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ABSTRACT

Magnetocaloric refrigeration has remained a promising alternative to conventional refrigeration for the last few decades. The delay in reach-
ing the market is significantly based on materials’ related issues, such as hysteresis/reversibility, mechanical stability, or formability. This
perspective paper shows the current trends in magnetocaloric materials research, highlighting the families of alloys and compounds that are
gaining attention in the recent years. It also includes an overview of novel approaches that can be used to analyze these properties that could
improve the applicability of magnetocaloric materials.
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I. INTRODUCTION

With climate change, people are more dependent on tempera-
ture control. Therefore, the increasing electricity consumption and
energy efficiency of cooling systems a more of a significant concern
today.1–3 Since the early days of cooling technologies, domestic
refrigerators have relied on gas expansion/compression. Although
these systems cover a desirable range of temperatures, they are gen-
erally energy inefficient (due to compressor loss) and use hazard-
ous chemicals, such as chlorofluorocarbons, liquefied ammonia, or
hydrochlorofluorocarbons.4

An emerging cooling technology that can double the efficiency
of conventional gas-compression refrigerators has been developed.
This technology is known as magnetic refrigeration (MR).5–8 It is
based on the magnetocaloric effect (MCE), which describes the
reversible temperature change of a magnetic material when adiabat-
ically subjected to a varying magnetic field.9 Thus, the magneto-
caloric material acts as a solid refrigerant in a MR device,
eliminating the need for hazardous and ozone-depleting gas refrig-
erants used in traditional refrigeration systems. Furthermore,
without the need for a compressor, MR offers less noise as well as
better efficiency than gas-compression refrigeration systems, sug-
gesting that MR and magnetocalorics could address some of the
worldwide energy concerns today. The magnetocaloric effect is
associated with first-order (FOMT) and second-order (SOMT)
thermomagnetic phase transitions.10,11 For the latter, Gd remains
the benchmark material for room temperature applications due to

its large magnetic moment. Materials with FOMT typically
possess a larger MCE, also termed as giant MCE (GMCE) in the
literature. Their magnitudes can be twice as large as that of Gd as
reported in Gd5Si2Ge2 by V. K. Pecharsky and K. A. Gschneidner,
Jr.12 in 1997. However, the use of these GMCE magnitudes is con-
strained by the hysteretic behavior of FOMT unlike the fully revers-
ible response of SOMT.13 Until now, device commercialization has
been stymied by several impediments, the most significant of which
has been the inability to identify an appropriate magnetocaloric
material based on abundant elements with optimized cyclic
performance.14

In this perspective paper, we discuss the trends in magneto-
caloric materials and the open questions about their performance.
It also includes proposed hypotheses for their resolution as well as
newly implemented methods pertinent to material and perfor-
mance analysis. Recent comprehensive reviews of magnetocalorics
have been covered in Refs. 5, 6, and 15 for materials, Ref. 16 for
magnetocaloric composites, Refs. 17 and 18 on magnetocaloric
high-entropy alloys, Refs. 19–21 for the characterization protocols
for MCE determination, and Ref. 22 on device development.

II. MAGNETOCALORIC MATERIALS NOWADAYS

Since the discovery of GMCE in Gd5Si2Ge2, the search for
magnetocaloric materials has primarily focused on FOMT materi-
als. However, there are still ongoing efforts for SOMT materials
due to their non-hysteretic advantage and effective performance at
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low temperatures. Figure 1 displays an infographic based on a liter-
ature survey from the Web of Science (WoS) that shows the top
families of magnetocaloric materials that have been published
recently. The popularity is shown by the percentage of their annual
publications from 2019 to 2022 (and the size of the symbol). The
symbol colors also indicate an increasing or decreasing trend for
the publications: blue for a declining sector, red for a rising sector,
and yellowish (with a dashed outline) for constant. It can be seen
that the most popular ones are the Ni2–Mn-X-based Heusler alloys
(H·A·s) (especially for X = In or Sn), MM’X, and La(Fe,Si)13 alloys,
though their first works were reported several years ago.23–25 The
community is still drawn to these materials because of their prom-
ising magnetocaloric responses using chemical compositions based
primarily on abundant elements. Among them, MM’X-type alloys
(e.g., MnCoGe- and MnNiSi-based), in particular, exhibit huge hys-
teresis in addition to their large caloric effects, implying a need to
minimize the former without compensating for overall perfor-
mance.26 Many of the recent works on the La(Fe,Si)13 family focus
on performance optimization through hysteresis tuning and
mechanical stability, which has been a concern for high-performing
magnetocaloric materials.27,28 This is followed by the magneto-
caloric composites system, which combines multiple magneto-
caloric phases or compositions, and was recently extended to
address mechanical stability or for H2 or N2 liquefaction.
Magnetocaloric composites stem from the aim to expand the tem-
perature span of the regenerator (with appropriate phase selection
and transition temperatures16) since their experimental validation
in 1987.29,30 Furthermore, RE-based intermetallics (restricted to

