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Abstract 

The magnetocaloric effect (MCE) is a phenomenon where varying magnetic fields cause 

temperature changes in magnetic materials, primarily near their thermomagnetic phase 

transitions. Its first observation was the induced temperature change of 0.7 K (for 1.5 T at 630 

K) in a nickel sample near its thermomagnetic phase transition, but the heart of modern 

magnetocaloric materials research was shaped by Vitalij K. Pecharsky's and Karl A. 

Gschneidner Jr.'s discovery of the giant magnetocaloric effect (GMCE) in the famous Gd5Si2Ge2. 

Significant MCE values are achieved when structural transformations coincide with magnetic 

transitions. This chapter focuses on rare-earth (RE)-containing magnetocaloric compounds 

that stand on the shoulders of the “giant Gd5Si2Ge2”, i.e., whose MCE values meet the GMCE 

threshold and pays attention to their material criticality assessment. It highlights recent 

breakthroughs related to first-order thermomagnetic phase transitions (FOMT) and 

magnetocalorics, including the quantitative criteria to identify FOMT and the critical point at 

which FOMT crossovers to second-order thermomagnetic phase transition (SOMT). The 

chapter examines the massive magnetocaloric materials library, including lanthanide metals, 

binary lanthanide-metalloid compounds, binary lanthanides-transition metals, ternary 

intermetallics, RE oxides, and alloys with multiple principal elements (known as high entropy 

alloys). The book chapter also discusses a directed search strategy for designing intermetallics 

with multi-principal elements exhibiting FOMT and GMCE, which can largely balance criticality 

and enable a combination of properties with mechanical stability if it is properly applied when 

searching for and developing modern magnetocaloric materials containing highly critical rare-

earth elements. 
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List of symbols and acronyms 

AFM antiferromagnetic 

FIM ferrimagnetic 

FOMT first-order thermomagnetic phase transition 

FM ferromagnetic 

FSMA ferromagnetic shape memory alloy 

GGG gallium gadolinium garnet 

GMCE giant magnetocaloric effect 

H magnetic field 

HAFM helicoidal antiferromagnetic 

HTM high temperature modification 
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hcp hexagonal closed-packed 

HCR critical magnetic field 

HEA high-entropy alloy 

Hmix enthalpy of mixing 

IEM itinerant electron metamagnetic 

LTM low temperature modification 

M magnetization 

MCE magnetocaloric effect 

ML machine learning 

PM paramagnetic 

RC refrigeration capacity 

RCP relative cooling power 

RE rare earth 

Sisothermal isothermal magnetic entropy 

Smix entropy of mixing 

SR rotational isothermal entropy 

SG space group 

SOMT second-order thermomagnetic phase transition 

SR spin reorientation 

SRI supply risk index  

Tad reversible adiabatic temperature 

TC Curie transition temperature 

TN Néel transition temperature 

TSR spin reorientation transition temperature 

TM transition metal 

 

1 Introduction  

The magnetocaloric effect (MCE) was first found when the magnetization of a nickel sample 

near its thermomagnetic phase transition induced a temperature change of 0.7 K (for 1.5 T at 

630 K) [1]. This phenomenon made it possible to reach temperatures below 1 K by adiabatically 

demagnetizing a paramagnetic material [2]. Thus, MCE is commonly referred to as the effect 

of varying the applied magnetic fields causing reversible temperature changes in materials 

where the practical useful magnitude is usually found near their thermomagnetic phase 

transitions. Therefore, the heart of MCE consists of magnetic moments and external magnetic 

fields coupled together to the lattice degrees of freedom, and significantly large values can be 

realized in instances where structural transformations concomitate with magnetic transitions, 

which was first uncovered by Vitalij K. Pecharsky and Karl A. Gschneidner Jr. in Gd5Si2Ge2. This 

material displays the famous giant magnetocaloric effect (GMCE) near room temperature [3]. 

