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In the pursuit of a clean and environmentally friendly future, magnetic refrigerator technology based on
the magnetocaloric effect has been proposed as a replacement for conventional refrigeration
technologies characterized by inefficient energy use, greenhouse gas emissions, and ozone depletion.
This paper presents an in-depth exploration of the current state of research on magnetocaloric effect
(MCE) materials by, examining various types of MCE materials and their respective potentials. The focus
is particularly directed towards perovskite manganite materials because of their numerous advantages
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over other materials. These advantages include a wide working temperature range, easily adjustable
Curie temperature around room temperature, excellent chemical stability, cost-effective production
processes, negligible magnetic and thermal hysteresis properties, as well as competitive values for —ASnu
and AT,4 compared to other materials. Additionally, crucial parameters defining the MCE properties of
perovskite manganite materials are comprehensively discussed, both at a fundamental level and in detail.
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1. Introduction

Modern technology and massive improvements in industrial
technology have exposed several problems for society, such
as issues related to global warming and excessive energy con-
sumption. These issues are believed to arise in modern
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technology, particularly conventional gas compression-based
refrigeration technology (CRT), which is increasingly prevalent
in wider communities and areas.’ This is supported by the
world energy consumption data for CRT, which reportedly
reached 17% in 2015, and increased to 20% in 2018.% This
condition demonstrates the extensive use of CRTs worldwide.
Furthermore, conventional refrigerators have disadvantages,
including high and inefficient energy consumption, low cooling
efficiency cycles ranging from 5-10%, requiring ample space,
and the presence of harmful gases still in use.""*® Hazardous
gases utilized such as chlorofluorocarbons (CFC), hydrochloro-
fluorocarbons (HCFC), and hydrofluorocarbons (HFC) contri-
bute to ozone layer depletion and greenhouse gas emissions.
Fortunately, according to the Montreal Protocol, CFC gas has
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been banned since 2010, but the use of others continues, with
HCFC estimated to be phased out by 2040 and an 80%
reduction in HFC usage by 2047.>°

Looking towards the future, CRT is based on liquid and gas-
phase cooling which is being considered for replacement
by other technologies. Currently, researchers are developing
solid-state based technologies with utilizing the electric and
magnetic properties of materials to replace them as they are
deemed more efficient in terms of energy usage and size. The
most used application based on electric properties is the
thermoelectric system, which exploits the Seebeck effect.”
Thermoelectric technology has several advantages such as
not having a moving parts, different operating temperature
ranges, and flexibility which allows it to be used as a cooling

Maykel T. E. Manawan obtained
his Bachelor’s, Master’s, and PhD
degrees in Physics (2005, 2009,
2014) from Universitas Indo-
nesia. Currently, he is a lecturer
at Universitas Pertahanan Indo-
nesia (since 2018) and a resear-
cher at the National Research
and Innovation Agency (since
2022). In other experiences, he
joins and works in the Interna-
tional Center for Diffraction Data
(ICDD since 2020) and Bruker-
AXS Indonesia (since 2017). His
research interests are the application of crystallography, quantum
crystallography, X-ray/Neutron diffraction analysis, batteries,
magnetic materials, and materials science.

Budhy Kurniawan obtained his
Bachelor’s and Master’s degrees
in Physics (1992 & 1995) from
Universitas Indonesia and he
received his PhD in the Field of
Condensed Matter Physics from
Tokyo Institute of Technology,
Japan (2000). Currently, he is
an Associate Professor at the
Department of Physics, Univer-
sitas Indonesia. His research
interests are the characterization
and properties of quantum spin
systems and magnetic materials
such as static and dynamic magnetic properties of NH,CuCls,
magnetoresistance, magnetocaloric effect, microwave absorber
materials, multiferroics materials and also thermoelectric
phenomena.

Budhy Kurniawan

Phys. Chem. Chem. Phys., 2024, 26, 14476-14504 | 14477


https://doi.org/10.1039/d4cp01077a

Published on 29 Ebrill 2024. Downloaded on 15/09/2025 03:03:44.

PCCP

alternative. However, after more than 20 years of development,
it still suffers from low energy conversion efficiency.” This has
led researchers to seek alternative options by leveraging the
properties of the magnetocaloric effect, namely magnetic refrig-
eration technology (MRT).»®° MRT possesses superior proper-
ties compared to CRT, including energy efficiency, compact and
portable size, cooling efficiency cycles of 30-60%, and the
absence of harmful gases due to its environmentally friendly
solid-based composition.*'® However, the assembly cost of
MRT is estimated to be nearly two-thirds of the total cost,
posing a significant obstacle to its widespread adoption.
Despite that looking at other benefits this assembly cost can
be offset by its higher thermodynamic cycles, which are 1 to 2 times
greater than CRT, thereby impacting economic competition.'

Research on MRT materials is often associated with their
magnetism. Their presence has a significant appeal to researchers
and technicians, prompting them to do depth studies. Some
intriguing phenomena can be explored, such as microwave
absorber properties, magnetostriction, magnetoresistance,'**>
magnetocaloric effect,""'®'” multiferroic properties,” and others.
One of the phenomena that has been intensively developed for the
application of MRT is the magnetocaloric effect (MCE). The MCE
is an intrinsic property of magnetic materials that, when sub-
jected to a magnetic field, induces changes in magnetic entropy
(—ASy) and adiabatic temperature changes (AT,q), which can
assist in controlling environmental temperature by increasing or
decreasing it."*"°

