
 

 

 

Heat recycling with magnetocaloric materials for sustainable energy conversion 

Fengqi Zhang(张烽起) and Yang Ren(任洋) 

Citation:Chin. Phys. B, 2026, 35 (7): 077502.   DOI: 10.1088/1674-1056/ae3693 

http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb 

 

What follows is a list of articles you may be interested in 

 

Strain energy enhanced room-temperature magnetocaloric effect in Mn5Ge3 

Xiaohe Liu(刘潇贺), Ping Song(宋平), Sen Yao(姚森), Yuhao Lei(雷雨豪), Ling Yang(杨玲), Shenxiang Du(杜深祥), 

Yiran Deng(邓贻然), and Defeng Guo(郭得峰) 

Chin. Phys. B, 2026, 35 (2): 027505.   DOI: 10.1088/1674-1056/adf6a6 

Tuning the magnetocaloric and structural properties of 

La0.67Sr0.28Pr0.05Mn1-xCoxO3 refrigeration materials 

Changji Xu(徐长吉), Xinyu Jiang(姜心雨), Zhengguang Zou(邹正光), Zhuojia Xie(谢卓家), Weijian Zhang(张伟建), 

and Min Feng(冯敏) 

Chin. Phys. B, 2024, 33 (12): 127501.   DOI: 10.1088/1674-1056/ad8550 

Magnetic and magnetocaloric effect of Er20Ho20Dy20Cu20Ni20 high-entropy metallic glass 

Shi-Lin Yu(于世霖), Lu Tian(田路), Jun-Feng Wang(王俊峰), Xin-Guo Zhao(赵新国), Da Li(李达), Zhao-Jun Mo(莫

兆军), and Bing Li(李昺) 

Chin. Phys. B, 2024, 33 (5): 057502.   DOI: 10.1088/1674-1056/ad1a94 

Mechanical and magnetocaloric adjustable properties of Fe3O4/PET deformed 

nanoparticle film 

Fengguo Fan(范凤国) and Lintong Duan(段林彤) 

Chin. Phys. B, 2024, 33 (3): 037502.   DOI: 10.1088/1674-1056/acf280 

Giant low-field cryogenic magnetocaloric effect in polycrystalline LiErF4 compound 

Zhaojun Mo(莫兆军), Jianjian Gong(巩建建), Huicai Xie(谢慧财), Lei Zhang(张磊), Qi Fu(付琪), Xinqiang Gao(高

新强), Zhenxing Li(李振兴), and Jun Shen(沈俊) 

Chin. Phys. B, 2023, 32 (2): 027503.   DOI: 10.1088/1674-1056/ac65ef 

 

-------------------------------------------------------------------------------------------------------------------- 

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae3693
https://doi.org/10.1088/1674-1056/ae3693
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adf6a6
https://doi.org/10.1088/1674-1056/adf6a6
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad8550
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad8550
https://doi.org/10.1088/1674-1056/ad8550
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad1a94
https://doi.org/10.1088/1674-1056/ad1a94
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acf280
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acf280
https://doi.org/10.1088/1674-1056/acf280
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac65ef
https://doi.org/10.1088/1674-1056/ac65ef


Chin. Phys. B 35, 077502 (2026)

TOPICAL REVIEW — Multiferroicity and multicaloric effects

Heat recycling with magnetocaloric materials for
sustainable energy conversion
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Solid-state magnetocaloric effects (MCEs) induced by external magnetic fields offer a promising pathway toward
sustainable energy conversion technologies, utilizing field-driven temperature changes for efficient solid-state cooling and
heating. This review examines magnetocaloric materials (MCMs) in the context of sustainable heat recycling, summarizing
representative material systems and key advances from the past decade. The discussion is organized around a materials–
applications–mechanism framework to provide a coherent perspective. Finally, we outline existing challenges and future
opportunities in the field. Deeper mechanistic insight, combined with advances in manufacturing and the integration of
artificial intelligence and machine learning, is expected to accelerate the development of magnetocaloric energy conversion
technologies toward practical implementation. Such synergistic progress will accelerate the deployment of these technolo-
gies for carbon-neutral heat recycling.

Keywords: sustainable energy conversion, heat recycling, magnetocaloric effect, magnetocaloric materials,
refrigeration
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1. Introduction

Sustainable energy conversion is pivotal for modern so-
ciety, directly addressing the dual crises of climate change
and resource depletion.[1,2] On the one hand, global warm-
ing and climate change present a fundamental challenge to
sustainable development, underscoring the urgent need to
adopt zero-emission technologies. Currently, space cool-
ing alone accounts for approximately 37% of global energy
consumption,[3] contributing significantly to greenhouse gas
emissions and exacerbating climate extremes. This rising de-
mand, exceeding 2000 TWh of electricity annually, equiva-
lent to 2.5 times Africa’s total electricity use,[3] highlights the
critical importance of improving energy efficiency in cooling
systems. Conventional vapor-compression technology, widely
used in heating, ventilation, and air-conditioning (HVAC), re-
mains limited by a relatively low Carnot efficiency. Among
emerging sustainable alternatives, magnetocaloric energy con-
version, one of the most developed solid-state caloric tech-
nologies alongside elastocaloric (ElaCE), barocaloric (BCE),
electrocaloric (EleCE), and multicaloric (MulCE),[4] offers a
promising path forward. With the potential to exceed 60%
of Carnot efficiency, it substantially outperforms commer-
cial vapor-compressors, which typically achieve only about
40%.[5] Furthermore, magnetocaloric cooling, which exploits
the magnetocaloric effect (MCE), is environmentally benign

as it eliminates the need for hazardous refrigerants. On the
other hand, magnetocaloric materials (MCMs) can also be
applied for thermomagnetic energy conversion, on the basis
of the thermomagnetic effect (TME), to convert low-grade
waste heat into usable electricity through solid-state, environ-
mentally friendly processes. Solid-state magnetocaloric en-
ergy conversion thus holds significant promise for achieving
carbon neutrality and decarbonizing the global energy mix.
This potential is underscored by major international commit-
ments, such as the European Union’s goal for carbon neutrality
by 2050,[6] and China’s commitment to peak carbon dioxide
emissions by 2030 and achieve carbon neutrality by 2060.[7]

MCMs exploit the MCE, which is a physical phenomenon
intrinsic to magnetic materials whereby the application or
removal of a magnetic field induces a change in magnetic
entropy (∆sm), resulting in an adiabatic temperature change
(∆Tad).[8,9] This mechanism can be directly harnessed for
solid-state heating and cooling through adiabatic magnetiza-
tion and demagnetization cycles. Long-proposed applications
based on this effect, such as magnetic refrigeration,[10–12]

magnetocaloric heat pumps (for cooling/heating),[13] and ther-
momagnetic generators for harvesting waste heat,[14,15] have
seen substantial development in recent years. Interest in MCE-
related research has grown significantly over the past fifteen
years.[16] Compared to conventional vapor-compression tech-
nology, solid-state magnetocaloric energy conversion offers
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exceptional advantages, including potentially higher energy
efficiency, environmental friendliness (using no hazardous re-
frigerants), quiet operation, and enhanced safety.

There are a few review papers focused on funda-
mental material research associated with MCE and other
caloric effects,[9,16–20] thermodynamic perspectives,[5,21] ad-
vanced material characterization,[22] and prototypes and
manufacturing.[23,24] Following the logic loop of materials-
application-understanding, this review comprehensively ex-
amines advances in MCMs and their applications (2013–
2025). The paper is structured as follows: First, we pro-
vide an introduction to magnetocaloric energy conversion,
covering: (i) full temperature-range solid-state magnetic re-
frigeration; (ii) thermomagnetic generators; (iii) micro- and
nanoscale applications. The second section reviews recent ex-
perimental progress in representative MCMs, focusing on sys-
tems exhibiting magneto-elastic and magneto-structural cou-
pling, where the interplay between lattice, magnetic, and
electronic degrees of freedom drives first- or second-order
phase transitions. Key material families discussed include
(Mn,Fe)2(P,Si)-based, La(Fe,Si)13-based, NiMn-based mag-
netic Heusler compounds, and magnetocaloric high-entropy
alloys. Finally, we address the major challenges hindering
widespread commercialization and highlight emerging oppor-
tunities and future perspectives for the development of mag-
netocaloric energy conversion technologies.

2. Promising applications of MCMs

2.1. Full-temperature range solid-state magnetic refriger-
ation

Magnetic refrigeration (MR) is widely regarded as the
most promising alternative cooling technology and has been
extensively studied in recent decades for a variety of appli-
cation scenarios. Nowadays, the world is facing a looming
“cold crunch”,[3] driven by the rapidly growing demand for air
conditioning, which alone accounts for 40% of the increased
electricity use in buildings.[3] This has renewed strong interest
in solid-state MR near room temperature (RT) as a replace-
ment for conventional cooling methods. Moreover, as energy
storage becomes increasingly critical for integrating renewable
sources, cryogenic MR is gaining attention for its potential in
liquefying gases such as air, natural gas, nitrogen, hydrogen,
and helium, offering a more efficient and cost-effective alter-
native to traditional high-expense refrigeration techniques.[9]

In particular, extreme cryogenic cooling is essential to address
helium scarcity, a key resource for space exploration, super-
conducting science, and quantum technologies.[25] As summa-
rized in Fig. 1 (left), solid-state MR technologies, employing
different working materials, can therefore cover the full tem-
perature range from near RT (∼ 300 K) down to sub-kelvin
regimes (< 1 K).

Fig. 1. (Left) Full-temperature range magnetocaloric refrigeration applications from near RT to cryogenic temperature. (Right) High-
temperature thermomagnetic generator application for the industrial waste heat recovery.[16] Copyright 2025, Elsevier.