SOMT in this category) attract the community-wide research atten-
tion despite their criticality because their MCE was typically found
at relatively low transition temperatures in addition to the large
intrinsic magnetic moments exhibited in RE elements.31–34 The
next on the list are transition-metal (TM)- and RE-based amor-
phous alloys, Ni2MnGa, and high-entropy alloys (HEAs). In spite
of ongoing studies on the magnetocaloric behavior of amorphous
alloys (SOMT) and Ni2MnGa H·A·s, they are in the declining
sector (blue in color). HEAs, on the other hand, are growing in
popularity, primarily because they are still regarded as a new class
of materials and have been found to exhibit excellent mechanical
properties.35,36 These alloys are not based on any elements or com-
ponents as they concentrate on the central region of the multiprin-
cipal elements phase diagram. This is dissimilar to conventional
alloys, which are designed by diluting the main constituent with
trace elements. The HEA name originated from their high configu-
rational entropy of mixing, and they are well-known for their supe-
rior mechanical properties compared to conventional alloys. This
design concept encompasses a vast compositional space, which can
aid in the discovery of novel alloy compositions and properties.
Next in line are the Mn–Fe–P–Si (also generally labeled as Fe2P),
Laves phases (RETM2 stoichiometry), and all-d-metal Ni–Co–Mn–
Ti families. The well-known performance of Fe2P continues to
draw researchers’ interest, with recent efforts focused on optimizing
their hysteresis, annealing process, etc.37–43 However, its signifi-
cance is diminished due to the persistence of unsought multiphase
in the Fe2P family. In contrast, all d-metal Ni–Co–Mn–Ti H·A·s are
in the rising sector, as they show excellent magnetocaloric
responses and, among all H·A·s, have better mechanical resistance
than those containing p-block elements.44–49 The last few on the
list are the FeRh, Gd5Si2Ge2, and RE2In families. Though the FeRh
and Gd5Si2Ge2 families have undergone extensive research, the
former remains in pursuit of understanding the largest adiabatic
temperature change among magnetocaloric materials50–55 while the
latter for managing hysteresis or fabricating them as
composites.56–58 Their use of critical elements, such as Gd, Ge, and
Rh, in the designed compositions greatly diminished their signifi-
cance (symbols are in blue). Even though the RE2In family also
employs critical elements in large proportions, it is in the growing
sector due to several reasons: their large MCE due to a FOMT have
no detrimental hysteresis, which is first reported recently (in
2018);59 excellent performance at low temperatures, which corre-
spond to the current research area of interest for H2 or N2 liquefac-
tion range.60,61

III. THE OPEN QUESTIONS

Among these “trendy” materials, there are open questions that
require investigation and resolution to achieve optimal performance
and, therefore, push MR technology forward. As mentioned previ-
ously, GMCE ascribed to FOMT usually results in hysteresis,
decreasing the materials’ cyclic responses and their suitability as
refrigerant working materials. However, one of the most challeng-
ing aspects of optimization is reducing hysteresis without compro-
mising magnetocaloric performance. In addition, an accurate
description of the phase transitions of the materials becomes
crucial due to the associated hysteresis management. Also, it is

FIG. 1. Bubble chart of the popular choices of magnetocaloric material families
published during 2019–2022. Sizes of the bubbles correspond to the percentage
of the annual papers published. Each family of materials is further analyzed by
the symbol color: red as increasing publications, yellowish represent constant
while blue as declining sectors. WoS literature survey was performed under
search terms, “magnetocaloric,” “material,” and “alloy.”
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possible to optimize magnetocaloric performance by identifying
the critical composition of FOMT crossovers to SOMT as it
achieves the best characteristics of both classes: the largest MCE
among its SOMT compositions with negligible hysteresis. Despite
this, conventional methods for evaluating thermomagnetic phase
transitions can be ambiguous in certain cases, hindering the identi-
fication of the critical composition.