The phenomenon of MCE was discovered by Weiss and
Piccard, who studied nickel samples reported in 1917 and
1918 regarding the discovery of heat around the Curie tempera-
ture (T¢). This temperature marks the transition from ferro-
magnetic to paramagnetic material when subjected to a
magnetic field.” Furthermore, they also distinguished between
reversible effects and heating caused by hysteresis. In 1926,
Debye and Giauque discovered the MCE phenomenon in para-
magnetic salt materials. After a long time of undeveloped
research related to an MCE, brown investigated pure gadoli-
nium (Gd), in 1976 year, as a potential material for magnetic
refrigeration applications. Gadolinium stood out due to
its favorable properties, such as a Curie temperature (7¢) of
294 K around room temperature, magnetic entropy change
of 10.2 J kg™' K™, and relative cooling power of 410 J kg "
under a magnetic field of 5 T.>**" This remarkable discovery
of MCE materials has potential applications in magnetic
refrigeration and cancer treatment using hyperthermia
methods.?? Therefore, Gd has become the standard reference
for ideal MCE materials.'®?*>” However, satisfactory results
have not been yet achieved in practical applications. The
main challenge in the expensive development of MRT is the
use of Gd as a material, which has a high ($4000 per kg), and
limited availability.'” Therefore, there is a need for alternative
materials that are more affordable and abundantly available
in nature.

Several alternative MCE materials have been developed by
researchers to address these challenges. Fig. 1(A) illustrates the
progress of MCE material research from 2010 to 2023. Research
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on MCE materials has progressed rapidly, resulting in various
potential MCE materials, as shown in Fig. 1(B). To date, inno-
vative types of materials include Heusler alloys,***° LaFe,;_,Si,
alloys,**** Fe-based alloys,** MnAs,*® spinnel ferrites,*® per-
ovskite magnanites,”'>7?739*! double perovskites,'® and
composite.*>™** This was aimed at obtaining MCE materials
with ideal criteria for magnetic refrigeration applications.
Based on the criteria proposed by Phan et al., perovskite
manganites have the potential as a permanent magnetic refrig-
eration applications.* Therefore, in this study, we will discuss
the MCE phenomenon in general, the development of various
types of materials, and a detailed discussion on perovskite
manganites.

2. Fundamental aspects
2.1 Theory of magnetocaloric effect

The MCE properties represented by the two expressions consist
of a change in the magnetic entropy (—AS)) and the adiabatic
temperature change (AT.q). In the concept of entropy (S), a
measure of the degree of disorder in thermodynamics, a system
can be adjusted by changing its magnetic field, temperature, or
other thermodynamic parameters.' Thus, in an adiabatic state,
the total entropy in the system has three entropy component
values, as shown in eqn (1):*°

ST(Hy T) = SM(H, T) + SI(T) + Se(T) (1)

where St is the total entropy of the system, Sy is the magnetic
entropy, S; is the lattice entropy, and S. is the electronic
entropy. It is known that Sy, depends on the temperature and
magnetic field, while §; and S. only depend on temperature.
That makes the value of MCE associated with Sy; and —ASy,,
with the latter being one of the crucial parameters influencing
environmental temperature changes.

Fig. 2 depicts a simple mechanism of the magnetocaloric
effect phenomenon. When the magnetic material is without a
magnetic field (H; = 0 T), the magnetic spin moments appear
randomly resulting in a significant value of Sy,. If the magnetic
field is applied (H, > 0 T), an adiabatic magnetization process
occurs that causes rotating magnetic spin moments of atoms
reducing the value of Sy.? This has adiabatically occurred with
a constant S value, so the decrease in Sy, increases the values in
Sy value, influencing the rise in material temperature due to
lattice vibrations or phonons and the value of —ASy; « 0.%¢ the
excess heat in the system quickly dissipates into the environ-
ment through a medium such as air, water, water-alcohol, etc.
when a magnetic field is applied to materials. This condition
increases the AT,q value. After the magnetic field is removed
(H; = 0 T), an adiabatic demagnetization process and the
direction of the random magnetic spin moments occur. This
causes an increase in Sy and a decrease in S), resulting in a
decrease in the temperature of the system with the value of
—ASy >» 0. Therefore, the system absorbed heat from the
environment to return to equilibrium, causing a decrease in
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Fig. 1 (A) The number of published research articles on magnetocaloric effect based on magnetic materials using search keywords “magnetocaloric
effect” and “perovskite manganite magnetocaloric effect” from Google Scholar accessed on January 4, 2024, and (B) a classification diagram of various

magnetocaloric effect materials.
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Fig. 2 Schematic diagram of the mechanism of magnetocaloric effect properties.

the environmental temperature accompanied by a decrease in
AT,q value.*® If this process is repeated, then a reversible cycle
is created.

2.2 Relation between magnetic entropy and adiabatic
temperature change

Based on the mentioned definition, the MCE properties can be
expressed using parameters —ASy; and AT,q with thermody-
namic aspects. In general, the value of —ASy, isothermal under
a magnetic field change, AH = H, — H;, can be defined as
follows:

ASm(T, AH) = Sm(T, Hy) — Sm(T, Hy) (2)

ASu(T, AH) = dSy(T, AH) 3)

This journal is © the Owner Societies 2024
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ASy = J (7) dH (4)
m \OH Hp

By utilizing the Maxwell relationship equation expressed in
eqn (5) as a function of magnetization (M), magnetic field (H),
and temperature (7) under constant pressure (p).

— ﬁ = a_M (5)
OH) v, \OT )y,
Therefore, if eqn (5) is substituted into eqn (4), the formula for

_ASM can be obtained by utilizing indirect measurements as

follows eqn (6):
2 oM
asue [P(20) an 0
H, 5T Hp
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Indirect measurements such as measuring magnetization at
discrete magnetic fields and temperature intervals, where
—AS\ can be expressed by the following equation:

) = M(1,~ 1)
T —T;

(—ASwm);= ZM(THI —

Jj

(Hi1 — Hy) (7)

where (—ASy); is the magnetic entropy change at temperature
T;, M; and M;,, are the magnetizations at T; and Tj.4, H; is the
magnetic field.