2.1.1. Near room-temperature applications

The development of magnetocaloric applications near RT
remained largely unexplored until the 1970s, when the first
prototypes based on rare-earth (RE) gadolinium (Gd) were
demonstrated.[26,27] Subsequently, research efforts in the early
1990s remained sporadic, with occasional reports of FeRh
compounds[28,29] and perovskite-type manganese oxides.[30]

In Mn-perovskites[30], a large |∆sm| of 5.5 J·kg−1·K−1 was

observed with ∆µ0H of 1.5 T at 230 K. The breakthrough

came from the pioneering work on the giant magnetocaloric

effect (GMCE), first proposed by Pecharsky et al., near RT

in the Gd5(Si2Ge2) material.[10,31,32] Due to the strong FOMT

of the phase transition, the |∆sm| of Gd5(Si2Ge2) can reach

18.5 J·kg−1·K−1 with ∆µ0H = 5 T at 276 K. More his-

torical details related to the MR near RT can be found in

Refs. [23,33]. Numerous MCMs that demonstrate a GMCE
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have sprung up, including (Mn,Fe)2(P,X)-based compounds
(X = As, Ge, Si),[11] La(Fe,Si)13-based materials,[12,34] Ni–
Mn-X-based magnetic Heusler compounds (X = Ga, In, Sn,
Sb)[35,36] and Mn–M–X (M = Co, Ni and X = Si, Ge)
compounds.[37,38] Together with MR, the different emerging
refrigeration technologies near RT have been compared.[16,22]

Compared with MR, it should be noted that ElaCE is limited
so far to shape-memory alloys with huge shear strain, and of-
ten the reversibility of both ElaCE and BCE needs further im-
provement. On the other hand, avoiding electrical breakdown
for EleCE is challenging,[20] and hysteresis and fatigue for
MulCE seem to be key issues for implementing materials into
devices.[39] Regardless of many challenges for these solid-
state, gas-free cooling/heating technologies, the rapid devel-
opment of the research activities related to these technologies
has gained considerable momentum in recent years.[16,22]

In a complete magnetocaloric cycle, magnetization and
demagnetization processes enable the continuous removal and
transfer of heat (Q) via a heat-transfer medium (fluid or
solid) from the target region. The performance of MCMs
is primarily evaluated using two key parameters: ∆sm and
∆Tad. These can be determined through both direct and quasi-
indirect measurement methods.[5,9] For the accurate design
of MR prototypes, however, data from direct measurements
are essential to understand the dynamic magnetocaloric re-
sponse. The most commonly used (indirect) method to esti-
mate ∆sm and ∆Tad derives from one of the Maxwell relations,
yielding ∆sm(T,∆H) =

∫ H
0 ( ∂M

∂T )H dµ0H and ∆Tad (T,∆H) =

−
∫ H

0
T
Cp
( ∂M

∂T )
H

dµ0H.[9]

Currently, the most promising magnetocaloric refriger-
ators capable of achieving a wide operational temperature
span are based on the active magnetic regenerative (AMR)
cycle, representing a significant advance over passive regen-
eration systems.[21] The development of MR materials and
devices is a global endeavor, involving numerous compa-
nies, such as Cooltech Applications (now Magnoric), General
Electric (GE), BASF, Vacuumschmelze, Haier, Magnotherm,
and Magneto, alongside universities and research institutes
across Europe, the United States, China, Japan, and Brazil.[40]

For example, in 2014, GE demonstrated a silent magne-
tocaloric refrigerator for beverage cooling.[41] The following
year, Haier, in collaboration with Astronautics, BASF, and TU
Delft, unveiled a proof-of-concept wine cooler based on mag-
netocaloric technology.[42] Meanwhile, Cooltech Applications
developed a magnetocaloric refrigerator (MRS400) with cool-
ing power of 400 W, which can well maintain the tempera-
ture between 2–5 ◦C.[43] Moreover, in 2021, Sergiu Lionte et
al. demonstrated a MR prototype with a > 20 ◦C temperature
span,∼ 15 kW cooling power and∼ 60% Carnot COP.[44] Fur-
thermore, Barbosa et al.[45] developed a magnetic wine cooler
in 2021, which can refrigerate up to 31 bottles of wine be-

tween 10.8–25 ◦C. The same group reported a magnetocaloric
air-conditioning system with 490 W cooling capacity and a
16.8 ◦C temperature span.[46] Magnotherm, based in Darm-
stadt, Germany, is a pioneering company developing a new
class of MR systems spanning from beverage coolers to cab-
inet configuration platforms. Recently, the company reported
its latest cooler Polaris, which achieved a specific cooling ca-
pacity of 131 W/kg, a plug-in COP of 1 and a temperature span
of 28.5 K using Gd under 0.8 T.[47] In the past decades, proto-
type development in MR near RT has been summarized.[24,48]

But practical challenges like further improving cooling ca-
pacity, enhancing system efficiency, and ensuring reliability
should also be addressed.[17]

In addition to space cooling, MR operating near RT shows
considerable promise for small-scale thermal storage and man-
agement applications.[49–52] For instance, MCMs can be inte-
grated into concentrated solar power and pumped-heat electri-
cal storage systems, often referred to as Carnot batteries.[53]

Furthermore, Han et al.[54] reported a solar-powered MR de-
salination device in which solar energy drives seawater evap-
oration and the MR cycle condenses the steam into fresh wa-
ter. MR technology can also be coupled with other renewable
sources, such as biomass energy.[40] Moreover, near-RT MR
offers a viable approach for thermal management of advanced
Li-ion batteries during operation.[55] This is exemplified by
the EU project “Cool BatMan”, which aims to develop a com-
pact hybrid MR proof-of-principle system for battery thermal
management in electric mobility.[56] Al-Nimr et al. have also
modeled the integration of MR with rechargeable batteries in
electric vehicles.[57] Beyond these applications, MR near RT
is being explored for use in flexible and wearable thermal man-
agement devices.[58,59]

2.1.2. Cryogenic applications

For cryogenic applications, the foundational break-
through was achieved by Giauque and MacDougall, who
reached 0.25 K by demagnetizing the paramagnetic salt
Gd(SO4)3·8H2O[60] — a feat for which Giauque was awarded
the 1949 Nobel Prize in Chemistry. Advances in cryogenic
MR have since reinvigorated interest in the liquefaction of var-
ious gases, which serve as efficient energy-storage media. For
example, natural gas, a potential hydrogen carrier, is seen as
an intermediate step toward decarbonizing the global energy
supply. Liquefied natural gas (LNG) at 111 K achieves a den-
sity about 600 times greater than that at RT and atmospheric
pressure,[61,62] and its consumption is projected to surpass that
of oil and coal by 2040.[63] Meanwhile, hydrogen is recog-
nized both as a clean energy carrier and as a cryogenic refriger-
ant for superconducting technologies.[64] The high density of
LNG and liquid hydrogen makes them economically viable for
large-scale energy storage and transport via cryogenic tankers,
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supporting applications in the energy and chemical industries,
fuel-cell electric vehicles, and beyond.

It is known that traditional methods of gas liquefaction
can be energy-intensive and expensive, while cryogenic MR
gas liquefaction based on AMR could potentially be more ef-
ficient and cost-effective,[64,65] and can be complementary to
the traditional gas-compression expansion technology. Based
on specific conditions, various gases with high economic
value, such as helium (He liquefaction temperature is 4.2 K),
hydrogen (H2–20 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 liquefied
at low temperature.[63,66–71] (i) Cooling above 112 K: Several
prototypes demonstrate the feasibility of magnetocaloric liq-
uefaction in this range. For instance, Archipley et al. reported
an AMR refrigerator that successfully liquefied methane, cool-
ing it from 285 K to 135 K using a high-field superconduct-
ing magnet.[69] Similarly, Barclay et al. utilized a Gd-based
AMR cycle to liquefy propane.[70] Liu et al. reported that
as-cast Nd2In compounds present a first-order phase transi-
tion (FOMT) with negligible thermal hysteresis (also found
in Ref. [62]), and showed a large ∆sm = 7.42 J·kg−1·K−1

with a magnetic field change (∆µ0H) of 2 T and ∆Tad =

1.13 K (∆µ0H = 1.95 T) at 109 K, making it beneficial for
LNG.[63] Notably, some MCMs initially developed for near-
RT operation can be effectively tuned for cryogenic use in
this range.[72–75] (ii) Cooling between 21 K and 112 K: Sig-
nificant material discoveries have been made for this tem-
perature regime. Terada and Mamiya reported that holmium
(Ho) exhibits GMCE in fields below 1 T between 20 K and
50 K.[66] Guillou et al. found the intermetallic compound
Eu2In, which shows a FOMT with strong magnetoelastic cou-
pling and negligible hysteresis. This compound presents maxi-
mum ∆sm values of−24.4 J·kg−1·K−1 and−28.2 J·kg−1·K−1

for ∆µ0H of 1 T and 2 T (∆Tad are 2.2 K and 5.0 K).
Eu2In is proposed to outperform all known MCMs in this
range, showing promise for nitrogen liquefaction.[68] Recent
research has also identified other promising materials, includ-
ing rare-earth (RE)-based amorphous alloys,[76] intermetal-
lic compounds,[77–79] binary/ternary alloys,[80–82] and clas-
sical RE-based MCMs for H2 liquefaction.[65,83] Efficiently
precooling hydrogen from ambient temperature to 77 K us-
ing conventional methods is crucial; thus, MCMs with tran-
sition temperatures (TC) in the 21–77 K range are highly de-
sirable to reduce the energy load on MR systems. (iii) Cool-
ing between 10 K and 20 K: This range is critical for hydro-
gen liquefaction, attracting widespread research interest due to
hydrogen’s role in sustainable energy.[64,83,84] Initiatives like
the EU project “HyLICAL” aim to develop a magnetocaloric
hydrogen liquefier prototype.[85] As summarized in Fig. 2,
Romero-Muñiz et al. categorized MCMs for hydrogen liq-

uefaction into five groups: (1) binary and pseudo-binary inter-
metallics; (2) ternary intermetallics with main group elements;
(3) borides, nitrides, carbides and chalcogenide compounds
(RE non-metals); (4) RE oxides; and (5) RE amorphous/high-
entropy alloys (HEAs). It is noteworthy that some mate-
rials can be modified for multi-target applications spanning
ranges (ii) and (iii). For example, HoB2 compounds ex-
hibit promising cryogenic MCE performance around 15 K,
e.g., ∆sm ∼ 18–20 J·kg−1·K−1 and ∆Tad ∼ 5 K for ∆µ0H =

2 T.[86,87] Liu et al. systematically investigated the ∆sm, ∆Tad,
and TC changes of different Laves phases REAl2 and RENi2
materials.[67] Recently, Levinsky and coworkers reported that
a novel layered organic–inorganic hybrid coordination poly-
mer Co4(OH)6(SO4)2[enH2] (enH2 = ethylenediammonium)
with a second-order magnetic transition (SOMT) can reach
∆sm = −6.31 J·kg−1·K−1 and ∆Tad = 1.98 K for ∆µ0H =

1 T at 10 K < TC < 15 K.[88] (iv) Cooling below 10 K:
Even a reciprocating magnetic refrigerator for helium liq-
uefaction had been designed based on Gd3Ga5O12 (GGG)
materials;[89] however, various oxide-based and intermetallic
compounds have been developed rapidly in recent years.[90–93]

