et al. [92] also evaluated the field-induced entropy change (AS)
around the martensitic transformation at different compositions through Equation 11. For both compositions (x =0.15 and x = 0.13),
the entropy change is positive between Mf < T < M;. Therefore, for the highest magnetic field (5 T), the entropy variation in function of
temperature was 15 J K1 kg_1 for x =0.15 (Fig. 58a), and 18 J K1 kg_l for x =0.13 (Fig. 58b). A particular behavior is observed in
Fig. Xb, the entropy change values are negative when the temperature (T) is higher than the austenite phase Curie temperature (T2)
since dM/dT < 0, in this case. Krenke et al. [92] explain that the lower values of entropy change in this temperature range are due to the
second-ordered magnetic transition and the magnetization (M) changes over a wider temperature limit than for the first-order
martensitic transformation.

The inverse magnetocaloric effect is also present in other Heusler alloys: Ni-Mn-In [93] and Ni-Mn-Sb [94,96]. Bourgault et al. [97]
reported a large inverse magnetocaloric in Quaternary Heusler alloy, Nig5CosMngy s5Ingo 5. They obtained an entropic temperature
change of 30 J kg~ k™! applying a magnetic field of 5 T at 355 K. Liu et al. [98] demonstrated a giant magnetocaloric effect in the
Nigs.2Mnge.7Ing3Cos5 1 alloy, The adiabatic temperature change (AT,q) was — 6.2 K in a moderate magnetic field (1.9 T). Fig. 59
presents the adiabatic temperature change at 2 T for various magnetic refrigerants. Ni-Mn-In-Co alloy is indicated by a solid pink circle,
and its AT,q value is exceptionally high compared to the other Heusler alloys in the plot. Liu et al. [98] explain that this result is mainly
due to the structural transition contribution, which promotes a very large cooling effect. Fig. 60 illustrates the contribution of the
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Fig. 59. Adiabatic temperature change at 2 T for many of the most studied ambient temperature magnetic refrigerants. Compounds under second-

order transition (magnetic transition temperature T.) are indicated by hatched patterns, whereas compounds under first-order transition (magne-
tostructural transition temperature T,,) are identified by solid fill patterns). (From Liu et al. [98]).
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Fig. 60. Magnetic and structural contributions for a first-order magnetic transition to the Magneto Caloric Effect (MCE) using the Ni-Mn-based
Heusler alloys as an example. (From Liu et al. [98]).

magnetic and structural components of the first-order magnetic transition to the magnetocaloric effect in Ni-Mn-based Heusler
compounds. As observed from the schematic drawing, in the first contribution, the alignment of the magnetic moment via adiabatic
magnetization, promotes the heating of the material (top). At the same time, the structural transition (second contribution) from the
low-magnetization and twinned martensite phase to the high-magnetization and symmetric austenitic phase results in a very large
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Fig. 61. Magnetic-entropy changes as a function of temperature under different magnetic fields. The refrigerator capacity (RC) is shown in the
insert. (From Wei et al. [188]).

43



S. Tavares et al. Progress in Materials Science 132 (2023) 101017

cooling effect (middle). The sum of these opposite contributions leads to a net cooling of the material (bottom). The highest value in
adiabatic temperature change for Heusler alloys was obtained by Gottschall’s group [99]. It reached a AT,q equal to — 8 Kat 1.95 T for
Nigs.7Mnge.gIng 3 5C04 2 Quaternary Heusler alloy through the first-order magnetostructural transition. However, because of the huge
thermal hysteresis (10 K) of this alloy, the high adiabatic temperature change was not achieved in a cycling manner. In spite of this,
Gottschall et al. [99] were able to achieve a reversible magnetocaloric effect of — 3 K, a surprisingly high value that competes with the
AT,q of ~ 3.2 K for LaFe;3Sij3Co13 obtained by Liu et al. [227].

All-d-metal Heusler alloys, formed by only transition metals, also exhibit the magnetocaloric effect. Wei et al. [188] added Ti and
Co to Ni-Mn-based Heusler alloys. A certain amount of Ti stabilizes the austenitic phase and decreases the temperature, while strong
ferromagnetism is achieved due to the Co atoms. Through the arc melting process, followed by annealing and quenching, the samples
were produced. Fig. 61 shows the values of the magnetic-entropy changes (ASy,) for different applied magnetic fields and the
refrigerant capacity (CR) to NigsCo15MngsTi;s alloy. The highest value achieved was 18 J kg'lK’1 in a field of 50 kOe at 263 K. The
refrigerant capacity (CR) obtained for this alloy under a magnetic field of 50 kOe is 267 J kg~!. This result indicates that all-d-metal
Heusler alloys are strong magnetocaloric candidates. Therefore, the magnetoresistance effect of this alloy close to room temperature
was investigated. For an applied field of 70 kOe, the MR is equal to 37 %, while in a higher magnetic field, 120 kOe, the MR is 46 %.
Recently, Gottschall’s group [195] also investigated the magnetocaloric effect in Ni-Co-Mn-Ti (all-d-metal) Heusler alloys. The samples
were prepared by arc melting under a controlled atmosphere. The composition of Co and Ti was varied due to the stability of the
austenitic phase promoted by Co, and an increase in the austenitic Curie temperature (T2) favored by Ti. Among the different com-
positions, the highest isothermal temperature change (AS;s,) value of 38 J kg’l K~! was obtained for the Niz;Co13Mns4Ti1g alloy, in a
magnetic field of 2 T at 250 K (Fig. 62a). Besides, for the first field application, the maximum AT,q, equal to — 3.5 K was also obviously
achieved in the Ni3;Coj3Mn34Ti ¢ compound. For the reversibly field cyclic effect, the AT,q was — 0.5 K (Fig. 62b). Gottschall et al.
[195] demonstrated that this alloy has a very sharp phase transition, and the magnetic field used was not sufficient to promote a fully
induced phase transition. This behavior is due to the low displacement of the transition temperature at the applied magnetic fields. The
addition of Co improves the magnetocaloric effect for this alloy and resolves this issue.

9.2. Mechanocaloric effect

The mechanocaloric effect can be described as the thermal response (isothermal temperature change and adiabatic temperature
change) of a material due to the application of an external mechanical stimulus [228]. If the stimulus is promoted by pressure, the
barocaloric effect occurs. On the other hand, if the external stimulus is produced by uniaxial stress, the elastocaloric effect emerges
[229].

The barocaloric effect (BC) controlled by hydrostatic pressure (P) is expressed as:

d av)
AS= — — | aP' 14
/o <5T P

where V is the volume of the system.

This mechanism occurs in materials that undergo a first-order transformation with an appreciable volume change [230]. There are
few investigations on the barocaloric effect for Heusler alloys because many of them do not exhibit large volume change at the
martensitic transition. In addition, due to the small volume change, the measurement of the entropy is imprecise [100,231]. Manosa’s
group [232] demonstrated that hydrostatic pressure has a strong influence on the martensitic transition, implying that Ni-Mn-In alloy
could be a promising material for exhibiting a large barocaloric effect. Later on, Manosa et al. [100] studied the barocaloric effect in
magnetic shape memory Ni-Mn-In Heusler alloys. They obtained an entropy change equal to 24.4 J Kg~1 K~! at 260 MPa, a value 20
times higher than the elastic heating effect (~pVAP = 1.2 J kg~! K™!). Mimosa et al. [100] explain that this alloy displays a large
barocaloric effect due to the volume and entropy discontinuities at a magnetostructural transition. Besides the barocaloric effect, this
alloy also shows magnetocaloric properties, as mentioned in Sub-section 8.1.