A further open question for FOMT materials is that they often
display mechanical instabilities due to the accompanying volume
changes during the transition, which negatively impacts both long-
term durability and machining. Additionally, most FOMT materials
are inevitably obtained in the presence of undesirable secondary
phases, which jeopardize the assessment of the performance of
pure phases.

Proposed hypotheses for addressing these open questions will
be made in Secs. IV and V, which will be divided into materials
design and characterization analyses and methods.

IV. MATERIALS DESIGN

A. Hysteresis entailed to FOMT addressed by
microstructural manipulation

The accompanying hysteresis due to FOMT aggravates the
resultant cyclic values and device performance. Thus, attempts to
retain large MCE with small/negligible hysteresis are an ongoing
effort of the community despite the development of many upcom-
ing GMCE materials.28,37,49,62–64 One way to achieve negligible hys-
teresis is to switch to SOMT magnetocaloric materials. However,
this leads to substantial compensation for the magnitude of MCE
one could get (note that the benchmark MCE material for room
temperature is still Gd5). Moreover, magnetic fields can reduce
thermal hysteresis, so changing the order of the transition from
FOMT to SOMT is not required for effective cyclic responses.
These responses can be improved by fine-tuning the character of
the transition, i.e., when approaching the critical composition. The

closer SOMT materials are to the critical composition, regardless of
the magnetic field change used, the better.

It has been recently highlighted that microstructural control
could manage the hysteresis of FOMT-La(Fe,Si)13 compounds.28

The authors found that the pristine La(Fe,Si)13 sample shows a
similar microstructure before and upon hydrogenation [see
the bright field transmission electron micrographs presented in
Figs. 2(a) and 2(b)]. The dissimilarity in the microstructures is
observed with Ce additions, prior to [Fig. 2(c)] and after hydroge-
nation and weak and diffused reflections are observed (as indicated
by the arrow) in the selected area electron diffraction (SAED) of
(La,Ce)(Fe,Si)13. Nanograin precipitation [circled in dashed line in
Fig. 2(d)] is observed in the main 1:13 phase after hydrogenating
(La,Ce)(Fe,Si)13. The magnetic isotherms reveal that the initial
FOMT-hysteresis [Fig. 2(e)] significantly diminish while retaining
FOMT-character upon hydrogenation [Fig. 2(f )]. The peak isother-
mal entropy change, jΔSpeakisothermalj, of hydrogenated (La,Ce) (Fe,Si)13
sample is 10.8 J kg−1 K−1 for 1 T (15.6 J kg−1 K−1 for 2 T), which is
considered a large magnitude for low magnetic fields.

A different approach has been proposed to reduce hysteresis
by adjusting the geometric compatibility of the crystal structures
involved in the magnetostructural phase transition through compo-
sition modifications. This was reported for MM’X62 and Heusler
alloy families,49,63 which undergo magnetostructural transitions
with promising magnetocaloric responses. The decreased hysteresis
was ascribed to the reduction of elastic and interfacial energy of the
transition though it should be noted that the observed hysteresis is
still significant.

B. Mechanical instabilities due to FOMT/intermetallic
character

1. HEA design strategy

When it comes to developing materials with good mechanical
properties, the HEA design concept is a popular choice today since
its exceptional mechanical characteristics could exceed those of

FIG. 2. Microstructure for pristine La(Fe,Si)13 sample is
similar prior to (a) and after (b) hydrogenation. Ce-doped
La(Fe,Si)13 sample shows weak and diffuse reflections in
the SAED pattern (indicated by arrow) (c) and a dissimilar
microstructure upon hydrogenation (d). Nanograin precipi-
tation (circled in dashed lines) observed in the 1:13
matrix. The magnetization and demagnetization isotherms
show that the large hysteresis observed in Ce-doped La
(Fe,Si)13 (e) has significantly decreased after hydrogena-
tion (f ). Reproduced with permission from Liu et al., Acta
Mater. 207, 116687 (2021). Copyright 2021 Elsevier.
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traditional alloys. As the concept involves multiprincipal alloying
elements rather than adding trace amounts to one or two main
components, the large HEA compositional range opens up a range
of potential properties to explore. Considering these advantages, it
is particularly appealing to use the HEA design concept to develop
novel magnetocaloric materials since the millennia-old method of
alloy development is nearing maturity. Essentially, there should be
a region in the HEA space with a unique combination of optimized
MCE +mechanical properties that can address the structural insta-
bilities faced by conventional magnetocaloric materials.

