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Advanced Magnetocaloric Materials for Energy Conversion:
Recent Progress, Opportunities, and Perspective

Fengqi Zhang, Xuefei Miao, Niels van Dijk, Ekkes Brück,* and Yang Ren*

Solid-state caloric effects as intrinsic thermal responses to different physical
external stimuli (magnetic-, uniaxial stress-, pressure-, and electric-fields) can
achieve a higher energy efficiency compared with traditional gas compression
techniques. Among these effects, magnetocaloric energy conversion is
regarded as the best available alternative and has been exploited extensively
for promising application scenarios in the last decades. This review
systematically introduces the magnetocaloric effect and its applications, and
summarizes the corresponding representative magnetocaloric materials, as
well as important progress in recent years. Specifically, the review focuses on
some key understandings of the magnetocaloric effect by utilizing
state-of-the-art technical tools such as synchrotron X-ray, neutron scattering,
muon spin spectroscopy, positron annihilation spectroscopy, high magnetic
fields, etc., and highlights their importance toward advanced materials design
and development. An overview of the basic principles and applications of
these advanced techniques on magnetocaloric materials is provided. Finally,
the challenges and perspectives on further developments in this field are
discussed. Further in-depth understanding and manufacturing technology
advancement combined with fast-developed artificial intelligence and
machine learning are expected to advance the magnetocaloric energy
conversion technology closer to real applications.

1. Introduction

Global warming and climate change pose a fundamental threat
to human society and require urgent action to reduce carbon
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emissions. Technologies with a low en-
ergy efficiency need to be continuously
eliminated or upgraded. Accordingly,
more new sustainable energy concepts
will emerge, which will result in an
ever-increasing emphasis on efficiency
improvement. Currently, almost a fifth
of global electric energy spent relates
to space cooling, and the radically ris-
ing demand for cooling consumes over
2000 terawatt hours (TWh) of electric-
ity each year, which is 2.5 times the to-
tal electricity use of Africa.[1] One of the
critical issues is that the widely used
vapor-compression technique in heating-
ventilation air-conditioning (HVAC) for
heating or cooling has a low Carnot cy-
cling energy efficiency, which varies enor-
mously based on different production
technologies. In particular, the 150-year-
old vapor compression technology is en-
ergy intensive and reaches its efficiency
limit. As shown in Figure 1a, one of the
most important alternatives of this tra-
ditional technique is the magnetocaloric
energy conversion, which is among the

most efficient solid-state caloric conversion methods (together
with elastocaloric (ElaCE), barocaloric (BCE), electrocaloric
(EleCE) and multicaloric (MulCE))[2] and the most developed so
far. It can attain a substantially improved energy efficiency of
more than 60%, while the best commercial vapor compressors
can only achieve about 40% of Carnot efficiency.[3] In addition, as
a still emerging sustainable technique, the magnetocaloric con-
version is environmentally friendly because no hazardous refrig-
erants, like hydrofluorocarbons, are used during cycling. Consid-
ering the fact that heating and cooling contribute more than 40%
of the global energy-related carbon dioxide emissions,[4] an im-
provement of 1% energy efficiency will save almost 2.2 million
metric tons of carbon equivalent emissions.[5] Therefore the en-
ergy conversion technique based on solid-state magnetocaloric
effect (MCE) is very promising and deserves to be considered se-
riously for carbon neutrality and decarbonizing the energy mix.
It is worth mentioning that the European Union (EU) aims to
achieve carbon neutrality by 2050 according to its “2050 long-
term strategy”,[6] and the Chinese government is committed to
achieving carbon dioxide peaking by 2030 and carbon neutrality
by 2060.[7]

As an intrinsic property of all magnetic materials, the MCE is
the physical phenomenon where a magnetic material is heated or
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Figure 1. a) Typical solid-state caloric energy conversion including MCE, ElaCE, BCE, EleCE, and MulCE, and its advantages compared with traditional
vapor-compression technique. b) Research publications and citations (curves) for different caloric effects since 2010 (Data from Web of Science, February
2024). Note that the data for the last year are time-delayed.

cooled when an external magnetic field is applied or removed.[8,9]

Based on this effect, several promising potential applications,
such as magnetic refrigeration (cooling),[10–12] magnetocaloric
heat pumps (cooling/heating),[13] and thermomagnetic genera-
tors for harvesting waste heat[14,15] have been proposed and fur-
ther developed. Amongst these applications, the magnetic re-
frigeration technique has a relatively long history as it was first
demonstrated almost 100 years ago.[16] For cryogenic applica-
tions, for instance, low-temperature cooling (below 1 K), Giauque
and MacDougall have first reached a temperature of 0.25 K by
demagnetizing the paramagnetic salt Gd(SO4)3·8H2O.[17] Exper-
imental observations for the MCE started with Pierre Weiss and
Auguste Piccard’s work in 1917.[16] In their experiment, the mag-
netic field-induced heating effect had been noticed in ferromag-
netic nickel around its Curie temperature (TC ≈ 354 °C). Si-
multaneously, theoretical investigations on adiabatic demagne-
tization at low temperatures had been proposed independently
by Debye in 1926[18] and by Giauque in 1927.[19] Subsequently,
the experimental realization of magnetic cooling was first re-
ported by Giauque and MacDougall in 1933.[17] For this impor-
tant accomplishment, Giauque received the 1949 Nobel Prize
in Chemistry for his work on the thermodynamic properties of
substances at low temperatures. As specifically mentioned dur-
ing his presentation speech, magnetic cooling makes it pos-
sible to reach temperatures nearer to absolute zero than was
possible by any earlier technique.[20] Room temperature appli-
cations were left aside until the 1970s, when Rare-Earth Gd-
based prototypes were developed.[21,22] At the start of the 1990s
there were sporadic, but influential studies that started to fo-
cus on magnetic cooling near room temperature, in systems
like FeRh[23,24] and perovskite-type manganese oxide.[25] In Mn-
perovskites[25] a large magnetic entropy change (|∆sm|) of 5.5 J
kg–1 K−1 was observed with an applied magnetic field change
(∆ɛ0H) of 1.5 T at 230 K. It was pointed out that this candi-
date material could be suitable for magnetic refrigeration near
room temperature. In the same year the breakthrough in this
field came by the pioneering work on the giant magnetocaloric
effect (GMCE), first proposed by Pecharsky et al., near room tem-
perature in the Gd5(Si2Ge2) material.[10,26] Due to the stronger
first-order magnetostructural coupling of the phase transition

(orthorhombic-to-monoclinic structural transition coupled with
magnetic transition) the |∆sm| of Gd5(Si2Ge2) can reach 18.5 J
kg−1 K−1 for a field change of ∆ɛ0H = 5 T at 276 K. Surprisingly,
the strong first-order magnetic transition (FOMT) is close to re-
versible because of the very low thermal hysteresis (∆Thys = 2 K).
More historical details related to the MCE and room-temperature
magnetic cooling can be found in.[27,28] Numerous FOMT mag-
netocaloric materials (MCMs) that demonstrate a GMCE have
sprung up, including (Mn,Fe)2(P,X)-based compounds (X = As,
Ge, Si),[11] La(Fe,Si)13-based materials,[12,29] Ni-Mn-X-based mag-
netic Heusler compounds (X = Ga, In, Sn, Sb)[30,31] and Mn-
M-X (M = Co, Ni and X = Si, Ge) compounds.[32,33] In the last
25 years a continuously growing interest has resulted in grow-
ing efforts to search for MCMs with a FOMT. As presented in
Figure 1b, the total number of research publications and cita-
tions referring to the term “magnetocaloric” have shown a contin-
uous growth during the last 10 years, together with other emerg-
ing caloric effects like ElaCE, BCE, EleCE, and MulCE. These
solid-state caloric energy conversions have exceptional advan-
tages such as higher energy efficiency, environmental friendli-
ness, no noise, and safety, in comparison to gas compression.
Among them, the MCE obtained considerable momentum. The
rapid development of these research activities is motivated by the
potential use of magnetic-field driven cooling/heating near room
temperature with solid-state working materials for future solid-
state gas-free cooling/heating engines. Next to MCE, also ElaCE
and BCE display large thermal changes, in response to mechan-
ical stress or pressure. Giant ElaCE is limited so far to shape-
memory alloys with huge shear strain. Often the reversibility of
the response for both ElaCE and BCE needs further improve-
ment. On the other hand, for EleCE avoiding electrical break-
down is challenging.[34] Finally, for MulCE hysteresis and fa-
tigue seem to be key issues for implementing materials into
devices.[35]

Previous review papers focused on fundamental ma-
terial research associated with MCE and other caloric
effects,[9,34,36–38] thermodynamics perspectives,[3,39] prototypes,
and manufacturing.[28,40] The present review presents recent
cutting-edge progress in experiments and advanced character-
ization studies in this field not summarized until now. In this
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Table 1. Comparison among different emerging refrigeration technologies including MC, ElaC, BC, EleC, MulC, TE, SA, and acoustic refrigeration.[41–45]

Refrigeration type MC ElaC BC EleC MulC TE SA Acoustic

Working force Magnetic field Uniaxial stress Hydrostatic
pressure

Electric field Multiple fields Electric field Heat Sound waves

Advantages High energy
efficiency;

environmentally
friendly; no
noise; safety

reliability;
potential for
large-scale

applications

High cooling
capacity;

potential for
compact and
lightweight

designs; high
energy efficiency

Wide availability
(general to all

atomic
systems);

potentially high
cooling

efficiency;
environmentally

friendly;
potential for

miniaturization

High cooling
efficiency;

potential for
small-

scale/flexible
applications;

environmentally
friendly; fast

response time

Possibilities of
enhancing

thermal
properties,
operating

temperature;
reducing the

field hysteresis;
reducing the
driving force

Compact and
solid-state
design; no

moving parts;
long lifespan;
potential for

small-
scale/portable
applications

Environmentally
friendly; no

vibrations; no
moving parts;

fewer corrosion
issues; suitable

for off-grid
applications

Long lifespan;
simple and

reliable

Disadvantages Requires strong
and efficient

magnetic
materials; needs

a reliable and
efficient

magnetic field
source

Limited availability
of suitable

SMAsa); still
very high stress;
durability issues

Fatigue lifetime;
challenges in

achieving high
pressure

changes; system
complexity

Limited availability
of suitable
dielectric
materials;

challenges in
achieving high

electric field
changes; system

complexity

System
complexity;
difficulty in
obtaining

experimental
data

Limited efficiency
compared to

traditional
cooling;

relatively low
cooling

capacity; high
cost

Low efficiency
COPb); high

manufacturing
expenses;
affected by

ambient
temperature

and solar
availability

Lower thermal
efficiency; low

cooling
capacity;

requires specific
gas properties
and acoustic
resonators

a)
SMAs, shape memory alloys;

b)
COP, coefficient of performance.

review, we comprehensively emphasize the recent advances
(2013–2023) in advanced MCMs and outline the timelines of
these developments. Particularly, we highlight the importance
of multimodal studies by applying advanced characterization
facilities for the research development of MCMs. The re-
view is organized as follows: first, a brief introduction about
magnetocaloric energy conversion is presented including: i)
solid-state magnetic refrigeration; ii) Magnetic heat pump; iii)
thermomagnetic generator; iv) other energy conversion meth-
ods and applications. Then, in the second part, on the basis
of magnetoelastic and magnetostructural coupling strategies
(coupling with different degrees of freedom among which the
lattice, magnetism, and electrons), the recent experimental
progress associated with first-order transition materials are re-
viewed, in particular the (Mn,Fe)2(P,Si)-based, La(Fe,Si)13-based,
NiMn-based magnetic Heusler compounds and magnetocaloric
high-entropy alloys. The recent research in magnetocaloric
conversion indicates that it possesses a promising future posi-
tion in the market share.[28] Therefore, with further developing
advanced characterization facilities, special emphasis will be
dedicated to a deeper understanding of the combinatory use of
these versatile tools such as: i) synchrotron X-ray techniques;
ii) neutron scattering; iii) muon spin spectroscopy; iv) positron
annihilation spectroscopy; v) high magnetic fields. We aim to
provide the necessary overview and guidelines for researchers in
this field to properly choose suitable characterization methods to
capture the key information underlying the physical mechanism.
Finally, the current major challenges towards real widespread
commercialization are addressed, as well as the opening op-
portunities for magnetocaloric energy conversion. The future
perspectives for the development of advanced MCMs are
presented.

2. Promising Applications of MCMs

2.1. Solid-State Magnetic Refrigeration (MR)

The world is facing a looming “cold crunch”[1] and the air-
conditioning is booming. In this background, the solid-state MR
near room temperature catches considerable attention and devel-
ops steadily to substitute the current outdated cooling technique,
which is responsible for 40% of the total growth in building elec-
tricity demands.[1] Together with magnetocaloric (MC) refrigera-
tion, the different emerging refrigeration technologies including
elastocaloric (ElaC) refrigeration, barocaloric (BC) refrigeration,
electrocaloric (EleC) refrigeration, multicaloric (MulC) refrigera-
tion, thermoelectric (TE) refrigeration, solar adsorption (SA) re-
frigeration, and acoustic refrigeration are listed in Table 1.

In Figure 2, a schematic diagram of the magnetocaloric cy-
cle is demonstrated. During the full cycling, accompanied by
the magnetization and demagnetization processes, the heat (Q)
is continuously removed from the region of interest by MCMs
and transferred through a suitable heat transfer fluid. Two piv-
otal performance parameters to evaluate the MCMs: the isother-
mal magnetic entropy change ∆sm and the adiabatic temperature
change ΔTad, which can be calculated from different indirect and
direct methods. These methods have been systematically intro-
duced in other recent reviews.[3,9] Nowadays the most frequently
used (indirect) way to estimate Δsm and ΔTad is based on one of
the Maxwell relations, resulting inΔsm(T,ΔH) = ∫ H

0 ( 𝜕M
𝜕T

)
H

d𝜇0H

and ΔTad (T,ΔH) = − ∫ H
0

T
Cp

( 𝜕M
𝜕T

)
H

d𝜇0H,[9] where T is tempera-

ture, H the magnetic field, ɛ0 the permeability of vacuum, and
Cp the heat capacity. However, data obtained from direct mea-
surements are required to accurately comprehend the dynamic

Adv. Energy Mater. 2024, 2400369 © 2024 Wiley-VCH GmbH2400369 (3 of 38)
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Figure 2. Schematic diagram of the magnetocaloric cycle. Reproduced with permission.[46] Copyright 2024, Fraunhofer IPM. In brief, when the MCMs
with low magnetic ordering are adiabatically magnetized, the magnetic ordering is enhanced and the field-driven magnetic entropy decreases and the
temperature increases; after that, the material returns to its initial temperature after heat removal (–Q) by a suitable heat transfer fluid; then after the
material is adiabatically demagnetized, the magnetic ordering is reduced, and the temperature will decrease followed by heat input (+Q).

magnetocaloric properties associated with the MCMs, when the
MR prototypes are applied.

Currently, the most promising magnetocaloric prototype re-
frigerators with a wide temperature span remain based on active
magnetic regenerative (AMR) refrigeration (compared with pas-
sive regeneration),[39] therefore recent advances about MR will
be offered in this direction. In recent years, several companies
(like Cooltech Applications (currently known as Magnoric), Gen-
eral Electric (GE), Vacuumschmelze, BASF, Haier, Magnotherm,
Magneto, and others) and different universities/institutes from
Europe, the United States, China, Japan, and Brazil have been ac-
tively involved in the development of cold-storage devices based
on MR technology.[47] For example, in 2014, GE declared that
they had developed a silent MR refrigerator that could cool a
bottle of beer.[48] And in 2015, in collaboration with Astronau-
tics, BASF, and TU Delft, Haier exhibited a proof-of-concept wine
cooler without a compressor at the International Consumer Elec-
tronics Show in Las Vegas.[49] Meanwhile, Cooltech Applications
exhibited a commercial magnetocaloric refrigerator (MRS400),
which boasts 400 W of cooling power and maintains an inter-
nal temperature between 2 and 5 °C.[50] The potential applica-
tion scenarios can be in refrigerated retail displays, wine cellars,

and medical facilities. In addition, in 2021 Sergiu Lionte et al.
demonstrated an MR prototype equipped with more than 20 °C
temperature span, about 15 kW cooling power, and about 60%
Carnot COP.[51] It is claimed that it will be used for large in-
dustrial processes. The achieved very good performance is be-
lieved to be a milestone for the future of magnetocaloric cool-
ers. Furthermore, Barbosa et al.[52] developed a magnetic wine
cooler prototype (2021), which can simultaneously refrigerate
up to 31 bottles of wine (10.8–25 °C). Soon after in 2023, the
arrival of a magnetocaloric air-conditioning system prototype
with 490 W cooling capacity and 16.8 °C temperature span was
reported.[53] In the past decades, the prototype development in
MR has been boosted, and has made significant advances that
benefited from the close collaboration between material scien-
tists and engineers.[40,54] Nonetheless, practical challenges such
as further improving cooling capacity, enhancing system effi-
ciency, and ensuring reliability should be addressed by optimiz-
ing the design of prototype systems (including the magnetic field
utilization, heat transfer, simple design, high frequency, thermal
span, and thermal management).[36] Additionally, combining ad-
vanced processing technologies such as additive manufacturing,
the optimization of MCMs (like (Mn,Fe)2(P,Si), La(FeSi)13, and

Adv. Energy Mater. 2024, 2400369 © 2024 Wiley-VCH GmbH2400369 (4 of 38)
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Figure 3. A demonstration of the integrated magnetic HP in single hydraulic loop with ground source heat exchanger and under-floor heating system.
Reproduced with permission.[13] Copyright 2019, Elsevier.