Taulats et al. [233] evaluated the barocaloric and magnetocaloric effects for different compositions of Ni-Mn-In alloys. It was
demonstrated that the absolute value of entropy change increases when both the hydrostatic pressure and the magnetic field increase.
Fig. 63 shows the effect of pressure and magnetic field on the entropy change. Taulats et al. [233] noted that when the martensite
transformation occurs above the austenite Curie temperature, the samples exhibited a larger barocaloric effect. Concerning the
magnetocaloric effect, when the martensite and magnetic transition are close, the entropy change reaches the maximum value. The
barocaloric effect is found in all-d-metal Heusler alloys. Aznar et al. [234] studied this property for the NisoMngs; 5Ti;g 5 alloys, with a
small amount of B (0.2 at.%). An isothermal entropy change equal to 74 J kg~! K1 at an applied pressure of 400 MPa was found.
Therefore, the refrigerant capacity for this alloy corresponds to 1100 J kg™ *. These results are superior to the other shape memory
Heusler alloy previously investigated. Table 6 compares the results of some shape memory Heusler alloys with the NisgMns; 5Tiyg 5 all-
d-metal Heusler alloy. Aznar et al. [228] demonstrate the feasibility of these alloys to be applied in solid-state refrigeration. The giant
barocaloric effect is also present in other materials, such as ferroelectric [235,236] and ferrielectric [237], hybrid perovskite [238],
fluorides [239,240], elastomeric polymers [241,242], and natural rubber [243,244].

The elastocaloric effect (eC) arises from the combination between the lattice and the external applied stress. This property can be
expressed in terms of entropy change, AS, (under isothermal conditions) or temperature change, AT (under adiabatic conditions):
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Fig. 62. (a). Isothermal temperature change (4St) curves for different compositions of Nisg.xCoxMns.,Tiy samples under magnetic field change of
2 T. Heating is designated by open symbols, while cooling is characterized by full circles. (b) Adiabatic temperature change measurement for
Ni3;Co13Mn34Ti 6, The first field application is represented by the red line. The reversible effect due to the second magnetic field cycle is marked by
the green row of open circles. The inset (blue line) refers to the magnetic field dependency on adiabatic entropy change starting at 253 K for the first
two magnetic fields. (From Taubel et al. [195]). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 63. (a). Effect of hydrostatic pressure on isothermal entropy change (barocaloric effect). (b) Effect of magnetic field on the isothermal entropy
change (magnetocaloric effect). A (Niz02Mn; 36Ing.62); B (Niz.0sMnj 30Ing.65); C (Nij.9oMny 37Ing 64); D (Nij.99Mny 34In0.67); E (Nig.00Mny 32In0 68).
(From Taulats et al. [233]).
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Table 6

Comparison of properties of various Heusler alloys with ferromagnetic shape memory Heusler alloys with NisoMn3; sTijg 5 [234].
Samples |AS /U Kg K™ dT/dp Ap |AS] iso |AT] aq RC Ref

(K kbar™1) (kbar) JKg 'K (K) JKg™hH

Nigg.26Mn36.08IN14.66 27 1.8 2.6 24.4 - - [100]
Nis; oMnsy sInge 3 40.8 1.65 2.5 32 4 200 [233]
Niy2.47C0g 87Mn31.67Ga14.981N2.01 22.8 3.2 2.5 16 - 200 [329]
Nisg 3sMnj7.1Gagg 6 16 0.4 10 13.5 2.8 56 [330]
Nigq.6C0s5.5Mnss slnyg.4 16 4.4 6 15.6 6 399 [331]
Nigz,3C07.90Mn3g gSniq o 28 4.7 6 23 10 786 [332]
(NisoMna; 5Ti1g.5)99.8Bo.2 85 3.3 4 74 12 1001 [234]

de ,
AS =V, f(—) do (15)
*Jo \oT/,

where Vj refers to the equilibrium system volume, while € and ¢’ represent the strain (elongation) and stress in the system,
respectively.

T (oe /
AT= -V, | =(=) d¢ (16)
°KC(6T>4

where C is the heat capacity.
If the temperature change is insignificant and the heat capacity does not change significantly in a span of stress, the adiabatic

temperature change is expressed by:
T
AT~ —GAS a7

The negative isothermal entropy above evolves to a positive adiabatic temperature change, which means a conventional elasto-
caloric effect, i.e, the applied stress leads to heating of the material (AT,q > 0), while it cools down when the stress is removed
(AT,q < 0). Conversely, a positive isothermal entropy promotes a negative adiabatic temperature change, resulting in an inverse
elastocaloric effect, i.e, the material cools under applied stress, and heats when the uniaxial stress is removed [245]. Fig. 64 illustrates
the conventional and inverse elastocaloric effect.

The Clausius-Clapeyron equation can be used to evaluate the elastocaloric effects close to the first-order transitions.
do 18)

AS = — VyAel
02T

where Ag refers to the change in length during the transformation along the applied stress direction.

Materials undergoing a stress-induced first-order transformation are expected to show a large elastocaloric effect [229]. Elasto-
caloric materials must exhibit two vital effects to reach a large and reproducible effect: (a) the transformation entropy change (ASy)
needs to be large to offer enough potential for reaching a large elastocaloric effect; (b) good mechanical properties to endure the stress
necessary to fully induce the martensite phase [103]. Volume change is an important feature of the first-order phase transition.
Especially, for martensitic transformation, the larger the volume change (AV/Vy) across the transformation, the stronger will be the

(a) (b)
P m ¥ —~
= T 0 T
P ) ‘ Martensitic Martensitic
¥ | transformation transformation
'b 3 \Loading Loading P
= b, ‘
. A AS<0 AS>0 .
,g K \ ;;;g § Pl / / * :3
[ b= AS <0
w | Normal parent phase AS> 0 = r—i - Martensite phase
Unloading ’ \ Unloading
Reverse martensitic X Reverse martensitic
transformation 25 k. ¥ transformation P
> 7 +
Martensite phase Reentrant parent phase
Uniaxial stress —>» Uniaxial stress —»

Fig. 64. Entropy and temperature change under uniaxial stress loading. (a) Conventional elastocaloric effect. (b) Inverse elastocaloric effect. (From
Odaira et al. [245]).
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first-order transition. Consequently, a larger ASy; is reached [103,246]. Recently, the elastocaloric effect has gained attention because
of the large latent heat and adiabatic temperature changes coupled with the martensitic phase transformation [247].

Large elastocaloric effects have been found in ferroelastic phase-transition materials, including Cu-based SMAs [229,248,249], Ni-
Ti-based SMAs [247,250,251], and Ni-Mn-based Heusler compounds [252,253]. Among these alloys, the Ni-Ti system has been
extensively studied due to the giant elastocaloric effect [247,254,255]. The Ni-Mn-based Heusler alloys have alluring multicaloric
properties (such as magnetocaloric, barocaloric, and elastocaloric effects). However, they are brittle due to the weak grain-boundary
cohesion, leading to poor cyclic stability for the elastocaloric effect. The addition of microalloying elements, such as boron, can solve
this issue since it promotes the refinement of the grains, consequently, improving the mechanical properties [256]. Fig. 65 shows a
schematic illustration of boron effect on the grain boundary.