The works on magnetocaloric HEAS, as with their structural
endeavors, so far have mostly focused on equiatomic compositions
as well as increasing the number of elements in the central region
of the multiprincipal elements phase diagram. This approach is not
practical for magnetocaloric applications because it can cause the
overall magnetization of the alloy to dilute, as if “too many cooks
spoil the soup”. In the recent review paper on HEA design strate-
gies for magnetocalorics,17 Law and Franco put together the com-
parison of magnetocaloric equiatomic vs non-equiatomic HEA
reports as shown in Fig. 3. For those containing RE elements
[Fig. 3(a)], they are typically limited to low temperature range
(<75 K) for equiatomic compositions (solid circles). On the con-
trary, most of the non-equiatomic RE-containing HEAs (open
circles) are found with transition temperatures (Ttransition) above
75 K. In Fig. 3(b), equiatomic RE-free HEAs (solid circles) show
extremely small MCE values, typically <0.6 J kg−1 K−1 for 2 T (see
the magnified inset). Their non-equiatomic reports (open circles)
undergoing SOMT show an order of magnitude enhancement

while those with FOMT have excellent MCE magnitudes up to
10.2 J kg−1 K−1 (2 T).65

This large MCE enhancement found for RE-free non-equiatomic
HEAs corresponds to Fe–Mn–Ni–Ge-Si HEAs,65,66 which undergo
FOMT. Their composition designs were sought using a targeted-
property method, which prompted recent review papers17,18 to
emphasize the importance of effective search strategies for exploring
the vast HEA compositional space. The search approach originated
from a parent composition, MnNiSi, for exhibiting a first-order phase
transition from orthorhombic ↔ hexagonal structures. Based on the
parent stoichiometry, the compositional design was geared toward the
non-equiatomic HEA regions with the addition of compatible chemi-
cal elements in appropriate proportions. In this way, the vast non-
equiatomic HEA space can be searched rationally and efficiently. The
design approach in Ref. 67 was similar, but the introduction in Refs.
65 and 66 of an additional criterion of chemical compatibility allows
to maximize configurational entropy of mixing: the non-equiatomic
Fe–Mn–Ni–Ge–Si HEAs deliver a configurational entropy of mixing
close (99%) to the maximum for a quinary alloy and maintain a 2:1
ratio of TM element to p-block element. The MCE of these Fe–Mn–
Ni–Ge–Si HEAs65,66 closes the pre-existing gap between magneto-
caloric HEAs vs conventional high-performing magnetocaloric mate-
rials as shown in Fig. 4(a). Further analysis of normalizing to the
largest jΔSpeakisothermalj value [26. 8 J kg−1 K−1 (2 T) from La(Fe,Si)13
family] presented as an infographic in Fig. 4(b) shows that Fe–Mn–
Ni–Ge–Si HEAs can exhibit potential for MCE. This breakthrough
reassures that the combined functional and mechanical properties
with the HEA design concept are not a pipe dream.

FIG. 3. Comparison of the MCE performance of HEAs: (a) RE-amorphous (5 T) and (b) RE-free HEA (2 T). Solid circles are those with equiatomic compositions while
open circles are for the non-equiatomic HEAs. Black arrow in (a) panel marks the equiatomic GdTbCoAl vs its non-equiatomic counterparts (orange arrows). Inset in (b): A
subplot with a smaller scale axis for the performance of equiatomic RE-free HEAs. Image reproduced with permission from J. Y. Law and V. Franco, J. Mater. Res. (pub-
lished online) (2022). Copyright 2022 Author(s), licensed under an open access Creative Commons CC BY license.
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2. Composites strategy

Designing composite system for magnetocalorics has been a
popular choice for performance optimization, especially for extend-
ing the temperature span of the regenerators. Ideally, this is done
by arranging magnetocaloric materials in the order of their thermo-
magnetic phase transition temperatures, which has also been exper-
imentally validated to optimize performance. Additional
considerations, such as thermal contact and the proximity of these
transition temperatures, should not be disregarded. This is also true
for the phase proportions of multiphase magnetocaloric composites
in a single bulk composition. The details of such efforts have
recently been compiled in Ref. 16, which emphasizes the impor-
tance of making necessary efforts in order to properly achieve per-
formance optimization. Moreover, this review discusses composites
as multifunctional composites, where the magnetocaloric material
is combined with a polymer or metal binder to provide structural
stability to regenerators. The majority of these efforts are directed
at the family of La(Fe,Si)13 alloys.88–91 A further study on their
characterization in test devices (including modeling investigations)
was reported for epoxy-bonded La(Fe,Mn,Si)13Hy particles and
their multi-layered regenerators.92,93 During a 2-month discontinu-
ous test, the composite regenerators were reported to show good
stability without failure.92 Later, the authors were able to achieve
successful 1-year tests of non-bonded composites of La(Fe,Mn,
Si)13Hy+ α-Fe content.94 Besides the interest of structural stability
in their magnetocaloric composite regenerators, they also high-
lighted the importance of well-adjusted temperature distribution
along the composite-layered active magnetic regenerators to ensure
that all the layers are fully utilized to achieve performance
optimization.