On the other hand, there is another parameter, AT,q, to
know the performance of the MCE properties from direct
measurements such as measuring the capacity against the
magnetic field. Using the second law of thermodynamics
equation regarding entropy and specific heat capacity (Cp),

eqn (8) is obtained:
ds
cr=1(57) ®

To obtain the equation for AT,q, eqn (8) is substituted into
eqn (3), resulting in

ASm(T, AH) = L(TT’AH )

dT 9)
Based on eqn (9), it can be evaluated to obtain the equation for
AT,q, given as follows:

H T oM
—— (=) dH 10
u,Cr(T, AH)(@T)HP (10)

From eqn (6), (8) and (10), it can be concluded that every
magnetic material exhibiting MCE will perform well if it has
high values of —ASy,; and AT,q. Both of these values will be high

ATad = _J

, the magnetic entropy change with
H.,p

temperature at a constant magnetic field and pressure, is large
and C,, the heat required to increase the temperature by
1 °C for 1 kg of mass, is small at the same temperature.™*?*°

oM
when the value of (B—T)

oM . .
The value of T increases the maximum at around T,
Hp

which may be associated with enhancing the maximum
MCE value.

2.3 Determination of magnetic cooling capability

In addition to measuring AT,q, —ASy and Cj,, other important
parameters characterizing the MCE properties are related to the
magnetic cooling capability of the MCE material." These para-
meters divided into two definitions are relative cooling power
(RCP) and refrigerant capacity (RC). Both represent the amount
of heat available for transfer between the hot and cold sides in
one ideal Carnot cycle.>®*”*®

The calculation of RCP is related to the value of —ASy; and
can be defined as follows:>*"**

RCP = |-ASM™| X 8Tpwum (11)

where, —ASy™ is the maximum magnetic entropy change from
—ASy and 8Trww is the full width at half maximum (FWHM)

14480 | Phys. Chem. Chem. Phys., 2024, 26, 14476-14504

View Article Online

Review

of —AS\ curve. This approach presents some problems, such
as certain samples having wide —ASy(7) curves with very small
—ASy values or narrow —ASy(T) curves with very high
—ASy; values. It may yield acceptable RCP values. However, in
such cases, it may not be suitable for practical applications.’
Furthermore, many researchers have assumed that dTewum =
T, — T;, where T, and T, are the normalizations of the value
ASwm _ l 47,49
ASTx 2

The calculation of RC has a relationship with the value of
—ASy; and can be defined as follows:***%%*

T
RC = J ASM(T7 H)dT (12)
T

where, T, is the temperature of the hot reservoir state, and T; is
the temperature of the cold reservoir state. It is worth noting that
if the measured material exhibits hysteresis, steps are required to
eliminate losses due to hysteresis to obtain a clean RC value."**

2.4 Relation between magnetic behavior and types of
magnetic phase transition

It is known that determining the order of the magnetic phase
transition between the ferromagnetic and paramagnetic states
is usually carried out through a thermodynamic sense, such as
utilizing the first derivatives of Gibbs free-energy with para-
meters such as temperature, pressure, magnetic field, etc.,
which can be observed from the resulting curves. Many
researchers have reported two types of magnetic phase transition
orders based on the results of these curves.'*71¢1741:47:48,52757 f
the first derivative results in a discontinuous curve marked by a
magnetic phase transition at critical points within a very narrow
temperature range, such as changes in entropy, volume, and
magnetization values, it is known as the behavior of a first-
order magnetic phase transition (FOMT).***>*” This phenom-
enon often occurs when the magnetic transition (dis)order-order
occurs parallel to changes in the underlying crystal lattice, which
is associated with magnetostructural transformations accompa-
nied by the emergence of hysteresis."**** The advantage of FOMT
is its significant value of —AS), for applications in magnetic
refrigeration technology (MRT). However, FOMT exhibits signifi-
cant magnetic and thermal hysteresis, leading to losses in the
performance of the MCE properties and a very narrow operating
temperature range.”>>* Examples of materials that exhibit FOMT
include La(Fe,Si);3,”® Gd;Si,Ge,,”® MnAs; _,Sb,,** NigsMn,oGays,>®
and (FegosNig 02)51Rh4o alloys.** On the other hand, if the first
derivative presents a continuous curve marked by a magnetic
phase transition at critical points with a broad temperature range,
this behavior is known as a second-order magnetic phase
transition.>*”® The advantage of materials exhibiting SOMT beha-
vior is that SOMT materials have a broad operating temperature
range and small magnetic and thermal hysteresis, although the
value of —AS,; is slightly lower than FOMT." Small magnetic and
thermal hysteresis can disregard the presence of losses in the
performance and cycle reversibility of the MCE properties in MRT.
Examples of materials exhibiting SOMT behavior include

This journal is © the Owner Societies 2024
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Lao.sscao.ossr()AOMnos,60 Lao.05Pl'o.151'0.351\/Ir103,61
Fe,0,,%* CoGa; ,Fe,40,,°° and others.