For instance, Mo et al. reported that the ferromagnetic
Eu2SiO4 compound showed a record ∆sm ∼ 21.6 J·kg−1·K−1

for ∆µ0H = 1 T at around 6 K, alongside good thermal
conductivity, making it highly relevant for liquid helium
production.[94] Li and coworkers reported that RE2ZnMnO6

(RE = Gd, Dy and Ho) perovskites have tunable MCE perfor-
mance between 6 and 10 K.[90] A brief material review can
be found elsewhere.[95] Beyond helium liquefaction, achiev-
ing ultralow temperatures (< 1 K) is critical for fundamental
research, including quantum science and deep-space explo-
ration. Here, helium-free adiabatic demagnetization refrigera-
tion (ADR) presents a promising alternative to traditional 3He
adsorption and 3He/4He dilution refrigeration.[64,96,97] For in-
stance, NASA has developed the concept of a continuous
ADR system capable of reaching temperatures of 50 mK or
lower.[98] A significant challenge, however, lies in the lim-
itations of conventional hydrated paramagnetic salts, which
suffer from low magnetic entropy density, poor stability, low
thermal conductivity, and long thermal relaxation times. Con-
sequently, recent research has focused on developing alterna-
tive materials without crystal water to overcome these draw-
backs, e.g., RE oxides,[99–102] metallic ion crystals,[103–105]

and Co-based frustrated quantum magnets.[25] As shown in
Figs. 2(b) and 2(c), Hu et al. found that in orthorhom-
bic EuCl2, record-high values of ∆sm ∼ 74.6 J·kg−1·K−1

(1.8 K) at ∆µ0H = 5 T (approaching 96% of the theoreti-
cal limit (77.5 J·kg−1·K−1)) and ∆sm ∼ 36.8 J·kg−1·K−1 at
∆µ0H = 1 T were achieved.[106] In Figs. 2(d) and 2(e), Li
and coworkers reported that the rare-earth fluoride, NH4GdF4,
can achieve ∆sm = 38 J·kg−1·K−1 and ∆Tad = 1.1 K at an
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initial temperature of 1.8 K with ∆µ0H = 1 T, where the
∆sm value is greater than all reported results and 9 times
higher than the benchmarked Gd3Ga5O12.[107] Zhang et al.
reported that the Gd2CuTiO6 double perovskite oxide mate-
rials have ∆sm ∼ 51.4 J·kg−1·K−1 for ∆µ0H = 7 T, which
surpasses the commercialized benchmarked refrigerant GGG
with ∆sm ∼ 38.3 J·kg−1·K−1 at the same field change.[101]

Long and coworkers studied LiGd0.1Yb0.9F4 and Gd–Yb–
F materials, which are potential candidates for water-free
sub-Kelvin-temperature magnetic refrigerants.[104,105] Su and

coworkers found that Na2BaCo(PO4)2 materials with com-
petitive volumetric entropy density, which results from spin
supersolidity and the high density of magnetic ions, could
be interesting for very low temperature applications below
100 mK.[25]

In a short conclusion, MR development in the full-
temperature range has made significant progress in recent
years, showcasing the potential of this technology as a sus-
tainable and efficient cooling solution for both cryogenic and
near-RT applications.

(a)

(b) (c) (d) (e)

Fig. 2. (a) Cryogenic MCMs for hydrogen liquefaction with critical material parameters. Reproduced under the terms of the CC BY license,[84]

Copyright 2023, Author(s). (b) Calculated ∆sm for EuCl2. (c) Comparison of |∆sm| for EuCl2 with other cryogenic MCMs. (d) Crystal structure
of NH4GdF4. (e) Calculated ∆sm for NH4GdF4. (b)–(e) are reproduced with permission.[106,107] Copyright 2024 and 2025, ACS.

2.2. Thermomagnetic applications

Globally, more than 60% of all energy produced is dissi-
pated as waste heat, of which approximately 65% is low-grade
waste heat with temperatures below 500 K.[108] Current tech-
nologies for harvesting such low-grade thermal energy primar-
ily rely on pyroelectric, thermoelectric (TE), or thermomag-
netic effects. However, the efficiency of thermoelectric gener-
ators, based on the Seebeck effect, decreases significantly as
the temperature difference narrows, with coefficients of per-
formance (COPs) falling below 0.5 for temperature spans of
about 20 K.[109] It is therefore essential to explore alterna-
tive approaches for converting low-grade waste heat into us-
able mechanical or electrical energy, as illustrated in Fig. 1
(right). The thermodynamic cycle underlying thermomagnetic
energy conversion is shown in Fig. 3(a). This cycle can be
implemented in devices such as: (i) thermomagnetic motors
(also called “Curie wheels”, Fig. 3(b)), (ii) mechanical oscil-
lators (Fig. 3(c)), and (iii) static thermomagnetic generators
(Fig. 3(d)). In these systems, thermomagnetic materials func-
tion as thermal switches that modulate magnetic flux in re-
sponse to a temperature gradient.[110] The differences between
MCE and TME technologies have been summarized.[16] Cur-

rently, the energy conversion efficiency of thermomagnetic de-
vices still needs to be improved further.[15] More details of the
mechanisms have been introduced in Refs. [16,111]. Thermo-
magnetic materials (TMMs) for practical applications should
generally possess several fundamental properties: they should
be soft magnetic materials with low remnant magnetization,
feature a tunable Curie temperature (TC), exhibit high ther-
mal conductivity for rapid thermal switching, be low-cost and
non-toxic, and contain minimal amounts of critical raw materi-
als. For thermomagnetic generator (TMG) applications specif-
ically, promising candidate materials are further characterized
by: (i) a critical temperature above room temperature, (ii) a
large change in magnetization (∆M) under low heat input (Q),
and (iii) a high derivative dM/dT , which promotes efficiency
in systems with low specific heat.

Recently, different linear thermomagnetic[113] and ro-
tary thermomagnetic motors[114] have been developed. For
instance, utilizing Gd spheres, a designed linear thermomag-
netic motor can achieve a power of 0.41 W at a frequency
of 0.5 Hz.[113] And the rotary thermomagnetic motor with
TMMs (Mn2FeSn) can produce a power of 88 W with a power
density of 27 kW/m3.[114] The rotary thermomagnetic mo-
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tor with Gd developed by Swiss Blue Energy can produce
up to 1 kW of power.[115] Moreover, different devices uti-
lizing mechanical oscillators have been demonstrated, which
basically include a vibrating cantilever, a TMMs film, a per-
manent magnet, and an induction coil. When the cantilever
is bent due to the temperature-driven phase transition, the
mechanical energy of the vibrating cantilever can then be con-
verted into electrical energy by the coil. In 2016, Gueltig
et al. demonstrated an efficient thermomagnetic oscillator
using a resonantly actuated Ni–Mn–Ga Heusler film, achiev-
ing a notable power density of 118 mW·cm−3.[14] Subse-
quent work by Joseph et al. investigated the influence of film
thickness and device footprint on the power and efficiency
of such Ni–Mn–Ga-based oscillators.[116] They further opti-
mized the Gd-film-based thermomagnetic oscillator (40 µm
thickness) with maximum ∆M/∆T of 2.3 Am2·kg−1·K−1 at
19 ◦C and operated at frequencies up to 105 Hz.[117] Ramanu-
jan et al.[118,119] employed the (MnNiSi)0.7(Fe2Ge)0.3 mate-
rial, with a transition temperature between 120–150 ◦C, for the
thermomagnetic oscillator, capable of generating up to 10 V
per cycle and 15 mA, storing sufficient energy in a capacitor
to power an LED. Key parameters for small-scale oscillators

(a)

(b) (c)

(d)

Fig. 3. (a) A work cycle for the TME cycle. (left) M–B diagram; (right) s–T
diagram. Reproduced with permission.[112] Copyright 2014, Elsevier. (b) A
rotatable ring of TMMs in a thermomagnetic motor. (c) Work flow of the
thermomagnetic oscillator. (d) A working cycle in a static TMG. Reproduced
under the terms of the CC BY license.[110] Copyright 2021, Authors.

have been summarized in subsequent work.[118] Strategies to
improve electrical energy collection have also been[120] ex-
plored. For instance, piezoelectric polyvinylidene difluoride
(PVDF) has been incorporated into cantilever designs. Inter-
estingly, the mechanical motion can be converted into elec-
tricity combining the TME (bulk Gd) and the triboelectric
conversion.[121] A maximum voltage, current, and power den-
sity of 79 V, 2.6 µA, and 18 mW·m−2, respectively, was
achieved in a cold- and hot-sides temperature of 30 ◦C and
65 ◦C.[121] Such oscillators are promising for applications in-
cluding wireless computing systems, data storage servers, and
the Internet of Things (IoT). Research has also advanced in
the area of static TMGs, with various materials being de-
veloped and tested. These include 3d/4f pure metals (Co,
Fe, Ni, Gd, Tb, Dy, Ho, Er),[117,122,123] (Mn,Fe)2(P,As),[112]

NiMn-based Heusler alloys,[14,124,125] Gd5(Si,Ge)4,[125] and
La(Fe,Si)13

[15,125–127] compounds. Recent progress in static
TMGs is summarized as follows.

In 2010, Srivastava et al. reported the first micro-TMG
device, utilizing Ni45Co5Mn40Sn10 material in a single-circuit
configuration, though with a low device efficiency of ap-
proximately 0.004% (Fig. 4(a)).[128] A proof-of-concept static
TMG based on (Mn,Fe)2(P,As) material was later demon-
strated in 2014 by Christiaanse and Brück.[112] To widen the
operational temperature span, their design employed 48 disks
of TMMs with graded TC (300 K, 304 K, 307 K, 310 K) in
a magnetic field generated by a NdFeB magnet. An opti-
mized two-circuit magnetic topology was used to minimize
stray fields (Fig. 4(b)), achieving a maximum average out-
put power of about 0.048 mW. In 2018, Waske et al. de-
signed a TMG demonstrator using La–Fe–Co–Si that signif-
icantly enhanced performance metrics, such as induced volt-
age, through a novel magnetic circuit topology (Fig. 4(c)).[15]

Combined experimental and modeling results indicated this
configuration effectively mitigated issues like magnetic stray
fields, hysteresis, and complex TMM geometries; however,
the maximum relative Carnot efficiency remained low (1.7×
10−3%). More recently, Liu et al. achieved a further per-
formance boost without modifying the magnetic circuit, us-
ing Gd plates or La(Fe,Si)13Hy/In composites to increase the
induced average voltage from 0.04 V to 0.19 V.[129] Paral-
lel efforts have focused on discovering new TMMs. For in-
stance, Fries et al.[130] investigated the thermomagnetic prop-
erties of Mn1−xCoxB and Mn1−xFexB materials, where the
MnB compound shows a high saturation magnetization M =

156 Am2·kg−1 and a sharp FM–PM phase transition (without
hysteresis loss) at TC = 567 K (tunable between 200–800 K).
Chen et al.[125] compared various TMMs in a TMG device.
Impressively, Zhang et al. reported that Ni–Mn–In based
Heusler alloys with SOMT can be well suitable for TMGs with
excellent performance,[131] and the thermal conductivity can
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be significantly improved (65.2 W·m−1·K−1) in their Ni–Mn–
In/In composite.[132] Furthermore, Dzekan et al. compiled
a TMM library to evaluate efficiency and cost-effectiveness
for use in thermomagnetic motors, oscillators, and generators,
concluding that the best-performing TMMs can compete with
thermoelectric materials for temperature gradients up to sev-
eral tens of kelvins.[110] Despite these advances, TMG tech-

nology still faces significant challenges, including low power

density, low conversion efficiency, and a limited portfolio of

candidate materials covering the low-grade waste-heat temper-

ature window. Nonetheless, ongoing progress in magnetic ma-

terials, system design, and optimization techniques indicates a

promising pathway for future development.