Very similarly, a recent report used a secondary phase at the
grain boundaries of Ni–Mn–In–(Fe) Heusler alloys that hindered
intergranular fracture during cyclic loading, leading to a >3 orders

of magnitude increase in cyclic stability over the single-phase
alloy.95 This is in contrast with trace doping, which has been
reported to manage the deformation in Heusler alloys and is not
included here because it is less exotic than the favored additional
phase incorporation for secondary properties. Similar findings were
also reported for Ni45Co5Mn37(In,Gd)13 and Mn49Ni41(Sn,Gd)10
alloys, where the Gd-rich secondary phase was found to enhance
mechanical properties.96,97 When simultaneously grain boundary
strengthening by NiBH clusters is combined with grain refinement,
the mechanical properties of Ni–Mn-based multifunctional alloys
are greatly enhanced.98

Due to current concerns about a decarbonized hydrogen
society, magnetocalorics is currently being pursued for H2 liquefac-
tion. The hydrogen gas is precooled to ∼77 K (liquid nitrogen tem-
perature) before being chilled down to 20 K in this process. Hence,
H2 liquefaction cannot be accomplished in a single magnetocaloric
material, even if it is highly efficient (MCE is at maximum near the
thermomagnetic phase transition, thus is restricted to a limited
temperature span). RECo2 (RE =Ho and Er) Laves phases have
shown to exhibit tunable large MCE over a range of 20–77 K,38

which may help address the bottleneck temperature range.
Additionally, the authors further optimized the performance by
reducing hysteresis for Fe and Ni substitutions. Combination of
these phases would be a possible way of developing composites for
this temperature range.

3. Additive manufacturing

The poor processability of high-performance magnetocaloric
regenerators can be addressed by using emerging additive manufac-
turing (AM) techniques. In contrast to traditional manufacturing
methods, AM allows the fabrication of products with final geome-
tries, minimizing material waste, time, and tool cost, as well as
eliminating the net-shaping stages. As a result, magnetocaloric

FIG. 4. (a) MCE performance matrix (using jΔSpeakisothermalj and its corresponding temperature) for 2 T: magnetocaloric HEAs (greenish text) vs conventional magnetocaloric
materials (gray text), further differentiated by the dashed line. Size of the circles corresponds to the magnitude of jΔSpeakisothermalj. (b) An infographic of the normalized MCE
performance of the magnetocaloric materials marked in the boxed region of panel (a). Data are gathered from Refs. 5,12,17,18,33,37,42,65,66, and 68–87.
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regenerators with complex geometric designs can be made for mag-
netic refrigerators.

Among the different AM techniques, fused deposition model-
ing (FDM) stands out because it does not melt the magnetocaloric
material during the process (manufacturing temperatures are below
the melting points of alloys), allowing the final product to retain
the FOMT functionality needed for large MCE. Nevertheless, it
must feed filaments of excellent quality and uniformity to carry out
high-resolution 3D printing. Such a challenge has been addressed
by a unique feedstock that consists of customized polylactic acid
(PLA) encapsulated metallic fillers that produce high-quality mag-
netic composite filaments with a uniform dispersion for printing
high-resolution objects.99,100 Figure 5(a) shows a schematic of this
innovative feedstock design, its preparation, and filament extrusion.
The homogeneity of the magnetic filler dispersion in the PLA
matrix is observed using x-ray tomography of the resultant com-
posite filament, as shown in Fig. 5(b). Upon optimizing the compo-
sitions of the composite filaments, this methodology was utilized to
fabricate magnetocaloric composite filaments of PLA + La(Fe,
Si)13-family for 3D printing.101 An in situ assessment of the mag-
netocaloric response of the printed object revealed that the magne-
tocaloric response of the fillers is not affected by the manufacturing
procedure.