NiMn-based Heusler compounds) is expected to achieve an opti-
mal cooling performance in future prototypes.

In conclusion, magnetic refrigeration prototype development
has made significant progress in recent years, showcasing the
potential of this technology as a sustainable and efficient cooling
solution. Continued efforts in research and development are ex-
pected to bring MR closer to commercialization and widespread
adoption in the future.

2.2. Magnetocaloric Heat Pump (MHP)

The MHP is an emerging technology that utilizes the MCE to
pump heat from a low-temperature source to a high-temperature
sink. As a promising alternative to traditional gas-compression
heat pump systems, the MHP can offer a heating and cooling so-
lution with higher energy efficiency and environmental friend-
liness. It is worth mentioning that the MHP shares the same
magnetocaloric cycle with MR, as presented in Figure 1. Com-
pared with MR, which only focuses on cooling, however, the
MHP can provide both heating and cooling protocols depend-
ing on the demand. For example, it can transfer heat from a
low temperature to a high temperature for cooling purposes, and
it can also reverse the process of transporting heat from a low-
temperature source to a high-temperature sink for heating pur-
poses. The MHP can provide versatility for broad applications
in residential/commercial/industrial settings for HVAC systems,
space warming, and water heating. As shown in Figure 3,
Johra et al.[13,55] designed a ground source MHP system to pro-
vide the heating requirements of a building by integrating the
MHP in a single hydraulic loop with a ground source heat ex-
changer (GSHE) and a floor heating system. Note that the GSHE
is crucial to minimize the temperature span between the heat
source and heat sink and is beneficial for a high COP of the
heat pump systems.[55] The unique configuration endows the sys-
tem without an intermediate heat exchanger or hot water storage
tank, and the addition of a MHP can further simplify the piping
network and reduce heat losses, as compared with the conven-

tional ground source heat pump system, that requires two wa-
ter to refrigerant heat-exchangers.[55] The developed rotary AMR
MHP (which is named MagQueen and uses La(Fe,Mn,Si)13Hy
as MCM) by Dall’Olio et al.[56] is capable of providing a heat-
ing power of 950 W at a temperature span of 5.6 K and a cycle
frequency of 1.2 Hz. The heating COP ranges from 6.7 to 1.4
for temperature spans between 10.3 and 15.7 K at a frequency of
0.5 Hz. In addition, recently Quijano et al.[57] applied a 1D numer-
ical model to study the performance of layered AMRs composed
of (Mn,Fe)2(P,Si) materials arranged in three different layering
strategies for the MHP. It is expected to pave the way for the ap-
plication of (Mn,Fe)2(P,Si) MCMs in a real MHP prototype in the
near future.[58] Simultaneously, by the current wave of electrifica-
tion, the MHP system can also be inserted into some mobile sce-
narios like electric vehicles (EV).[59,60] For instance, Torregrosa-
Jaime et al. designed an innovative air-conditioning system for an
electric minibus, and the studies provide an output power refer-
ence for a MHP in the electric minibus (1.60 kW of cooling power
over a span of 37 K; 3.39 kW of heating power over a span of
40 K).[60] Even so, similar to the development of MR, the commer-
cialization of efficient MHP still faces challenges with respect to
the design of the device (magnetic field source, magnetic circuit,
regenerator bed geometry, heat exchangers, pumping system,
etc.), the prevention of performance loss (housing heat leaks,
dead volume losses, etc.) and the optimization of MCMs.[61–63]

2.3. Thermomagnetic Generator (TMG)

Globally, it is estimated that over 60% of all energy produced is
rejected as waste heat. Within that, the low-grade waste heat (be-
low 500 K) accounts for about 65% of the total waste heat.[64]

What’s worse is that this low-grade waste heat is usually diffi-
cult to recover because of the recycling technologies with low
Carnot energy efficiencies. For instance, the conversion efficiency
of thermoelectric generator, based on the Seebeck effect, will re-
duce significantly with the decrease of temperature difference
(COP below 0.5 with 20 K span).[65] Therefore, it is important to

Adv. Energy Mater. 2024, 2400369 © 2024 Wiley-VCH GmbH2400369 (5 of 38)
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Figure 4. Idealized work cycle for the TMG: (left). An M-B diagram; (right). An s-T diagram. Reproduced with permission.[73] Copyright 2014, Elsevier.

further develop other solid-state technologies, i.e., TMG, to con-
vert low-grade waste heat into other sustainable energy forms
such as electricity. Currently, the efficiency of the TMG is still
in an embryonic stage and needs to be improved further.[15]

The idea of thermomagnetic generation was originally pro-
posed in the late 19th century by Edison,[66,67] Stefan,[68] and
Tesla[69,70] and was then analytically revisited in 1948 by Bril-
louin and Iskenderian.[71] They derived that the theoretical con-
version efficiency of TMG can even reach 55–75% of the Carnot
efficiency.[71,72] The basic principle behind the TMG is to properly
exploit the Faraday law of electromagnetic induction when mate-
rials cross the thermally driven magnetic phase transition.[73] The
active materials used for the TMG prototype preferentially show
a metamagnetic transition from a high magnetic-ordering state
(i.e., ferromagnetic (FM)) to a low magnetic-ordering state (i.e.,
paramagnetic (PM)) to obtain a considerable change in magne-
tization (ΔM). For example, as present in Figure 4, the thermo-
magnetic cycle can be described in a regenerative Ericsson cycle
(including two iso-thermal and two iso-field processes) from two
ways (M-B or s-T diagram), where B is the external applied mag-
netic field (ɛ0H), s the specific entropy, T the temperature, and
w the work done. The thermodynamic efficiency of TMG can be
determined as the ratio of the output energy (the upper limit of
magnetic work Em) to the heat input (Qin) for each cycle. Con-
sequently, the thermomagnetic material efficiency (𝜂) can be ex-
pressed as follows:[74]

𝜂 =
Em

Qin
=

𝜇0 ∫ HdM
Qin

=
𝜇0ΔMH

𝜌 ∫ Th
Tc

CpdT
(1)

where μ0H is the applied magnetic field, 𝜌 density, Tc cooling tem-
perature, Th heating temperature, and Cp specific heat capacity.
It is indicated that as a good criterion, the potential material can-
didates should have high ΔM

ΔQ
values. Besides this, the thermo-

magnetic materials (TMMs) should generally have the following
properties such as i) soft magnetic materials with a low remnant
magnetization; ii) adjustable TC; iii) high thermal conductivity;
iv) low-cost and non-toxicity; and v) low content of critical com-
ponents.

Different TMMs have been designed and tested in a va-
riety of different TMG devices including 3d/4f pure metals

(Co, Fe, Ni, Gd, Tb, Dy, Ho, Er),[75–78] (Mn,Fe)2(P,As),[73]

NiMn-based Heusler films,[14,79–81] Gd5(Si,Ge)4,[81] and
La(Fe,Si)13

[15,81–83] compounds. Recent progress in the de-
velopment of TMMs/devices is summarized below:

In 2014, Christiaanse and Brück demonstrated a proof-of-
concept static TMG experimental device based on (Mn,Fe)2(P,As)
material.[73] The active part of the generator consists of 48 disks
of TMMs with different TC (300, 304, 307, 310 K), and the mag-
netic field source was formed by a NdFeB permanent magnet.
The maximum average output power was ≈0.048 mW. Fries
and co-workers[84] investigated the thermomagnetic properties
of refractory MnB with its pseudo-binary derivatives (Mn1-xCoxB
and Mn1-xFexB). The MnB compound shows a magnetization of
M = 156 A m2 kg−1 and a sharp FM to PM phase transition (with-
out hysteresis loss) at TC = 567 K. And it is reported that these
materials show an iso-structural magnetoelastic effect that is eas-
ily tunable TC (200–800 K), which is beneficial for TMG applica-
tions. In 2016, Gueltig et al.[14] exhibited an efficient thermomag-
netic generation via resonant actuation of a Ni–Mn–Ga Heusler
film and the device can generate an unprecedented power den-
sity of 118 mW cm−3, which can compete with the best thermo-
electric generators. Due to the large temperature-dependent ΔM
of the films, a periodic temperature change of only 3 K is re-
quired for operation. As presented in Figure 5a–f, in 2018 Waske
et al.[15] designed a TMG demonstrator that can improve the per-
formance of TMG devices by orders of magnitude by introduc-
ing an appropriate topology for the magnetic circuit. Combining
their experimental and modeling results, it was shown that the
configuration can efficiently avoid some drawbacks of previous
designs, like magnetic stray fields, hysteresis, and complex ge-
ometries of the TMMs. However, the maximum relative Carnot
efficiency of TMG is not high and only reaches 1.7 × 10−3%. In a
subsequent work in 2020,[79] Joseph et al. address the key ques-
tion of how the film thickness and device footprint affect power
and efficiency for the Ni–Mn–Ga Heusler film-based TMG de-
vice. They studied the scaling performance of the heat intake,
heat dissipation, and local temperature changes. Their results
show that the electrical power per footprint can be significantly
enhanced by 3.4 times when increasing the film thickness from
5 to 40 ɛm. Their TMG device can achieve 50 mW cm2 as the
maximum value of electrical power per footprint at a temperature
change of only 3 K. Additionally, Dzekan et al.[85] built a TMMs
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Figure 5. Different configurations of magnetic circuits of TMGs.[15,86] a) For genus = 1 in the low-temperature state, the complete flux is guided in
a single circle. b) When the TMMs warm up (PM), no flux through the TMMs. c,d) For genus = 2 with only one permanent magnet but two sets of
TMMs, which alternatively close the magnetic flux through them. e,f) For genus = 3, two permanent magnets are used, which allows a sign reversal of
the magnetic flux within the connecting yokes when changing the temperatures of TMMs. This configuration doubles the flux change, avoids hysteresis
within the yokes and realizes an easier heat exchange between the TMMs and the fluid. a–f) Reproduced with permission. Copyright 2019, Springer
Nature. (g) Detailed schematic illustration of another magnetic circuit configuration. h,i) Working principle during cycling. Blue means that the TMMs
are in low-temperature FM, and red means high-temperature PM. The direction of the magnetic flux in the magnetic circuit will be reversed accompanying
alternating cold and hot sides of TMMs. g–i) Reproduced under the terms of the CC BY license. Copyright 2023, Author(s).

library and evaluated the potential of various TMMs in terms
of efficiency and cost-effectiveness for use in motors, oscillators,
and generators for converting waste heat into electricity. The con-
clusions suggest that the best TMMs can compete with thermo-
electric materials for temperature differences up to several times
10 K. Moreover, Chen et al.[81] compared the performance of a
TMG device employing different TMMs such as Gd, Gd5(Si,Ge)4,
NiCoMnSn Heusler alloy, and La(Fe,Si)13Hy/In composite. It is

found that the La(Fe, Si)13Hy/In composite exhibited the highest
induced current (9.12 ɛA g−1) and power density (0.47 mW m−3).
Consequently, they conclude that the La(Fe,Si)13Hy/In compos-
ite is promising for harvesting low-grade waste heat. Recently,
Liu et al.[86] designed a TMG device with a new configuration
for low-temperature waste heat recovery. Different from previ-
ous TMG designs, as demonstrated in Figure 5g–i, in this new
device the TMMs (Gd plates or La(Fe,Si)13Hy/In composites) can

Adv. Energy Mater. 2024, 2400369 © 2024 Wiley-VCH GmbH2400369 (7 of 38)
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control the on/off of the magnetic circuit like a switch because of
the temperature-dependent FM to PM transition. The optimized
integration makes the magnetic flux in the induction coil change
between the negative and positive maximum values, resulting in
the enhancement of an induced average power ranging from 0.04
to 0.19 V. Simultaneously, a lower magnetic stray field and a lower
amount of TMM (less economic cost because of rare-earth La ele-
ment) has been achieved in this TMG device. This study also shed
light on the fact that a higher TMG performance can be obtained
by properly constructing the magnetic circuit with TMMs. Inter-
estingly, to prove the function of their TMG device, the authors
successfully lit up an LED light and it is proposed the TMG array
can well convert the low-grade waste heat into electricity. So far,
some progress has been made, however, there are still great chal-
lenges associated with TMG, e.g., low power density, low conver-
sion efficiency, and lacking enough candidate materials to cover
low-grade waste heat temperature window. The TMG is still in
the research and development stage, and its commercial applica-
tions are currently limited. However, ongoing advancements in
magnetic materials, system design, and optimization techniques
hold promise for the future of TMG.

2.4. Other Applications

In addition to the promising applications discussed above, an-
other application of the MCE is the cryogenic liquefaction of
gases, which can act as energy storage media. It is known that the
traditional methods of gas liquefaction can be energy-intensive
and expensive, while using the MCE-based AMR could poten-
tially be more efficient and cost-effective.[87,88] Based on specific
conditions, different gases with high economic value, such as
hydrogen (H2 liquefaction temperature is 20 K), nitrogen (N2,
77 K), oxygen (O2, 90 K), natural gas (CH4, 112 K at 0.1 MPa; 190
K at 4.5 MPa), propane (C3H8, 231 K), and air, can be sufficiently
liquified at low temperature.[89–95] For example, Archipley et al.
report a prototype of an active magnetic regenerative refrigera-
tor to liquefy methane with a high-field superconducting mag-
net, and they can successfully liquefy pure methane with their
liquefier by cooling from 285 to 135 K.[93] Barclay et al. inves-
tigated how a Gd-based AMR-cycle refrigerator moving through
field changes of 2.7 T at 0.25 Hz was used to liquefy pure propane
at two different supply pressures.[94] The EU project “HyLICAL”
(2022–2027) will develop and validate a new magnetocaloric high-
performance hydrogen liquefier prototype.[96] From a material
science perspective, Terada and Mamiya recently reported that
the rare-earth single metal holmium (Ho) can exhibit a GMCE in
a magnetic field lower than 1 T for temperatures ranging from
20 to 50 K.[89] And Guillou et al. found a rare-earth intermetal-
lic, Eu2In, which shows a FOMT with a strong magnetoelastic
coupling, but negligible hysteresis. This compound presents an
excellent MCE performance at practical magnetic fields (<2 T),
e.g., the maximum Δsm values are −24.4 and −28.2 J kg−1 K−1 for
Δμ0H of 1 and 2 T (the corresponding ΔTad are 2.2 and 5.0 K).
It is proposed that Eu2In outperforms all known MCMs in this
temperature range and could be promising for N2 liquefaction.[91]

Moreover, these solid-state phase change materials (PCMs), ei-
ther with a strong magnetoelastic or magnetostructural coupling,
have a great potential for a variety of thermal storage applications

taking advantage of their latent heat storage properties employ-
ing a solid-solid transition.[97–100] For instance, it was introduced
that PCMs with a phase change temperature greater than 200 °C
can be applied in large-scale concentrated solar power (CSP) and
pumped heat electrical storage plants, which are known as Carnot
batteries.[101] And the PCMs provide another solution for future
thermal energy storage. Similar thermal storage battery concepts
have occurred in other caloric properties. Zhang et al. developed
thermal batteries utilizing the strong pressure-driven first-order
solid-solid transition based on BCE.[102] Furthermore, inspired by
the quick thermal response of PCMs, devices like magnetocaloric
heat switches can be designed.[103–106] In addition, the magne-
tocaloric conversion can be a useful complement to other tech-
niques. For example, Han et al.[107] reported a solar MR seawater
desalting device where solar energy can combine with the MR
technology. In this device, the solar energy evaporates seawater
and generates steam, while the MR manipulates and condenses
the steam into fresh water. It is expected that magnetocaloric con-
version will be coupled with other renewable energy sources (e.g.,
biomass energy) in the future.[47]

As main-stream technique of energy storage, however, Li-ion
battery cells are temperature-sensitive devices and a stable work-
ing temperature is vital. Arora reviewed different emerging alter-
natives for traditional thermal management techniques of Li-ion
batteries, including MR.[108] Al-Nimr et al. investigated how MR
integrates with the thermal management of rechargeable batter-
ies in EV by modeling.[109] An EU project (“Cool BatMan”)[110]

is dedicated to develop a compact and hybrid magnetocaloric
cooling proof-of-principle suitable for integration as a battery
thermal management system for Li-ion batteries in e-mobility.
The interest in the functionality of MCE has been further ex-
tended to magnetocaloric-based wearable thermal management
devices.[111] Last but not least, although extensive research activ-
ities have focused on the applications of bulk MCMs, the ma-
terials at lower dimensions like nanoscale are also promising
in some fields such as micro-refrigerators, thermal switches,
microfluidic pumps, energy harvesting devices, and biomedical
applications (magnetic hyperthermia or drug delivery).[112,113] A
good example may be that magnetic ferrofluid materials can be
practically applied to design a micro-scale pumping system for
cooling/heating.[114–118] Interestingly, the MCE can be also re-
garded as a sensor (as well as other caloric effects[119]) to deter-
mine the entropy landscape of the phase formation associated
with quantum criticality and establish the phase diagram of un-
conventional superconductors[120] and has extended its applica-
tions in quantum materials.[121]

3. Critical Magnetocaloric Materials

In the past 2 decades, numerous first-order magnetic transition
(FOMT) plus strong second-order magnetic transition (SOMT)
MCMs that demonstrate a GMCE have sprung up, including
Gd5(Si2Ge2),[10] (Mn,Fe)2(P,X)-based compounds (X = As, Ge,
Si),[11] La(Fe,Si)13-based materials,[12,29] NiMn-X based magnetic
Heusler compounds (X = Ga, In, Sn, Sb)[30] with as a special case
the so-called all-d-metal NiCoMnTi,[122] FeRh,[123] Mn2Sb based
alloys,[124] Mn-M-X (M = Co, Ni and X = Si, Ge) alloys[32,33] and
magnetocaloric high-entropy alloys (MHEAs).[125] These materi-
als demonstrate a strong FOMT with a discontinuous change
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in the first derivative of the Gibbs free energy resulting from
the coupling between the magnetic and crystal lattice degrees
of freedom in the form of a magnetoelastic (ME) or magne-
tostructural (MS) coupling. Note that the understanding about
these two coupling mechanisms from different entropy contri-
butions (the total entropy is simply written as a sum of mag-
netic, lattice, and electronic entropies stot = slat + smag + sel) can
be found elsewhere.[39,126] Compared with the MS coupled ma-
terials, for ME coupled materials the transition hysteresis can
be more easily manipulated. In this section, recent advances re-
lated to typical ME coupled materials (including (Mn,Fe)2(P,Si)-
based and La(Fe,Si)13-based compounds) and MS-coupled ma-
terials (including NiMn-based magnetic Heusler and magne-
tocaloric HEAs) are summarized.