ZnO.GCUQA,

2.5 Ideal criterion of MCE materials

The remarkable discovery of MCE properties in pure Gd by Brown
has been used as the standard reference for ideal MCE materials
until now."®>*?%27636% pAccording to a summary by Phan and Yu,
the ideal criteria for MCE materials for magnetic refrigerator
applications include several aspects listed as follows:*

a. Large values of —ASy; and AT,g4.

b. Small lattice entropy (high Debye temperature).

c. Curie temperature around room temperature, i.e., 300 K.

d. The MCE properties have a broad working temperature
range, such as 10-80 or >250 K.

e. Magnetic hysteresis approaching zero, associated with the
reversibility of MCE in magnetic refrigerators.

f. Small thermal hysteresis linked to the reversibility of MCE
in magnetic refrigerators.

g. Small specific heat capacity and high thermal conductiv-
ity, ensuring remarkable temperature changes and heat
exchange rates.

h. Large electrical resistance associated with low eddy cur-
rent heating or minimal losses.

i. High chemical stability, easy sample synthesis, and cost-
effective materials for magnetic refrigerator applications.

2.6. Types of MCE measurements

2.6.1 Direct measurement method. The direct method
involves placing a thermometer on the experimental material,
and the value of AT,q can be directly determined additionally,
direct measurement methods can be employed to obtain C,, data.
Direct measurement methods show an accuracy in the range of 5-
10% and depend on errors in thermometry, errors in field settings,
the quality of thermal insulation on the sample, and the quality of
the compensation scheme to eliminate the effects of changes in
magnetic fields in temperature sensor readings.**> However, it
should be noted that the tools used for direct measurement
methods are sensitive and require careful to collect data.

2.6.2 Indirect measurement method. Indirect measure-
ments were carried out to obtain magnetization data for
calculating the change in magnetic entropy. The accuracy
of magnetization data measurements has a relatively high
error (20-30%), whereas calculating MCE from heat capacity
data shows better accuracy than other techniques at low
temperatures.® Indirect methods can be performed using two
approach calculations. The first method involves utilizing data
measuring the temperature dependence on magnetization
under varying magnetic fields or data measuring the depen-
dence of magnetic fields on isothermal magnetization."*">

3. Challenges and various types of
MCE materials for future application

A brief explanation of the characterization and main properties
of the MCE material based on its classification is provided in

This journal is © the Owner Societies 2024
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Table1 Comparison of ideal MCE parameters for types of MCE materials
in the classification of metals and ceramics

Ideal MCE parameters

No. Materials A* B* C* D* E* F* G* H*
Metals

1 Pure of rare earth elements NN N N N N N
2 Heusler alloys v VoY J
3 Gd;(Siy_,Ge,) alloys v N,
4 La(Fe,;_,Si,) alloys v VOV J
5  Fe-based alloys N, J
6  MnaAs alloys NN N N N N
Ceramics

1 Perovskite manganite NV N N N N N W
2 Double perovskite NN, vV VvV VY
3 Spinel ferrite Vv NN N NN

Note: * (A) inexpensive and easily obtainable material, (B) large and
easily controllable —ASy,; and RCP values, (C) Curie temperature close to
or easily adjustable to room temperature (300 K), (D) wide MCE working
temperature range such as 10-80 K, (E) low thermal and magnetic
hysteresis, (F) easy production or synthesis processes, (G) good
chemical stability, (H) non-toxic and environmentally friendly.

this section. The aim was to categorize MCE materials based on
the compositions from previous studies. However, this concise
discussion focuses on MCE materials for MRT applications
near room temperature. According to previous studies, MCE
materials can be classified into three categories consist of
metals, ceramics, and composites. 3192231353964 por more
details, the classifications of metals and ceramics are summar-
ized in Table 1. However, in this section, we will also explain
the development of challenges and efforts to achieve MRT
applications in the future in general for all existing alternative
materials.

3.1 Challenges and strategies for future MRT application

Based on the background mentioned, homework still needs to
be completed to achieve future MRT applications. In addition
to the challenges in the economic aspect, prototype develop-
ment, and sustainability optimization are expected to be the
next challenges. These challenges include reducing the heat
exchange time between the materials and heat exchangers,®
integrating thermal change controls,*”®® minimizing losses
due to magnetic hysteresis,’® enhancing mechanical stability
and thermodynamic cycle sustainability,"* and achieving good
MCE performance at low magnetic field strengths and over a
wide temperature range.”*” Efforts to solve these challenges
have been undertaken by researchers, primarily using strategies
such as (i) selecting alternative materials, (ii) adjusting
chemical stoichiometry, (iii) modifying external parameters
(pressure, magnetic field, and temperature), (iv) utilizing fluid
mediums, and (v) reducing the size.*®> Further discussions on
strategies (i), (ii), and (iii) will be addressed in the following
sections.

Principally, the magnetocaloric effect can induce local heat-
ing and cooling associated with the transfer of heat from the
system to the environment. This gap has been exploited by
researchers to explore fluid mediums to enhance their

Phys. Chem. Chem. Phys., 2024, 26, 14476-14504 | 14481
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magnetocaloric effect properties. The development of fluid
mediums in heat transfer extends beyond air alone but also
includes water, alcohol, water-alcohol mixtures, liquid mer-
cury, liquid sodium-potassium, and GaInSn liquid alloys.***
The use of GaInSn alloy-based heat transfer fluids has attracted
attention for further study because of their non-toxic nature at
room temperature,'’ thermal conductivity 27 times greater
than that of water enabling faster heat transfer,®” and a specific
heat value of 1/14 that of water allowing for higher tempera-
tures to be achieved in MRT.®® Moreover, it is estimated that
using this medium can reduce the size of system components
and costs for MRT production, promising for the future.
Furthermore, at high frequencies, the GaInSn liquid alloy is
estimated to be more than 2.5 times cheaper than water-
alcohol mixtures."* For example, Rajamani et al. investigated
the use of GaInSn as a heat transfer medium with
La(Fe,Mn,Si);3H,, presenting the stability of the magnetocaloric
material for 1.5 years and the compatibility of the GaInSn
liquid alloy heat transfer medium as a cheaper, more effective,
and sustainable medium in MRT systems."*