A recent study found that additively manufactured
Co49Ni21Ga30 ferromagnetic shape memory alloys using laser
power bed fusion (L-PBF) and direct energy deposition (DED)
exhibit martensitic transformation similar to as-cast counterpart.102

Except for the modification of the saturation magnetization and
magnetization response with respect to temperature (i.e., dM/dT)
observed in L-PBF samples, the thermomagnetic behavior of the
DED sample is similar to that of as-cast counterpart, which indi-
cates it as a successful case (see Fig. 6).

V. NEWLY IMPLEMENTED ANALYSIS METHODS/
MODELS

A. Exponent n criteria

One very common analysis performed on evaluating magneto-
caloric materials is determining the order of their thermomagnetic
phase transitions: whether they are FOMT or SOMT. The methods

of determining them have revolved around the magnetocaloric
curve shapes, the presence of thermal hysteresis, universal curve
scaling,103 and Banerjee’s criterion.104 Except for the latter, all are
based on subjective interpretations by different evaluators, where
the observation of thermal hysteresis can be a particularly tricky
case due to the thermal lag experienced by the sample during the
measurements. Banerjee’s criterion is helpful in clarifying interpre-
tations, but it has been found inapplicable in several instances,
resulting in erroneous interpretations of other complementary tech-
niques (see Ref. 105).

The above-mentioned limitations have been addressed by the
discovery of a FOMT fingerprint reported in Ref. 106. Law et al.
demonstrated that the field dependence exponent n criterion
clearly distinguishes for FOMT when there is an overshoot of n .
2 near the transition temperature while its absence indicates either
a SOMT or the critical point where FOMT crossovers to SOMT. A

FIG. 5. (a) Methodology for developing own magnetocaloric filaments with desired magnetocaloric filler compositions. (b) X-ray tomography results show a uniform filler
distribution, validating the proof-of-concept methodology.

FIG. 6. Thermomagnetic behavior of Co49Ni21Ga30 ferromagnetic shape
memory alloys in as-cast, DED, and L-PBF states at 0.05 T. Image is repro-
duced from Scheibel et al., Adv. Eng. Mater. 24, 2200069 (2022). Copyright
2022 Author(s), licensed under an open access Creative Commons CC BY
license.
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summary of the criterion identifying these different regimes is pre-
sented in Fig. 7 using simulations from the Bean and Rodbell
model107 with varying η parameters (η < 1 for SOMT; η = 1 for crit-
ical point; η > 1 for FOMT). For all cases, exponent n shows a
value of 1 at low temperatures due to the initial ferromagnetic
(FM) state of the sample. It proceeds toward a minimum when
arriving at the transition temperatures except for η > 1, where over-
shoots of n . 2 (color shaded) are observed immediately after the
minima. The latter is the fingerprint of FOMT. Finally, exponent n
saturates to the value of 2 with increasing temperatures in all cases,
ascribed to reaching the paramagnetic (PM) state of the sample. In
Ref. 106, the authors applied their discovery to theoretical calcula-
tions as well as several experimental case studies:

• Magnetoelastic phase transitions [using a series of La(Fe,Si)13
with varying compositions for FOMT→ SOMT],

• Distribution of transition temperatures in FOMT systems
[several FOMT-La(Fe,Si)13 composites with distributed transition
temperatures],

• Magnetostructural phase transformation (martensitic→ austen-
itic transitions of FOMT-type in Heusler alloys),

• Antiferromagnetic→ ferromagnetic phase transitions (using
GdBaCo2O6−δ cobaltite perovskites).

Furthermore, the authors also reported that the minimum of
exponent n at the transition temperatures (ntransition) can be used as
another criterion to determine the critical point where
FOMT→ SOMT.108 The main panel in Fig. 7 illustrates this crite-
rion, where ntransition ¼ 0:4 at the critical point (η = 1).

In addition, the coauthors further found that samples under-
going anti-FM to PM transitions show exponent n beginning at
values of 2 at low temperatures, where the sample is in the anti-FM
state.109 It must be noted that the FOMT fingerprint is not applica-
ble in the temperature range where inverse MCE (positive
jΔSisothermalj) switches to direct MCE (negative jΔSisothermalj), in
which the observed characteristics are reflected as the switching
sign attributes (see “Highlights of some misconception and misuse
of the criteria” below).