(a) (b)

(c)

Fig. 4. (a) First TMG demonstrator with an unoptimized magnetic circuit.[128] Reproduced under the terms of the CC BY license. Copyright
2010, Authors. (b) An optimized topology with two magnetic circuits avoids magnetic stray fields.[112] Copyright 2014, Elsevier. (c) An
optimized topology with three magnetic circuits.[111] Reproduced with permission. Copyright 2019, Springer Nature.

2.3. Micro- and nano-scale applications

The MCMs at lower dimensions such as the nanoscale
are also promising in fields like micro-refrigerators, ther-
mal switches, microfluidic pumps, energy harvesting devices,
and biomedical applications.[133,134] For example, (i) micro-
refrigerators: micro-scale magnetocaloric refrigerators are
promising for on-chip cooling, sensors, and miniature elec-
tronic devices, with several designs already explored in sim-
ulation studies.[135] For instance, Kim et al. fabricated a mi-
cromachined magnetocaloric cooler by patterning silicon mi-
crofluidic channels, demonstrating operation under a 1.2 T
magnetic field.[136] (ii) Magnetic hyperthermia: the MCE also
enables medical applications such as controlled drug release
and magnetic hyperthermia. Li et al. developed a magne-
tothermally responsive nanocarrier based on Mn0.2Zn0.8Fe2O4

nanoparticles that releases drugs under an alternating mag-
netic field.[137] FeRh alloys exhibiting a FOMT have been
shown to act as switchable, high-contrast agents for magnetic
resonance imaging (MRI) in a DC magnetic field.[138–140]

Takhsha et al. reported that Ni–Mn–Ga epitaxial thin films
promote the adhesion and proliferation of human fibroblasts
without cytotoxicity, indicating their potential for biomedi-
cal interfaces.[59] Mn–Fe–P–Si particles have been applied for
self-limiting biomedical thermal regulation.[141]

3. Typical MCMs for applications

In the past two decades, numerous FOMT and strong
SOMT MCMs with 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,[12,34] NiMn-X based
magnetic Heusler compounds (X = Ga, In, Sn, Sb)[35]

with all-d-metal NiCoMnTi as a special case,[142] FeRh,[143]

Mn2Sb based alloys,[144] Mn–M–X (M = Co, Ni, and X =

Si, Ge) alloys[37,38] and magnetocaloric high-entropy al-
loys (MHEAs).[145] These materials have strong coupling
in the form of magnetoelastic (ME) or magnetostructural
(MS) coupling, the mechanisms of which can be found
elsewhere.[21,146] Advances related to typical ME coupled ma-
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terials (including (Mn,Fe)2(P,Si)-based and La(Fe,Si)13-based
compounds), MS coupled materials (including NiMn-based
magnetic Heusler), and MHEAs are introduced below.

3.1. (Mn,Fe)2(P,Si) based compounds

The Fe2P prototype compound, a strongly anisotropic
hexagonal ferromagnet (space group P-62m),[147] undergoes
a FOMT near TC∼ 216 K.[148,149] Early studies of the qua-
ternary derivative (Mn,Fe)2(P,As) by Fruchart and co-workers
examined its magnetic and structural properties,[150,151] but
the GMCE in this system was first reported by Brück et al. in
2000.[11] For the (Mn,Fe)2(P0.45As0.55) compound, a FOMT
was found at about 300 K with a large |∆sm| of 14.5 and
18.0 J·kg−1·K−1 for ∆µ0H of 2 T and 5 T, respectively.[11]

In pursuit of non-toxic alternatives, the second-generation
(Mn,Fe)2(P,Ge) and third-generation (Mn,Fe)2(P,Si) alloys
were developed in 2007 and 2008.[152,153] The GMCE perfor-
mance was largely preserved upon replacing As with Ge or
Si,[154,155] with detailed comparisons available in Ref. [156].
This material family offers several advantages: excellent
GMCE performance, absence of rare-earth and toxic elements,
low cost, and tunable TC and ∆Thys. As illustrated in Fig. 5(a),
the crystallographic site occupancies have been clearly deter-
mined. For example, Miao et al. confirmed that Mn atoms pre-
fer the 3g site (in agreement with[157]) and that Fe atoms prefer
the 3 f 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).[158] The origin of the GMCE has been attributed to a
“mixed magnetism” mechanism, in which the Fe moments are
quenched across the transition, as supported by density func-
tional theory (DFT) calculations[159] and neutron diffraction
(ND).[158,160] Synchrotron experiments further reveal a signif-
icant charge redistribution around Fe atoms during the ferro-
magnetic transition, resulting from competition between mag-
netism and covalent bonding.[161] Moreover, the c/a ratio is
closely correlated with thermal hysteresis, which can be linked
to transition-induced elastic strain energy.[162] Single crystals
of (Mn,Fe)2(P,Si) have been successfully grown via the tin-
flux method by Yibole et al., revealing a preferred magneti-
zation direction along the c-axis;[163] crystals with other com-
positions have also been obtained.[163–165] Miao et al. investi-
gated the development of magnetic moments from spatial and
temporal aspects in the PM regime of (Mn,Fe)2(P,Si) materials
and studied the dynamics between short-range magnetic corre-
lations and long-range magnetic ordering.[166] In certain com-
positions, a spin-density-wave (SDW) phase was observed to
coexist with paramagnetic and ferromagnetic phases, and the
SDW–ferromagnetic transition can be kinetically arrested at
low temperatures.[167] In addition, the phase diagrams and the
magnetic/structural properties of the MnxFe2−xP1−ySiy quater-
nary compounds have been reported.[159,168]

(a) (b)

(c)

(d)

Fig. 5. (a). Crystal structure for the (Mn,Fe)2(P,Si) based MCMs.[193] Copyright 2022, F. Zhang. (b). Reported dopant for (Mn,Fe)2(P,Si)
based MCMs so far. Copyright 2016, IUPAC. (c) Map of |∆sm| for ∆µ0H = 1 T (opensymbols) and 2 T (solid symbols).[185] Reproduced under
the terms of the CC BY license. Copyright 2024, Authors. (d). Schematic figure related to advantages and disadvantages about (Mn,Fe)2(P,Si)
based MCMs.[193] Reproduced under the terms of the CC BY license. Copyright 2022, F. Zhang.

Different optimization strategies for GMCE performance

have been applied, e.g., chemical pressure engineering (sub-

stitutional/interstitial doping). Figure 5(b) lists the reported

dopants for this family so far.[152,155,169–183] For example,

it was found that B substitution can efficiently decrease

the ∆Thys from 75 K to only 1.6 K, and good reversibility

was obtained after 10000 cycles (∆Tcyclic ≈ 2.8 K with only

∆µ0H of 1.1 T).[155] Similar hysteresis suppression has been
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achieved with V, Nb, and Mo doping in (Mn,Fe)2(P,Si)-based
MCMs.[172,176,177,184] Independent control of TC with mini-
mal impact on hysteresis is another critical tuning strategy,
where dopants mainly tune the TC (towards a higher TC by
Li, B, C, Al, Ge, Zn, and Zr, and towards a lower TC by
N, F, S, V, Ni, Co, Cu, Ge, Nb, Mo, and Ru) but poten-
tially also change the ∆Thys. Notably, Zhang et al. demon-
strated that W and Ta substitution can selectively adjust TC

while preserving or even enhancing GMCE without increas-
ing ∆Thys.[182,183] They also found that the 4d-Pd and 5d-Pt
dopants for this family can well achieve a tunable |∆sm| in
the range of 20–25 J·kg−1·K−1 (∆µ0H = 2 T) with a low
thermal hysteresis ∆Thys (< 5.6 K). The performance sur-
passes almost all other (Mn,Fe)2(P,Si)-based materials with
∆Thys (< 10 K) reported until now (see Fig. 5(c)).[185] Interest-
ingly, compared with B (low electronegativity), F, which pos-
sesses the highest electronegativity, can significantly improve
the performance, increasing ∆Thys and magnetic moments.[171]

This contrast provides valuable insight into the role of elec-
tron behavior in this itinerant-electron metamagnet. In terms
of material fabrication, Miao et al. successfully produced
(Mn,Fe)2(P,Si)-based magnetocaloric materials via 3D print-
ing using selective laser melting (SLM).[186] Concurrently,
machine learning has been employed for compositional opti-

mization; Lai et al. developed a material with a TC near 73 K,
extending its applicability to the cryogenic range.[73] Simi-
lar data-driven approaches are being utilized to accelerate the
design of (Mn,Fe)2(P,Si)-based MCMs.[187] Addressing the
common challenges of low thermal conductivity (λ ) and in-
trinsic brittleness, a copper-composite strategy has been pro-
posed (Fig. 5(d)).[188] Furthermore, Zhang et al.[133] synthe-
sized (Mn,Fe)2(P,Si)-based nanoparticles and systematically
studied the influence of crystallite size and microstructure
on the GMCE. This work may broaden the functional appli-
cations of such nanomaterials into areas like heterogeneous
catalysis and secondary batteries.[189,190] Three reviews fo-
cused on (Mn,Fe)2(P,Si)-based MCMs can be noted.[18,191,192]

3.2. La(Fe,Si)13 based compounds

The binary compound LaFe13−x is thermodynamically
unstable due to its positive heat of formation; however, the
addition of silicon facilitates stabilization, yielding cubic
NaZn13-type LaFe13−xSix compounds (where 1.4 < x < 2.6,
space group Fm-3c). These materials undergo an isostructural
FOMT. The crystal structure and atomic distribution are illus-
trated in Fig. 6(a).[194] Recent progress related to its MCE is
summarized below.