In addition, size reduction strategies are expected that will
play a significant role in their magnetic properties.®®”*
Furthermore, the interest in reducing the size from micro to
nanoscale can provide opportunities for other developments
such as hyperthermia or drug delivery,”® thermal switchers,®*>°°
energy harvesting devices,”® etc. However, this review will focus
on MRT applications. Generally, size reduction strategies from
micro to nanoscale in MCE materials can affect the broadening
of the magnetic phase transition, resulting in a broader work-
ing temperature range, a decrease in saturation magnetization,
and —ASy, value.’®*>7778% These changes are associated with
disturbances such as strain fields, atomic disorder, uncompen-
sated surface spins, chemical inhomogeneity, grain size dis-
tribution, etc.®®> For example, Zeng et al. reduced the size of Gd
material to as small as 15 nm, resulting in a reported decrease
in the —AS); value by up to 50% compared with micro-sized
samples.’’ However, this size reduction can alter the charac-
teristics of the magnetic phase transition from the first order to
the second order, characterized by a broadening of the working
temperature range.®® Similar results were also obtained with
other materials such as Gds goGey.03Sii.gs,°> La-Fe-Si,®® and
Lag ,Cag3Mn0;,%* where larger particle sizes could maintain
significant MCE values.®'"®* Therefore, future strategies need to
be developed not only for the base material but also for fluid
media and grain size considerations to obtain more effective
MCE materials ready to replace CRT.

3.2 Metal materials

3.2.1 Pure of rare earth elements. The discovery of remark-
able MCE properties in the Gd element makes it one of the best
MCE materials in this group. The Gd material has a —ASy, value
of 10.2 J kg~ K ! with a T value of 294 K and an RCP value of
410 J kg~ ! under a magnetic field of 5 T.* The emergence of
MCE properties in Gd is due to its placement in the 4f group
and having the largest magnetic spin moment. Additionally,
rare earth metals exhibit different magnetic structures due to
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indirect oscillations in the localized 4f magnetic moment
through electron conduction.®® Furthermore, Ayas et al
reported that rare earth metals have larger crystal field inter-
actions than exchange interactions in light rare earth pure
elements. On the other hand, the opposite condition occurs
in heavy rare earth pure elements." In addition to Gd, other
materials have also been investigated, such as terbium (Tb),
dysprosium (Dy), holmium (Ho), erbium (Er), and thulium
(Tm), as listed in Table 2.*> Unfortunately, the high cost and
limited availability restrict the use of pure rare earth metals for
MRT applications.

3.2.2 Heusler alloys. Heusler alloys, also commonly known
as shape memory alloys, were discovered in the late 19th
century and have been extensively researched to this day. Since
their initial discovery, Heusler alloys have grown to include
more than 1500 members. The structural characteristic of these
materials include face-centered cubic (FCC) and body-centered
cubic (BCC) unit cells. Heusler alloys have two general formulas
both A,BC (full Heusler) and ABC (half Heusler), where A and B
are filled with transition metal elements, and C is filled with
elements from groups III-IV A.*®%” Fig. 3(A) illustrates the
structure of full Heusler (a) and half Heusler (b).

Heusler alloys, such as Ni-Mn-Ga, have been extensively
developed due to their exceptional MCE properties resulting
from the FOMT behavior and the transformation from ferro-
magnetic austenite to weakly magnetic martensite.>*%*
Zheng et al. reported NiCosMnjs;Ing; alloy, and described
the martensitic phase transition under a magnetic field. The
results showed values of —ASy; = 9.8 ] kg”' K" and RCP =
221.7 ] kg~" occurring around T = 419.5 K under a magnetic
field 6 T. However, the Ni,;CosMnj3,In, 3 alloy exhibited thermal
and magnetic hysteresis, resulting in losses in MCE proper-
ties.?? Furthermore, Datta et al. conducted research on Ni-Mn-
Ga-based materials with varying compositions, including
Ni5oMn,;Ga,; (NMG-1), NisuMn,;Ga,s (NMG-2), and Nis,Mn,;-
Ga,; (NMG-3). Different types of magnetic phase transitions
were observed, with SOMT behavior for NMG-1, NMG-2, and
FOMT behavior for NMG-3. Although the —ASy, values were
lower than those reported by Zheng et al., it is crucial to note
that differences in the composition can influence the type of
magnetic phase transition.”® Additionally, Ni-Mn-X alloys with
X =In, Sn, and Sb have been found to exhibit —ASy, values in
the range of 11.85 to 20.00 J kg™' K '.°* Kutynia and Gebara
reported on Mn, ,Zr,CoGe materials with x = 0.03, 0.05,
0.07, and 0.1, showing —ASy™™ values with a range 2.94 to
13.42 J kg~' K ".¥” In summary, the investigations mentioned
above indicate that composition, structure, and doping deter-
mination play crucial roles in determining the magnetocaloric
properties of Heusler alloys. The comprehensive performance
summary of MCE in Heusler alloys is provided in Table 2.