In general, the above has been applied to a wide variety of
magnetocaloric materials, validating its capabilities in a wide range
of scenarios, including complex ones such as tight overlaps in
phase transitions of multiphase materials, and so on.74,110 N. H.
van Dijk111 expanded the above-mentioned studies with the
Landau model and found results to be in agreement with exponent
n criteria, which further reinforced the breakthrough of exponent n
criteria106,108 made to the determination of the order of phase tran-
sitions within the magnetocaloric community.

Highlights of some misconception and misuse of the criteria:
As n is calculated from

n (T , H) ¼ d ln jΔSisothermalj
d lnH

,

where T = temperature and H =magnetic field, appropriate deter-
mination of jΔSisothermal(T , H)j data is well appreciated to avoid
obtaining artifacts or noisy n results, compromising the MCE eval-
uation thereafter. A very common issue is to dismiss the effects of

FIG. 7. Exponent n criterion for deter-
mining SOMT (η < 1), critical point
(η = 1), and FOMT (η > 1). Overshoot
as FOMT fingerprint is further color
shaded.
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the demagnetizing factor on jΔSisothermal(T , H)j data, which can
significantly affect the results for low magnetic fields. The low-
magnetic field behavior gives crucial information on the presence
of impurities affecting the MCE and interpretation of the order of
the phase transition.

Furthermore, it is recommended to verify the n (T , H) results
with the original jΔSisothermal(T , H)j data on the same temperature
scale axis, as presented in Fig. 8 (the appropriate FOMT overshoot
is shaded in yellowish color). This is because when the
ΔSisothermal(T , H) switches from negative to positive sign or vice
versa, it can give the characteristic features of sign-switching, which
can be misinterpreted as the characteristic FOMT overshoot, as
highlighted in the pattern-filled region in Figs. 8(c) and 8(d). In
other words, the initial proper determination of jΔSisothermal(T , H)j
data prior to n calculations is crucial to avoid as many artifacts as
possible.

B. Hysteresis studies/analysis using the TFORC
technique

First Order Reversal Curve (FORC) distributions have been
employed to further characterize magnetic hysteresis of magnetic
materials.20 This analysis technique was developed in 1999 by Pike,

who proposed to magnetically characterize natural samples.112

Each magnetic mineral has an associated FORC diagram and,
therefore, can be used for identifying magnetic minerals in natural
rocks. Since then, the FORC technique has been widely used in the
community for revealing magnetization processes (either reversible
or irreversible) and magnetic interactions, which are not clearly
identified from major hysteresis loops.113–115

This analysis technique has recently been extrapolated to char-
acterize the thermal hysteresis of first-order magnetocaloric materi-
als, termed Temperature First Order Reversal Curve (TFORC)
technique.116,117 It enables the identification of inhomogeneities,116

asymmetry in transformations (such as asymmetric transformation
rates of the cooling/heating branch or different characteristics in
the cooling and heating procedures), and different phenomena,
such as kinetic arrest.118 These are very relevant for the perfor-
mance evaluation of magnetocaloric materials, as any change to
those features could lead to improved magnetocaloric performance.
By employing a phenomenological approach, a catalog of various
characteristic TFORC distributions of first-order magnetocaloric
materials can be obtained119 as shown in Fig. 9. Even though the
difference in the major loops is not as obvious, it gets magnified in
the TFORC distributions. The distribution adopts a circular shape
as shown in Fig. 9(a) when it corresponds to a completely

FIG. 8. Schematic illustration of the temperature dependence of (top panel) exponent n calculated from their corresponding (bottom panel) ΔSisothermal data. The overshoot
of n > 2 fingerprinting the FOPT in (a) direct and (b) inverse MCE is further highlighted in yellowish color. The pattern-filled region in (b) demonstrates a characteristic n(T)
feature resulting from the sign-switching of ΔSisothermal and should not be construed that it meets the FOMT criterion. Image adapted with permission from J.Y. Law and
V. Franco, J. Mater. Res. (published online) (2022). Copyright 2022 Author(s), licensed under an open access Creative Commons CC BY license.
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symmetric transformation. As the asymmetry in the transforma-
tions increases, the circular distribution distorts to ellipse [Fig. 9
(b)]→ semi-circle/semi-ellipse [Fig. 9(c)] → triangle-like shape
[Fig. 9(d)]. For all the distributions, the distortion will depend on
the degree of asymmetry and the possible combinations of the
heating/cooling transformations. Furthermore, it is possible to cor-
relate the TFORC distributions with reversible (or cyclic) magneto-
caloric performance,120 which helps optimize materials.