The elastocaloric effect is present in all-d-metal Heusler alloys. Wei et al. [257] studied this effect in NiMnTi(Co) all-d-Heusler
compounds. Two compositions were prepared, NisoMns,Tijg and NigsCoisMnssTiys, For NisoMns,Tisg, a large but irreversible adia-
batic temperature change equal to 10.7 K was observed at a strain equal to 3.9 %. On the other hand, for Nig5sCo15Mn3sTi;s, a reversible
elastocaloric effect with an adiabatic temperature change of 9.0 K was observed at a strain of 4.6 %. The reversibility of the elasto-
caloric effect obtained for the Ni35Co15MnssTijs compound is attributed to the improvement of d-d hybridization initiated by the Co
element. The elastocaloric effect in all-d-metal Heusler alloys is not only observed by Wei et al. [257]. There are many other examples
in the literature as reported by Cong et al. [103], Yan et al. [122], and Shen et al. [258].

9.3. Multicaloric effect

It is known that the hysteresis coupled with the phase transition decreases the caloric efficiency and affects the reversibility of the
caloric effect. These limitations can be overcome by combinations of external fields, such as magnetic and stress. This mechanism is
called multicaloric effect [98,208,259]. Liu et al. [98] applied more than one external stimuli (magnetic field and hydrostatic pressure)
to reduce the hysteresis of Ni-Mn-In-Co alloy. They observed that the hysteresis drastically reduced when the sample was magnetized
in the absence of bias stress but demagnetized beneath a low external pressure (130 MPa); this behavior is illustrated in Fig. 66. The
hysteresis is indicated by the grey area in the schematic drawing. Moreover, it was noted that the cooling power increased by
simultaneously varying the magnetic field and pressure when compared to the cooling power reached by the variation of only the
magnetic field. This agrees with the theoretical prediction by Oliveira [260].

Gracia-Condal et al. [121] investigated the multicaloric effects in Ni-Mn-In alloys by combining the uniaxial stress and magnetic
field. Fig. 67 shows the results of multicaloric properties (isothermal temperature changes) under the application of magnetic field and
uniaxial stress. Fig. 68 shows the same effect for adiabatic entropy changes. A maximum value of entropy equal to 24 J kg™* K1 was
obtained for the stress of 20 MPa and a magnetic field equal to 3.1 T at 297 K (Fig. 67d). Under a low magnetic field (1 T) and removal
of the uniaxial stress (40 MPa), higher entropy changes (AS;s, = 10.5 J kg1 K™ at 297 K and 13.9 J kg ' K~ at 298 K) were achieved
in comparison with the single caloric effect (ASjs, = 4 J kg™ K™! and 6 J kg~* K™1). The same behavior was noted for the magne-
tocaloric effect. The maximum value of isothermal temperature change was — 5.9 K at 298 K (Fig. 68e), which was higher compared to
the single caloric effect. From these results, can be implied that the combination of more than one stimulus improves the caloric
properties.

Gottschall et al. [207] explored hysteresis to create an alternative multicaloric cooling cycle for materials that are subject to first-
order phase transitions. Fig. 69(a) and (b) present the conventional active magnetic refrigeration (AMR) cycle and the new device
produced by Gottschall’s group, respectively. Fig. 69(c) shows how the hysteresis cycle occurs. As observed, this cycle is divided into
six stages. In the first one, the material (Ni-Mn-In) is adiabatically magnetized followed by a decrease in the temperature because it
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/ \\ Weak boundary Strong boundary
=/ )— /e
/ \ \
4 \ / \
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- \ /
/7_" \ /'“'\ o
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o
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Fig. 65. Schematic illustration of boron effect on grain size. (From Yang et al. [273]).
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Fig. 66. Magnetization as a function of the magnetic field beneath 0 and 130 MPa (1.3 kbar) hydrostatic pressure at 308 K. The inset represents the
shift of martensite transition temperatures due to the application of pressure up to 430 MPa (4.3 kbar). In a low field, the forward and reverse

transitions can be generated (the shadowed area represents the hysteresis) as long as the sample is magnetized without pressure but demagnetized
beneath an external pressure. (From Liu et al. [98]).
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Fig. 67. Color maps for the multicaloric isothermal entropy change (AS;s,) due to the applied magnetic field and removal of the uniaxial stress.
(From Gracias-Condal et al. [121]).

exhibits an inverse MCE. In the second step, the thermal hysteresis is adjusted, therefore the reverse transition does not occur during
the magnetization. As magnetostructural reversibility is absent in this system, it is possible to reduce the magnetized volume signif-
icantly. As a result, the large and costly rare-earth-element (REE) magnets needed to produce a magnetic field over a large volume are
not required anymore. This is the major difference between the conventional AMR cycle and Gottschall’s device. In the third step, after
locking the alloy in a ferromagnetic phase, the heat is removed from the cooling compartment without a magnetic field. In order to
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Fig. 68. Color maps for the multicaloric adiabatic temperature change (AT,q) due to the applied magnetic field and removal of the uniaxial stress.
(From Gracias-Condal et al. [121]).
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Fig. 69. Comparison between the thermal hysteresis cycle and the conventional magnetocaloric cooling cycle. (a) Conventional active magnetic
refrigeration with large mass of permanent magnets. (b) New design of cooling cycle based on thermal hysteresis of magnetocaloric materials. (c)
The six stages of the hysteresis cycle. The boxes represent multicaloric materials. The blue box indicates low temperature, the green box refers to the
room temperature, and the red one indicates high temperature. The diagram shows the hysteresis of the multicaloric transition due to the phase
fraction as a function of temperature in the absence of an external field (orange), in a magnetic field (grey), and under the effect of uniaxial stress
(purple). (From Gottschall et al. [2071]). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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return the alloy to its original form, a mechanical force (loading wheel) is required. Steps four and five are marked by a hefty heating
effect because the reverse transformation is induced. In the last stage, the excess heat can be expelled to the outside. From this
investigation, we can imply that Gottschall et al. [207] transformed hysteresis, which is a bottleneck, into an opportunity to improve
the multicaloric effects.

10. Topological insulators in Heusler alloys

Solids materials are traditionally classified into three groups: metals, which can conduct electricity; insulators, which cannot
conduct electricity; and semiconductors. It is possible to distinguish them from the valence and conduction bands. When the valence
band is fully complete and separated from the conduction band through an energy gap, it can be an insulator or a semiconductor. For
insulating materials, electrons are not able to be excited from the valence to the conduction band due to the large energy gap between
them. On the other hand, in semiconductors, the energy gap between these two states is small; thus, some electrons located at the
valence band can migrate to the conduction band. In the case of metals, there is an overlap between the valence and conduction bands,
resulting in an undefined band gap. Due to this overlap, the electrons are able to conduct from 0 K until all finite temperatures [115].

Topological insulators belong to the new class of materials which cannot be classified purely as insulators, semiconductors, or
metals because they have an insulator behavior in the bulk and metallic behavior at the surface [104,115,117,261,262]. Fig. 70
presents the electronic bands for solid state materials described above.