3.2.3 Gd;(Si,Ge;_,)4 alloys. The development of Gd-based
materials, such as Gds(Si,Ge,_,)s, has attracted attention due
to their excellent magnetic properties.®® Fig. 3(B) illustrates
the crystal structure transformation at specific temperatures,
categorized into three regions. For the range 0.5 < x < 1, an
orthorhombic crystal structure of the GdsSi, type is presented
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Table 2 List MCE performance from previous researches
Grain

Sample form, heat size |—ASwm| AH RCP Transition
Material treatment (T(K)/£) (nm) Tc (K) Jkg 'K (T) 0 kg™ order Ref.
Metals
Pure rare-earth elements5
Gd — — 294 11.2 — — 45
Tb — — 230 15.7 6 — — 45
Dy — — 180 13.5 6 — — 45
Ho — — 134 1.8 6 — — 45
Er — — 85 1.2 6 — — 45
Tm — — 56 — — — — 45
Heusler alloys
NisoMn,,Gays Arc-M, (1173/24 h) — 350 1.98 3 235.8 2 95
Nis,Mn,;Gays Arc-M, (1173/24 h) — 322 1.90 3 161.5 2 95
Nis,Mn,sGa,, Arc-M, (1173/24 h) — 345 3.53 3 144.7 1 95
Ni, 16Mng g,Ga Arc-M, (1073/48 h) — 339 7.3 14 — 1 93
Ni;Mn,;CrSny g Arc-M, (1173/24 h) — 168.2 8.7 6 284.2 1 88
Niz,Mn,5Cr,Sny, Arc-M, (1173/24 h) — 291.1 5.04 6 234.1 2 88
NisoMn,sSn,s MW, (—) — — 1.4 2 — 2 89
NigsMn,,Gays Nanowire (—) — ~350 2.5 2 — 1 28
Ni,MnGa Arc-M, (—) — 375 0.35 0.27 — — 195
Nig,Mn,sSn;, Arc-M, (1173/24 h) — 237 7.2 5 122 1 196
NigzMngy,Fe;Sn,; Arc-M, (1173/24 h) — 262.5 21.3 5 172 1 196
NigMny;Fe,Sn,, Arc-M, (1173/24 h) — 288.5 21.2 5 90 1 196
Ni**CogMn;,In,; Arc-M, (1173/48 h) — 419.5 9.8 5 221.7 — 29
Mn,oNigsSne Arc-M, (1173/72 h) — 3151 — 5 — 1 197
Mn,oNiy; Co,Sng Arc-M, (1173/72 h) — 304.8 34.5 5 — 1 197
MnoNizC0,;8n Arc-M, (1173/72 h) — 266.3 36.5 5 — 1 197
Mn,Ni;,CosSng Arc-M, (1173/72 h) — 217.5 39.9 5 — 1 197
Mny o,Z1( o3C0Ge Arc- M =) — 290 6.93 5 195 87
Mny 9571 05COGe Arc-M, (—) — 285 13.42 5 425 — 87
Mnyg 9371 07COGe Arc-M, (—) — 283 3.96 5 246 — 87
Mny 90Zro 10C0Ge Are-M, () — 278 2.94 5 219 — 87
Gd5(Si,Ge;_y), alloys
Gd;Si,Ge, — — 276 18.4 5 535 — 59
Gd;Si,Ge, (0 kbar) AreM (1300/1 h) — ~275 ~28.5 5 — 1 99
Gd;Si,Ge, (0.7 kbar) AreM, (1300/1 h) — ~273 ~21.5 5 — 1 99
Gd;Si,Ge, (1.5 kbar) Arc-M, (1300/1 h) — ~278 ~19.6 5 — 1 99
Gd;Si,Ge, (2.7 kbar) Arc-M, (1300/1 h) — ~284 ~15.8 5 — 1 99
Gd;Si,Ge, (3.4 kbar) Arc-M, (1300/1 h) — ~292 ~13.4 5 — 1 99
Gd;Si,Ge, (4.2 kbar) Arc-M, (1300/1 h) — ~294 ~12.1 5 — 1 99
Gd;5Si,yGe, (5.9 kbar) Arc-M, (1300/1 h) — ~303 ~7.3 5 — 1 99
Gd;Si,Ge, (9.2 kbar) Arc-M, (1300/1 h) — ~307 ~7.1 5 — 1 99
GdsSi,Ge, Arc-M, (1573/1 h) — 294 7.0 2 — 1 198
GdsSi,Ges 05Ga0.02 Arc-M, (1573/1 h) — 295 ~4.0 2 — 2 198
Gd;sSi,Ge; 06Gag 04 Arc-M, (1573/1 h) — 298 ~4.0 2 — 2 198
Gd;sSi,Geq 054Gag 06 Arc-M, (1573/1 h) — 298 ~3.2 2 — 2 198
Gd;Si; ,Ge; 25 Are-M, () — 247 13.73 2 — 1 199
(Gdy.05TDby.02)5811.72Ges 25 Are-M, (-) - 241 12.73 2 - 1 199
(Gdo.06Tbo.02)5811.72Ges 28 Are-M, () — 237 18.85 2 — 1 199
(Gdo.64Tbo.02)5811.72Ges 25 Arc- M =) — 231 25.13 2 — 1 199
(Gdy.0,Tby.02)5Si1 72Ges 25 Arc-M, (—) — 230 16.90 2 — 1 199
(Gdo.60Tbo.10)5511.72Ges 25 Are-M, (-) — 230 14.50 2 — 1 199
GdsGey 04Si;.0sMng 05 Arc-M, (1173/7 d) — 293 19.8 5 357 1 98
GdsGey,035511.935MDg 06 Are-M, (1173/7 d) — 295 14.7 5 378 1 98
Gd5Siy 035G€1 935MNg 03 Arc- M (1173/7 d) — 295 11.6 5 220.1 1 200
Gd;Si,. 01Ge;.0:MNg o5 Arc-M, (1173/7 d) — 299 7.0 5 175.3 1 200
GdsSi,Ge, — 262 8.1 1 — 100
Gd, 5Dy, 5Si,Ge, — — 252 7.7 1 — — 100
Gd,Dy;,Si,Ge, — — 243 7.5 1 — 100
Gdj 5Dy, 5Si,Ge, — — 231 7.6 1 — — 100
Gd;Dy,Si,Ge, — — 220 7.5 1 — — 100
DyAl,Ge, SF, (1323/10 h) — 8 12.0 7 275 — 201
Dyo.sGd, 581,Ge, Arce-M, () — — ~8.8 5.5 — 1 202
Dy;Gd,Si,Ge, Are-M, (-) — — ~13.9 5.5 @ — 1 202
DysSi,Ge, Arc-M, (—) — — ~6.9 55 — 1 202
La(Fe;3_,Si,) alloys
LaFe,; ,Si; ¢ SC, (1373/10 h) — ~182 16.8 2 — 1 30
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Table 2 (continued)