(a) (b)

(c) (d) (e)

Fig. 6. (a) Schematic diagram of the atomic structure in one unit cell for the F-doped La(Fe,Si)13 based compound. (b) Projection view from
a direction in 1/8 part of one unit cell for the F-doped La(Fe,Si)13 based compound.[194] (c)–(e) Iso-field M–T curves for different doped
LaFe11.6Si1.4 samples in 1 T. Reproduced under the terms of the CC BY license. Copyright 2025, Authors.

Gruner et al.[195] observed significant changes in the
element-resolved vibrational density of states (DOS) across
the FOMT in LaFe13−xSix, indicating that the transition stems
from the itinerant electron metamagnetism of Fe atoms. Their
findings suggest that lattice entropy, together with magnetic
and electronic contributions, cooperatively enhances the total
entropy change. Through x-ray absorption near-edge structure
(XANES) spectroscopy, Shao et al.[196] provided evidence of

electron transfer from hydrogen to Fe in La(Fe,Si)13Hx hy-
drides. Fujita[197] investigated hydrogen redistribution during
the FOMT, revealing that annealing conditions influence hy-
drogen splitting behavior. Skokov et al.[198] examined the
two-stage character of the FOMT in LaFe11.8Si1.2, offering
atomistic-scale insights into the transition mechanism. A
thermodynamic model was proposed to describe the dynam-
ics of this two-step process by considering Gibbs free en-
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ergy as a mixed state including chemical, elastic, and in-
terfacial contributions.[199] Besides that, various optimization
methods toward performance improvement have been devel-
oped. For example, magnetocaloric composites have been
formed using composite materials with ductile second phases
like epoxy resin,[200] Al,[201] Fe,[202,203] Cu,[204,205] Sn–In–Bi
Field’s metal,[206] In[207], Sn,[208] and Nb/Ta.[209] It was re-
ported that the bending strength of the LaFe11.6Si1.4/Fe com-
posite can reach up to 176 MPa using hot rolling.[203] Krautz
et al. employed a core–shell architecture, fabricating compos-
ite wires consisting of a magnetocaloric core within a seam-
less austenitic steel jacket.[210,211] These thin wires can be as-
sembled into various geometries. The process can also incor-
porate other ductile cladding materials, such as copper-based
alloys or niobium, to further enhance thermal transport and
corrosion resistance. Furthermore, various dopants (light el-
ements (H,[212] B,[213] C,[214] N,[215] F,[194] S[194]), Cr,[216]

Mn,[72] Co,[217] Ni,[218] Ce,[219] Pr,[220] Nd,[220] Gd[221]) have
been introduced and function well in the LaFe13−xSix system.
For example, in Fig. 6(b), Zhang et al. found that C, F, and
S dopants increase TC but with a negligible impact on ∆Thys

for the LaFe11.6Si1.4 compound, and the atomic distance of
Fe96i–Fe96i (II) is key for the transition.[194] For the refined
(La1−xCex)2Fe11Si2Hy alloys, the hysteresis losses can be re-
duced from 48.3 J·kg−1 to 0.6 J·kg−1, and an excellent GMCE
performance can be maintained after 10000 magnetic cycles
(∆Tad = 2.03 K for ∆µ0H of 1.3 T).[219] Lai et al.[72] reduced
the ∆Thys (down to 1.5 K) by co-doping of Ce and Mn and
moved the TC into the cryogenic region (30–100 K). Two re-
views related to the system can be found in Refs. [222,223].
Due to the iso-structural phase transition, the volume changes
are around 0.3%, which offers excellent reversibility.[224] To-
gether with Fe2P-type MCMs, La(Fe,Si)13-based compounds
are the most promising alternatives for near-RT application un-
der practical magnetic fields (< 2 T).[17]

3.3. Magnetic Heusler based alloys

Figure 7 highlights the diverse compositional space of
potential X2YZ-type Heusler alloys. In Ni/Mn-based mag-
netic Heusler compounds, magnetic ordering is strongly cou-
pled to ferroelastic ordering through a structural (martensitic)
phase transition — a feature absent in most non-martensitic
Heusler alloys.[225] This pronounced MS coupling gives rise
to novel functional properties, including giant magnetoresis-
tance, large magnetostriction, the magnetic shape-memory
effect, superelasticity, and the GMCE. Following the dis-
covery of a reversible diffusionless FOMT in Ni–Mn–Ga
compounds,[226,227] more smart materials with GMCE have
been found in Ni–Mn–Ga,[228,229] Ni–Mn–In/Sb[230–232] and
Ni–Mn–Sn-based[233] Heusler compounds. In Fig. 7(b),
these compounds crystallize in L21 type fcc cubic struc-

ture (Fm-3m), and the L21 structure can transform to the
low-temperature martensite with lower symmetry, such as
tetragonal, orthorhombic, or monoclinic (L10, 3(6)M, 5(10)M,
and 7(14)M) types during the martensitic transformation.[234]

The martensitic transition can be induced magnetically or
thermally, driven by changes in Zeeman energy (EZeeman =

−µ0
∫

MH dV ), as depicted in Fig. 7(c).[193] Enhanced re-
versibility is achieved by improving the geometric compat-
ibility between austenite and martensite phases, which re-
duces transformation hysteresis.[235] Comprehensive reviews
on conventional magnetic Heusler compounds are available
elsewhere.[35,225,236–238] This section focuses instead on the
unconventional all-d-metal Ni(Co)MnTi system, first reported
in 2015,[142] with advantages such as a tunable TC, RE-free
composition (no main group elements), non-toxicity, and ex-
cellent mechanical properties.[239,240] Early studies on Ti sta-
bilization and the lowering of the structural transition temper-
ature provided important foundations.[241,242] Recent develop-
ments in these emerging all-d-metal Heusler compounds are
reviewed in the following sections.

To optimize the microstructure, rapid-solidification
techniques (e.g., melt-spinning, suction-casting and di-
rectional solidification) are applied.[244–250] For instance,
Ni37.5Co12.5Mn35Ti15 ribbons show a |∆sm| as high as
27 J·kg−1K−1 for a ∆µ0H of 2 T.[246] The strong 〈001〉A ori-
ented polycrystalline Ni36.6Co12.8Mn34.7Ti15.9 alloy has |∆sm|
of 23.2 J·kg−1K−1 and 28.1 J·kg−1·K−1 for ∆µ0H of 5 T and
7 T, respectively, and shows an excellent mechanical perfor-
mance with a maximum compressive strength of 2823 MPa
and a strain of 17.7%.[249] In Fig. 7(d), by suction casting
(SC), Zhang et al.[244] achieved a 67% |∆sm| improvement
from 18.4 J·kg−1·K−1 to 29.4 J·kg−1·K−1 for a ∆µ0H of 5 T,
and a low ∆Thys (5.5 K), therefore a very competitive reversible
|∆sm| of 21.8 J·kg−1·K−1 (∆µ0H = 5 T). It is proposed that de-
fect engineering can be applied to control the GMCE in these
Heusler compounds.[244,251,252] Additionally, different anneal-
ing strategies have been applied.[253,254] Taubel et al.[254]

found that the optimized heat treatment can significantly af-
fect the magnetocaloric properties in Ni35Co15Mn37Ti13 with
a |∆sm| of 20 J·kg−1·K−1 and a ∆Tad of −4 K for ∆µ0H =

1.93 T. The preferred B2 disordering of austenite has been ob-
served from ND experiments.[255] Moreover, different dopants
like B,[256,257] V,[258] Cr,[259] Fe,[260–264] Cu,[265,266] Y[267]

and Gd[268] can efficiently regulate its GMCE property. For
example, introducing a small amount of interstitial boron into
the Ni36.5Co13.5Mn35Ti15 compound effectively reduces the
∆Thys (down to 4.4 K), while achieving a large reversible
|∆sm| amounting to 18.9 J·kg−1·K−1 at 283 K for ∆µ0H =

5 T (22.0 J·kg−1·K−1 for ∆µ0H = 7 T).[256] Similar ben-
eficial effects of boron microalloying have also been re-
ported in the ternary Ni–Mn–Ti system.[269–272] These ma-
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terials have subsequently been tailored for cryogenic cool-
ing applications.[74,273] Beckmann et al.[74] noted, how-
ever, that dissipation losses associated with the first-order
transition and its hysteresis can limit cryogenic perfor-
mance. Beyond MCE, all-d-metal Heusler compounds such as
Ni(Co)MnTi also exhibit other functional properties, including
a high-temperature shape-memory effect,[274] heterogeneous
catalysis,[275] giant exchange bias,[276] TE application,[277]

permanent magnets,[278] magnetoresistance,[266] and thermal
energy storage applications.[51] Low-dimensional thin films
of Ni(Co)MnTi materials have already been produced.[279,280]

Beyond the experimental studies already reported,[258,281–285]

high-throughput screening strategies have been successfully
employed to accelerate the discovery of novel all-d-metal
Heusler compounds,[277,278,286–289] and more interesting com-
pounds are expected to be yielded in the near future.

(a) (b)

(c) (d)

Fig. 7. (a) Periodic table of the elements showing different elements that can potentially form X2Y Z type Heusler compounds. Reproduced with
permission.[243] Copyright 2011, Elsevier. (b) L21 austenite showing the relationship with the tetragonal unit cell (martensite) for the case of Ni2MnGa
from different directions.[35] Copyright 2009, IOP Publishing. (c). Schematic figures of the temperature- and magnetic field-induced martensitic
transformation.[193] Reproduced under the terms of the CC BY license. Copyright 2022, F. Zhang. (d) Calculated ∆sm for SC and AM NiCoMnTi
samples. The inset shows the defect distribution for AM sample.[244] Reproduced under the terms of the CC BY license. Copyright 2024, Authors.