Topological insulators can arise in two and three-dimensional materials. The first observation of 2D topological insulators was in
the binary semiconductor HgTe quantum wells (QWs). This quantum well is a thin layer of HgTe (topological) which is evolved by two
insulating layers of CdTe (trivial semiconductors) [106,263,264]. CdTe exhibits a band ordering with s-orbital I'c (conduction band)
and p-orbital I'g (conduction valence), which are separated by a substantial energy gap (~1.6 eV) [112]. As Hg is a heavy element
compared to Te, a strong change in properties is expected due to the interaction between them. As a consequence, an inverted band
ordering occurs for HgTe compounds, which means that the s band is shifted below the p band [110,112]. A 3D topological insulator
was observed in a single crystal of BisSes in which the surface states form an odd number of Dirac cones [109,112,265-267]. Other
single crystals such as BiyTes and SbyTes were identified as 3D topological insulators [265]. An odd number of band inversions (BIs)
between the conduction and valence bands is the most important condition for a material to be a topological insulator. This band
inversion originated from the relativistic effect, for example, the spin-orbital coupling (SOC), which is improved by using heavier
elements instead of light elements [112]. Heusler alloys are versatile materials; due to their properties, there are wide possibilities to
adjust the band gap and set up the desired band inversion by choosing appropriate classes with hybridization strength and the
magnitude of spin-orbital coupling. Thus, these alloys can be topological insulators [111]. Among them, the important candidates for
being tunable topological insulators are Half Heusler alloys [110,261,268].

Incidentally, Lui et al. [113] observed the topological surface in YPtBi and LuPtBi superconducting Half Heusler alloys. Felser’s
group [110,112], based on the first-principle calculations shows that approximately fifty Half Heusler alloys exhibit a band inversion
similar to HgTe. These alloys can be adjusted from a trivial state to a topological insulator through two different strategies: (a) the first
one is to vary the lattice constant by applying pressure or growing the alloy on a specific substrate; (b) the second way is to substitute
the elements, which can be achieved by electronegative alteration or the strength of the spin-orbital coupling (SOC) (nuclear charge
number, Z) [110]. Fig. 71 shows some Half Heusler alloy candidates to be topological insulators; for comparison HgTe and CdTe were
inserted in the figure. Compounds located below zero energy, i.e, when the energy difference between (I's — I's) the bands has a negative
value, are topological insulators, following HgTe. By contrast, when the energy difference between the bands is positive, the com-
pounds are trivial insulators, such as CdTe. Lin et al. [261] also investigated topological insulators in Heusler alloys. This behavior was
found in several Half Heusler alloys such as LaPtBi, LuPtSb, LuPdBi, LuPtBi, YPdBi, YPtBi, and YAuPb, as predicted previously by
Chadov et al. [110].

11. Mechanical properties

The mechanical properties of Heusler alloys have received much less attention than the electronic and magnetic properties because

S

Semiconductor/Insulator Metal Topological insulator

Fig. 70. Electronic bands in different solid-state materials. (From Kumar et al. [115]).
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the applications are classified into functional and structural: magnetocaloric, thermoelectrics, magnetic shape memory, and spin-
tronics belong to the functional group. Experimental results are mostly limited to hardness (including nanoindentation) and elastic
property measurements on half-Heusler alloys. Density Functional Theory (DFT) and Molecular Dynamics (MD) were also used to
obtain a correlation between elastic modulus.

The results by Rogl et al. [118] presented in Fig. 72 are noteworthy. Clathrates (are compounds in which molecules of one
component are physically trapped within the crystal structure of another) and Skutterudites (are cobalt arsenide mineral containing
variable amounts of nickel and iron) are grouped with ceramics, and their covalent and ionic bonding establishes a linear relationship
of hardness and Young’s modulus with slope H3/E2, in the log-log plot. The half-Heusler alloys fall into this line, the hardness being
superior, at a specific Young’s modulus, to metals/steel. This is the direct result of their intermetallic character and superlattices,
making the movement of dislocations more difficult by virtue of their larger Burgers vectors and high Peierls-Nabarro stresses. The
limited experimental results were somewhat amplified by He et al [269] who performed nanoindentation experiments on additional
Heusler alloys.

The use of Molecular Dynamics to estimate the hardness of Heusler alloys has been widely implemented and the results are shown
in Fig. 73 represent the summary of many (~80) sources. The results of Rogl et al [118] and He et al [269] are shown in the same plot
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Fig. 72. Experimental results correlating elastic moduli and hardness for a range of materials; Half Heusler alloys fall into the ceramic range, rather
than metals and alloys. (From Rogl et al. [118]).
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Fig. 73. The hardness of Heusler alloys as a function of Young’s modulus. Experimental results by Rogl et al. [118] and He et al. [269] compared
with MD simulation predictions. (From Everhart and Newkirk [119]).

and are consistent with calculations. Straight lines were used to correlate the hardness and elastic moduli. It is obvious that there is a
correlation between hardness and young’s modulus as the least square fit shows. However, the complexities of grain size, solid solution
hardening, temperature, and other effects create effects that are beyond a simple correlation. However, within the realm of Heusler
alloys with their characteristic ordered structure, superlattice, and order hardening, this correlation seems to hold, and the equation
proposed by Yousef [270] applies:

(1-2v)E

=i+

(19)
where E is Young’s modulus, H is the hardness, and v is Poisson’s ratio.
For fracture toughness, the crack length at the edges of the indentations can be used to estimate the resistance of the material (see
Fig. 74). If the ductility is high, such as copper, no crack is generated. On the other hand, if the toughness is limited, such as in in-
termetallics, a crack is generated whose length can be used to obtain a measure of toughness. The Evans-Charles equation has the form:
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Fig. 74. Fracture toughness (from microhardness tests) for different Heusler alloys as a function of a varying Zr/Hf ratio (From Rogl et al.[118]).
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where HV is the Vickers hardness, F is the indentation load, and c is the radial crack length from the center of the Vickers
indentation. p is a function of the indenter angle; for Vickers indentation, it is equal to p = 0.016.

Microindentation was used to obtain approximate values of the fracture toughness, which is indeed very low, in the range of
ceramics. This confirms the brittle nature of these Heusler alloys and is probably a characteristic of all. One of the authors (MAM)
remembers preparing powders for X-ray diffraction and more rapid cooling by the use of a mortar and pestle, a technique that is
appropriate for ceramics and minerals. The Cu-Mn-Sn alloy is comminuted into fine powder.

One of the few reports on mechanical testing is the compressive deformation of the Ni-Mn-In alloy which exhibits a martensitic
transformation from L2; to B2. The compressive upsetting (6x6mm) of cylinders to a true strain of 1 was conducted at 773, 873, and
973 K (see Fig. 75(a) [271]; it shows significant ductility and dynamic recrystallization at the two higher temperatures, whereas at 773
KK microcracks were observed throughout the entire structure. Although M; for this alloy is equal to 260 K, twins were formed and are
seen in Fig. 75(b) after deformation at 973 K. This was attributed to an increase in M; by plastic deformation. Interestingly, the other
conditions did not exhibit it.