Such a milestone paved the way for magnetic refrigeration to reach practical applications and 

initiated the search for new magnetocaloric materials.  
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The “giant Gd5Si2Ge2” and the impact of its breakthrough in magnetocalorics: 

What happens then and what is GMCE? How large is then considered a GMCE?  

At the heart of the MCE, its isothermal magnetic entropy change (ΔSisothermal) is associated with 

magnetic moments coupled together with external magnetic fields, which is why one observes 

the practical useful MCE is found close to thermomagnetic phase transitions, such as near the 

Curie transition temperatures (TC) for ferromagnets. Therefore, using the following equation 

derived from the Maxwell relation, the MCE can be indirectly calculated from the isothermal 

entropy change associated with magnetization: 

∆𝑆isothermal = 𝜇0 ∫ (∂𝑀
∂𝑇⁄ )

𝐻

𝐻final

𝐻initial

 𝑑𝐻, 

where H refers to the magnetic field, M to magnetization, and T represents temperature. The 

reversible adiabatic temperature change (ΔTad) of the magnetic material under varying 

magnetic fields is another characteristic that is used to describe the MCE, though ΔSisothermal is 

more frequently found to characterize the performance of magnetocaloric materials because 

magnetometer measurements of magnetization are more easily available and accessible.  

In instances where structural transformations coincide with magnetic transitions, it is more 

likely to achieve noticeably higher MCE values, as in the case of GMCE found in Gd5Si2Ge2, than 

when only magnetic phase transitions occur. Figure 1 (A)  shows a schematic representation 

of the MCE adopting the Brayton cycle while Figure 1 (B) presents the discovery of GMCE in 

Gd5Si2Ge2 in 1997 where it shows MCE maximizes near the thermomagnetic phase transition 

temperatures. It should be noted that the negative sign of ΔSisothermal refers to the conventional 

MCE, which is found in materials with magnetization that decreases with increasing 

temperature, i.e., with a ∂𝑀
∂𝑇⁄ < 0 . As a result, the opposite (∂𝑀

∂𝑇⁄ > 0 ), which occurs 

when magnetization increases with rising temperature, results in a positive ΔSisothermal sign, 

also known as the inverse MCE.  
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Figure 1. (A) Schematic representation of the magnetocaloric effect following a Brayton cycle: adiabatic 

magnetization (i)→(ii), isofield temperature change (ii)→(iii), adiabatic demagnetization (iii)→(iv), and 

isofield temperature change (iv)→(i). When the material is adiabatically magnetized (from magnetic 

field values Hinitial→Hfinal), its magnetic moments align to the magnetic field, causing the material to 

heat up. This extra heat can be removed by a fluid through heat transfer while keeping the material 

magnetized. As it gets demagnetized adiabatically, the magnetic moments randomize, causing an 

increase in the magnetic entropy and thus a drop in the material temperature (since total entropy is 

constant). In the last step (iv), the material can be placed in thermal contact with the load for cooling 

during an isofield process. The demagnetized material heats up and can revert to stage (i) for another 

magnetic refrigeration cycle. Such systems can establish half of the theoretical Carnot efficiency and 

much higher than that of conventional compressed gas refrigeration (38% of theoretical Carnot 

efficiency). (B) The discovery of the giant magnetocaloric effect in Gd5Si2Ge2 reported by V.K. Pecharsky 

and K.A. Jr. Gschneidner in 1997 [3]. In this representation, it can be seen that the MCE maximizes near 

the thermomagnetic transition temperature. Data in panel (B) from V.K. Pecharsky, K.A. Gschneidner, 

Jr., Giant magnetocaloric effect in Gd5(Si2Ge2), Phys. Rev. Lett. 78 (23) (1997) 4494–4497 [3].  