3.4. Magnetocaloric high-entropy alloys

High-entropy alloys (HEAs) were initially conceived
as single-phase solid-solution systems to explore the
largely uncharted central regions of multicomponent phase
diagrams.[290,291] To define HEAs, the equation for mixed con-
figurational entropy ∆Smix = R∑xi lnxi is applied, where R is
the gas constant and xi is the mole fraction of the ith element.
As illustrated in Fig. 8(a), HEAs consist of five or more princi-
pal elements, each with a concentration between 5 and 35 at.%
(composition-based criterion), and the ∆Smix should be high
enough (entropy-based definition), e.g., ∆Smix ≥ 1.5R (a com-
promise definition)[145] or ∆Smix > 1.61R.[292] More details
can be found in Refs. [293–295]. Crucially, magnetocaloric
HEAs (McHEAs) must retain a single-phase solid-solution
structure. Compared with conventional MCMs, McHEAs
present several distinct advantages (Fig. 8(b)), e.g., (i) Cost
and critical-element reduction — they lower material costs
and mitigate over-reliance on scarce RE elements. (ii) Unique
magnetic properties due to their complex microstructures and
high ∆Smix. (iii) Vast compositional space — the incorpora-

tion of multiple components offers a nearly limitless palette for
fine-tuning properties, including the magnetocaloric response.
(iv) McHEAs with SOMT always exhibit an MCE over a wide
temperature range. This combination of versatility and tun-
ability makes them promising new candidates for the develop-
ment of both solid-state MCE and TME applications.

Since their emergence in 2013, numerous McHEAs
have been developed (see Fig. 8(b)), evolving from initial
equiatomic compositions[296] to non-equiatomic designs and,
more recently, to systems exhibiting a FOMT.[145,297] For
McHEAs without RE, for instance, Lucas et al.[298] studied
the MCE in equiatomic FeCoNiCr McHEAs in 2013. Al-
though the material showed moderate magnetocaloric proper-
ties (|∆sm|< 0.4 J·kg−1·K−1 for ∆µ0H = 2 T), the tunable TC

and remarkable ductility have attracted considerable attention
from the MCE community. Perrin et al.[299,300] attributed the
modest MCE in such alloys to distributed exchange interac-
tions resulting from compositional disorder; these interactions
can be partially mitigated by Pd doping, which enhances both
TC and magnetocaloric performance.[301] Moreover, it was
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reported that a Fe25Co25Ni25(Mo0.2P0.4B0.4)25 bulk metallic
glass (BMG) can show a maximum |∆sm| = 0.98 J·kg−1·K−1

for ∆µ0H = 2 T around 560 K.[302] FeCoNiCuAlCr thin
films were produced and exhibited a moderate MCE (|∆sm|=
0.53 J·kg−1·K−1 for ∆µ0H = 5 T) near RT.[303] For equiatomic
McHEAs with RE, it was found that Gd20Tb20Dy20Al20M20

BMGs display a SOMT with a TC between 45 K and 112 K,
with a maximum |∆sm| of 9.43 J·kg−1·K−1, 7.25 J·kg−1·K−1

and 5.96 J·kg−1·K−1 in ∆µ0H = 5 T for M = Co, Ni and
Fe, respectively.[304] Tm20Ho20Er20Al20Co20 BMGs show a
stronger MCE with a maximum |∆sm| = 15.0 J·kg−1K−1 un-
der the same field.[305] Notably, rare-earth-based McHEAs
processed into microwires[306,307] and ribbons[76,308–311] via
melt-extraction techniques often surpass their bulk counter-
parts in magnetocaloric response, offering either larger en-
tropy changes or broader operating temperature spans.

(a) (b)

(c)
(d)

(e)

(f)

Fig. 8. (a) Definition of high entropy materials and McHEAs.[16] Copyright 2025, Elsevier. (b) MCE comparison matrix for McHEAs vs. conventional
MCMs for 2 T.[297] Reproduced under the terms of the CC BY license. Copyright 2021, Authors. (c) M–T curves for different MnNiCoGeSi samples
in a field of 1 T.[312] (d)–(f) Positron lifetime, ratio curves and fitting fractions for different samples, respectively.[312] Copyright 2025, Elsevier.

McHEAs with non-equiatomic compositions consider-
ably extend the space of McHEAs. For example, the MCE
was reported in non-equiatomic Fe26.7Ni26.7Ga15.6Mn20Si11

and Mn27Cr7Ni33Ge25Si8 HEAs, which show a maximum
|∆sm| of 1.59 J·kg−1·K−1 and 2.49 J·kg−1·K−1, respectively
(∆µ0H = 2 T).[313,314] Sarlar et al. concluded that the superior
MCE performance of the Mn27Cr7Ni33Ge25Si8 sample origi-
nates from a combination of the unconventional crystal struc-
ture and the constituent elements.[314] Zhang et al. synthesized
Al20Mn20Fe20Co14.5+xCr25.5−x McHEAs, reporting a moder-
ate magnetocaloric performance.[315,316] Recently, LaFe11Si2-
type materials have also been adapted into the McHEA
paradigm by incorporating multiple transition metals (Co, Ni,
Cr, Mn) on the Fe site.[317] Additionally, non-equiatomic
McHEAs with RE always result in improved MCE perfor-
mance because of the large moments of RE. For instance,
(Gd36Tb20Co20Al20)100−xFex McHEAs exhibit a 25% wider
working temperature span than their equiatomic counter-
parts, attributed to an amorphous/nanocrystalline dual-phase
structure.[318] The working temperature span and |∆sm| can be
further improved through DC current annealing,[319] compo-
sitional optimization[320] and hydrogenation treatment.[321] In

perovskite-type systems,[322] (Dy0.25Ho0.25Er0.25Tb0.25)FeO3

and (Gd0.2Dy0.2Ho0.2Er0.2Tb0.2)FeO3 exhibit a second-order
spin-glass transition at low temperatures, induced by coexist-
ing ferro- and antiferromagnetic coupling between disordered
RE and Fe sublattices, yielding a considerable MCE over a
broad temperature range for cryogenic applications.[323]

To overcome the inherently moderate magnetocaloric re-
sponse of most McHEAs, a consequence of the compositional-
disorder-broadened second-order transition, a property-
directed strategy has recently been proposed to design
McHEAs that retain a FOMT.[145,297] This approach trans-
forms conventional FOMT-type MCMs into high-entropy
variants through compositional diversification. For in-
stance, for the MM′X-based MCMs, Law et al. devel-
oped the Fe22.2Mn22.3Ni22.2(GexSi1−x)33.3 McHEAs with a
GMCE (|∆sm| of 13 J·kg−1·K−1 for ∆µ0H = 2.5 T),[324,325]

effectively bridging the performance gap between con-
ventional high-performance MCMs and earlier McHEAs
(Fig. 8(b)). Subsequently, (MnNiSi)1−x(FeCoGe)x and
Mn1.75Fe0.25CoNiGe1.6Si0.4 McHEAs were produced by dif-
ferent authors, and both works present excellent GMCE prop-
erties, e.g., |∆sm| = 48.5 J·kg−1·K−1 for ∆µ0H = 5 T[326]
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and low ∆Thys (4.3 K).[327] Beyond composition, atomic-
scale defect engineering offers an additional tuning strat-
egy. As illustrated in Figs. 8(c)–8(f), Zhang et al. demon-
strated that specific atomic vacancies (e.g., Mn or Ni va-
cancies) can effectively tailor the magnetocaloric properties
of Mn–Co–Ni–Ge–Si-based McHEAs by modifying the local
microstructure.[312] Through advanced characterization tech-
niques, including synchrotron x-ray diffraction, in-situ neutron
diffraction, HAADF-STEM, and positron annihilation spec-
troscopy, the underlying mechanism and the specific role of
these vacancies have been elucidated.[312]

4. Opportunities, challenges, and perspective
Currently known MCMs are mainly found through

low-efficiency trial-and-error experiments that typically
heavily rely on empirical structure–property relationships,
which always require a significant investment of time
and resources.[328] High-throughput computational screen-
ing based on DFT calculations has been successfully em-
ployed to provide relatively accurate and time-efficient pre-
dictions of new MCMs and their magnetic properties.[328–331]

In parallel, machine learning (ML) and deep learning (DL)
techniques are increasingly being applied to accelerate the
discovery of functional materials,[332] including in the field
of magnetocaloric energy conversion.[333] These approaches
have already facilitated the identification of new magne-
tocaloric compositions[73,187,334–337] and the optimization of
prototype designs.[338–340] The effectiveness of ML, however,
relies heavily on the availability of large, high-quality exper-
imental datasets, underscoring the need for comprehensive
and well-curated material databases. Advanced manufactur-
ing methods, particularly additive manufacturing (AM), have
also shown considerable progress in recent years. By us-
ing digital designs to consolidate feedstock materials layer-
by-layer, AM enables the fabrication of complex 3D struc-
tures with minimal material waste and time.[341] This tech-
nology can help address long-standing challenges in MCMs,
such as brittleness and phase inhomogeneity, through precise
microstructural control achieved by rapid solidification in lo-
calized regions.[342] Recent efforts aimed at overcoming prop-
erty “trade-off”, for example, between magnetic performance,
thermal conductivity, and mechanical strength, are increas-
ingly focusing on microstructural engineering.[188,343,344] Fur-
thermore, thin-film forms of MCMs are gaining attention for
flexible and low-dimensional applications, including thermal
management in advanced microelectronics. But interfacial
thermal resistance, heat spreading, and cycling frequency lim-
its should be regarded as key engineering considerations for
these thin-film MCMs. The integration of intelligent compu-
tation, with its advantages of lower cost, speed, and precision,
and advanced manufacturing for microstructural tailoring,[345]

promises to accelerate the topological optimization and dis-
covery of MCMs. However, several key challenges must
be addressed to expedite development: (i) designing MCMs
with improved MCE performance, (ii) developing suitable,
low-cost permanent magnets (preferably RE-free or light-RE
based) to generate strong magnetic fields, and (iii) optimiz-
ing system design and manufacturing costs. Material consid-
erations such as reversibility, availability, criticality, and cor-
rosion resistance should be prioritized. Beyond material de-
velopment, the design and integration of MCMs into efficient
devices also present a distinct set of challenges. For exam-
ple, for the device-level engineering: (i) magnetic circuit de-
sign: the challenge of designing cost-effective, high-field per-
manent magnet arrays (the heaviest and most expensive part
of an MR device)[17] using rare-earth-free or light-rare-earth
magnets and optimized assemblies[346] should be emphasized.
For TMG devices, it is crucial to optimize the magnetic cir-
cuit (e.g., optimized multi-circuit topologies) to minimize
stray fields and maximize the useful magnetic field acting on
the materials, directly impacting device power and efficiency.
(ii) heat-exchange architecture: the integration of MCMs into
porous beds or layered structures and the resulting trade-off
between flow resistance, porosity, and heat transfer efficiency
is a central practical problem. MCM/composite strategies can
enhance thermal conductivity, and micro-channel designs can
improve heat transfer and decrease the pressure drop. For
long-term reliability and cyclic stability: (i) fatigue and me-
chanical degradation: the inherent brittleness of many in-
termetallic MCMs is a key challenge. Composite fabrica-
tion like core–shell wires, hot-rolled composites, and 3D-
printed structures could be promising to improve mechanical
durability and prevent material fragmentation during cycling.
(ii) performance metrics for stability: more metrics should be
highlighted as mentioned elsewhere.[17] In addition, a high-
performing MR prototype needs to integrate MCMs, magnets,
drives, pumps, controls, transfer fluid, and heat sinks, along
with scalability for different applications. For system-level in-
tegration and scalability, the high cooling power always leads
to challenges in magnet size/cost and the need for efficient,
high-flow-rate fluid circulation. Therefore, achieving high
efficiency in prototypes requires perfect synchronization be-
tween the optimized magnetic sources (currently, below 1 T is
feasible for permanent magnets), the fluid flow valves/pumps,
and the external heat exchangers. Over the next decade, re-
search in magnetocalories is poised to benefit from rapid ad-
vances in experimental characterization, progressive manufac-
turing technologies, and high-performance computation. It is
expected that these converging developments will help bridge
the gap between advanced material discovery and cutting-edge
engineering, ultimately bringing magnetocaloric technologies
closer to large-scale application.
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Pérez-Landazabal J I, Garcia J A and Plazaola F 2019 Phys. Rev. Lett.
122 165701