3.1. ME Coupled (Mn,Fe)2(P,Si) Based Compounds

Although the first-row transition metal elements (Ti to Zn) in
the periodic table of elements are chemically simple, the over-
lap of partially filled 3d and 4s bands provides uniqueness and
complexity.[127] For example, for the transition-metal systems
(M1-x,M’x)2X, where X = P, As or Sb and M, M’ are first-row tran-
sition elements, some interesting physical properties have been
discovered. Goodenough pointed out that the itinerant electron
model of this system assumes that only the 3d bands have a fi-
nite density of states at the Fermi level, whereas the 4s band is
empty.[127] On the other hand, the magnetic properties only re-
flect the number of 3d electrons per transition metal atom, and
the existence of metalloids can sufficiently stabilize the mate-
rial systems. The Fe2P prototype material, a strongly anisotropic
hexagonal ferromagnet (space group P-62m),[128] shows a first-
order ferromagnetic transition with a TC at around 216 K.[129–130]

As one of the derivatives of Fe2P the magnetic and structural
properties of quaternary (Mn,Fe)2(P,As) compounds were stud-
ied by Fruchart and co-workers.[131–132] The MCE properties of the
(Mn,Fe)2(P,As) compounds were originally studied by Brück and
co-workers in 2000.[11] Within this work, the (Mn,Fe)2(P0.45As0.55)
compound was found to present a GMCE at the transition from
the low-temperature FM state to the high-temperature PM state
at about 300 K with a large |∆sm| of 14.5 J kg−1 K−1 and 18.0 J
kg−1 K−1 for ∆μ0H of 2 T and 5 T, respectively.[11] Subsequently,
in response to the requirement of removing the toxic arsenic con-
tent, different (Mn,Fe)2(P,X) (X=Ge, Si) based intermetallic com-
pounds have been developed. For instance, the so-called second-
generation (Mn,Fe)2(P,Ge) and third-generation (Mn,Fe)2(P,Si)
alloys were produced in 2007 and 2008, respectively.[133,134] In-
terestingly, the GMCE performance was almost kept stable af-
ter the metalloid’s replacement of As by Ge/Si.[135,136] The dif-
ferences of (Mn,Fe)2(P,X) (X = As, Ge, and Si) can be found in
Ref. [137] Compared with other giant MCMs some advantages
can be highlighted: an excellent GMCE performance, rare-earth
free, relatively low economic costs, and the absence of toxic ele-
ments. More valuable characteristics of this series of compounds
are the tunable TC and the easily reduced hysteresis by compo-
sitional optimization. Simultaneously, an improved understand-
ing of the physical mechanism associated with this strong mag-
netoelastic coupling in (Mn,Fe)2(P,Si) based materials has been
achieved. On the one hand, from the fundamental crystal struc-

ture aspects, the site occupancy of different atoms has been dis-
tinguished unambiguously, as demonstrated in Figure 6a. Using
neutron diffraction (ND), Miao et al. found that Mn atoms pre-
fer the 3g site (in agreement with[138]) and that Fe atoms prefer
the 3f site, while P/Si atoms randomly distribute on the 1b/2c
sites (for the Si-rich case Si atoms show a preference for the 2c
site).[139] On the other hand, from theoretical investigations the
so-called “mixed magnetism” mechanism has been found to be
responsible for the GMCE in the (Mn,Fe)2(P,Si) based MCMs.
The crystallographic 3g and 3f sites of the hexagonal lattice, rep-
resent layers with relatively large stable magnetic moments (pref-
erentially Mn) and relatively weak unstable magnetic moments
(preferentially Fe), respectively. The latter shows an interesting
quenching of the moment across the magnetic transition, as in-
dicated by density functional theory (DFT),[140] ND,[139,141] and
X-ray magnetic circular dichroism.[142] Combined DFT calcula-
tions and synchrotron high-resolution X-ray diffraction[143] ex-
periments show a significant electronic charge redistribution
around the Fe atoms across the ferromagnetic transition, which
was attributed to the competition between magnetism and co-
valent bonding (electric entropy cannot be ignored). Moreover,
it is found that the change in the c/a ratio of the hexagonal
unit cell is closely related to ∆Thys, which could be ascribed to a
change in the transition-induced elastic strain energy.[144] Yibole
et al. successfully grew (Mn,Fe)2(P,Si) single crystals by the tin
flux method and the single crystal XRD data demonstrated the
isostructural properties before and after transition. It is found
that the preferred magnetization direction is along the c axis and
the low temperature (5 K) magnetic anisotropy is determined
with K1 = 0.28 × 106 J m−3 and K2 = 0.22 × 106 J m−3.[145] Single
crystals with different compositions were also obtained.[145–147]

Miao et al. studied the development of magnetic moments from
spatial and temporal aspects in the paramagnetic regime of
(Mn,Fe)2(P,Si) by means of polarized neutron diffraction and
muon-spin relaxation techniques, and investigated the dynamics
between short-range magnetic correlations and long-range mag-
netic ordering.[148] They also observed a spin-density-wave (SDW)
phase can co-exist with PM and FM phases in certain compo-
sitions of (Mn,Fe)2(P,Si) and the SDW-FM transition can be ki-
netically arrested at low temperature.[149] In addition, Dung and
You et al.[140,150] established the complete phase diagram of mag-
netocaloric MnxFe2-xP1-ySiy quaternary compounds and reported
the corresponding magnetic/structural properties.

Besides the above fundamentals associated with the
(Mn,Fe)2(P,Si) based materials, different optimization strategies
of GMCE performance have been proposed. On the one hand,
chemical pressure engineering (substitutional/interstitial dop-
ing with external dopants) has been proven effective. Figure 6b,
lists the reported dopants for (Mn,Fe)2(P,Si) based MCMs so
far.[133,136,151–165] For example, Guillou et al.[136] pointed out
that B substitution with limited concentration can efficiently
decrease the ∆Thys from 75 to only 1.6 K. Most importantly,
the modified materials show good mechanical properties and
excellent reversibility of GMCE after 10 000 cycles of magnetiza-
tion/demagnetization (ΔTcyclic ≈ 2.8 K with only ∆μ0H of 1.1 T).
It was found that V, Nb, and Mo substitution can also reduce the
hysteresis of (Mn,Fe)2(P,Si) based MCMs, which is important as
it is known that hysteresis will significantly degrade the energy
efficiency of these materials in devices.[154,158–159,166] Additionally,
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Figure 6. a) Schematic representation of the crystal structure for the (Mn,Fe)2(P,Si) based MCMs.[174] Copyright 2022, F. Zhang. b) Reported dopant
for (Mn,Fe)2(P,Si) based MCMs so far. Copyright 2016, IUPAC (the International Union of Pure and Applied Chemistry). c) Schematic figure related to
advantages and disadvantages about (Mn,Fe)2(P,Si) based MCMs.[174] Reproduced under the terms of the CC BY license. Copyright 2022, F. Zhang.

considering different application scenarios, tuning TC towards
a higher/lower temperature with negligible ΔThys is important
for MCMs. However, alloying with doping elements does not
necessarily only tune the TC (toward a higher TC by Li, B, C, Al,
Ge, Zn, and Zr, and a lower TC by N, F, S, V, Ni, Co, Cu, Ge,
Nb, Mo, and Ru), but potentially also change the ΔThys. Typical
doping elements like B, V, Nb, and Mo can even shift the strong
FOMT toward the critical point between the FOMT and SOMT
with a negligible ΔThys, while F doping can make the FOMT
stronger with a larger ΔThys. Zhang et al. found that W and Ta
substitution can act as a good strategy to solely regulate TC and
effectively maintain (or improve) the GMCE property without
an increase in ΔThys.

[164,165] As described earlier, interestingly,
F, which possesses the highest electronegativity value among
the elements, influences the metal–metalloid system differently
(increased ΔThys and magnetic moments) compared with B (low
electronegativity).[153] The results can further help us understand
the role of the electrons for this itinerant-electron metamagnet.

On the other hand, advanced manufacturing techniques have
been applied. For example, the 3D printed (Mn,Fe)2(P,Si) based
MCMs using selective laser melting (SLM) have been fabricated
by Miao et al.[167] The printed materials show a limited impurity
phase (<2%) and a large |Δsm| (> 15.0 J kg−1 K−1 for ∆μ0H = 2 T),
and the 3D printing will make these MCMs be easily shapable.
However, they did not report the changes in the mechanical brit-
tleness. Lai et al.[168] applied machine learning for composition
optimization of (Mn,Fe)2(P,Si) and found a promising composi-
tion of Mn1.70Fe0.30P0.63Si0.37 with a transition temperature of 97 K
at 1 T. The value TC can be lowered to 73 K by substituting Fe with
Co, and the corresponding large magnetocaloric performance

further extends its application into the cryogenic region. Simi-
lar machine learning methods have also been applied to acceler-
ate the design of (Mn,Fe)2(P,Si) based MCMs.[169] Moreover, ex-
cept advantages, the typical obstacles for this material family are
low thermal conductivity (𝜆) and intrinsic brittleness, as shown
in Figure 6c. To solve the above issues, Miao et al.[170] proposed
a promising Cu composite strategy. In brief, by continuous Cu
networks within the main matrix, the formed unique microstruc-
ture is designed by hot pressing the (Mn,Fe)2(P,Si)/Cu core/shell
powders. The composite exhibited a high 𝜆 of 20.4 W m−1 K−1

and significantly enhanced the mechanical properties with a
large maximum compressive strength of 570 MPa, which are
the best comprehensive properties for room-temperature MCMs
ever reported. Furthermore, utilizing high-energy ball milling
Zhang et al.[112] synthesized (Mn,Fe)2(P,Si)-based nanoparticles,
and systematically investigated the influence of crystallite size
and microstructure on the GMCE. This work may enrich the in-
vestigation of the functionality of nanoscale (Mn,Fe)2(P,Si) ma-
terials, similar as its parent compounds Fe2P in, e.g., hetero-
geneous catalysis, energy storage batteries, etc.[171,172] Two re-
views focused on (Mn,Fe)2(P,Si) based MCMs can be found in the
literature.[37,173] With the development of advanced techniques,
more new insights and optimization related to this family are ex-
pected in the following years.

3.2. ME Coupled La(Fe,Si)13 Based Compounds

The LaFe13-xSix system has a cubic NaZn13-type structure (space
group Fm-3c), and a stable phase region for 1.4 < x < 2.6. Note
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Figure 7. Schematic diagram of the crystal structure for a) La(Fe,Si)13 and b) hydrogenated phase La(Fe,Si)13Hx.
[175] Copyright 2018, Elsevier. c) Shaping

process of brittle MCMs for room-temperature application: A steel tube is filled with pre-alloyed compacted powder and swaged down to 1 mm composite
wires ready to assemble in a magnetocaloric regenerator after heat treatment. Reproduced with permission.[190] Copyright 2018, Elsevier.

that the binary LaFe13-x cannot independently form, and Si will
be helpful for stabilization, but higher Si contents (x > 3.2) will
produce the tetragonal structure. The LaFe13-xSix compounds un-
dergo a FOMT between the itinerant electron FM and PM state.
During the transition, a large lattice volume change of about 1.5%
occurs. The crystal structure and atom distribution for La(Fe,Si)13
and the hydrogenated phase La(Fe,Si)13Hx are shown in
Figure 7a,b, respectively.[175] Recent progress related to its MCE
is summarized below:

Gruner et al.[176] found that for LaFe13-xSix there are signifi-
cant changes in the element-resolved vibrational density of states
(DOS) across the FOMT using nuclear resonant inelastic X-
ray scattering and DFT calculations. They concluded that these
changes originate from the itinerant electron metamagnetism of
the Fe atoms and the lattice entropy cooperatively contributes
to the total entropy with magnetic and electronic entropy. Shao
et al.[175] applied X-ray absorption near-edge structure (XANES)
spectra for the La(Fe,Si)13Hx materials and provided evidence
of valence electron transfer from hydrogen to Fe, which indi-
cated a close relation between different electronic surroundings.
Fujita[177] investigated the hydrogen redistribution during the
transition (known as the splitting phenomenon) and found that
the splitting phenomenon can be influenced by the annealing
conditions, e.g., it will be incompletely suppressed after a short
duration of homogenization annealing, and it gradually disap-
peared with increasing annealing duration. Skokov et al.[178] stud-
ied a two-stage nature of the FOMT in the model LaFe11.8Si1.2
compound, which are ascribed to the properties of the itinerant
electron meta-magnetic (IEM) transition. They explained the na-

ture of the observed behavior from atomistic scale experiments
(X-ray absorption spectroscopy (XAS), XMCD, and Mössbauer
spectroscopy) together with first-principles calculations. Hardy
et al.[179] proposed a simple thermodynamic model to describe
the transition dynamics of this two-step process in the LaFe13-xSix
system by considering a Gibbs free energy of the mixed state
including three terms: chemical, elastic, and interfacial. In ad-
dition to these physical insights, various optimization methods
toward performance improvement and microstructure modifi-
cation have been implemented. It is found that magnetocaloric
composites can efficiently improve their mechanical properties
without sacrificing the MCE performance, by composite ma-
terials with ductile second phases like epoxy resin,[180] Al,[181]

Fe,[182,183] Cu,[184,185] Sn-In-Bi Field’s metal,[186] In,[187] Sn,[188]

Nb/Ta,[189] etc. For example, using the hot rolling technique Miao
et al. reported that the bending strength of the LaFe11.6Si1.4/Fe
composite can reach up to 176 MPa (26% improvement).[183]

They found that the refinement of the ductile 𝛼-Fe particles plays
a key role in hindering crack propagation and enhancing the me-
chanical strength. Moreover, to solve the brittleness issue after
long cycling, Krautz et al. applied a core-shell logic by introducing
seamless austenitic steel wires with a magnetocaloric core,[190,191]

as shown in Figure 7c. To this effect pre-alloyed La(Fe,Co,Si)13
powder was filled into a AISI 316L austenitic steel tube, and then
swaged to wires with an outer diameter of 1 mm. This was fol-
lowed by a very short post-annealing (10 min at 1050 °C). Fi-
nally, these thin wires were assembled in different geometries.
The processing is promising when combining different ductile
jacket materials (such as Cu-based alloys or Nb) to improve the
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thermal properties or corrosion protection. Furthermore, com-
pared with (Mn,Fe)2(P,Si) based MCMs, it is worth mention-
ing that a smaller number of doping elements (light elements
(H,[192] B,[193] C,[194] N[195]), Cr,[196] Mn,[197] Co,[198] Ni,[199] Ce,[200]