For Gd5Si2Ge2, its ferromagnetic ordering is accompanied by a reversible breaking or making 

of bonds between Si/Ge sites, resulting in a significant entropy change and adiabatic 

temperature change as shown in Figure 1 (B) [3]. Such a transition, which couples structural 

transformation with magnetic phase transition, is associated with a first-order 

thermomagnetic phase transition (FOMT) that could result in an abrupt change in 

magnetization. On the other hand, the magnetic phase transition implying order-disorder in 

the magnetic sublattice during transition is known as the second-order thermomagnetic phase 

transition (SOMT), which typically gives smaller MCE than those arising from FOMT. This 

means that FOMT materials undergo significant transformations that are mediated by the 

lattice subsystem (i.e., the latent heat), which indicates that FOMT can be classified into two 
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types: magnetostructural and magnetoelastic. Upon completion of the first-order 

thermomagnetic phase transition, the magnetocaloric response reaches saturation, while for 

second-order transitions, a large MCE value is highly dependent on much higher fields. The 

huge difference of FOMT versus SOMT materials can be interpreted from the comparison of 

Gd5Si2Ge2 (FOMT) versus Gd (SOMT) as shown in Figure 1 (B). For 2 T, the former showed a 

maximum ΔSisothermal of -14 J kg-1K-1 while the corresponding value for Gd was -5 J kg-1K-1, 

leading to the coining of "GMCE" for Gd5Si2Ge2, and a breakthrough in magnetocalorics. 

Accordingly, GMCE could be considered when the MCE values are double of those of Gd, which 

has been discussed and suggested in ref.[4]. In addition, it is interesting to note that, prior to 

Gd5(Si,Ge)4, FeRh[5, 6] and La0.8Ca0.2MnO3[7] are known examples of magnetocaloric materials 

with significantly large MCE; however, it is the later references on Gd5(Si, Ge)4 family that 

coined the term "GMCE materials". The variation of Si:Ge ratio enabled a wide range of 

tunable transition temperatures from ~30 to ~276 K, maintaining a reversible GMCE [8]. 

Despite that a large MCE of -13 K (2 T) was observed from a FOMT around 308 K in FeRh [5, 6], 

this substantial value is unfortunately irreversible and only observed upon applying the 

magnetic field to a virgin sample [4]. Meanwhile, La0.8Ca0.2MnO3 showed comparable MCE 

values to Gd but is not significant enough to justify the claim of GMCE [7]. 

The 1997 breakthrough of Gd5Si2Ge2 nonetheless led to the development of more 

magnetocaloric materials with exceptional GMCE values within a few years of its discovery, as 

we present in Figure 2 where the flourishing rush for designing FOMTs for advanced 

magnetocaloric materials sits on the “giant Gd5Si2Ge2”. The figure also includes the year of 

reporting for the compound with GMCE, with the diameter of the sphere corresponding to the 

GMCE magnitude. Relevant examples of these advanced materials include MnAs, the NaZn13-

structure La(Fe,Si)13 and their hydrides La(Fe,Si)13H, the compounds with Fe2P structure (Mn-

Fe-P-Si-Ge-As), as well as off-stoichiometric Ni2MnY-based (where Y = Ga, In, or Sn) 

ferromagnetic shape memory alloys (FSMA), the MM'X family (where M and M' are transition 

metals and X are metalloids), high-entropy alloys (HEA) though at ascent stage, etc. The 

infographic also includes a timeline for Gd, FeRh, and HoCo2, but they appear outside the 

flourish as their first reports date from before 1997.  
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Figure 2. Infographic on the flourish of FOMT compounds from the “giant Gd5Si2Ge2” after 1997. 

Diameter of the sphere represents the magnitude of |ΔSisothermal| for 2 T collected from references [3, 

6, 8-34]. The year that the compounds were first reported for their GMCE is indicated. Note that all the 

compounds undergo FOMT except Gd with SOMT.  

According to Figure 2, these advanced FOMT compounds can be divided into two categories: 

for cryogenic applications, a common choice is lanthanide-based compositions due to their 

low transition temperatures. On the other hand, the other rare-earth-free (RE-free) or RE-

containing ones are the ideal candidates for applications near room temperature or above. 