Grain
Sample form, heat size |—ASw| AH RCP Transition
Material treatment (7(K)/t) (nm) Tc (K) Okg 'K Y (T) gke™ order Ref.
LaFe;;,Si; g SC-powder <100 pm, — ~182 10.6 2 — 1 30
(1373/10 h)
LaFe;;,Si; g SC-powder <100-200 pm, — ~182 12.5 2 — 1 30
(1373/10 h)
LaFe ;,Si; g SC-powder <200-300 pm, — ~182 12.8 2 — 1 30
(1373/10 h)
LaFe ;,Si; g HPS-powder <100 pm, — 191 10.3 2 — 1 30
(753/25 m)
LaFe,, ,Si; g HPS-powder <100-200 pm, — 187 11.1 2 — 1 30
(753/25 m)
LaFe,; ,Si; g HPS-powder <200-300 pm, — 186 12.1 2 — 1 30
(753/25 m)
LaFe ;,Si; g SPS-powder <100 pm, — 193 7.2 2 — 1 30
(1223/5 m)
LaFe;;,Si; g SPS-powder <100-200 pm, — 185 12.8 2 — 1 30
(1223/5 m)
LaFe;;,Si; g SPS-powder <200-300 um, — 185 12.5 2 — 1 30
(1223/5 m)
La, ,Feqq Sisq Arc-M, (1273/30 m) — 190 6.1 2 — 2 58
La ,Feq; 6Sii.4Bo.ys MS-R 5 m s}, (1273/30 m) — 191 20.2 2 — 1 58
La, oFeq1 6Si 4Bo.rs MS-R 10 m s~ %, (1273/30 m) — 188 13.5 2 — 1 58
La(Feo.04C00.6)Si1.6Bo.25 Arc-M, (1325/48 h) — 285 6.70 3 174.2 2 203
La(Fe,.65Nig.0,C00.6)Si1.6Bo.25 Arc-M, (1325/48 h) — 293 4.63 3 166.7 2 203
La(Fey.90Nig.04C00.6)Si1.6Bo 25 Arc-M, (1325/48 h) — 303 3.77 3 154.1 2 203
La(Feq.55Nio.06C00.6)Si1.6Bo.25 Arc-M, (1325/48 h) — 311 3.12 3 136.8 2 203
La(Feg_g6Nig.05C00.6)S11.6Bo.25 Arc-M, (1325/48 h) — 319 2.97 3 — 2 203
La(Feo_g4Nig.10C00.6)Si1.6Bo.5 Arc-M, (1325/48 h) — 329 1.99 3 — 2 203
LaFe;; 6Si;.4(<100 um) Arc-M-SPS, (for SPS — 230 3.08 5 84 2 31
1273/5 m forwad to 1323/24 h)
La(Fey,.4Si1.6) Arc-M, (1273/30 d) — 208 10.5 1 — — 102
La(Fey, 4Siy ) Arc-M, (1273/30 d) — 208 14.3 2 — — 102
La(Fey,.4Si1.6) Arc-M, (1273/30 d) — 208 19.4 5 — — 102
Lay ;Ceo.3(Fe0.92C00.08)11.4511.6 Arc-M, (1273/3 h) — — 4.1 2 — 2 204
Lao.7Ceo.3(Feo.92C00.08)11.4511.6 Arc- M (1273/3 h) — — 8.3 5 — 2 204
Lay.7Ceo.3(Feo.02C00.08)11.45i1.6 MS-R, (1273/3 h) - - 5.4 2 - 2 204
Lao.7Ceo.3(Feo.92C00.08)11.4511.6 MS-R, (1273/3 h) — — 10.4 5 — 2 204
Lay 4Fe;0.0C00 gsSi1 2 HEBM, (1323/12 d) — 292 3.74 2 129.4 2 205
La; 4Fe10.86C00.04S11 2 HEBM, (1323/12 d) — 298 3.63 2 130.7 2 205
La; 4Fe10 52C00 08511 2 HEBM, (1323/12 d) — 301 4.00 2 138.0 2 205
Lay 4Fe175C01.02511 2 HEBM, (1323/12 d) — 307 3.69 2 132.1 2 205
La, 4Fe1072C01 06511 2 HEBM, (1323/12 d) — 310 3.65 2 136.1 2 205
La 4Fe;0.62C00 05Si1 2 Arc-M, (1323/12 d) — 296 5.35 2 130.5 2 205
Lay oCeo1Feqq 5Sis 5 Arc-M, (1373/15 d) — 191 21.2 3 — 1 206
Lag sCeo 2Fe11.5511 5 Arc-M, (1373/15 d) — ~186 27.4 3 — 1 206
La, ,Ceo sFeqq 5Sis 5 Arc-M, (1373/15 d) — 181 51.6 3 — 1 206
LaFe;q 5Siy 5 Arc-M, (1373/9 d) — 195 16.5 2 154.3 1 207
Lag.05Gdo.osFe11 5511 5 Arc-M, (1373/9 d) — 196 15.3 2 140.2 1 207
Lag oGd, 1Fe,; sSis s Arc- M (1373/9 d) — 196 12.6 2 117.6 1 207
Lag g5Gdg 1sFe 1550, 5 Arc-M, (1373/9 d) — 198 9.5 2 110.2 2 207
Lao sGdo ,Feq; 5Si 5 Arc-M, (1373/9 d) — 200 7.9 2 86.1 2 207
Lag 75Gdg 2sFes1 5511 5 Arc-M, (1373/9 d) — 204 6.8 2 90.9 2 207
Lay oFe19,C01 0511 g Arc-M, (1423/100 h) — 312 2.0 1 68 2 32
La, oFe10,C01 0Sis g Arc- M (1423/100 h) — 312 3.6 2 162 2 32
Lay oFe;,C04 0Sis g Arc-M, (1423/100 h) — 312 4.9 3 255 2 32
MnAs alloys
MnAs HPRF, (1647/8 h) — 311 47 5 — 1 109
MnAs HPREF, (1647/8 h) — 318 44 2 — 1 109
MnAS 6Sbo 1 SVR, (1073/7 d) — 280 30 5 — 1 110
MnAS, 055bo.os SSR, (1073/7 h) — 300 ~23.00 5 ~240 1 35
MnAS,.90Sbo 10 SSR, (1073/7 h) — 288 ~22.50 5 ~260 1 35
MnAS, g5Sbo 15 SSR, (1073/7 h) — 282 ~22.45 5 ~220 1 35
MnASo.g0Sbo.20 SSR, (1073/7 h) — 276 ~22.43 5 ~240 1 35
MnAS, 55Sbg 25 SSR, (1073/7 h) — 262 ~21.40 5 ~225 1 35
MnAS,_50Sbo 30 SSR, (1073/7 h) — 242 ~20.30 5 ~245 1 35
Fe-based alloys
(Feg.0sNig.02)20Rh5; Arc-M, (1273/10 d) — 266 10.3 2 — 1 34
(Fe;oNis0)goB11 Arc-M, (973, 2 h) — 381 0.31 1 100 2 208
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Table 2 (continued)
Grain