Pr,[201] Nd,[201] Gd[202]) have been introduced and functioned in
the LaFe13-xSix system, which could result from the high con-
centration of Fe atoms (>70 at.%). For instance, Ce substitution
and hydrogenation can produce nanograins (5–50 nm) within the
LaFe13-xSix matrix.[200] In these refined (La1-xCex)2Fe11Si2Hy al-
loys, the value of the hysteresis losses can be monotonously re-
duced from 48.3 to 0.6 J kg−1. More importantly, because of the
modified microstructure the excellent GMCE performance has
been well maintained after 10000 magnetic cycles (ΔTad = 2.03 K
for ∆μ0H of 1.3 T). Interestingly, Lai et al.[197] reported that co-
doping of Ce and Mn cannot only reduce the ΔThys (down to
1.5 K), but also move the TC into the cryogenic region (30–100
K). Therefore, this material family can potentially be used for
more low-temperature applications. Two reviews that focus on
LaFe13-xSix-based MCMs can be found in the literature.[203,204] It
is worth mentioning that the volume changes due to the iso-
structural phase transition are around 0.01 and 0.3%, respec-
tively, and Fe2P type and La(Fe,Si)13 type materials present excel-
lent reversibility. For example, the stability of the measured ΔTad
has been tested for 90 000 cycles on La(Fe,Co,Si)13 and showed
no significant changes.[205] Together with (Mn,Fe)2(P,Si) based
MCMs, currently La(Fe,Co,Si)13 type and their hydrides are the
most promising alternatives without critical elements for near
room-temperature application under practical magnetic fields
(<2 T).[36]

3.3. MS Coupled Heusler Based Compounds

Heusler compounds were discovered and developed at the end
of the 19th century,[206] and the well-known Cu2MnAl com-
pound found by Fritz Heusler[207,208] demonstrated fascinat-
ing ferromagnetism because all constituent elements are non-
ferromagnetic. Although there is no clear definition of a Heusler
compound, the nomenclature of Heusler compounds is pop-
ularly classified as Half Heusler, Full Heusler, and Inverse
Heusler.[206] Nowadays, over 1500 Heusler compounds have
been found, and the big family keeps expanding and remains
a great scientific curiosity due to its versatile physical func-
tionalities, which can be widely applied for various scenarios
such as spintronics (or spin transport electronic) applications,
thermoelectric devices, sensors and actuators, superconductors
and semiconductors, topological insulator, and solid-state caloric
effects.[206] As demonstrated in Figure 8a, the periodic table
shows the potential X2YZ type Heusler compounds with differ-
ent combinations of elements. Herein, we focus on the specific
Ni/Mn-based magnetic Heusler compounds, where the mag-
netic orderings (e.g., ferromagnetic ordering) strongly couples
with the ferroelastic ordering arising from a structural phase
transformation (e.g., martensitic transformation). It should be
mentioned that most Heusler alloys do not exhibit marten-
sitic transformations.[206] The so-called strong MS coupling gives
rise to many novel magnetic functionalities like the giant mag-
netoresistance (GMR) effect, magnetostriction, magnetic shape
memory effect, super-elasticity, and GMCE. Since the discov-

ery of reversible diffusionless first-order phase transitions (by
spontaneous symmetry-breaking strains) in the model Ni-Mn-
Ga compounds,[209,210] more smart magnetic Heusler materials
presenting GMCE have been discovered in Ni-Mn-Ga,[211,212] Ni-
Mn-In/Sb,[213–215] and Ni-Mn-Sn based[216] Heusler compounds.
Among these compounds, they always crystallize in the fcc cu-
bic Fm-3m structure (space group 225) with the highly ordered
L21 structure, like Ni2MnGa in Figure 8b. For the fully stoichio-
metric Heusler compounds (X2YZ), the X atoms occupy the 8c
(1/4, 1/4, 1/4), while the Y and the Z atoms preferentially oc-
cupy the 4a (0, 0, 0) and 4b (1/2, 1/2, 1/2) sites, respectively.
During the martensitic transformation the high-temperature L21
structure will transform to the low-temperature martensite with
less symmetry like tetragonal, orthorhombic, or monoclinic (L10,
3(6)M, 5(10)M, and 7(14)M) types. These variants of martensite
will be arranged spatially by twinning into ordered microstruc-
tures (so-called martensitic laminates).[217] In Figure 8b, the ge-
ometric relationship between the L21 austenite and the tetrag-
onal martensite is exhibited for the case of Ni2MnGa from dif-
ferent direction. In addition, when a magnetic field is applied
or when the temperature is changed, the martensitic transfor-
mation can be triggered due to the magnetic difference be-
tween the weakly magnetic (paramagnetic (PM) or antiferromag-
netic (AFM)) martensite and the strongly magnetic (ferrimag-
netic (FIM) or ferromagnetic (FM)) austenite. The change in Zee-
man energy (EZeeman = −𝜇0 ∫ MHdV , where M is the magnetiza-
tion, V the unit-cell volume and H the external magnetic field)
will destabilize the system and make the martensitic or inverse
martensitic (diffusionless) phase transition happen, as illustrated
in Figure 8c.[174] For magnetocaloric Heusler compounds, one
always observes large thermal hysteresis of the phase-transition
because of the strong magneto-structural coupling. To reduce
the transformation hysteresis, one of most efficient ways is to
achieve better geometric compatibility between martensite and
austenite, which enables high phase reversibility.[218] Note that
different chemical compositions could generate different low-
temperature modulated and non-modulated (NM) martensite
structures.[219] Details on the advances associated with tradi-
tional NiMn-based magnetic Heusler compounds can be found
elsewhere.[30,206,220–222] In this sub-section, we mainly focus on
another novel group of Heusler compounds coined as the all-
d-metal Ni(Co)MnTi system, which was first found in 2015[122]

and in recent years developed fast due to its advantages like a
tunable TC, rare-earth-free composition, non-toxicity, and excel-
lent mechanical properties.[223,224] Interestingly, two early impor-
tant works associated with Ti stabilization and decreasing the
structural transition temperature towards the Ni–Mn binary sys-
tem should be mentioned.[225,226] Contrary to the traditional Ni-
Mn-Ga/In/Sb/Sn-based magnetic Heusler compounds, the all-
d-metal Heusler materials contain no main group elements, and
they are stabilized by covalent d-d hybridization, rather than p-
d hybridization between transition elements and main-group
elements,[122] which resulted in an obvious enhancement of the
mechanical properties across the martensitic transition where
the intrinsic brittleness of the traditional Heusler alloys could ef-
ficiently be prevented.[122,223] Therefore, the recent developments
of the all-d-metal Ni(Co)MnTi based and some other emerging
all-d-metal series magnetic Heusler compounds are reviewed
below:
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Figure 8. a) Periodic table of the elements showing different elements that can potentially form X2YZ type Heusler compounds according to the color
scheme. Reproduced with permission.[227] Copyright 2011, Elsevier. b) The L21 austenite showing the relationship with the tetragonal unit cell (marten-
site) for the case of Ni2MnGa from different direction. Light grey: Ni, white: Mn, black: Ga. Reproduced with permission.[30] Copyright 2009, IOP Publish-
ing. c) Schematic figures of the temperature- and magnetic field- induced martensitic transformation for NiMn-X based magnetic Heusler compounds
(X = Ga, In, Sn, Sb).[174] Reproduced under the terms of the CC BY license. Copyright 2022, F. Zhang.

First, some studies have been reported to further optimize
the experimental MCE performance of all-d-metal Ni(Co)MnTi
based Heusler compounds, in combination with electronic struc-
ture calculations.[228,229] For example, targeting to tune the mi-
crostructure rapid-solidification techniques (e.g., melt-spinning,
suction-casting, and directional solidification) are applied.[230–236]

Bez and coworkers[231] demonstrated that Ni37.5Co12.5Mn35Ti15
ribbons show a |∆sm| as high as 27 J kg−1 K−1 for a moderate
∆μ0H of 2 T. Guan et al.[234] manufactured the strong <001>A
preferred orientation in a polycrystalline Ni36.6Co12.8Mn34.7Ti15.9
alloy by the directional solidification technique. The alloy shows
an excellent mechanical performance at room temperature such
as the maximum compressive strength of 2823 MPa and strain
of 17.7%. Moreover, the good GMCE property is maintained as
the maximum |∆sm| of 23.2 and 28.1 J kg–1 K−1 for ∆μ0H of 5
and 7 T, respectively. Furthermore, Zhang et al.[236] demonstrated
that suction casting can tailor the GMCE performance by mod-
ifying the microstructure. Compared with arc-melted samples,
the |∆sm| value of the suction-casted sample shows a 67% im-
provement from 18.4 to 29.4 J kg−1 K−1 for a ∆μ0H of 5 T. As
the ΔThys has maintained a low value (5.5 K) for the enhanced

first-order phase transition, a very competitive reversible |∆sm| of
21.8 J kg−1 K−1 is obtained for ∆μ0H = 5 T. Combining
high-resolution transmission electron microscopy (HRTEM) and
positron annihilation spectroscopy (PAS) results, the differ-
ence in lattice defect concentration is found to be responsi-
ble for a significant improvement in GMCE for the suction-
cast sample, which suggests that defect engineering can be ap-
plied to control the GMCE like in traditional magnetic Heusler
compounds.[237,238] Additionally, different annealing strategies
have been applied,[239,240] Taubel and co-workers[240] reported that
an optimized heat treatment can significantly affect the mag-
netocaloric properties in Ni35Co15Mn37Ti13 with a |∆sm| of 20
J kg−1 K−1 and a maximum ∆Tad of −4 K for ∆μ0H = 1.93 T.
In this work, specifically, the authors studied the evolution of TC
of austenite with respect to the valence electron concentration
e/a. The linear relationship is much stronger compared to the flat
behavior in the well-studied Ni(Co)Mn-X (X = Al, In, Sn, Sb) sys-
tems. The reason behind this is ascribed to the preferred B2 disor-
dering of austenite, which results in an enhancement of the ferro-
magnetic exchange interactions Jij between the Co and Mn atoms
with an increasing amount of Mn on the Ti lattice site. The B2
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disordering, without L21 ordering, has been observed in neutron
diffraction experiments.[241] Simultaneously, the external dopant
such as B,[242,243] V,[244] Cr,[245] Fe,[246–250] Cu,[251,252] Y,[253] and
Gd[254] are also an efficient method to regulate the GMCE prop-
erty of this all-d-metal NiCoMnTi family. For instance, Zhang
et al.[242] found that introducing a limited amount of intersti-
tial B atoms within the Ni36.5Co13.5Mn35Ti15 compound can ef-
fectively decrease the ΔThys (down to 4.4 K), and simultane-
ously improve the saturation magnetization (maximum 40%
enhancement) for low concentrations of B doping (up to 0.4
at.%). Due to the obtained low ΔThys, the maximum reversible
|∆sm| amounts to18.9 J kg−1 K−1 at 283 K for ∆μ0H = 5 T
(22.0 J kg−1 K−1 at 281 K for ∆μ0H = 7 T), which is compet-
itive to other traditional NiMn-based Heusler compounds. In
DFT calculations, an enhancement of the magnetic moments
is observed by B doping, and the B atoms are found to pref-
erentially occupy the O-I octahedral interstitial site (24d site of
the Fm-3m space group). Actually, the positive influence of B
microalloying has also been noticed in the NiMnTi ternary sys-
tem for baro/elastocaloric applications,[255–258] which possibly re-
sults from the changes in microstructure and electronic struc-
ture. For cryogenic caloric cooling, the potential of Ni(Co)MnTi
based Heusler compounds has also been studied.[259,260] Beck-
mann et al.[260] pointed out that the dissipation losses closely re-
lated to the strong FOMT MCMs with hysteresis could signifi-
cantly limit its utilization of applications at cryogenic tempera-
ture, considering the increased dissipation energy and decreased
heat capacity with reducing the phase transition temperature.
Furthermore, except the caloric effects, recently other fruitful
physical functionalities for all-d-metal Heusler compounds (in-
cluding Ni(Co)MnTi) have sprung up such as high-temperature
shape memory effect,[261] heterogeneous catalysis,[262] giant ex-
change bias,[263] transverse thermoelectric application,[264] per-
manent magnets,[265] magnetoresistance,[252] and thermal en-
ergy storage applications.[99] Low-dimensional thin films of
Ni(Co)MnTi materials have been produced.[266,267] Addition-
ally, apart from the current experimental verification of all-d-
metal Heusler compounds (with main attention on Ni-Mn bi-
nary system[244,268–272]), the screening strategy based on high-
throughput first-principles calculations has been successfully ap-
plied to accelerate the discovery of new all-d-metal compounds in
the Heusler family[264,265,273–276] and more interesting all-d-metal
compounds are expected to be confirmed in the following years.

3.4. Magnetocaloric High-Entropy Alloys

The extension of the concept of high-entropy alloy (HEA) from
structural materials to MCMs remarkably fosters the screening
and design of novel MCMs. To define HEAs, the equation for
ΔSmix = R∑xiln xi is used, where R is the gas constant and
xi is the mole fraction of the ith element. It is currently ac-
cepted that ΔSmix ≥ 1.5R is the threshold for being considered
a HEA.[125] For further details, the reader is referred to ref. [277]
Compared with conventional MCMs with a limited composi-
tional space for elemental substitution/doping, magnetocaloric
HEAs offer a nearly infinite compositional space for property op-
timization. Besides, HEAs usually display distinct types of mi-
crostructures (e.g., solid-state solution, multi-phases, and inter-

metallics), which can be further tailored to optimize the magne-
tocaloric, thermal, and mechanical properties. Numerous mag-
netocaloric HEAs have been developed since 2013, which evolve
from the originally equiatomic compositions (first generation) to
non-equiatomic compositions (second generation) and the latest
HEAs with a FOMT (third generation).[125,278]

Lucas et al.[279] reported the MCE in equiatomic FeCoNiCr
HEAs in 2013. Although this new class of MCMs shows moder-
ate magnetocaloric properties (|Δsm| < 0.4 J kg−1 K−1 for Δμ0H of
2 T), the tunable TC and remarkable ductility have attracted con-
siderable attention from the magnetocaloric community. Perrin
et al.[280,281] attributed the moderate MCE in FeCoNiCr HEAs to
the distributed exchange interactions between magnetic atoms
induced by compositional disorder, as suggested by Mössbauer
spectroscopy results. The distribution of exchange interactions
in FeCoNiCr HEAs can be reduced by Pd addition, resulting in
an increase in TC and an enhancement of the magnetocaloric
performance.[282] Wu et al.[283] reported a pseudo-quaternary
Fe25Co25Ni25(Mo0.2P0.4B0.4)25 high-entropy bulk metallic glass
(HE-BMG), which shows a maximum |Δsm| of 0.98 J kg−1 K−1 for
Δμ0H of 2 T around 560 K. Additionally, FeCoNiCuAlCr HEA thin
films deposited by Vorobiov et al.[284] using magnetron sputtering
exhibit a moderate MCE (|Δsm| of 0.53 J kg−1 K−1 for Δμ0H of 5 T)
near room temperature. Apart from equiatomic transition-metal-
based HEAs, equiatomic rare-earth-based HEAs constitute an-
other important class of first-generation magnetocaloric HEAs.
Gd20Tb20Dy20Al20M20 HE-BMGs display a SOMT with a TC be-
tween 45 and 112 K, which is accompanied by a maximum |Δsm|
of 9.43, 7.25, and 5.96 J kg−1 K−1 in Δμ0H = 5 T for M = Co, Ni,
and Fe, respectively.[285] Tm20Ho20Er20Al20Co20 HE-BMGs show a
stronger MCE than the Gd20Tb20Dy20Al20M20.[286] The maximum
|Δsm| reaches 15.0 J kg−1 K−1 for Δμ0H of 5 T in the former. Inter-
estingly, rare-earth-based HEAs in the form of microwires[287,288]

and ribbons[289–293] fabricated by melt-extraction techniques show
a better magnetocaloric performance (larger Δsm or wider tem-
perature span) than their bulk counterparts. For instance, a large
|Δsm| of 15.73 J kg−1 K−1 is obtained in Er20Tm20Ho20Cu20Co20
amorphous ribbons for Δμ0H = 5 T, which is much larger than
typical rare-earth-based BMGs.[292]

The second-generation magnetocaloric HEAs are character-
istic of non-equiatomic compositions, which considerably ex-
tends the compositional space of HEAs. Sarlar et al.[294,295] re-
ported the MCE in non-equiatomic Fe26.7Ni26.7Ga15.6Mn20Si11 and
Mn27Cr7Ni33Ge25Si8 HEAs, which show a maximum |Δsm| of 1.59
and 2.49 J kg−1 K−1, respectively, for Δμ0H of 2 T. The maxi-
mum |Δsm| of the Mn27Cr7Ni33Ge25Si8 HEA is more than dou-
ble that of the first-generation magnetocaloric HEAs. It should
be noted that the Mn27Cr7Ni33Ge25Si8 HEA crystallizes in an
orthorhombic crystal structure (space group Pnma), in contrast
to the first-generation transition-metal-based HEAs that com-
monly have face-centered-cubic (fcc) or body-centered-cubic (bcc)
structures. Besides that, the Mn27Cr7Ni33Ge25Si8 HEA contains
non-metal elements (i.e., Ge and Si) that are usually absent
in the first-generation magnetocaloric HEAs. Sarlar et al.[295]

hypothesize that the superior magnetocaloric performance of
the Mn27Cr7Ni33Ge25Si8 HEA originated from a combination
of the unconventional crystal structure and the constituent ele-
ments. Nevertheless, the TC (412 K) of the Mn27Cr7Ni33Ge25Si8
HEA is far above room temperature, which is unfavorable for
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Figure 9. MCE comparison matrix for magnetocaloric HEAs vs high-performance conventional MCMs for 2 T.[278] Reproduced under the terms of the
CC BY license. Copyright 2021, Author(s).

practical applications. A near room-temperature MCE is observed
in Al20Mn20Fe20Co14.5+xCr25.5-x HEAs by Zhang et al.[296,297]

whereas the magnetocaloric performance is relatively moderate
(|Δsm| of 0.6 J kg−1 K−1 inΔμ0H of 2 T). Recently, the conventional
LaFe11Si2 MCM was turned into a magnetocaloric HEA by intro-
ducing multiple transition-metal elements (Co, Ni, Cr, and Mn)
in the Fe sites.[298] The chemical disorder in the Fe sites causes
local variations in bond length and magnetic exchange interac-
tion, which broadens the SOMT and thus extends the working
temperature span by 141.3%.