Based on the current interests of the community and energy concerns today, we will name the 

relevant ones below.  

The magnetocaloric compounds that are used in prototypes, apart from Gd, include those of 

the Fe2P-type and NaZn13-type. Their first reports with GMCE are: MnFeP0.45As0.55 [33] and 

related alloys [35], as well as La(Fe,Si)13 [34] and their hydrides [32]. Afterward, many chemical 

substitution efforts were made to optimize MCE, where these two material families became 

well-established enough to be considered by companies to scale-up for use in prototypes. In 

Fe2P family, there are a number of compositions with GMCE values without the presence of 

arsenic [10, 36]. The GMCE of La(Fe,Si)13 is typically below room temperature [34, 37, 38], but 
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after hydrogenation, they were discovered to have potential near room temperature [32, 39]. 

Additionally, this family of compounds not only has easily adjustable transition temperatures 

but also can be tuned from FOMT to SOMT, where the critical point of FOMT crossing over to 

SOMT exhibits both benefits of these two groups. The current interests of them evolved to 

additive manufacturing[40], composite development [41] as well as hysteresis management 

[42, 43].  

The next noteworthy compounds shown in Figure 2 are FSMA, MM'X, Ni(Co)-Mn-Ti all-d-metal 

Heusler alloys, and HEA-FOMT, which are all worthy of further mention. Their GMCE values 

are attributed to the magnetostructural transformation they undergo, which enable extended 

potentials to multi-caloric effects by numerous external stimuli like pressure, voltage, etc. Their 

GMCE values were firstly reported in these references: Ni-Mn-Ga [30, 31]; Ni-Mn-Sn [29]; Ni-

Mn-In ; Ni(Co-Mn-Ti all-d-metal [21]; MM'X [44, 45]; NiMnSi-Fe2Ge [24]; HEA-FOMT [18] and 

related series [15, 17]. It should be noted that HEA-FOMT is at the ascent stage as earlier 

reports of magnetocaloric HEA are with values that are not competitive at all despite the 

claims (see relevant topical reviews in [13, 46]).  

Last but not least are the RE-containing FOMT compounds, which are highly promising for 

cryogenic applications, with transition temperatures lower than 50 K. While the RECo2 Laves 

phase was discovered long ago, it resurfaces today in the research community in particular 

due to the current interest in gas liquefaction resulting from increasing energy demands. A 

more recently found family of RE-containing cryogenic compounds that exhibit FOMT is REIn2, 

whose first report stated that it has negligible hysteresis despite exhibiting FOMT [20]. Due to 

timely interest in cryogenic magnetocaloric materials arising from energy, sustainability, and 

criticality concerns, we will further discuss these RE-containing compounds together with 

others whose MCE values meet the GMCE threshold in the following sections of this chapter 

according to their chemical nature. 

2 Modern relevant materials standing on “giant Gd5Si2Ge2” – the shift 

to gas liquefaction  

The transformation to a carbon-neutral society is on the horizon, and this greatly highlights 

hydrogen gas, a non-carbon-based fuel, as a viable alternative to fossil fuels. It can be used to 

power cars, trains, planes, and ships as well as to generate electricity. In addition, it can be 

stored for a long time, making it an ideal energy source during peak demand periods. Moreover, 

it does not generate any greenhouse gas emissions when burned, and its production is 

renewable – from primary sources through thermochemical, electrochemical, and biological 

conversion routes. Hence, it is an ideal way to support a low-carbon economy with a green 

and sustainable energy source. Based on the current usage statistics, it is projected to have a 

https://doi.org/10.1016/bs.hpcre.2023.10.004
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massive hydrogen demand in the coming years, and this calls for massive development of 

energy efficient and effective technologies for hydrogen production, storage, and 

transportation systems.  