[253] Zhang Y X, Zeng H, Yu G, Liu K, Ma S C, Yang K, Zhao X W, Yuan
G, Luo X H, Chen C C and Zhong Z C 2020 Intermetallics 125 106882

[254] Taubel A, Beckmann B, Pfeuffer L, Fortunato N, Scheibel F, Ener S,
Gottschall T, Skokov K P, Zhang H B and Gutfleisch O 2020 Acta
Mater. 201 425

[255] Koch D, Beckmann B, Fortunato N M, Miroshkina O N, Gruner M
E, Zhang H B, Gutfleisch O and Donner W 2022 J. Appl. Phys. 131
073903

[256] Zhang F Q, Batashev I, van Dijk N and Brück E 2022 Phys. Rev. Appl.
17 054032

[257] Guan Z Q, Bai J, Zhang Y, Gu J L, Morley N, Zhang Y D, Esling C,
Zhao X and Zuo L 2023 Mater. Today Phys. 36 101183

[258] Li Y, Ye X Y, Lou L J, Wang L F and Qin L 2023 J. Supercond. Nov.
Magn. 36 631

[259] Khan A N, Moreno-Ramı́rez L M, Diaz-Garcia A, Law J Y and Franco
V 2023 J. Alloys Compd. 931 167559

[260] Zeng Q Q, Shen J L, Zhang H N, Chen J, Ding B, Xi X K, Liu E K,
Wang W H and Wu G H 2019 J. Phys.: Condens. Matter 31 425401

[261] Liu S L, Xuan H C, Cao T, Wang L B, Xie Z G, Liang X H, Li H, Feng
L, Chen F H and Han P D 2019 Phys. Status Solidi A 216 1900563

[262] Li Y, Huang S Y, Wang W H, Liu E K and Li L W 2020 J. Appl. Phys.
127 233907

[263] Li Y, Qin L, Huang S Y and Li L W 2022 Sci. China Mater. 65 486
[264] Samanta S, Ghosh S, Chatterjee S and Mandal K 2022 J. Alloys Compd.

910 164929
[265] Zhang F Q, Westra K, Shen Q, Batashev I, Kiecana A, van Dijk N and

Brück E 2022 J. Alloys Compd. 906 164337
[266] Samanta S, Chatterjee S, Sinha J and Mandal K 2023 Phys. Rev. Mater.

7 084406
[267] Huang S Y, Qin L, Li Y and Li L W 2021 Mater. Lett. 302 130376
[268] Xu F, Zhu C, Wang J, Luo F, Zhu X Q, Xu J H, Chen S Q, Wang J

F, Ma G L, Chen F H, Kuang Y F, He J and Sun Z G 2023 J. Alloys
Compd. 960 170768

[269] Cong D Y, Xiong W X, Planes A, Ren Y, Manosa L, Cao P Y, Nie Z H,
Sun X M, Yang Z, Hong X F and Wang Y D 2019 Phys. Rev. Lett. 122
255703

[270] Aznar A, Gracia-Condal A, Planes A, Lloveras P, Barrio M, Tamarit J
L, Xiong W X, Cong D Y, Popescu C and Manosa L 2019 Phys. Rev.
Mater. 3 044406

[271] Guan Z Q, Bai J, Zhang Y, Sun S D, Gu J L, Liang X Z, Zhang Y D,
Esling C, Zhao X and Zuo L 2023 J. Alloys Compd. 930 167477

[272] Guan Z Q, Bai J, Zhang Y, Gu J L, Zhang Y D, Esling C, Zhao X and
Zuo L 2023 Scr. Mater. 229 115353

[273] Guan Z Q, Bai J, Zhang Y, Gu J L, Liang X Z, Zhang Y D, Esling L D,
Zhao X and Zuo L 2022 J. Appl. Phys. 131 165107

[274] Li S H, Cong D Y, Xiong W X, Chen Z, Zhang X, Nie Z H, Li S W,
Li R G, Wang Y K, Cao Y X, Ren Y and Wang Y D 2021 ACS Appl.
Mater. Interfaces 13 31870

077502-17

http://dx.doi.org/10.1002/aenm.v2.11
http://dx.doi.org/10.1002/aenm.v2.11
https://doi.org/10.1109/TMAG.2015.2442953
https://doi.org/10.1109/TMAG.2015.2442953
http://dx.doi.org/10.1016/j.actamat.2017.01.054
http://dx.doi.org/10.1016/j.actamat.2017.01.054
http://dx.doi.org/10.1002/aelm.v4.5
http://dx.doi.org/10.1016/j.scriptamat.2016.04.021
http://dx.doi.org/10.1016/j.scriptamat.2016.04.021
http://dx.doi.org/10.1016/j.jallcom.2021.159553
http://dx.doi.org/10.1016/j.jallcom.2021.159553
https://doi.org/10.1016/j.mtener.2018.05.009
https://doi.org/10.1016/j.mtener.2018.05.009
http://dx.doi.org/10.1016/j.matdes.2020.108832
http://dx.doi.org/10.2320/matertrans.43.1202
http://dx.doi.org/10.2320/matertrans.43.1202
http://dx.doi.org/10.1016/j.jmmm.2006.08.021
http://dx.doi.org/10.1063/1.1532930
http://dx.doi.org/10.1063/1.1532930
http://dx.doi.org/10.1016/j.jmmm.2008.08.081
http://dx.doi.org/10.1016/j.jmmm.2008.08.081
http://dx.doi.org/10.1016/j.actamat.2019.06.022
http://dx.doi.org/10.1016/j.actamat.2019.06.022
http://dx.doi.org/10.1021/acs.chemmater.9b03915
http://dx.doi.org/10.1016/j.actamat.2018.08.054
http://dx.doi.org/10.1016/j.actamat.2018.08.054
http://dx.doi.org/10.1016/j.actamat.2021.116687
http://dx.doi.org/10.1016/j.actamat.2021.116687
http://dx.doi.org/10.1088/1361-6463/abea3c
http://dx.doi.org/10.1016/j.jallcom.2022.164858
http://dx.doi.org/10.3390/magnetochemistry7010013
http://dx.doi.org/10.1016/j.jmmm.2022.170057
http://dx.doi.org/10.1016/j.jmmm.2022.170057
http://dx.doi.org/10.1016/j.jmmm.2014.08.074
http://dx.doi.org/10.1016/j.pmatsci.2022.101017
http://dx.doi.org/10.1016/j.pmatsci.2022.101017
http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=19743565
http://dx.doi.org/10.1063/1.117637
http://dx.doi.org/10.1063/1.126677
http://dx.doi.org/10.1103/PhysRevB.64.132412
http://dx.doi.org/10.1063/1.1808879
http://dx.doi.org/10.1038/nature04493
http://dx.doi.org/10.1063/1.2385147
http://dx.doi.org/10.1063/1.2385147
http://dx.doi.org/10.1038/nmat1395
http://dx.doi.org/10.1557/s43577-022-00354-x
https://doi.org/10.1038/nature02378
https://doi.org/10.1038/nature02378
http://dx.doi.org/10.1063/1.4917387
http://dx.doi.org/10.1063/1.4917387
https://link.springer.com/book/10.1007/978-3-319-21449-8
https://link.springer.com/book/10.1007/978-3-319-21449-8
http://dx.doi.org/10.3390/met11050829
http://dx.doi.org/10.1021/acs.chemmater.1c01012
http://dx.doi.org/10.3390/met13010111
https://www.jmst.org/EN/abstract/abstract9207.shtml
http://dx.doi.org/10.1134/S1063784215090042
http://dx.doi.org/10.1016/j.progsolidstchem.2011.02.001
http://dx.doi.org/10.1016/j.actamat.2022.118057
http://dx.doi.org/10.1016/j.actamat.2022.118057
http://dx.doi.org/10.1016/j.jmmm.2019.165733
http://dx.doi.org/10.1016/j.jmmm.2019.165733
http://dx.doi.org/10.1016/j.actamat.2019.05.004
http://dx.doi.org/10.1016/j.intermet.2019.106472
http://dx.doi.org/10.1016/j.intermet.2019.106472
http://dx.doi.org/10.1016/j.jallcom.2019.03.173
http://dx.doi.org/10.1016/j.jallcom.2019.03.173
https://doi.org/10.1016/j.apmt.2022.101634
http://dx.doi.org/10.1088/1674-1056/ac6edf
http://dx.doi.org/10.1103/PhysRevB.99.064108
http://dx.doi.org/10.1103/PhysRevLett.122.165701
http://dx.doi.org/10.1103/PhysRevLett.122.165701
http://dx.doi.org/10.1016/j.intermet.2020.106882
http://dx.doi.org/10.1016/j.actamat.2020.10.013
http://dx.doi.org/10.1016/j.actamat.2020.10.013
http://dx.doi.org/10.1063/5.0079952
http://dx.doi.org/10.1063/5.0079952
http://dx.doi.org/10.1103/PhysRevApplied.17.054032
http://dx.doi.org/10.1103/PhysRevApplied.17.054032
http://dx.doi.org/10.1016/j.mtphys.2023.101183
http://dx.doi.org/10.1007/s10948-023-06508-5
http://dx.doi.org/10.1007/s10948-023-06508-5
http://dx.doi.org/10.1016/j.jallcom.2022.167559
http://dx.doi.org/10.1088/1361-648X/ab2bd8
http://dx.doi.org/10.1002/pssa.v216.23
http://dx.doi.org/10.1063/5.0001403
http://dx.doi.org/10.1063/5.0001403
http://dx.doi.org/10.1007/s40843-021-1747-3
http://dx.doi.org/10.1016/j.jallcom.2022.164929
http://dx.doi.org/10.1016/j.jallcom.2022.164929
http://dx.doi.org/10.1016/j.jallcom.2022.164337
https://doi.org/10.1103/PhysRevMaterials.7.084406
https://doi.org/10.1103/PhysRevMaterials.7.084406
http://dx.doi.org/10.1016/j.matlet.2021.130376
http://dx.doi.org/10.1016/j.jallcom.2023.170768
http://dx.doi.org/10.1016/j.jallcom.2023.170768
http://dx.doi.org/10.1103/PhysRevLett.122.255703
http://dx.doi.org/10.1103/PhysRevLett.122.255703
https://doi.org/10.1103/PhysRevMaterials.3.044406
https://doi.org/10.1103/PhysRevMaterials.3.044406
http://dx.doi.org/10.1016/j.jallcom.2022.167477
http://dx.doi.org/10.1016/j.scriptamat.2023.115353
http://dx.doi.org/10.1063/5.0088692
http://dx.doi.org/10.1021/acsami.1c07619
http://dx.doi.org/10.1021/acsami.1c07619