Sample form, heat size |—ASw| AH RCP Transition
Material treatment (7(K)/t) (nm) Tc (K) Okg 'K Y (T) gke™ order Ref.
(Fe;oNiz0)s0B11 Arc-M, (973, 2 h) — 381 1.46 5 641 2 208
(Fe;oNiz0)eoCry HEBM, (973, 2 h) — 398 1.58 5 548 2 209
(Fe;oNiz0)e6Crs HEBM, (973, 2 h) — 323 1.49 5 436 2 209
(Fe;oNiz0)osCrs HEBM, (973, 2 h) — 258 1.45 5 406 2 209
(Fe-oNiz0)o4Cre HEBM, (973, 2 h) — 245 1.22 5 366 2 209
(Fe-oNisg)e,Cr5 HEBM, (973, 2 h) — 215 1.11 5 306 2 209
Fe-Pr, HEBM, (-) — 292 2.1 1.5 107 — 210
Fe,,Pr, HEBM, (-) — 292 4.5 5 573 — 210
Ceramics
Spinel ferrites
Zn, Cu, Fe O, SG, (1373/24 h) 460 305 1.16 5 289 2 62
Zn, Ni Cu Fe O, SG, (1373/24 h) — 565 1.41 5 141 2 62
Zn _Ni Cu FeO, SG, (1373/24 h) 810 705 1.61 5 233 2 62
Zn, ,Nip 3Fe,0,4 SG, (1273/24 h) — 327 0.67 2 112 2 38
Zn, ;7Niy ,Cug 1Fe,0, SG, (1273/24 h) — 296 0.64 2 117 2 38
Zn, ,Nig 1Cug ,Fe,0, SG, (1273/24 h) — 282 0.62 2 124 2 38
CoGa, ,Fe; 40, SSR, (1273/10 h) — 210 1.51 5 27 2 36
CoGa, ,Fe, 40, SSR, (1273/10 h) — 210 1.23 4 18 2 36
CoGa; ,Fe, 40, SSR, (1273/10 h) — 210 1.00 3 12 2 36
CoGa, ,Fe; 40, SSR, (1273/10 h) — 210 0.7 2 7 2 36
CoGa, ,Fe, 40, SSR, (1273/10 h) — 210 0.4 1 3 2 36
CoFe,04 SSR, (1473/6 h) — 675 0.66 5 335.7 2 211
Co0g.575CT0 125 Fe,04 SSR, (1473/6 h) — 740 1.98 5 128 2 211
C0g.705CTo.250 F€,04 SSR, (1473/6 h) — 735 1.8 5 137 2 211
COg 675CT0.325 Fe,04 SSR, (1473/6 h) — 731 1.76 5 145 2 211
C0g.500CTo.500 Fe204 SSR, (1473/6 h) — 687 1.02 5 52 2 211
Nig.4Cdy 3Zn, 3Fe;0, SG, (1173/24 h) — 510 0.68 3 81.07 2 212
Nig 4,Cdy 3Zn, sFe;0, SG, (1373/24 h) — 545 0.98 3 14518 2 212
Nig 4Cdy 3Zn, sFe;0, SG, (1173/24 h) — 510 1.11 5 152.09 2 212
Nig 4Cdy 3Zn, 3Fe;0, SG, (1373/24 h) — 545 1.62 5 253.65 2 212
Mg 35ZN0 65Fe,0,4 SSR, (1573/12 h