C. Phase deconvolution

Recently, the universal scaling of the magnetocaloric effect,
first reported by Franco,121 has been further investigated and
extended to deconvolute the magnetocaloric behavior of multiphase
magnetocaloric composite systems. For systems of two SOMTs
[depicted as phases A and B in Fig. 10(a)] whose Curie transitions
overlap each other (solid lines), deconvolution can enable the pre-
diction of the magnetocaloric responses of each phase (as presented
in shaded regions) from which the total response of the multiphase
sample can be recovered (dashed lines). In short, the proposed
deconvolution procedure as reported in Ref. 122 adopts the appli-
cation of the scaling laws to the total response of the multiphase
sample, considering separately each of the ΔSisothermal peaks. In situ-
ations of tight overlap as the case shown in Fig. 10(a), each SOMT
can significantly affect the temperature range where the other
SOMT takes place. These cross-effects can be effectively corrected
by comparing the reconstructed responses and the experimental
curves.

The same authors also applied this deconvolution procedure
to systems with FOMT + SOMT,123 which is a common scenario of
Heusler alloys, whose martensitic and austenitic phases can result
in inverse and direct MCE as shown in Fig. 10(b). Figure 10(c)

shows that upon the deconvoluted SOMT arising from the Curie
transition of the austenitic phase, proper MCE evaluation of the
inverse MCE arising from the FOMT is enabled [as compared to
the region highlighted in blue in Fig. 10(b)]. For further details on
the other applications of the scaling laws, readers are recommended
to refer to Refs. 19, 20, and 103.

D. Machine learning models

As high-throughput methods have gained increasing traction
in recent years, machine learning (ML) has become a very popular
choice, as it is able to analyze large amounts of data to explore rela-
tionships among physical properties or find materials with desir-
able properties.124,125 ML tools are designed to use statistical
analyses from massive amounts of experimental data without spe-
cific programming to create predictive models between selected
properties. Magnetocaloric materials have only recently seen these
efforts, with promising results. Aided by ML analyses, HoB2 was
discovered with GMCE at cryogenic temperatures.126 Other studies
also try to correlate and predict magnetocaloric materials by
employing databases from first principle calculations.127 For well-
known magnetocaloric materials, such as Fe2P, La(Fe,Si)13,and
manganite families, ML enables the extension of low-temperature
limits72 or correlates magnetocaloric responses, transition tempera-
tures, or hysteresis while tuning compositions for room-
temperature applications.128–130 Although it may seem that design-
ing materials using ML is a common practice today, it must be
noted that the reliability of its predictions depends on both the
number of phases in the database and on the reliability of the mate-
rials included (whether experimental or simulated from first princi-
ples). Therefore, the acquisition of data remains crucial for
calculations.

FIG. 9. Example of different TFORC distributions plotted vs the Th and Tu variables that indicate the width and the center of the loops, respectively, according to the
change in transition. Further details can be found in Ref. 119.
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VI. FUTURE OUTLOOK

Materials in trend have evolved over the years since the advent of
magnetocaloric research in the nineties of the previous century. Gd, as
a second-order phase transition material, remains the de facto bench-
mark for applications, while others with a first-order phase transition
exhibit better performance in the laboratory but lack some of the sec-
ondary properties needed to be effectively implemented in a device.
Among the most relevant challenges are the improvement of mechani-
cal stability, reversibility (associated with a decrease in thermal hystere-
sis), phase purity, and formability. These must be tackled by a
combination of advanced characterization methods and the develop-
ment of new materials with the help of computer-guided techniques,
such as machine learning/artificial intelligence. Among the materials
gaining new interest due to their expected favorable mechanical prop-
erties, which facilitate applicability, we highlight FOMT high entropy
alloys and all-d-metal Heusler alloys, which also show promising mag-
netocaloric responses. However, to achieve peak performance, the hys-
teresis that these materials currently exhibit must be significantly
reduced. Formability and processing are addressed by the development
of composites and additive manufacturing. With respect to analysis
techniques, the prediction of compositions at the separation between
FOMT and SOMT can be quantitatively done nowadays and that
could be instrumental in identifying compositions with enhanced per-
formance. To facilitate the advancement toward the implementation of
MR devices suitable for industrial and household appliances, a deeper
characterization of the complementary properties of the materials,
such as cyclability and stability, will also be needed.
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