The evolution from equiatomic to non-equiatomic compo-
sitions also brings improved magnetocaloric performance for
rare-earth-based HEAs. Yin et al.[299] reported an extended
working temperature span (by 25%) in non-equiatomic
(Gd36Tb20Co20Al20)100-xFex HEAs in comparison with the
equiatomic counterparts, which is ascribed to the formation
of an amorphous/nanocrystalline dual-phase structure. The
working temperature span and |Δsm| of this non-equiatomic
HEA can be further improved by DC current annealing,[300] com-
positional optimization,[301] and hydrogenation treatment.[302]

Yin et al.[303] investigated the magnetic and magnetocaloric
properties of two HE perovskites (Dy0.25Ho0.25Er0.25Tb0.25)FeO3
and (Gd0.2Dy0.2Ho0.2Er0.2Tb0.2)FeO3 that were derived from the
GdFeO3 perovskite by introducing multiple rare earth elements
in the Gd sublattice. The coexisting FM and AFM couplings
between the disordered rare-earth and Fe sublattices induce a
second-order spin-glass phase transition at low temperatures,
which is accompanied by a considerable MCE over a wide work-
ing temperature range and promising for cryogenic refrigeration
applications.[303]

A major challenge for magnetocaloric HEAs is the com-
positional disorder-induced distribution of exchange interac-
tion between magnetic atoms, which broadens the SOMT and
hence results in a moderate magnetocaloric performance. In or-
der to offset the gap between magnetocaloric HEAs and high-
performance conventional MCMs, Law et al.[125,278] proposed a

property-directed strategy for the design of third-generation mag-
netocaloric HEAs. The key to this design scheme is to take ad-
vantage of the FOMT for magnetocaloric HEAs. In practice,
this approach starts with the selection of a conventional MCM
with a FOMT and subsequently turns it into the HEA cate-
gory via compositional variations, while retaining the FOMT.
Law et al.[304,305] successfully implemented this design strategy
in MM’X-based magnetocaloric HEAs. A FOMT was realized
in the Fe22.2Mn22.3Ni22.2(GexSi1-x)33.3 HEAs, which is accompa-
nied by a giant MCE (|Δsm| of 13 J kg−1 K−1 for Δμ0H =
2.5 T).[304,305] Such an outstanding magnetocaloric performance
in the Fe22.2Mn22.3Ni22.2(GexSi1-x)33.3 HEAs closes the long-
standing gap between conventional high-performance MCMs
and magnetocaloric HEAs (Figure 9). Zheng et al.[306] reported
a GMCE (|Δsm| of 48.5 J kg−1 K−1 for Δμ0H = 5 T) in
(MnNiSi)1-x(FeCoGe)x HEAs that also belong to the MM’X ma-
terial family. Additionally, Guo et al.[307] demonstrated that the
large ΔThys in the MM’X material family can be significantly re-
duced via exploring the HEA composition space, where a ΔThys
as low as 4.3 K is reached in the Mn1.75Fe0.25CoNiGe1.6Si0.4 HEA.

4. Multimodal Studies for the Development of
MCMs

Understanding the complex functionality and intrinsic proper-
ties of MCMs, especially these coupled systems, necessitates
multiple sources of information in spatial and time scales. By
combining modalities that collect physical and chemical informa-
tion, more detailed problems can be addressed. In recent years,
advanced characterization techniques such as large-scale scien-
tific facilities have undergone rapid development and the emer-
gence of new experimental methods have greatly extended into
the field of energy storage and conversion. In this section, we will
present recent multimodal studies related to magnetic (including
magnetocaloric) materials and some enlightening cases, and fur-
ther highlight the importance of characteristic tools such as: i)
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Figure 10. a) Schematic view of a synchrotron X-ray source, with main elements like linac, booster, storage ring, bending magnets, quadrupoles, insertion
devices (undulator, wigglers), beamlines (tangent to the circumference) and experiment hutch. b) Principles of X-ray generation and enhanced X-ray
flux in X-ray tube, bending magnet, wiggler, undulator and free electron laser. The electron beam is in purple, and the X-rays are in orange. The different
colors in magnets indicate the two magnetic poles. Reproduced with permission.[312] Copyright 2015, Universität Hamburg. c) Illustration of the coherent
elastic X-ray diffraction, where an incident X-ray interacts with orbital electrons rather than nucleus. For elastic diffraction there is no momentum loss,
but direction changes.[313] Copyright 2012, Wolters Kluwer Health|Lippincott Williams & Wilkins.

synchrotron X-ray techniques; ii) neutron scattering; iii) muon
spin spectroscopy; iv) positron annihilation spectroscopy; v) high
magnetic fields for magnetocaloric research. We also briefly in-
troduce the fundamental knowledge of different techniques and
emphasize the corresponding advantages and disadvantages for
the interpretation of multidimensional data acquired from mul-
timodal studies. The combined platforms enable us to capture
structural variations in unprecedented detail, underpin much
more comprehensive information about materials, and help shed
light on the link between structure and physical properties with
the performance in advanced MCMs.

4.1. Synchrotron X-Ray Techniques

Synchrotron X-rays are produced when free electrons are trav-
eling with relativistic velocities in an accelerator with magnetic

fields.[308] The key characteristics of synchrotron radiation can be
summarized as an energy/wavelength tunability, a high bright-
ness (small cross section of the electron beam and high degree
of collimation of the radiation), a natural narrow angular collima-
tion, a high degree of polarization, a pulsed time structure, and a
high beam stability.[309] According to the Planck–Einstein funda-
mental relation E = ℏ𝜔, where E is the photon energy, ℏ = h/2𝜋
the reduced Planck constant, and 𝜔 the angular frequency. for
example, it indicates that photons with E from 0.01 to 10 keV
will have wavelengths between 100 and 0.1 nm, respectively.
Synchrotron X-rays interact with matter and can act as versatile
probes (similar to neutrons, electrons, and positrons) to inves-
tigate physical/chemical properties (e.g., subtle microstructure
changes, bonding, etc.). Nowadays, advanced synchrotron X-ray
techniques have become ubiquitous in all the physical and natu-
ral sciences. As presented in Figure 10a, a typical synchrotron X-
ray source includes the following main elements: linac, booster,
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Table 2. Most prominent synchrotron facilities worldwide.[309,314] Copyright 2015, Springer-Verlag Berlin Heidelberg.

Light
sources

Country/
area

Energy
[GeV]

Current
[mA]

Circumference
[m]

Linear
sections

Brilliance
[ph/s/mrad2/

mm2/0.1%BW]

Website

ESRF Europe 6.0 200 844.4 44 3.56 × 1021 https://www.esrf.fr/

APS USA 7.0 100 1104 40 8 × 1019 https://www.aps.anl.gov/

Sping-8 Japan 8.0 100 1436 48 2 × 1021 http://www.spring8.or.jp/en/

PETRA-III Germany 6.0 100 2304 20 2 × 1021 https://www.desy.de/

SSRF China 3.5 300 432 27 >1019 http://e-ssrf.sari.ac.cn/

ALBA Spain 3.0 400 269 17 – https://www.cells.es/en/

Diamond UK 3.0 300 561.6 24 3 × 1020 https://www.diamond.ac.uk/

Soleil France 2.75 500 354 24 1020 https://www.synchrotron-soleil.fr/en

Spear-3 USA 3.0 500 234 18 – https://www-ssrl.slac.stanford.edu/

AS Australia 3.0 200 216 19 – https://www.ansto.gov.au/facilities/australian-synchrotron

PLS-II South Korea 3.0 400 280 24 ≈1020 https://pal.postech.ac.kr/paleng/

TPS Taiwan 3.0 400 518 24 ≈1021 https://www.nsrrc.org.tw/chinese/index.aspx

BESSY-II Germany 1.7 200 240 16 5 × 1018 https://www.helmholtz-berlin.de/

NSLS-II USA 3.0 500 792 30 3 × 1021 https://www.bnl.gov/nsls2/

Max-IV Sweden 3.0 500 528 16 2.2 × 1021 https://www.maxiv.lu.se/

SLS Switzerland 2.4 400 288 12 4 × 1019 https://www.psi.ch/en/sls

storage ring, bending magnets, quadrupoles, insertion devices
(undulator, wigglers), beamlines (tangent to the circumference),
and experiment hutch. The specific functions of these differ-
ent components are introduced elsewhere.[310] Currently, the ma-
jority of third and fourth generation synchrotron sources oper-
ate in the medium-energy range (2-4 GeV) but several sources
(ESRF, European Synchrotron Radiation Facility; APS, Advanced
Photon Source; Spring 8, Super Photon ring-8 GeV; PETRA III,
Positron-Electron Tandem Ring Accelerator III) are optimized in
the high-energy range of the electron beams (6–8 GeV) to pro-
duce high-intensity X-rays. Most prominent synchrotron facili-
ties worldwide and their corresponding characteristics are listed
in Table 2. Benefiting by the continuous optimization and up-
grading of bending magnet/wiggler/undulator components the
synchrotron X-ray flux has continuously increased. Figure 10b
shows the principles of X-ray generation and the enhancement
of X-ray flux from a lab-based X-ray tube, a synchrotron light
source to a free electron laser source. In addition, as shown in
Figure 10c it is worth mentioning that X-rays interact with the
electrons of atoms via the electro-magnetic interaction, which is
the basic difference (the different elemental scattering cross sec-
tion) in comparison to neutrons (that interact with atomic nuclei
via very short-range strong nuclear forces).[311]

The synchrotron techniques can be roughly distinguished into
hard X-ray (> 5 keV) and soft X-ray (<3 keV) categories based on
their photon energy.[315] Herein the soft X-ray characterization
techniques focused on surface science will not be introduced. Ac-
tually, the fundamental parameters that we use to perceive the
physical world (such as energy, momentum, and position) can
correspond to three broad categories of synchrotron experimen-
tal techniques (spectroscopy, scattering, and imaging). Moreover,
each technique can further be coupled in a timing fashion by ma-
nipulating the short pulse lengths of synchrotron radiation. As
shown below in Figure 11, we illustrate the categories of selected

synchrotron techniques and their main applications for magnetic
and caloric materials from different energy, momentum, and po-
sition domains.

4.1.1. Synchrotron Radiation X-Ray Diffraction (SR-XRD)

Due to the availability of monochromatic high flux and highly col-
limated beams at synchrotron sources, compared with lab-based
XRD, the SR-XRD technique has the unique properties of a high
signal/noise ratio, no K𝛼2 diffraction peaks, and a high angu-
lar resolution, which allow to capture complex microstructural
details. The extremely high signal/noise ratio of the diffraction
peaks is especially suitable for Rietveld refinement to resolve mi-
nor changes in the crystal structure. For powder-based SR-XRD
experiments, the capillary geometry is most commonly applied
because of its advantages: i) it is easily performed and aligned; ii)
the resolution can be controlled by the capillary (normally smaller
diameter means higher resolution and quartz capillaries are the
best choice); iii) the sample environment can efficiently be con-
ditioned based on different requirements; iv) the rotation speed
of the capillary (samples) is tunable. Recently, some successful
cases utilizing SR-XRD associated with magnetic and caloric ma-
terials have been obtained:

Yan et al.[316] implemented the SR-XRD experiments for the
Ni2Mn1.44In0.56 magnetic Heusler compound and determined
the crystal structure of the modulated martensite. As shown
in Figure 12a, the refinement indicated that the martensite
had an incommensurate 6M modulated structure (super-space
group I2/m(𝛼0𝛾)00) with lattice parameters a = 4.3919(4) Å,
b = 5.6202(1) Å, c = 4.3315(7) Å, and 𝛽 = 93.044(1)°. They
further indicated that this 6M super-structure model could
be representative for the off-stoichiometric Ni(Co)MnIn modu-
lated martensite with a martensitic transition, even though the
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Figure 11. Schematic demonstration and categories of selected synchrotron techniques and their applications for magnetic and caloric materials from
different energy, momentum, and position domains.

modulated structure highly depends on specific experimental
conditions. The determination of the incommensurate modu-
lated structure of low-temperature martensite by SR-XRD en-
ables a more detailed understanding of the underlying mecha-
nisms governing the MS coupling and other magneto-responsive
properties in NiMn-based magnetic Heusler compounds. Inter-
estingly, by analyzing the intensities and the full width at half
maximum (FWHM) of the SR-XRD patterns, the studies by
Singh et al.[317] demonstrate that NiMn-based magnetic Heusler
compounds are highly sensitive to the residual stresses intro-
duced during crushing of the ingot into powder over a wide
temperature range. It was found that the martensite phase can
be stabilized by the stresses. This finding highlights the sensi-
tivity of the MS coupling in Heusler compounds for the inter-
nal stress state. Moreover, Huang et al.[318] found that the co-
existence of two FM phases can occur in the arc-melted model
LaFe11.5Si1.5 compound, which could be connected with differ-
ent experimental conditions. The results obtained from SR-XRD,
combined with magnetic measurements and Mössbauer spec-
troscopy provide experimental evidence that the two coexisted
FM phases hold a different TC, e.g., the phase with TC = 216 K
corresponds to a Si-rich phase with small lattice volume, and
another one with TC = 185 K is a Si-poor phase large lattice
volume. Additionally, as mentioned before, the consideration of
electron entropy change is always neglected during the entropy
calculation. However, Boeije and co-workers[143] presented ex-

perimental evidence in (Mn,Fe)2(P,Si) based materials that the
origin of the giant entropy change is also related to an elec-
tronic reconstruction caused by the competition between mag-
netism and bonding. The effect manifests itself as a redistribu-
tion of the electron density, which was measured by SR-XRD on
(Mn,Fe)2(P,Si,B). For instance, the charge difference map (CDM)
before and after the transition extracted from the SR-XRD exper-
iments (Figure 12b) is in good agreement with the results from
DFT calculations (Figure 12c). Similar studies have further con-
firmed this observation in this family.[319] The electronic redistri-
bution is consistent with the formation of a covalent bond, result-
ing in a large drop in the Fe magnetic moments (so-called “Fe mo-
ment quenching”). The simultaneous change in bond length and
strength, magnetism, and electron density contributes to the ba-
sis of the GMCE. The proposed new understanding of the mech-
anism of first-order magneto-elastic phase transitions provides
an essential step for new and improved magnetic refrigerants,
and it may also be suitable for other strong ME/MS coupling
families. Furthermore, it is known that the hysteresis cannot eas-
ily be tamed for most first-order phase transformation structural
materials. However, Chen and co-workers[320] reported that mag-
netic NiCoFeGa single crystals with a large superelasticity can
exhibit a non-hysteretic mechanical response, a small tempera-
ture dependence, a high-energy-storage capability, and a cyclic
stability over a wide temperature range (123–423 K), as presented
in Figure 12d. From Figure 12e, the SR-XRD patterns under in
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Figure 12. a) Refined SR-XRD patterns of Ni2Mn1.44In0.56 alloy at room temperature. The vertical arrows I-1, I-2, II and III indicate (1̄211̄)M,
(1̄211)M (1̄212̄)M and (1̄213̄)M satellite peaks of martensite, respectively, whereas the IV indicates the (311)A reflection of austenite. Reproduced with
permission.[316] Copyright 2015, Elsevier. b) CDM across the FM transition from SR-XRD at 350 and 150 K. The unit cell is uniformly scaled when
subtracting the FM and PM phases. Structure invariant indicates that the relative Fe coordinate is fixed. The difference between the FM state (blue)
and the PM state (red) is clearly shown from scale bar. c) Corresponded CDM from the DFT calculations, which is in good agreement with the experi-
mental one. b,c) Reproduced with permission[143] Copyright 2016, American Chemical Society. d) Room temperature stress-strain curves for different
Ni55-xCoxFe18Ga27 alloys on loading and unloading. It is found that the superelasticity transforms from the typical martensitic transformation with a
pronounced hysteresis to the trilinear response with non-hysteresis from low to high Co content. Left inset: the stress state for martensite (𝜎MS) and
austenite (𝜎AF) as a function of Co concentration. Right inset: the orientation map of the Co20 fiber in the axial direction, indicating that the sample is a
single crystal with the [001]L21 orientation parallel to the fiber axis. e) Intensity changes of the (004)A crystal plane in the d-spacing during in-situ loading
and unloading cycles for Co10 (left) and Co15 (right) fibers. It can be noticed the distinct discontinuous and continuous structural phase transformation
characteristics. f) Two-dimensional XRD patterns of the (004), (220), and (444) reflections in three different states (before loading, under high strain,
and after unloading) for Co20 fiber. d–f) Reproduced with permission[320] Copyright 2020, Springer Nature.

situ loading and unloading conditions clearly show the distinct
discontinuous and continuous structural phase transformation
characteristics for Co10 (left) and Co15 (right) fibers, respectively.
In addition, the two-dimensional SR-XRD patterns of the charac-
teristic (004), (220), and (444) reflections in three different states
(before loading, under high strain, and after unloading) for the
non-hysteretic Co20 sample are exhibited in Figure 12f. It is ob-
served that the diffraction spots exhibit a significant diffuse scat-
tering intensity as a result of strain, which indicates that stress-
induced structural fluctuations could result in the discussed con-
tinuous phase transition.