Elastic properties are more easily obtained than plastic and fracture responses. The latter requires experiments because of the
complex interplay between dislocations, twins, and phase transitions with the existing structure. For the elastic response, first-
principle calculations provide reliable results. Wen et al. [272]calculated the bulk, shear, and Young moduli for Ni,XAl lalloys
(where X = Sc, Ti, or V). They also estimated the hardness using the Yousef empirical equation [139]. The values obtained are 9.48 GPa
(for NiyScAl), 8.09 GPa (for Ni,TiAl), and 4.57 GPa (for NisVAL). These are only first-order estimates. However, the anisotropy of
elastic properties is obtained successfully. There are dramatic differences as shown in Fig. 76. The Young moduli are highest along with
the [111] directions and lowest along [100]. Ni;VAl shows the highest anisotropy.

11.1. Mechanical properties in mechanocaloric alloys

Solid-state refrigeration is a technique that presents great potential because the conventional processes involving vaporization are
avoided. In particular, materials exhibiting the shape memory effect through martensitic transformations are amenable to be used in a
solid-state refrigeration cycle. This effect can be used by means of magnetic, electrical, or mechanical input, respectively named
magneto, electro, and mechanocaloric. The adiabatic temperature change associated with the martensitic transformation in NiTi is
typically below 15 K. Some Heusler alloys also display this effect. The NiMnlIn alloy exhibits a significant temperature change between
3 and 9.6 K (Huang et al. [120]). The compressive mechanical properties of a NisopMns; 7In;s 2 synthesized by three techniques (arc
melting, suction casting, and directional solidification) are compared in Fig. 77 and the different stages of transformation and
deformation are indicated. The samples fractured in a brittle manner at strains between 7 (suction casting) and 12 pct (directional
solidification). The brittle fractures are shown in Fig. 77(b) to (d). This limited ductility is characteristic of Heusler alloys.

Yang et al. [273] studied the cyclability of elastocaloric effect in Ni-Mn-In Heusler alloys microalloyed with boron addition to
improve the cyclic stability and the mechanical properties. By an arc-melting process under a high-purity argon atmosphere, a series of
samples were produced with varying boron composition: (Nis; sMnssIn;s 5)100-xBx (x =0, 0.1, 0.2, 1.3, 0.4, 0.6; at.%). The best results
of the elastocaloric effect were achieved for the Nis; sMn33In;s sBg 3 sample. In this composition, an adiabatic temperature change of
6.6 K at 550 MPa, was obtained and an isothermal stress-induced entropy change (AS,) of 20 J kg™* K! at an applied stress of
300 MPa. Higher cyclic stability over 150 cycles was achieved for the Nis; sMnssln;s sBg 3 alloy, while the Nis; sMngsIngs 5 sample
(boron-free) degraded with 20 cycles. These outstanding results are due to the improvement of grain boundary cohesion and grain
refinement produced by boron microalloying. Fig. 78 compares the effect of boron grain size for different compositions. It is observed
that all samples which contain boron exhibit a smaller grain size (~20 um) compared to the samples without boron (~100 pm).

Tang et al. [274] added Cu to a NiMnlIn alloy. Boron was also added to enhance the ductility and the following compositions were
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Fig. 75. (a) Compressive true-stress vs true-strain curves for Ni-Mn-In alloy at 773, 873, and 973 K. (b) Structure composed of different twin
variants observed on cooling to room temperature. (From Musabirov et al. [271]).
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Fig. 76. Polar plots showing anisotropy of elastic moduli of three Heusler alloys Ni»ScAl, Ni,TiAl, and Ni,VAl (From Wen et al. [272]).
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Fig. 77. Mechanical response for NisoMnz4 gIn;s » alloy prepared by three different methods: arc melting, suction casting, and directional solidi-
fication. (a) Compressive stress-strain curves up to failure (indicated by the drop in stress). (b-d) surfaces showing brittle failure for arc melting (b),
suction casting (c), and directional solidification (d). (From Huang et al. [120]).

investigated: (NisaMns;Ing7.xCuy)Bo 2 (x: 0, 1, 2, 3). This had a positive effect on the fatigue loading of the alloy up to 100 cycles
(Fig. 79). No cracks were detected, and the addition of boron enhanced the properties of the grain boundaries. The adiabatic tem-
perature change was ~ 9.5 K. A major enhancement of AT,q to 31.5 K with an associated isothermal entropy change of 45 J/kg K1
was obtained by Cong et al. [103] for a NiMnTi all-d-metal Heusler alloy. An added advantage is that the working temperature can be
tuned to the required heating and cooling applications. The mechanical robustness of these alloys is important in applications. Two
ratios of elastic properties provide a good indication of ductility: B/G (where B is the bulk modulus and G is the shear modulus) and the
Cauchy pressure Cq1-C44. The high value of these ratios, in comparison with other Heusler alloys, suggests that the mechanical
properties are favorable. The change in volume with transformation, AV/Vj is also considerably higher (Fig. 80). The compressive
stress—strain curves obtained at a strain rate of 1.3x10* s~ for the alloy NisoMngs; 5Ti 185 microalloyed with boron have a charac-
teristic plateau in which the stress-induced martensitic transformation takes place. The transformation is completely reversible as
shown in the insert of Fig. 81, and the entropy change associated with the process can be calculated. This microalloying with boron,
similar to the work of Tang et al. [274], enhances the ductility in a manner similar to what has been observed in intermetallics and
especially NizAl [275]. It enhances the grain-boundary cohesion and thus overcomes the grain-boundary brittleness.
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Fig. 78. SEM fractographs showing the reduction of grain size with boron addition. (a) Nis; sMnssInyss, (b) Nis;MnssInisFes, (¢) (NisysM-
n33In155)99.4Bo.6 and (Nis;MnssIng4 Fea)gg 4Bo e (d). (From Yang et al. ([273]).
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Fig. 79. Stress-strain curves in loading and unloading for (Nis;Mngz;In;7.,Cuy)Bg 2 (B addition to enhancing grain-boundary properties) at every
10th of the cyclic loading experiment to test the cycling stability of the mechanocaloric effect. There is a drop in the curve s for the first ten cycles
with subsequent stabilization. (From Tang et al. [274]).

12. Current technological applications

The synthesis of the first “Heusler” alloy dates from the last part of the 19th century. The addition of manganese by Friedrich
Heusler was intended to replace the phosphor that collected the oxygen during smelting but contributed to the brittleness of phosphor
bronzes, which were originally invented by Georges Montefiori-Levi. Thus, the CupMnSn alloy was initially a structural material. The
copper-manganese-tin alloys were successful and other similar alloys followed such as the copper-manganese-nickel alloys known to
this date as manganin. The latter have a low-temperature dependence on the electrical resistivity, making them attractive in measuring
devices. The discovery of ferromagnetism in the CuoMnSn alloy puzzled the scientific community and the underlying reason was finally
obtained. Heusler alloys fell in disfavor, and it is fortuitous that one of us (MAM) was given this alloy as a research theme in 1970. The
original goal was to measure the enthalpy of ordering through solution calorimetry. Heusler alloys were well suited for this study
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Fig. 80. Top. The ratio between elastic constants B/G for NiMnTi alloys with boron micro addition (top right) and compared to other alloys.
Bottom. (C;2-Cy44) for the same materials. Calculations from first principles. (From Cong et al. [103]).
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Fig. 81. Compressive stress—strain curves (for the loading cycle only) for NisoMng; 5 Tig 5 at different temperatures. Only one curve with the full
loading-unloading cycle is shown in the insert (From Cong et al. [103]).

because they can be produced in both the ordered and disordered states. It was the discovery of half metallicity by de Groot, in 1983,
that reinitiated intense activity around Heusler alloys because of the giant magnetoresistive effect discovered. This era of intense
activity has as its goal the development of improved functional properties and new applications. There is not yet a documented
functional utilization of Heusler alloys, but they are candidate materials for several concepts.