Chin. Phys. B 35, 077502 (2026)

[275] Jin T and Jung Y 2022 Top. Catal. 65 208
[276] Samanta S, Ghosh S and Mandal K 2022 J. Phys.: Condens. Matter 34

105801
[277] Tanzim M F, Fortunato N, Samthrakis I, Xie R W, Opahle I, Gutfleisch

O and Zhang H B 2023 Adv. Funct. Mater. 33 2214967
[278] Marathe M and Herper H C 2023 Phys. Rev. B 107 174402
[279] Yu K, Liu K, Ma S C, Han X Q, Zhang Z S, Song Y, Zhang Y X, Chen

C C, Luo X H and Zhong Z C 2019 J. Magn. Magn. Mater. 484 31
[280] Ling Y C, Hu Y, Chi X D, Chen J W, Wang H B, Niu B, Wu D, Xu M

X, Han Z D, Du J and Xu Q Y 2022 J. Appl. Phys. 131 173902
[281] Peng L, Zhang Q Q, Wang N, Xia Z H, Zhang Y J, Wu Z G, Liu E K

and Liu Z H 2023 Chin. Phys. B 32 017102
[282] Dong J, Liu Z H, Si X D, Zhou T, Lin J and Liu Y S 2023 Solid State

Commun. 362 115099
[283] Tan J G, Liu Z H, Zhang Y J, Li G T, Zhang H G, Liu G D and Ma X

Q 2019 Results Phys. 12 1182
[284] Jacob G A and Joseyphus R J 2021 Phys. Status Solidi A 218 2100050
[285] Zeng Q Q, Du Z W, Han X L, Wang B B, Wu G H and Liu E K 2024

Acta Mater. 262 119429
[286] Sanvito S, Oses C, Xue J K, Tiwari A, Zic M, Archer T, Tozman P,

Venkatesan M, Coey M and Curtarolo S 2017 Sci. Adv. 3 e1602241
[287] Han Y L, Wu M X, Feng Y, Cheng Z X, Lin T T, Yang T, Khenata R

and Wang X T 2019 IUCrJ 6 465
[288] Li G J, Xu L, Ding Z W and Cao Z H 2023 Appl. Phys. Lett. 123

022401
[289] Li G J, Liu E K, Wang W H and Wu G H 2023 Phys. Rev. B 107 134440
[290] Cantor B, Chang I T H, Knight P and Vincent A J B 2004 Mater. Sci.

Eng. A 375–377 213
[291] Yeh J W, Chen S K, Lin S J, Gan J Y, Chin T S, Shun T T, Tsau C H

and Chang S Y 2004 Adv. Eng. Mater. 6 299
[292] Miracle D B and Senkov O N 2017 Acta Mater. 122 448
[293] George E P, Raabe D and Ritchie R O 2019 Nat. Rev. Mater. 4 515
[294] Hsu W L, Tsai C W, Yeh A C and Yeh J W 2024 Nat. Rev. Chem. 8 471
[295] Han L L, Zhu S Y, Rao Z Y, Scheu C, Ponge D, Ludwig A, Zhang H

B, Gutfleisch O, Hahn H, Li Z M and Raabe D 2024 Nat. Rev. Mater. 9
846

[296] Yu S L, Tian L, Wang J F, Zhao X G, Li D, Mo Z J and Li B 2024 Chin.
Phys. B 33 057502

[297] Law J Y and Franco V 2021 APL Mater. 9 080702
[298] Lucas M S, Belyea D, Bauer C, Bryant N, Michel E, Turgut Z, Leont-

sev S O, Horwath J, Semiatin S L, McHenry M E and Miller C W 2013
J. Appl. Phys. 113 17A923

[299] Perrin A, Sorescu M, Burton M T, Laughlin D E and McHenry M 2017
JOM 69 2125

[300] Perrin A, Sorescu M, Ravi V, Laughlin D E and McHenry M E 2019
AIP Adv. 9 035329

[301] Belyea D D, Lucas M S, Michel E, Horwath J and Miller C W 2015
Sci. Rep. 5 15755

[302] Wu K N, Liu C, Li Q, Huo J T, Li M C, Chang C T and Sun Y F 2019
J. Magn. Magn. Mater. 489 165404

[303] Vorobiov S, Pylypenko O, Bereznyak Y, Pazuka I, Cizmar E, Orendac
M and Komanicky V 2021 Appl. Phys. A 127 179

[304] Huo J T, Huo L S, Men H, Wang X M, Inoue A, Wang J Q, Chang C T
and Li R W 2015 Intermetallics 58 31

[305] Huo J T, Huo L S, Li J W, Men H, Wang X M, Inoue A, Chang C T,
Wang J Q and Li R W 2015 J. Appl. Phys. 117 073902

[306] Sheng W, Wang J Q, Wang G, Huo J T, Wang X M and Li R W 2018
Intermetallics 96 79

[307] Luo L, Shen H X, Bao Y, Yin H, Jiang S D, Huang Y J, Guo S, Gao
S Y, Xing D W, Li Z and Sun J F 2020 J. Magn. Magn. Mater. 507
166856

[308] Zhang Y K, Wu B B, Guo D, Wang J and Ren Z M 2021 Chin. Phys.
B 30 017501

[309] Li L W, Xu C, Yuan Y and Zhou S Q 2018 Mater. Res. Lett. 6 413
[310] Dong Z Q, Wang Z J and Yin S H 2020 Intermetallics 124 106879
[311] Zhu W H, Ma L, He M F, Li Z K, Zhang H Z, Yao Q R, Rao G H,

Su K P, Zhong X C, Liu Z W and Gao X Q 2023 Adv. Eng. Mater. 25
2201770

[312] Zhang F Q, Wu Z Y, Gong Y, Li W J, Miao X F, Liu J, Xu Y G, Yin W,
Lienert U, Eijt S, Wu Z D, Schut H, Gzek J, van Dijk N, Brück E and
Ren Y 2024 Acta Mater. 300 121508

[313] Sarlar K, Tekgül A and Kucuk I 2020 Curr. Appl. Phys. 20 18
[314] Sarlar K, Tekgül A and Kucuk I 2019 IEEE Magn. Lett. 10 2109905
[315] Zhang Y K, Zhu J, Hao Z H, Hao W X, Mo Z J and Li L W 2023 Mater.

Des. 229 111894
[316] Zhang Y K, Xu P, Zhu J, Yan S M, Zhang J C and Li L W 2023 Mater.

Today Phys. 32 101031
[317] Sun Y, Lv W J, Liang Y, Gao Y, Cui W J, Yan Y J, Zhao W Y, Zhang

Q J and Sang X H 2023 Scr. Mater. 223 115068
[318] Yin H B C, Law J Y, Huang Y J, Franco V, Shen H X, Jiang S D, Bao

Y and Sun J F 2021 Mater. Des. 206 109824
[319] Yin H B C, Law J Y, Huang Y J, Shen H X, Jiang S D, Guo S, Franco

V and Sun J F 2022 Sci. China Mater. 65 1134
[320] Yin H, Wang J Q, Huang Y J, Shen H X, Guo S, Fan H B, Huo J T and

Sun J F 2023 J. Mater. Sci. Technol. 149 167
[321] Shao L L, Xue L, Luo Q, Yin K B, Yuan Z R, Zhu M Y, Liang T, Zeng

Q S, Sun L T and Shen B L 2022 J. Mater. Sci. Technol. 109 147
[322] Xu C J, Jiang X Y, Zou Z G, Xie Z J, Zhang W J and Feng M 2024

Chin. Phys. B 33 127501
[323] Yin Y N, Shi F F, Liu G Q, Tan X J, Jiang J, Tiwari A and Li B H 2022

Appl. Phys. Lett. 120 082404
[324] Law J Y, Moreno-Ramirez L M, Diaz-Garcia A, Martin-Cid A,

Kobayashi S, Kawaguchi S, Nakamura T and Franco V 2021 J. Alloys
Compd. 855 157424

[325] Law J Y, Diaz-Garcia A, Moreno-Ramirez L M and Franco V 2021
Acta Mater. 212 116931

[326] Zheng Z, Chen X, Wang H Y, Da S, Wang G, Qiu Z, Zeng D and Xia
Q 2023 J. Alloys Compd. 966 171483

[327] Guo Y, Zhang T T, Zhang Z S, Chen B, Guo W H, Pan S, Gong Y, Bai
Y Q, Gong Y Y, Liu J, Miao X F and Xu F 2022 APL Mater. 10 091107

[328] Batashev I, de Wijs G A and Brück E 2021 Handbook of Magnetic
Materials 30 1

[329] Bocarsly J D, Levin E E, Garcia C A C, Schwennicke K, Wilson S D
and Seshadri R 2017 Chem. Mater. 29 1613

[330] Garcia C A C, Bocarsly J D and Seshadri R 2020 Phys. Rev. Mater. 4
024402

[331] Hu K, Xie R W, Shen C, Peng H L, Liu H S and Zhang H B 2023 Acta
Mater. 259 119255
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