4.1.2. Inelastic X-Ray Scattering (IXS)

To study the phonon excitations in condensed matter (meV re-
gion for the photon energy), it requires a high energy resolution

of at least ∆E/E ≈10−7.[321] Thanks to the especially high resolu-
tion and extremely small beam size (of the order of a few tens
of a micrometer) in synchrotron sources, the IXS technique can
be applied to study the electronic/magnetic structure/collective
excitations, element-specific lattice vibrations, atomic dynam-
ics/phonon dispersion, etc. For example, nuclear resonant in-
elastic X-ray scattering (NRIXS), which is intrinsically sensitive
to lattice dynamics and provides the vibrational (phonon) den-
sity of states (VDOS)[322] is successfully applied to study dif-
ferent MCMs such as La(Fe,Si)13 based,[176,322,323] (Mn,Fe)2(P,Si)
based,[324] FeRh,[325] NiMn-based Heusler materials.[326] Gruner
et al.[176] utilized NRIXS in the LaFe13-xSix system and un-
earthed that there are significant changes in the element-
resolved VDOS across the FOMT, which originate from the itin-
erant electron metamagnetism related to Fe and lead to a pro-
nounced magneto-elastic softening. Their experimental results
indicate a strong interaction of all relevant degrees of freedom
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(i.e., vibrational, magnetic, and electronic) in materials with a
strong ME coupling and provide insightful understanding of the
GMCE and into abnormal lattice thermal expansion phenom-
ena. Moreover, the IXS data collected by Besssas et al.[324] indi-
cated that in the (Mn,Fe)1.95(P,Si) compound the magnetic tran-
sition primarily affects the Fe vibrational modes, whereas the
Mn vibrational modes are essentially not influenced. Neverthe-
less, ∆sm cannot completely compensate the Fe vibrational en-
tropy change, indicating that the electronic entropy should be
included. In combination with the 57Fe nuclear inelastic scatter-
ing, it is proposed that an electronic topological transition may
be concomitant to the magnetic transition and could contribute
notably to the coupling between magnetic and elastic degrees of
freedom. Furthermore, to better understand the entanglement of
phonons and spins in the well-known Invar Fe-Ni alloys, Lohaus
and coworkers[327] present experimental measurements of the
phonon (NRIXS) and magnetic (synchrotron Mössbauer spec-
troscopy (SMS)) entropies under pressure. The phonon spectra
were measured at pressures up to 21.3 GPa and the same con-
ditions for the SMS. It is noticed that the Invar behavior derives
from the competition between phonons and spins. For instance,
the phonon contribution to thermal expansion compensates the
magnetic contribution over the 0–3 GPa pressure range, while
the compensation disappeared when pressures above 3 GPa. It
is suggested that this kind of competition between phonon and
spin interactions is responsible for the famous Invar effect.

4.1.3. X-Ray Total Scattering

The synchrotron total scattering contains both the Bragg scatter-
ing and the diffuse scattering of crystalline (or non-crystalline)
materials. The crystal structural information of the atomic
long-range order in well-crystallized materials can be deduced
from the Bragg peaks. The short-range order information in
disordered structures, can quantitatively be described by the
atomic pair distribution function (PDF). Furthermore, for non-
crystalline (glassy, liquid, and amorphous) and nanoscale mate-
rials, the PDF analysis has been widely used to determine their
local structure. The analysis principles of the atomic PDF have
been described in great detail in refs. [311,328]. For the PDF anal-
ysis, the importance of data corrections and qualities at higher
Q values (F(Q) = Q(S(Q)-1), where F(Q) is the experimental re-
duced structure function and S(Q) is the total scattering func-
tion) needs to be stressed. In total scattering experiments, nor-
mally the Q range should be as wide as possible, potentially Q ≥
30 Å−1,[328] which generally requires high-energy X-rays. Recently
reported studies related to the X-ray total scattering coupled PDF
analysis on MCMs are discussed below:

The MnSb compound with TC = 577 K has been studied for
waste-heat recovery MCE applications.[329] Kurzman et al.[330] uti-
lized the PDF method combined with DFT calculations to study
the structural relaxation around interstitial manganese (Mni) in
ferromagnetic Mn1+xSb (0.03 < x < 0.23) alloys. A significant po-
sitional disorder of Mni is found with the observation of a weak
diffuse signal near the symmetry-forbidden (001) reflection that
indicates a correlated disorder arising from Mni clustering. Sub-
sequently, the structural relaxation (short-range structural distor-
tions) significantly influences the Mni coordination environment

and enhances the electronic localization. This study proves the
importance of the degree of correlated local disorder structures
in MnSb materials. Zhang et al.[331] applied X-ray total scatter-
ing in Mn3GaxNx (0.5 < x < 0.7) to probe the local and inter-
mediate structures and their influence on the phase transition.
The PDF analysis excluded the formation of any metallic clusters
or impurity phase of binary nitrides in the crystal structure be-
sides MnO. Combining SR-XRD and neutron powder diffraction
(NPD) data, it is concluded that the partial atomic arrangement
at the lattice sites (partial occupancy of Mn at the 1a sites due to
Ga deficiency) is responsible for the stabilization of FIM order-
ing in this family. Several experimental PDF studies have been
reported for La(Fe,Si)13

[332] and (Mn,Fe)2(P,Si)[333] compounds.
Petkov et al.[334] introduced the in situ PDF analysis as a func-
tion of temperature and magnetic field for Gd5(Ge,Si)4 based
compounds. The results indicate that nearby Gd atoms markedly
rearrange during the FM-PM transition. Most importantly, it is
noticed that even the local and average crystal structures for all
Gd5SixGe4-x alloys (x = 0.2, 0.7, 1.7) samples are the same in
the PM state. However, in the low-temperature FM state, dif-
ferent structures are observed on the basis of different PDF fit-
ting models (orthorhombic Gd5Ge4; orthorhombic Gd5Si4; mon-
oclinic phase (space group P1121/a)). For instance, contrary to
the findings of Rietveld analysis (orthorhombic phase), the PDF
analysis indicates that the local structure of the FM state for
the x = 0.2 and 0.7 samples corresponds to a monoclinic struc-
ture. The authors further ascribe the local structural changes to
the emergence of lattice distortions/strain during the transition,
where Gd-X slabs slide with respect to one another, and distinct
Si-Si and Ge-Ge dimers are formed.[334] Compared with the Ge-
rich and Si-rich samples, it is believed that the subtle distortions
may be larger in the intermediate x = 1.7 sample and can further
serve as a bridge linking the monoclinic PM phase and nominally
orthorhombic (but locally monoclinic) FM phase. This investiga-
tion highlights the importance of the X-ray total scattering cou-
pled with atomic PDF analysis to capture the dynamic evolution
processes of strongly coupled phase transitions.

4.1.4. X-Ray Absorption Spectroscopy (XAS) and X-Ray Magnetic
Circular Dichroism (XMCD)

XAS is widely employed to probe the local atomic and elec-
tronic structure around the absorbing atoms. This method has
the advantage that it is element-specific and non-destructive. Syn-
chrotron radiation facilities can easily cover the energy range of
3–35 keV for the K and L absorption edges of elements with
atomic number Z > 18 (Ar), whereas the elements with an ab-
sorption energy below 3 keV can be performed under ultra-high
vacuum conditions to avoid attenuation and absorption by the
air.[335] There are two main regions in the XAS: the X-ray ab-
sorption near edge structure (XANES) and the extended X-ray
absorption fine structure (EXAFS). The XANES, spans from the
absorption edge up to about 100 eV above, while the EXAFS is in
the energy range above the XANES region; typically from 100 to
1000 eV above the absorption edge.[336] The analysis of XANES
and the EXAFS provides information about the structural de-
scriptors involving the bond distances/angles, interatomic dis-
tances, oxidation state, coordination numbers, and symmetry
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Figure 13. a) XAS spectra for MnFe0.95P0.66Si0.34 at 30 and 310 K for the K-edge of Mn and Fe, respectively. b) Corresponded XMCD spectra at 30 K and
applied field B = 0.9 T. c) XAS K-edge of P spectra at 30 and 310 K. d) Corresponded XMCD spectrum at 30 K and 0.9 T, normalized to the edge jump.
a–d) Reproduced with permission[340] Copyright 2015, American Physical Society. e) (left) Fe K-edge XANES spectra of La(Fe,Si)13Hx based compounds.
(right) Enlarged image of the rectangle area from (left) Reproduced with permission.[175] Copyright 2018, Elsevier. f) Temperature-dependent magnetic
moments from XMCD for ErCo2 and ErCo1.95Fe0.05 alloys. g) Magnetic domain evolution examined using cryogenic Lorentz microscopy in the Fresnel
mode. The crystal structure changes for these two samples are also demonstrated in a unit cell. f,g)[355] Reproduced under the terms of the CC BY
license. Copyright 2022, Author(s).

of the absorbing atom. Note that the requirements for good
surface XANES and EXAFS spectra are different, which is es-
pecially important for bulk intermetallic samples with surface
oxidation property. The principles of the XAS technique can
be found in the literature.[337,338] Another important spectro-
scopic technique, XMCD, is a variant of XAS and can provide
fingerprints about the magnetic properties of materials, such
as the magnetic moment and magnetic anisotropy. XMCD in-
volves measuring the difference in the absorption of left and
right circularly polarized X-rays by a magnetically ordered ma-
terial. Utilization of the XAS and XMCD techniques can re-
veal the evolution of the electronic structure and magnetic prop-
erties across the phase transition, and is thereby especially
suitable for the phonon-electron-magnon coupled MCMs such
as Gd5(Si2Ge2),[339] (Mn,Fe)2(P,X)-based compounds (X = As,
Ge, Si),[340–343] La(Fe,Si)13-based materials,[175,344] NiMn-X based
magnetic Heusler compounds (X = Ga, In, Sn, Sb),[345–348]

FeRh,[349,350] Mn3XC (X = Ga, Sn) based antiperovskites,[351]

Mn-M-X (M = Co, Ni and X = Si, Ge),[352,353] Laves phase
compounds,[354,355] GdNi alloys.[356] Recent advances in the ap-
plication of synchrotron XAS and XMCD techniques on MCMs
are summarized below:

Guillou et al.[340] utilized the XAS and XMCD spectra to study
the changes near the K-edges of P, Mn, and Fe on the FOMT
in (Mn,Fe)2(P,Si,B) compounds. As shown in Figure 13a, it is
found that for Mn and Fe, the similarity of the K-edge XAS
absorption spectra above and below the ferromagnetic transition
suggests that the local electronic structure of Mn/Fe are barely
affected (no changes in valence state or coordination numbers)
by the FOMT. The similarity in integrated values of the XMCD
spectra for Mn/Fe K-edges in Figure 13b suggests that the orbital
moments are comparable for these atoms. However, as shown
in Figure 13c, the K-edge XAS of P shows pronounced changes,
which is a fingerprint for changes in the electronic structure
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(possible changes in the electron redistribution/metal-metalloid
bonding) during the transition. Interestingly, these XMCD re-
sults for the P edge in Figure 13d show an intense signal of 1.6%
with respect to the edge jump. This indicates that nonmagnetic
P can be magnetically polarized in the ferromagnetic state in
this material family, which could result from the polarization
of the metalloid p states due to the hybridization with the metal
3d states. Shao et al.[175] applied the XANES and EXAFS spectra
to the La(Fe,Si)13Hx based materials with itinerant metamag-
netism. The results of the EXAFS spectra at the La L3-edge and
the Fe K-edge prove that the interstitial H atoms preferentially
occupy the 24d site. The XANES spectra of the La edge provide
evidence of valence electron transfer from H to Fe, indicating a
close relation between the electronic structure and H absorption.
For instance, as present in Figure 13e, compared with the non-
hydrogenated and hydrogenated samples, the white line (peak at
around 5486 eV) of the La L3 absorption edge decreased for the
hydrogenated samples. Such a change is related to number of
d symmetry empty states near the Fermi energy of La, which is
ascribed to the localized La–H bond. This study emphasizes the
importance of a dopant with a different electronegativity for the
itinerant electron magnetism in MCMs. Moreover, Tang et al.[355]

evaluated the phase transition processes in Er(Ho)Co2-based
Laves compounds by temperature-dependent XMCD measure-
ments with in-situ Lorentz microscopy. As shown in Figure 13f,
the magnetic moment of the Er and Co atoms for the ErCo2
(FOMT) and ErCo1.95Fe0.05 (SOMT) alloys, extracted from XMCD
(Er M4,5 and Co L2,3 absorption edges) show that the Co moments
at low temperatures are opposite to the Er for both samples, while
the Er moments are continuously enhanced upon cooling via
the magnetic momentum alignment. To estimate the magnetic
changes in real space, XMCD was combined with in situ Lorentz
microscopy, which shows the formation of fine and maze-like
magnetic domain structures for both samples. However, obvious
an strain contrast has been noticed (red circles in Figure 13g)
originating from the cubic/rhombohedral structural transfor-
mation in the FOMT ErCo2 sample, whereas it is not found in
the SOMT ErCo1.95Fe0.05 sample. Recently, new MCE-dedicated
instrumentation associated with XAS and XMCD experiments
has been developed at beamline ID12 of the ESRF.[357] The in-
strumentation can offer the possibility to measure XAS, XMCD,
and XRD simultaneously with various macroscopic properties
(magnetization, magnetostriction, magnetocaloric, magnetore-
sistance) under strictly the same experimental conditions, as a
function of magnetic field (up to 17 T) and temperature (5- 325 K).
It will be promising for the further mechanism understanding of
MCMs.

4.1.5. Synchrotron X-Ray Tomography

The high-energy synchrotron radiation-based X-ray tomography
techniques provide unique advantages such as i) non-destructive
characterization; ii) multi-scale spatial resolution; iii) high
temporal resolution to acquire detailed information on the mi-
crostructure evolutions, phase changes, interfacial interactions,
3D cracking and damaging, crystalline orientation, diffusion
modes, and so on. The 3D tomography data are reconstructed
from a series of high-spatial resolution two-dimensional (2D)

digital radiographs (usually >1000) of the bulk samples, which
need to be rotated successively by a small angle increment or
continuous rotation for one radiograph.[358] In principle, there
are two categories of reconstruction algorithms based on the
transform processes (named analytic and iterative methods).
Currently, depending on the configuration of setups, differ-
ent modalities of techniques like parallel-beam synchrotron
X-ray computed tomography, transmission X-ray tomography,
scanning transmission X-ray tomography and micro-X-ray
fluorescence are available from micrometer to nanometer
scale.[359,360] For magnetocaloric research, the lab-based X-ray
tomography techniques have been successfully applied for some
cases, e.g., (Mn,Fe)2(P,Si)-based compounds,[361] La(Fe,Si)13-
based compounds,[182,183,362–365] 3D printed La0.6Ca0.4MnO3
and La(Fe,Si)13 materials[366,367] to obtain the information
like damage/porosity in compacted samples (i.e. bed struc-
ture)/composites, density, homogeneity, defects/cracks distri-
bution and interfaces between the layers. But the relatively low
spatial resolution of laboratory-based setups (the minimum voxel
size is generally of ɛm size) prevents the acquisition of details
with nanometer-size dimensions. Here we offer a few remarks
by way of introduction of synchrotron-based X-ray tomography
on other functional materials (e.g., self-healing metals[368,369]),
so that others may be inspired for comparable experiments on
MCMs. Using the synchrotron X-ray nano-tomography Fang
et al. studied the self-healing behavior of creep damage by pre-
cipitation in binary Fe-Au,[370] Fe-W,[371] and ternary Fe-Au-W[372]

alloys. The technique provides a unique combination of nanofo-
cus (≈ 20 nm) and a very high photon flux (up to 1012 photons s−1

at ΔE/E ≈ 1%). The 3D microstructure of unhealed and healed
creep damage in an Fe–Au (1 at.% Au) alloy has been resolved.
The creep cavities and the Au-rich precipitates formed within
the creep cavities could be monitored inside the Fe-Au matrix
with a nanoscale resolution (smallest voxel size of 25 nm). They
further determined the size, shape (e.g., spherical, equiaxed,
rod, sheet, and complex-shaped objects), and spatial distribution
of the cavities and precipitates in creep-failed samples submitted
to creep at various constant loads and a fixed temperature of
550 °C. By analyzing different stages of Au precipitation, the
proposed self-healing mechanism was further identified.