Among the main applications envisaged for Heusler alloys, spintronics, tunnel junctions, and magnetic thermoelectric devices
stand out. There is a broad range of sensors and actuators that can evolve from the half metallicity, magnetocaloric, and giant
magnetoresistive properties.

We start with the spintronics area, which is already having a significant impact on information storage. Fig. 82 shows the range of
spintronics applications, a highly specialized field subdivided into spin memories, spin sources, and spin transistors. There are
basically-two approaches to making Heusler materials for these applications: epitaxial and polycrystalline films. The latter are made by
sputtering. Hirohata et al. [157] conclude that polycrystalline films have great advantages over epitaxial films for implementation into
GMR or TMR nano-pillar junctions for next-generation HDD read heads or STT-RAM.

The second important application is solid state refrigeration using both the semiconducting properties of Heusler alloys or their
multicaloric (mechanocaloric or magnetocaloric, both conventional and inverse) effects (e. g. Manosa et al. [276]). Usually, the
material’s entropy decreases when an external field (mechanical, electrical, or magnetic) is applied isothermally, and its temperature
increases when a field is applied adiabatically. However, some materials, including Heusler alloys, exhibit the inverse effect. The
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conventional and inverse magnetocaloric effects can be obtained in NiMnGa alloys close to the stoichiometric Ni;MnGa composition
(Fig. 83). Fig. 84(a) shows the principle of operation of magnetic solid-state refrigeration. When the field is applied, the temperature
rises. Conversely, the specimen cools on the removal of the magnetic field. The change in temperature can be used to create the
refrigeration cycle. The corresponding changes in AT,q and AS;js, are shown in Fig. 84(b). A significant number of prototypes using
permanent magnets have already been developed in the case of the magnetocaloric effect. Computational simulations can predict
improvements in the properties. Siewert et al. [204] suggested that Pt-doping in Ni-Mn-based Heusler alloys improves the performance
of these alloys, in particular their magnetocaloric properties. These methods are described in Section 9.

13. Computational design of Heusler alloys

Ab-initio or first-principles electronic structure calculations based on the density functional theory (DFT) are one critical tool today
for studying and designing materials at atomic- and nano-scale. Based on the fundamental laws of physics with appropriate approx-
imations, ab-initio calculations can access a great variety of materials properties and are playing an increasing role in materials
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Fig. 83. Entropy change with an externally applied field for different compositions close to NioMnGa. Notice both conventional and inverse
magnetocaloric effects. (Adapted from Marcos et al. [326] Phys Rev. 2003).
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Fig. 84. Principle of operation of magnetic solid state refrigeration: left, specimen between N and S poles of magnet, leading to temperature rise;
right, specimen outside of field leading to temperature drop. (b) changes in isothermal entropy and adiabatic temperature with activation of
conventional magnetocaloric effect: a decrease in the entropy and an increase in temperature when the field is activated. (From Muller et al [327]).

research. Along with the rapid development of computational hardware and algorithms in the past decades, a so-called high-
throughput computational materials design approach based on large-scale ab-initio calculations has emerged as one of the most
efficient methods to search and design target materials. To date, great efforts have been made to search for the target materials using
such an approach, and several selected application examples include the organic-inorganic hybrid perovskite materials for opto-
electronics [277-279], perovskite-oxide-based material interfaces [280,281], topological insulators [282], alkali-ion batteries
[283-285], and catalysts for hydrogen production [278]. In particular, the high-throughput computational materials design approach
offers unique and powerful solutions to accelerate the design and development of the target Heusler alloys with desired properties for
various types of technological applications [286-296,296]. This is simply because the Heusler alloys belong to a large family of binary,
ternary, and Quaternary compounds that contain hundreds of thousands of materials. The traditional computational studies are
limited to one or several compounds at a time and are not efficient for the high-throughput discovery of target Heusler alloys.
Accordingly, here we focused on reviewing the high-throughput computational design of novel Heusler alloys, with an emphasis on the
general computational workflow, evaluation of the materials stability, and extraction of proper materials descriptors for spintronic and
thermoelectric applications.

13.1. Workflow of high-throughput computational design of Heusler compounds

The central idea of the high-throughput computational materials design approach is to carry out large-scale ab-initio calculations for
many existing and/or hypothetical materials [297-300], and then rapidly identify the materials with the desired properties by
screening the calculated quantum materials data. The existing materials structures can be obtained from the inorganic crystal structure
database (ICSD) and the hypothetical materials structures can be made from the prototype structures such as the well-known pe-
rovskites and Heusler alloys [301]. For example, several open-access quantum materials databases including AFLOWLIB [297], Ma-
terials Project [299-302], and Open Quantum Materials Database (OQMD)[298] have been built from the ICSD for public research
usage. As for the latter case, i.e., the large-scale ab-initio calculations of hypothetical materials, this approach is often used when the
materials having the specific prototype structures are the research focus. For example, a high-throughput design of Heusler alloys is
one typical example application of such a case.

After large-scale ab-initio calculations of hypothetical Heusler alloys, one critical step is to select stable compounds by evaluating
their material stability. Several common approaches include formation energy calculations, convex hull calculations, and phonon
calculations. Formation energy and convex hull calculations are commonly used to study the thermodynamic stability of materials in a
high-throughput fashion. The formation energy (AEy) is directly related to the solid-state formation enthalpy since the change in
pressure and volume of the solid materials can be neglected. A negative AE; means that the compound is unlikely to be decomposed
into constituent elements. However, it is still possible that the compound is decomposed into other competing phases. Hence, for-
mation energy calculations often serve as the first step in the process of high-throughput design because of the computational cost-
effectiveness.
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To evaluate the thermodynamic stability of materials against the decomposition into other phases, convex hull calculations are
required. A convex hull is a set of lines of formation energies versus compositions for binary compounds (or a surface for ternary
compounds). It connects all the lowest energy phases and thus all the competing phases should be considered in the convex hull
calculations. Fig. 85 shows convex-hall diagrams for a binary Co-Ti compound and a ternary Mn-Pt-Pd compound. Convex hull dis-
tance (AEp) is one effective material parameter to evaluate material stability. It is defined as AEy = Ef —Hp,y;, where Ey is the formation
of energy and Hp,y is the convex hull energy for the considered phase composition. A compound on the convex hull has a zero AEy and
is thus thermodynamically stable since its Ey is lower than any other phases or the linear combination of other phases. In contrast, a
compound with a large AEy is thermodynamically unstable and is possible to decompose into other competing phases; and the
compounds with a relatively small AEy in the order of dozens of meV are potentially stable [303,304]. This is essential because the DFT
calculations are generally performed at 0 K and the contributions of entropy to the free energy are neglected. As a result, for some
compounds with relatively high entropy, at ambient (or higher) temperature, the total free energy could be further reduced, forming
thermodynamically stable states. Hence, the choice of AEy plays a critical role in the prediction of novel Heusler compounds and
greatly influences computational accuracy. It is worth mentioning that, in our recent work [303], a comprehensive investigation of the
AEy for around 1682 ternary Heusler compounds, we have found that the experimentally synthesized full Heusler and Half Heusler
compounds generally have a AEy < 100 meV/atom and AEy < 150 meV/atom, respectively. Accordingly, these values can serve as
thresholds to screen thermodynamically stable Heusler compounds from ab-initio calculations.

Phonon calculations are often used to assess the dynamic stability of crystalline solids such as Heusler alloys. The common pro-
cedure is to calculate the phonon dispersion curve and if all the phonons have real and positive frequencies, then the compounds are
considered dynamically stable [277,294]. In addition to the phonon calculations, the calculations of elastic constants (Cj;) are often
used to evaluate the mechanical stability against deformations and distortions under the strain. A crystal’s elastic constants reflect the

second-order change of the internal energy in response to a strain and can be calculated using the equation: C;; = Vlo (%), in which E is
i&j

the total internal energy, Vy is the volume of the crystal under the equilibrium condition, and &; (g;) represents the applied strain. Cubic
crystals such as Heusler alloys have three independent elastic constants Cy1, C12, and C44, and their mechanical stability is determined
by the well-known Born stability criteria: C1; - C;2 > 0, C17 + 2Cj3 > 0, and C44 > 0 [294,305]. These elastic constants can be
calculated from ab-initio calculations.

13.2. Applications: Examples of high-throughput computational design of Heusler compounds

Discussed below are a few specific examples of the high-throughput search for target Heusler alloys focusing on their magnetic and
thermoelectric properties for different functional applications. The high-throughput computational search for target Heusler alloys
with the desired magnetic properties such as ferromagnetism, antiferromagnetism, perpendicular magnetic anisotropy (PMA), and
high tunnel magnetoresistance (TMR) has been conducted in recent years [306]. For instance, in 2017, Sanvito et al. [306] reported a
high-throughput screening of Heusler-based ferromagnetic materials. In this work, they first built a materials database that collects
236,115 Heusler compounds via large-scale ab-initio calculations and found 20 magnetic materials by screening the database using a
group of material descriptors including formation energy (AEy), convex hull distance (AEy), d-block elements, spin moment, and
magnetic order. Similarly, Ballueff et al. [289] predicted 21 antiferromagnetic Heusler compounds from 80, 000 Heusler compounds
via high-throughput screening of the open-access database AFLOWLIB and density functional theory (DFT)-based magnetic coupling
calculations, and all these candidate compounds have a Néel temperature above room temperature. The critical materials descriptors
employed in this work include: i) critical elements, ii) spin moment, iii) convex hull distance (AEp), and iv) energy difference between
ferromagnetic and antiferromagnetic states.

By taking Sanvito et al.’s [306] work as one example, here briefly reviewed is the procedure of high-throughput screening of target
Heusler-based magnets (see Fig. 86). After the large-scale ab-initio calculations, the authors carried out a trial screening using two
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Fig. 85. Convex-hull diagrams. (a) binary compound Co-Ti. (b) ternary compound Mn-Pt-Pd. (From American Chemical Society [328]).
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materials parameters including formation enthalpy and magnetic moment and realized that this screening strategy is extremely
challenging because it requires the total energy calculations of approximately 15 million prototypes to determine the stability of each
calculated Heusler compound. Instead, Sanvito et al. [306] narrowed down the materials search space to the intermetallic compounds
that consist of 3d, 4d, and 5d elements. They conducted a convex hull analysis using the available energetic data of the binary and
ternary compounds in the AFLOWLIB [297] and found 248 thermodynamically stable compounds from the 36, 540 compounds. This
strategy significantly reduced the number of candidate compounds and improved the screening efficiency. The authors further carried
out magnetic coupling calculations for the 248 compounds and identified 20 new ferromagnetic materials that belong to CoyYZ,
MnyYZ, and XoMnZ classes, suggesting that Co and Mn elements are critical in producing the magnetic ground states. It is worth
mentioning that they successfully synthesized a new ferromagnetic compound, CooMnTi, which displays a Curie temperature (Tc¢) as
high as 938 K, surprisingly in excellent agreement with the predicted value of 940 K via a linear regression method over the existing
data.

Large-scale ab-initio calculations can also be employed to study the fundamental structure—property relationship for Heusler alloys.
For example, Faleev et al.[307] explored the stability of the tetragonal phase of XoYZ Heusler compounds by comparing the relative
stability between the cubic and tetragonal phases using first-principles calculations for a subset of 286 compounds. Based on these
data, the authors soon reported an approach to search for tetragonal Heusler compounds with large PMA and TMR for high-density
memory recording applications [308]. The key materials descriptors used for selecting candidate materials include volume mag-
netic anisotropy (K,), the strength of the Brillouin zone (BZ) spin filtering effect (E;), and total spin polarization (Py). Faleev et al. [308]
further carried out experimental verification for the candidates and identified 11 experimentally stable tetragonal Heusler compounds
among which 9 have PMA. Interestingly, the compound Fe,MnGa was reported to be tetragonal in the experiment while predicted to be
cubic from DFT calculations, in which the calculated total energy of the tetragonal phase is about 0.03 eV higher than that of the cubic
phase. This energy difference is less than the established threshold value of 100 meV/atom for AEy mentioned above, implying that the
tetragonal phase is likely to be thermodynamically stable due to the entropy effects.

Inverse Heusler compounds have also been studied for promising spintronic applications. For instance, Ma et al. [309] calculated
405 Inverse Heusler compounds using large-scale ab-initio calculations and identified about 51 half-metals and 50 near half-metals.
One interesting finding from this work is that most experimentally synthesized Inverse Heusler compounds have a AEy < 52 meV/
atom, which could serve as one useful reference to select thermodynamically stable compounds from the Inverse Heusler family.
However, in this work, the material stability of the identified candidate spintronic materials was only evaluated from the negative
formation energy rather than through the convex hull analysis, and thus the thermodynamic stability of these candidate materials
should be further examined before considering their practical applications. Half Heusler compounds are another ideal materials
platform for searching for spintronic materials [310]. Interestingly, it is found that most experimentally synthesized compounds have
a<100AEy meV/atom that is larger than that of the inverse Full Heusler compounds, 52 meV/atom [309]. This also implies a larger
entropy in the Half Heusler compounds than that in the Full Heusler compounds. Similarly, one can expect that a large AEy (100 —
150 meV/atom) can be used for selecting stable Quaternary Heusler compounds because of their large entropy [290,294,304].