At synchrotron X-ray sources there are continuous efforts to
realize a combined increase in flux, increase in resolution, and
decrease in effective beam size.[373] Furthermore, the availabil-
ity of 2D single photon counting detectors strongly improves the
signal-to-noise and the versatility also improves the modality of
specific techniques, which continuously opens new windows for
future advanced studies on MCMs.

4.2. Neutron Scattering

The unique properties of the neutron make it a power tool for
fundamental research on condensed matter including MCMs.
The thermal neutron has a de Broglie wavelength of about 1.8 Å,
which is comparable to interatomic distances in condensed mat-
ter. As a result, the interference effect allows the neutron to re-
solve structure information for condensed matter. Secondly, the
neutron is neutral without charge and can thus not only be di-
rectly scattered by the nuclei, but also penetrate deeply into bulk
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samples. Neutron scattering is able to detect light elements (e.g.,
hydrogen, carbon, nitrogen), as well as distinguishing elements
with similar atomic numbers Z (e.g., Mn and Fe), in strong con-
trast to X-ray diffraction. Besides, the large penetration length
of the neutron makes a variety of sample environments (exter-
nal pressure, magnetic field, stress, electric field, and etc.) avail-
able for in situ neutron experiments. Thirdly, the neutron car-
ries a magnetic moment and therefore it can be scattered by
magnetic moments of an unpaired electron in a magnetic mate-
rial. This enables neutron scattering to determine the magnetic
structure as well as spin dynamics for magnetic materials. Addi-
tionally, neutrons may transfer part of the kinetic energies to a
sample through inelastic neutron scattering (INS), which offers
unique insight into the diverse excitations and dynamics in con-
densed matter (e.g., lattice and magnetic excitations) due to the
comparable energies between the neutron and the excitations.
Currently, intense neutron beams for fundamental research are
produced at two types of neutron sources, i.e., reactor sources
and spallation sources. The fission of a radioactive nuclide (e.g.,
235U) yields an intense and continuous neutron beam in reactor-
based neutron sources, including the High Flux Isotope Reac-
tor (HFIR) at Oak Ridge National Laboratory (ORNL, US), Na-
tional Institute of Standards and Technology (NIST, US), Insti-
tute Laue-Langevin (ILL, France), Heinz Maier-Leibnitz Center
(FRM II, Germany) and the Australian Centre for Neutron Scat-
tering (ANSTO, Australia). Spallation sources are based on ac-
celerator technology, which have become more prevalent in re-
cent decades due to the well-defined time structure of the neu-
tron beam as well as the lower safety concerns compared to re-
actor sources. In general, spallation sources employ an accelera-
tor to produce a pulsed, high-energy proton beam that strikes a
neutron-rich target (e.g., tungsten, lead and mercury). The spalla-
tion process releases about 15–30 neutrons per proton and hence
yields an intense neutron pulse. Spallation sources include the
Spallation Neutron Source (SNS) at ORNL in the US, Neutron
and Muon Source (ISIS) at Rutherford Appleton Laboratory in
UK, the Japan Proton Accelerator Research Complex (J-PARC)
in Japan, the China Spallation Neutron Source (CSNS) in China,
the European Spallation Source (ESS) in Sweden, and the Spal-
lation Neutron Source (SINQ) at Paul Scherrer Institute (PSI) in
Switzerland. It should be noted that SINQ is an exception to the
spallation sources, which produce a continuous neutron beam
due to its unique design. Fundamental physics and typical ap-
plications of neutron techniques have been well documented in
previous reviews[222,374–377] and books.[378–380] Below are some ex-
amples of the typical applications of different neutron techniques
in MCMs.

4.2.1. Neutron Diffraction (ND)

High-performance MCMs are usually characterized by a strong
coupling between spin, lattice, and electron degrees of freedom,
which manifests itself by a first-order MS/ME transition accom-
panied by a GMCE. ND is able to simultaneously detect the mag-
netic and structural transitions and is thereby thus well suited
for the fundamental research on MCMs. The following selected
examples demonstrate the vital role that the ND plays in ex-
ploring the MS/ME coupling and tailoring the magnetocaloric

performance of MCMs. Dung et al.[141] performed temperature-
dependent ND on the (Mn,Fe)2(P,Si) MCMs. The large differ-
ence in the coherent neutron scattering length (bc) between
Mn (−3.75 fm) and Fe (9.45 fm) allows the unambiguous de-
termination of the 3f and 3g site occupations in the hexag-
onal structure.[381] They found that the Mn prefers to sit on
the 3g Wyckoff site surrounded by five P/Si atoms forming a
square pyramid, while the Fe occupies the 3f site surrounded
by four P/Si atoms forming a tetrahedron.[141] The different co-
ordination environments between the Mn and Fe atoms lead
to the so-called “mixed magnetism”,[139–141,143] which is mani-
fested by the contrasting temperature dependence of the Mn
and Fe magnetic moments. The mixed magnetism uncovered
by the ND experiments provides essential insight into the origin
of GMCE in (Mn,Fe)2(P,Si) MCMs (described more in detail in
Section 3.1). Similarly, ND experiments on the LaFe11.6-xCoxSi1.4
alloys successfully clarified the Co site occupancies on the two
Fe sublattices (i.e., 8b and 96i) in the NaZn13-type cubic struc-
ture due to the considerable difference in the bc between Co
(2.49 fm) and Fe (9.45 fm),[381] which lays the foundation for
the in-depth understanding of the physical property evolution by
Co substitution.[382] The ability to detect light atoms makes ND
a unique technique to resolve the site occupation of light dop-
ing atoms (e.g., nitrogen, carbon, and boron) in MCMs. Miao
et al.[152] reported different doping effects between the B and C
atoms on the TC of the (Mn,Fe)2(P,Si) MCMs. ND studies on the
B- and N-doped (Mn,Fe)2(P,Si) alloys reveal that B substitutes the
Si on the 1b site, while N sits on both the 1b and interstitial 6j/6k
sites. The replacement of Si by the B shortens the Fe-Mn inter-
atomic distance, enhancing the magnetic coupling between the
Fe and Mn moments and thus raising the TC. In contrast, the
occupation of N on the interstitial 6j/6k site brings a relatively
small interatomic distance (of ≈1.5 Å) between the Fe and the
nearest N neighbors. This induces a strong p-d hybridization be-
tween the Fe and N atoms, causing a reduction in the splitting
of the Fe d band and hence a decrease in TC. As a result, ND has
greatly contributed to the understanding of the tuning mecha-
nism with light atoms on the ME transition in (Mn,Fe)2(P,Si)
MCMs. Similar ND studies have also been performed to ex-
plore the effect of hydrogen absorption on the ME transition
in La(Fe,Si)13 MCMs.[383] Hao et al.[198] performed hydrostatic
pressure-dependent ND measurements on La(Fe,Co,Si)13 alloys.
They found that hydrostatic pressure enlarges the unit-cell vol-
ume and sharpens the first-order ME transition via shortening
the intra-icosahedral Fe-Fe bonds in the NaZn13-type cubic struc-
ture, which unveils the microscopic origin of the observed en-
hancement of MCE by hydrostatic pressure in La(Fe,Co,Si)13
MCMs.[198] Miao et al.[159] reported magnetic field-dependent ND
studies on (Mn,Fe)2(P,Si) alloys. The field-induced first-order
PM-FM transition is well captured by the ND measurements,
which allows a quantitative description of the reversibility of the
ME transition and the MCE in a cyclic magnetic field.[159] Besides,
ND has successfully been applied to determine a variety of mag-
netic structures (e.g., collinear AFM, spiral AFM and incommen-
surate SDW), as well as their thermal evolution, in GdPO4,[384]

MnFe4Si3,[385] NdCuSi,[386] NdMnO3,[387] Ln3CrGa4O12 (Ln = Tb,
Dy, Ho),[388] MM’X,[389–391] MnPtGa,[392] HoB2,[393] HoAl2Ge2,[394]

(Sc,Ti)Fe2
[395] MCMs. Additionally, the magnetic, nuclear, and

spin-incoherent scattering cross sections can unambiguously be
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Figure 14. Polarized ND results on the Mn1.70Fe0.25P0.50Si0.50 alloy.[148] Separated magnetic and nuclear scattering cross section measured at a) 500 K
and b) 180 K. c) Fit to the magnetic scattering cross section and d) the derived magnetic correlation length as a function of temperature. Reproduced
with permission. Copyright 2016, American Physical Society.

separated by polarized ND measurements,[396] which enables the
characterization of spatial correlations of magnetic spins (i.e.,
magnetic short-range order) in the PM state. Miao et al.[148]

performed polarized ND experiments in the PM regime of
(Mn,Fe)2(P,Si) MCMs. Noticeable magnetic scattering was ob-
served close to Q = 0 at T = 2.85TC and the scattered intensity
increases as the sample was cooled approaching TC, indicating
the enhancement of the magnetic short-range order by FM corre-
lations (Figure 14a–c). The FM correlation length (𝜉) is calculated
to be 12.4 Å at T = 2TC, which increases to 95.8 Å at T = 1.03TC
and tends to diverge at TC (Figure 14d). The thermal evolution of
the correlation length provides a clear physical picture for the nu-
cleation and growth of the magnetic correlations across the ME
transition in (Mn,Fe)2(P,Si) MCMs.

4.2.2. Inelastic Neutron Scattering (INS)

Binisko et al. performed INS measurements on single crystals
of Mn5Si3

[397] and MnFe4Si3
[398] that show an inverse and direct

MCE, respectively.[399] INS results reveal that the field-induced
noncollinear AFM to collinear AFM transition in Mn5Si3 is ac-
companied by the appearance of significant spin fluctuations,
leading to an increase in the magnetic entropy and the observed
inverse MCE.[397] In contrast, the field-induced PM to FM transi-

tion in MnFe4Si3 is associated with the suppression of the spin
fluctuations, which causes a decrease in the magnetic entropy
and is responsible for the direct MCE.[398] The crucial role of
spin fluctuation in the FOMT and the GMCE has also been high-
lighted by INS studies in La(Fe,Si)13

[400] and HoF3
[401] MCMs. Ad-

ditionally, INS measurements on the Fe2P MCM show the pres-
ence of unusual acoustic-phonon modes with nonzero energy
gaps in the FM phase.[402] The energy gap disappears at the first-
order FM-PM transition, indicating a strong magnon-phonon
coupling in Fe2P, which is responsible for the strong ME transi-
tion and the resultant GMCE in Fe2P.[402] Stonaha et al.[403] mea-
sured vibrational density of states (DOS) and phonon dispersion
in the Ni45Mn36.6In13.4Co5 Heusler alloy using INS. The phonon
dispersion measurements reveal that the low-energy transverse
optic phonon is strongly coupled to the magnetic structure.[403]

An abrupt increase in the vibrational entropy (of ≈0.22 kB per
atom) was observed at the FM-PM transition of the austenite
phase due to the strong ME coupling, which can contribute to
the total entropy change together with the increased magnetic
entropy.[403] Note that even the coupling of lattice, magnetic, and
electronic degrees of freedom cannot be separated precisely, the
INS technique can consider the lattice and magnetic degrees
of freedom simultaneously, with respect to both static and dy-
namic effects for the magneto-structural or magneto-elastic cou-
pled materials.[397,400,404]

Adv. Energy Mater. 2024, 2400369 © 2024 Wiley-VCH GmbH2400369 (24 of 38)

 16146840, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202400369 by T
u D

elft, W
iley O

nline L
ibrary on [08/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 15. a) Schematic illustration of the working principle of ɛSR.[410] b) Time windows for different experimental probes on magnetism. c) Large-scale
ɛSR facilities in the world.

4.3. Muon Spin Spectroscopy

Muons are elementary spin-½ particles belonging to the same
family (i.e., lepton) as electrons. They are formed by a two-body
decay of pions that are produced by collisions between high-
energy proton beams and carbon nuclei in a graphite target.
One interesting feature of muons is that they are almost com-
pletely spin-polarized opposite to their momenta due to the vi-
olation of parity involved in the production process.[405] Asso-
ciated with the spin-½ character of the muon its magnetic mo-
ment experiences Larmor precession in a local magnetic field. A
collection of muon techniques termed ɛSR (i.e., muon spin ro-
tation, relaxation, and resonance) allows one to directly follow
the evolution of the muon-spin direction (Figure 15a). A major
difference between the μSR technique and those involving neu-

trons and X-rays (see Sections 4.1 and 4.2) is that scattering is
not involved in the former. Neutron/X-ray scattering techniques
take advantage of the change in energy and/or momentum of a
scattered neutron/photon to extract structural and/or magnetic
information. In contrast, muons are implanted into a sample
and reside there with a lifetime 𝜏ɛ of 2.2 ɛs before a sponta-
neous decay into a positron (for positively charged muons, ɛ+)
or an electron (for negatively charged muons, ɛ−) and a neutrino-
antineutrino pair. Usually, positive muons are used in μSR exper-
iments since they can be implanted into the region with a large
electron density, where physicists working on magnetism, su-
perconductivity, etc. are mostly interested in. The decay process
of muons also involves a weak interaction and thus shows par-
ity violation,[405] leading to a propensity for the emitted positron
to emerge predominantly along the muon-spin direction.
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Therefore, the analysis of the angular distribution of an ensem-
ble of emitted positrons with respect to the initial muon-spin di-
rection provides key information on the local magnetic field dis-
tributions and their fluctuations at the implanted site with high
sensitivity (down to 10−5 T) on a time scale that complements
the time scales probed by nuclear magnetic resonance (NMR)
and neutron scattering (Figure 15b). μSR spectrometers are avail-
able at four main muon facilities in the world (Figure 15c), i.e.,
the PSI located in Switzerland, the Tri-University Meson Facility
(TRIUMF) in Canada, the high energy accelerator research orga-
nization (KEK) Meson Science Laboratory in Japan and the ISIS
Rutherford Appleton Laboratory (RAL) in the UK. Additionally, a
new muon source is currently under construction at the China
Spallation Neutron Source (CSNS). The fundamentals and appli-
cation of the μSR techniques have been described extensively in
a couple of review papers.[406–409]

The local probe nature of the μSR makes it extremely sensi-
tive to spatially and/or temporally inhomogeneous magnetism,
so it is an ideal probe of short-range order of disordered magnetic
moments as well as their dynamics in magnetic (including mag-
netocaloric) materials. Miao et al.[148] performed zero-field μSR
measurements at different temperatures for the (Mn,Fe)2(P,Si)
MCMs. They observed a fast damping behavior in the μSR spec-
tra above TC, indicating a dynamic internal magnetic field at the
muon’s interstitial site. The muon-spin relaxation rate increases
upon cooling and diverges in the vicinity of TC, which can be
ascribed to the slowing down of the magnetic fluctuations. The
combined polarized neutron scattering and μSR results enable
the extraction of the magnetic correlation time in the PM regime
of the (Mn,Fe)2(P,Si) materials. They found that the magnetic cor-
relation time is in the microsecond time scale at temperatures
between 1.03TC and 1.86TC for the (Mn,Fe)2(P,Si) materials. The
authors proposed that the strong short-range magnetic correla-
tions in the PM state are crucial for the metamagnetic transition
and unique mixed magnetism that are at the origin of GMCE
in (Mn,Fe)2(P,Si) materials. Consequently, μSR offers a unique
and effective tool to explore the temporal correlation of magnetic
moments in MCMs, which can provide essential insight into the
magnetic phase transition and MCE. Besides that, μSR is also a
useful tool to detect coexisting and competing magnetic ground
states at the microscopic level, which has been well demon-
strated in frustrated systems.[411–415] Combining multiple tech-
niques (X-ray, neutron, and muon), it was found that the competi-
tion between embedded ferromagnetic (FM) clusters and the an-
tiferromagnetic (AFM) matrix contributed to the magneto-elastic
(magneto-volume) effect in layered perovskite PrBaCo2O5.5+x
(0≤ x ≤0.41) materials, which points to a new and universal un-
derlying mechanism for the magneto-elastic effect.[416] For in-
stance, the results of muon spin polarization under zero field
and under various magnetic fields indicate the fluctuation rates
of FM-clusters, and the strength of frustrated FM-AFM interac-
tion varies spatially, due to the inhomogeneous distribution of
FM-cluster size and its hole density. Ofer et al.[411] reported an
extensive μSR study on the EuL2O4 polycrystalline compounds
(L = lanthanides Lu, Eu, Yb, and Gd) with quasi-1D “zigzag”
chains of the L atoms. The high neutron absorption cross sec-
tion of Eu makes it challenging to perform neutron scattering
experiments on such compounds. Therefore, μSR has a compet-
itive advantage in distinguishing magnetic interactions for ma-

terials containing elements that strongly adsorb neutrons. For
the EuLu2O4 compound, where the lanthanide Lu has zero mag-
netic moment, an oscillating signal was observed in the zero-
field μSR spectrum, indicating the presence of a static AFM or-
der between Eu2+ ions. With an increase in the lanthanide mo-
ment (e.g., L = Yb), the zero-field μSR spectrum is character-
istic of an incommensurate spin-density-wave order. Contrast-
ingly, a slow relaxation instead of an oscillation is observed in the
zero-field μSR spectrum for the EuGd2O4 compound that pos-
sesses a large lanthanide magnetic moment. This reveals that
the static AFM order is perturbed with an increase in the mag-
netic moment along the quasi-1D zigzag chains and eventually
becomes a dynamic AFM order. Owing to the complicated low-
dimensional magnetic structure as well as the strong magnetic
frustration, the EuL2O4 compounds do not show an abrupt de-
crease in the Δsm and ΔTad at temperatures well below TC, mak-
ing them competitive candidates for active magnetic refrigeration
down to very low temperatures.[417] It should be noted that the in-
terpretation of μSR data is sometimes challenging because of the
lack of precise information on the interstitial site that is occupied
by the implanted muons, which may be unveiled by complemen-
tary first-principles simulations and nuclear magnetic resonance
experiments.[418]