Besides spintronic properties, Heusler compounds also offer promising thermoelectric properties, and many computational design
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efforts of thermoelectric materials based on the Heusler compounds have been made in recent years [286,287,293,295,311-314]. In
2014, Carrete et al. [286] first reported the high-throughput search for thermoelectric materials based on the Half Heusler compounds.
In this work, most of the computational efforts were focused on the evaluation of material stability. The authors screened 79,057
compounds belonging to the Half Heusler structure and identified 75 stable compounds after using materials descriptors including
negative formation enthalpies, band gaps, photon dispersion curves, and ternary phase diagram (AEg). Among the 75 stable com-
pounds, the authors proposed the three promising thermoelectric materials, PtLaSb, RhLaTe, and SbNaSr, which have the lowest
thermal conductivity for future experimental verification. In contrast, SbNaSr was later found dynamically unstable via phonon
dispersion calculations [315], and hence further computational or/and experimental efforts are required to clarify the inconsistency. A
similar computational search of thermoelectric materials with low thermal conductivity was also carried out for Full Heusler com-
pounds. For instance, He et al. [311] reported a new class of Full Heusler compounds that have ten valence electrons using the high-
throughput ab-initio computational approach and identified 15 promising X,YZ compounds as thermoelectric materials. As in the case
of other high-throughput screening work, a large portion of the research efforts were focused on the determination of the thermo-
dynamic stability of compounds.

The emerging machine learning approach has also been employed as one supplementary tool in the high-throughput ab-initio
design of target materials when the traditional ab-initio calculations are not approachable to obtain the desired materials data, which
could be because of either the extremely large-size computational task or the unavailability of ab-initio calculations. This has been
enabled by the rapid development of computer algorithms. For instance, Carrete et al. [286] employed machine learning techniques to
predict lattice thermal conductivity in their work on the high-throughput search for thermoelectric materials. In 2018, Kim et al. [290]
reported 55 novels Quaternary Heusler compounds using a combinatorial approach involving machine learning techniques and high-
throughput ab-initio calculations. The machine learning approach was employed to evaluate the thermodynamic stability of about 3.2
million possible structures by estimating the convex hull distance and identifying 303 candidate materials (with AEy < 100 meV/
atom) for accurate ab-initio calculations. This work indicates that machine learning approach is rather effective to estimate the sta-
bility of materials and thus can significantly accelerate the discovery of novel materials.

14. Conclusions, perspectives, and recommendations

Heusler alloys have a fascinating story that involved three family members. The first, C. Heusler, added Mn to bronze to improve its
properties. The ferromagnetism in Heusler alloys, discovered in 1898 by F. Heusler, has been shown to be the result of their ordered
BCC structure with an FCC superlattice. The structure was determined because of advances in X-ray diffraction. This was done by O.
Heusler, Fredrich Heusler’s son, in 1934; a more detailed simultaneous study by Bradley reached the same conclusion. Eventually, the
correct source of ferromagnetism, the ordered L2; structure which separated the Mn atoms at a critical distance, was reached through
X-ray diffraction. The constituent elements not being ferromagnetic, this discovery led to numerous studies investigating its origin. The
original CupMnZ (where Z is Sn, Al, As, W, Sb, or B) definition has been expanded to include other classes. The contemporary
designation is Full Heusler (with stoichiometry X5Y1Z;), Half Heusler (with stoichiometry X;Y1Z,), Inverse Heusler, Binary Heusler,
Binary Heusler, and Quaternary Heusler. In addition to ferromagnetism, many other effects that render them important for functional
applications are being revealed. Although the numbers depend on the measurement method, over 1,500 Heusler alloys exist today,
covering a range of potential applications. However, the possible number, as possible through computer simulation, is in the millions.
Thus, Heusler alloys are the functional equivalent to the structural characteristics of High Entropy Alloys. Some of the functional
properties and distinct characteristics of Heusler alloys are reviewed below.

Half metallicity, discovered in some alloys, starting with the classic discovery by de Groot in 1983 (in the half-Heusler alloy
NiMnSb), gives them electronic properties between metals and semiconductors. The discovery of half metallicity in Heusler alloys led
to the giant magnetoresistance effect, and gave a great impulse to research and opened the door to a cornucopia of potential appli-
cations that also use the magnetic shape memory effect:

Spintronic hard disk drive heads and magnetic random-access memory.
Thermoelectric devices

Sensors and actuators

Superconductors and semiconductors

Topological insulator materials.

Some of these applications are briefly reviewed her.

Spintronics (or spin transport electronic) applications. This is a rather new concept through which information is carried not by the
electrons but by their spin. This Nobel-prize discovery (given in 2007 to Griinberg and Fert) led to the application in computer science,
specifically in hard drive reading heads and magnetic random-access memory (MRAM). Most of the current generation read heads use
spintronic technology. Although the principal materials used are oxide compounds (e.g., CrO2 and Fe30y4), perovskites, and magnetic
semiconductors (e.g., EuO, EuS, and (Ga, Mn) As, CrAs), Heusler alloys are being seriously considered. In particular, CoFeSi and
CoyCry ¢Fep 4 have been seriously investigated (Felser and Fecher [316]).

Magnetic shape memory effect: this is another unique property exhibited by some Heusler alloys, analogous to the better-known
mechanical shape memory effect exhibited by, among others, the NiTiNol compound. Martensite can form and be uniform under
the effect of an imposed external magnetic field. If the process is an adiabatic process, there is an increase in temperature when the
external field is applied (direct/conventional magnetocaloric effect). If there is a temperature decrease, we have the inverse
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magnetocaloric effect. This adiabatic temperature change can be incorporated into a Carnot or Rankine cycle. Practical refrigeration
applications require this reversibility to occur close to or at ambient temperature. For a brief time, GE produced a portable refrigerator
using the magnetocaloric effect. One important advantage of this form of refrigeration is that no gases with negative environmental
effects (such as freon) are used. Another advantage is that losses due to heat conversion are decreased.

Multicaloric effect. In addition to externally applied magnetic fields affecting the martensitic transformation (the magnetocaloric
effect), pressure (barocaloric effect) and uniaxial stress (elastocaloric effect) can be applied to enhance the performance of Heusler
alloys. The significant environmental and efficiency advantages of solid-state refrigeration warrant focused research on this effect. All-
d-metal Heusler alloys, formed by only transition metals, exhibit a multicaloric effect and high mechanical properties as reported by
Azanar et al. [234], Wei et al. [257], and Cong et al. [103]. This behavior makes these alloys promising candidates for applications in
solid-state refrigeration.

Topological insulator (TI) materials This is a new state of quantum matter because the wave functions describing them have a non-
trivial Hilbert space topology. Cd/Te/HgTe/CdTe quantum wells is an example of 2D TI whereas Bil-xSbx is an early 3D TL. Some
ternary Half Heusler alloys can be classified as TI materials: YPtBi and LuPtBi. They are candidate materials for spintronics. Felser’s
group identified 50 of such materials.

Some Heusler alloys have outstanding magneto-electronic properties in bulk, but the fabrication of thin films still presents chal-
lenges. Thus, there are currently no applications in industrially produced devices, but the intense investigations globally are advancing
the capabilities of these materials. The use of high-throughput computational material design is accelerating the discovery of new
alloys with tailored functional properties. In spite of the approximately 6,000 research papers published on Heusler alloys, there is a
scarcity of studies on their mechanical properties. Nevertheless, these are important to the robustness of devices.

Most Heusler alloys are intermetallic and have an ordered structure. The loss of ordering also degrades the properties. They tend to
have high hardness, yield stress, and low ductility. It is amazing that little quantitative experimental work has been done on the
mechanical properties. First-principles and molecular dynamics calculations can predict the elastic properties realistically, but plas-
ticity, strength, and toughness require experimental work, which involves making casts of sufficient size, and heat treating them in the
appropriate conditions to retain the ordered structure, machining specimens, and testing them. This is an area ripe for systematic
inquiry.
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