4.4. Positron Annihilation Spectroscopy (PAS)

As demonstrated in Figure 16a, different types of lattice defects
are widely present in ordered crystals. These defects can strongly
affect the functionality of the material. PAS is a non-destructive
testing method that can obtain detailed information (type, size,
structure, and concentration) of open-volume defects in solids,
such as vacancies, cavities, dislocations, and grain boundaries
with a remarkable sensitivity of 10−7, which stems from its long
diffusion length (>100 nm in most materials). This allows a
positron to probe about 107 atoms before annihilation.[419] If the
grain size is less than 100 nm, the positrons will most likely dif-
fuse out to the grain boundaries before annihilation. In nano-
crystalline materials, therefore, the annihilation gamma rays will
mainly carry information about the structure of the intercrys-
talline regions and the grain boundaries.[420] It should be care-
ful to analysis the PAS results related to intercrystalline infor-
mation when the grain size is in the true nanometric regime,
because it is possible all positrons are annihilated at the grain
boundaries.[420,421] The unique capabilities of PAS result from
the positron-electron pair annihilation process, which is accom-
panied by the emission of two 𝛾 rays. It can yield detailed in-
formation on both the electron density and the electron mo-
mentum in the region near the positron annihilation site,[422]

as shown in Figure 16b. The fundamental physical properties of
positron annihilation in condensed matter have been reported
elsewhere.[422–426] As shown in Figure 16c, the three most impor-
tant PAS techniques are angular correlation (AC), Doppler broad-
ening (DB), and positron annihilation lifetime spectroscopy
(PALS).[423] For example, the positron lifetime spectroscopy en-
ables us to identify the type of defects in solids and determine
their corresponded concentrations, while the coincidence mea-
surement of the Doppler broadening identifies the local chemical
environment of the defects.[427] The PAS techniques have been
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Figure 16. a) Schematic structure of ordered crystals showing the different types of lattice defects.[438] Reproduced under the terms of the CC-BY-NC-ND
4.0. license. Copyright 2023, American Chemical Society. b) Potential well for a positron in a perfect lattice and vacancy defect in a lattice. When the
positron is trapped at neutral or negatively charged open-volume defects, the wave function of positron is localized at the defect because the Coulomb
repulsion is decreased due to the missing ion core. This will lower the potential sensed by the positron creating a local potential well. Besides, when the
trapping happens, the overlap of the wavefunction of positrons and core electrons is strongly reduced while wavefunction of valence electrons extends
farther into the open space, which leads to increased annihilation probability with valence electrons and a corresponding sharper momentum distribution.
c) Schematic overview of positron annihilation and three widely used PAS techniques, where 𝜃 is angle and p are the momentum components. c,d)
Reproduced under the terms of CC-BY license.[439] Copyright 2018, W. Shi. d) TMT as a function of vacancy concentration (Cv) for the samples (left:
Q1173-quenching from 1173 K; right: Q873-quenching from 873 K). The inset is the corresponded enlarged display. Reproduced with permission.[238]

Copyright 2019, American Physical Society.

widely applied for defect characterization among different func-
tional materials. Here, we limit our scenario only to MCMs since
the lattice defects play important roles in magnetism and phase
transition,[428,429] as illustrated by recent studies on the MCE in
Ni-based magnetic Heusler compounds,[236–238,430–433] FeRh,[434]

and magnetic oxide ceramics.[435,436] Merida et al.[431] studied
the influence of quenched-in defects from different quench-
ing temperatures (673-1173 K) and the annealing treatments in
Ni53Mn26Ga21 compound. The PAS results show that the con-
centration of retained vacancies becomes higher with increas-
ing the quenching temperature. And the initial vacancy con-
centration of samples (poly-crystal/single-crystal) quenched from
1173 K range between 1000 and 2000 ppm.[432] Similarly, Un-

zueta et al.[237] applied PALS measurements complemented with
DFT electron-positron theoretical calculations in Ni50Mn50-xSnx
(x = 25, 20, 15, 13, 10) and Ni50Mn50-yIny (y = 25, 20, 16, 13) sam-
ples to identify the vacancy defects. Combining theory and exper-
iments, it is found that Ni vacancies (VNi) are the main type of
lattice defects (concentration ≥ 500 ppm) in NiMn-Z (Z = Ga,
Sn, In) samples. The characteristic VNi-related positron lifetime
ranges from 181 to 191 ps. Furthermore, the same group of
authors[238] further experimentally demonstrated a direct rela-
tionship between vacancies and the shift in the martensitic trans-
formation temperature (TMT) in a Ni55Fe17Ga28 alloy utilizing
PALS. As shown in Figure 16d, it is noted that the vacancy con-
centration can be helpful for the fine-tuning of TMT, e.g., resulting
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in shifts up to ≈50 K. This highlights the importance of the often
neglected lattice defects in tuning TMT in Ni-based martensitic al-
loys. The PALS measurements, together with electron-positron
DFT calculations, confirm that VNi are also the most probable
defects responsible for changes in the transition temperature
of NiFeGa compounds. Based on the HRTEM and PAS results,
Zhang et al.[236] demonstrated that vacancy-type lattice defects are
widely present in the all-d-metal NiCoMnTi Heusler compounds,
which suggests that defect engineering can be applied to control
the GMCE. Additionally, it is interesting to consider the possi-
bility that changes in the nature of the itinerant electrons take
place across the phase transition by modifications in the elec-
tron density of states (DOS) near the Fermi level. Significant
changes in the DOS would presumably affect the momentum
space distribution and should therefore be detectable, e.g., by the
positron AC method.[437] However, Zimmer et al.[437] did not find
significant changes in the electronic structure of FeRh during
AFM to FM transition, although they cannot exclude the possi-
bility that the effect is strongly reduced by averaging over all crys-
tallographic directions in the polycrystalline sample. Moreover,
the shape of the minority spin Fermi surface of Ni2MnGa com-
pounds has been verified experimentally using 2D angular corre-
lation of positron annihilation radiation (2D-ACAR), which can
provide a projection of the underlying 3D electron-positron mo-
mentum density.[430] The momentum distribution contains infor-
mation about the occupied regions of reciprocal space, and hence
about the Fermi surface.[430] Interestingly, the authors point out
that the found Fermi surface nesting is only part of the process
that leads electrons to destabilize the lattice. This process is able
to greatly enhance the effect of electron-phonon coupling for par-
ticular wavevectors, which could play an important role in de-
termining the atomic modulations associated with the various
martensitic phenomena.

4.5. High Magnetic Pulse Fields

How to precisely determine the ∆Tad under strictly adiabatic
conditions, one of the most important parameters for the eval-
uation of MCE performance, is pivotal for the development of
MCMs. Also, combined time-dependent experimental magne-
tization changes and ∆Tad until the completely transformed
state are of key importance to understand the dynamics of
the phase transition and the physical properties behind it. Re-
cently, high magnetic pulse fields have become a workable
method for the investigations of MCMs.[440] The short dura-
tion of magnetic-field pulses (10–100 ms) ensures the adi-
abatic condition for the determination of ∆Tad, and it also
matches the targeted operation frequency of magnetic refrig-
erators (10–100 Hz).[441,442] The possibility to measure in wide
temperature range (10 – 400 K) allows us to investigate MCMs
from near room-temperature applications to low-temperature
gas liquefaction.[440] Most FOMT materials can be transformed
completely in field strengths up to 50 T and beyond.[440] More-
over, the high field-change rates offer us the possibilities to ob-
serve the dynamic effects of phase transitions driven by nucle-
ation and growth. In Figure 17a, the main components for the
pulsed high magnetic fields and the typical time dependence
of a pulsed field are exhibited. The setup for direct pulse-field

measurements of ∆Tad is shown in Figure 17b. The experimen-
tal methods related to the pulsed high magnetic fields have
been applied for several MCMs such as Ho2Fe17,[443] rare earth-
based Laves phase compounds,[90,444,445] Gd,[446,447] MnFe4Si3,[448]

FeRh,[449] (Mn,Fe)2(P,Si),[450] MnCoSi,[451] La(Fe, Si)13,[452] and
NiMn-based Heusler compounds.[441,442,453–455] Technical details
and advances about the pulsed high magnetic fields on differ-
ent MCMs have recently been reviewed.[440] In this subsection,
the following examples of MCMs in pulsed magnetic fields are
discussed:

Zavareh and co-workers[452] performed magnetization, mag-
netostriction, and MCE measurements in magnetic fields up to
60 T for two LaFe11.74Co0.13Si1.13 (FOMT) and LaFe11.21Co0.65Si1.11
(SOMT) samples. In both compounds, the highest reached ∆Tad
was 20 K at 50 T. The magnetoelastic coupling is quantified us-
ing the magnetostriction data (based on a general local-moment
volume magnetostriction theory). The type of phase transition
for the two compounds is distinguished using the Bean-Rodbell
criterion. As shown in Figure 17c, Gottschall et al.[446] applied
the direct measurements of ∆Tad in the benchmark material Gd
in pulsed high magnetic fields up to 62 T, where a very large
∆Tad = 60.5 K is observed. The field-dependent ∆Tad is found
to follow the familiar mean-field expression with a leading term
in H2/3 and a correction term in H4/3. The calculations predict a
complete disappearance of the maximum ∆Tad near TC in higher
fields (140 T) and an emergence of a new very broad maximum
far above TC. Nevertheless, Zhang et al.[451] directly measured
∆Tad in different initial temperatures (down to 18 K) and pulsed
magnetic fields (up to 40 T) in the strong magnetoelastic cou-
pled Mn1.02Co0.98Si compound. These measurements presented
a moderate MCE performance (maximum ∆Tad = −3.1 K for
Δμ0H= 13 T). Furthermore, the magnetization measurements in
pulsed (and static) magnetic fields indicate that the ME coupling
is significantly enhanced for increasing fields, resulting in an im-
proved saturation magnetization. The metamagnetic transition is
continuously pushed to lower temperatures in higher fields. As
shown in Figure 17d, the phase diagram constructed from the ex-
perimental transition temperatures Tt and the critical magnetic
fields μ0Hcr indicate that the transition is terminated below 18 K
and that ferromagnetism is stabilized for fields above 22.3 T. The
saturation of μ0Hcr at low temperatures is understood in terms
of the energy barrier for nucleation. This study reveals how the
strong ME coupling changes under pulsed magnetic fields in a
representative MnCoSi sample, which provides unique insights
into these MCMs and their behavior in high magnetic fields.

In this section, we demonstrated the effectiveness of differ-
ent large-scale scientific facilities and emphasized the impor-
tance of multimodal studies with different techniques. For in-
stance, neutron scattering and the synchrotron X-ray techniques
are both versatile tools to investigate matter on length scales
ranging all the way from a subatomic scale through nano and
micrometer extensions to macroscopic entities that often pro-
vide complementary information. Some other lab-based tech-
niques like advanced electron microscopies (special aberration-
corrected transmission electron microscope (AC-TEM), scanning
transmission electron microscopy (STEM)) and high-resolution
Mössbauer spectroscopy can provide structural information in
real space and probe changes in the local coordination envi-
ronment in energy domain across the phase transition. The
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Figure 17. a) Left: main components (large capacitor bank and non-destructive solenoids) for the high magnetic pulse fields up to 95 T. Right: the typical
time dependence of a pulsed field.[440] Note that the high static magnetic fields can be generated through resistive coils in the range of 30–35 T, and
larger static magnetic fields (up to 40–45 T) can be produced by hybrid magnets.[456] b) Experimental set-up for direct pulse-field measurements of
the ∆Tad.[440] a,b) Reproduced under the terms of the CC BY license. Copyright 2023, Author(s). c) Top: ∆Tad as a function of temperature in different
magnetic fields for pure Gd. The solid line points to the ∆Tad under quasistatic conditions. Bottom: the low-field region. Reproduced with permission.[446]

Copyright 2019, American Physical Society. d) Phase diagram T-ɛ0H constructed from Tt as a function of the ɛ0H (combining the static and pulse fields)
for the Mn1.02Co0.98Si compound. The inset shows the orthorhombic structure for the MnCoSi system. Reproduced with permission.[451] Copyright
2023, American Physical Society.

combination of the modalities of different advanced character-
ization techniques enables us to obtain multiple sources of in-
formation in spatial and time scale in unprecedented detail and
helps shed light on the physics responsible for the MCE in new
emerging MCMs. It demonstrates their importance in boosting
the development of advanced MCMs and will continue to open
up new opportunities to tackle diverse scientific problems related
to the MCE.

5. Opportunities, Challenges, and Perspective

With the further development of advanced characterization tech-
niques and improved computational abilities (big data science),
it is believed that the understanding, finding, and designing
of new MCMs will be accelerated. For example, the currently

known MCMs are mainly found by low-efficiency trial-and-error
experiments that typically rely on empirical structure-property
relationships, which always require a significant investment in
time and resources.[457] Alternatively, high-throughput compu-
tational screening based on DFT calculations has been suc-
cessfully applied to provide accurate and time-effective predic-
tions of new MCMs and their magnetic properties with the
input of a relatively small amount of experimental data from
various databases.[457–460] On the other hand, the emerging ar-
tificial intelligence (AI) computation techniques, such as ma-
chine learning (ML) and deep learning (DL), have extended their
abilities to the field of magnetocaloric energy conversion, re-
sulting in the discovery of MCMs[168,169,461–464] or the optimiza-
tion of magnetocaloric prototypes.[465–467] For instance, training
the ML algorithm in (Mn,Fe)2(P,Si) based materials predicted
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optimized compositions that showed an excellent MCE.[168,169] In
addition, the GMCE working window can thereby be further ex-
panded to cryogenic magnetic refrigeration (below 77 K), which
had never been achieved before.[168] Meanwhile, advanced man-
ufacturing technologies like additive manufacturing (AM) have
shown substantial advances in recent years, which has with the
aid of digital design guided the energy sources to consolidate
feedstock materials layer by layer to build various 3D objects.[468]

This AM approach can overcome the challenges associated with
the fabrication of complex regenerator architectures with a large
surface-to-volume ratio. Moreover, it can assist in the design of
intricate and complex geometrical structures for specific magne-
tocaloric energy conversation scenarios. In addition, it may also
offer solutions to some long-standing issues related to MCMs,
such as brittleness and phase inhomogeneities, by precise ma-
nipulation of microstructure using a rapid solidification rate in
a highly localized region.[43] For example, Hou et al.[469] intro-
duced the powder-feed laser-directed-energy deposition (a kind
of AM technique) to optimize the Ni–Ti-based elastocaloric ma-
terials and engineer the eutectic nanocomposite microstructure
with high materials efficiency, extremely small hysteresis, and
remarkable extended fatigue life (the repeatable caloric perfor-
mance extended over 1 million cycles). Beyond doubt, the above-
mentioned intelligent computation with characteristics of lower
cost, time saving, effectiveness, and precision, integrated with ad-
vanced manufacturing like AM,[470] would definitely boost the
objective of topological optimization and discovery of MCMs,
and further facilitate and strengthen practical implementation of
magnetocaloric techniques for energy conservation and environ-
mental friendliness. To achieve real industrialization for magne-
tocaloric products, several challenges should be addressed: i) de-
signing and finding better MCMs, ii) developing suitable low-
cost (rare-earth free) strong permanent magnetic fields, iii) op-
timizing systems and manufacturing costs. About the advanced
MCMs, different perspectives like reversibility, availability, crit-
icality, and corrosion-resistance should give priority. Since the
magnetic field source is the most expensive part of any mag-
netocaloric conversion device, the volume of applied magnetic
sources should be used as efficiently as possible.[36] In the past
10 years, encouraging progress has been made in solid-state mag-
netocaloric energy conversion, continuously hosting great poten-
tial for providing greener alternatives to existing air-compression
technologies. For the next 10 years, the research on the mag-
netocaloric effect is expected to profit from the rapid evolution
in advanced experimental characterization techniques, progres-
sive manufacturing technologies, and notable advances in high-
performance computational methods. It is expected that the gap
between the advanced MCMs and the cutting-edge engineering
technologies will be bridged to bring this technology towards
large-scale applications.
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