Liquid hydrogen, among the hydrogen storage systems (compression, liquefaction, adsorption, 

hydrides and reformed fuels), is highly regarded as the most feasible method for storage and 

distribution due to its high gravimetric and volumetric energy densities, and high purity [47, 

48]. Its demand is on the rise as it is a viable option for various hydrogen applications, such as 

electric vehicles, aerospace, fuel-based power generators etc. However, the process of 

liquefying hydrogen is energy-intensive, and it wastes about one third of the hydrogen's energy, 

rendering it largely uneconomical. Besides, the low liquid hydrogen temperature is another 

challenge that requires to be addressed appropriately and adequately, further raised in ref.[48]. 

This leads to the urgent call for high energy efficiency in hydrogen liquefaction processes. 

And this is where emerging magnetocaloric refrigeration technology can be very useful for 

hydrogen liquefaction. In contrast to traditional cooling methods, magnetic refrigeration based 

on MCE uses a solid magnetic material as the refrigerant and a magnet to take the place of the 

compressor to achieve the low temperature range required for hydrogen liquefaction. This will 

enable its incorporation into industrial hydrogen liquefaction to greatly benefit from the 

advantages of MCE – environmentally friendliness and energy efficiency. The design and 

development of materials and prototypes, of which the former is the first roadblock to 

overcome, are all that is needed to bring this idea into reality. As the magnetocaloric materials 

falling within this target cryogenic temperature range (100 K and below) with solid 

performance tend to be primarily based on lanthanide metals, generally referred to as RE 

elements in related literature, a key component for the advance of this technology is material 

criticality (which we will further discuss in this chapter). One key issue with material design is 

the balance between performance, material criticality, supply risks, and economic importance, 

as we struggle to keep up with the rapid pace of advanced technology while keeping a 

sustainable modern way of life.  

Though there is a wide library of diverse magnetocaloric materials found and reported, many 

of them are for room temperature applications. As for those for cryogenic applications, the 

common tendency is to associate compositions with lanthanides. However, large MCE values 

in pure RE elements were not achieved in the early years, and this includes Pr, Nd Er, and Tm 

[4] despite their high intrinsic magnetic properties at low temperatures. This is due to their 

antiferromagnetic and ferrimagnetic phases where much of their entropy is involved with 

flipping their spins to ferromagnetic alignment instead. While many intermetallic compounds 

containing lanthanide metals exhibit large MCE in this target temperature range, many of them 

also pose a significant economic risk and may not perform well enough to be considered 

promising candidates. 
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Unlike other authoritative reviews related to MCE (fundamental concepts and underlying 

thermodynamic properties, devices and prototypes in ref. [11, 49], composite systems focused 

on performance optimization in [41], MCE characterization protocols, devices and 

measurements, and their analysis [11, 50, 51], latest trends in the magnetocaloric materials 

and analysis in [12, 14] (current), emergent magnetocaloric high-entropy alloys or materials in 

[13, 46], and more recently, a comprehensive catalog of magnetocaloric materials for 

cryogenic applications in [52]), in this chapter we focus on RE-containing cryogenic 

magnetocaloric compounds standing on the shoulders of “giant Gd5Si2Ge2”, i.e., exhibiting 

MCE values that meet the GMCE threshold, and the assessment of their performance versus 

criticality. As a result of this approach, high-performance materials are identified from a 

massive library of literature and their criticality assessment provides insights into potential 

compositions that balance critical with less critical elements while maintaining high MCE 

values. Additionally, we include the recent breakthroughs related to FOMT and 

magnetocalorics: the quantitative criteria to identify FOMT and the critical point of FOMT 

where it crossovers to SOMT, as well as the directed search strategy for multi-principal 

elements alloys with FOMT and GMCE. The latter design concept has the potential to balance 

criticality in significant amounts if it is appropriately applied to design high-performance 

cryogenic magnetocaloric materials. Furthermore, it is well-regarded to enable a combination 

of properties with mechanical stability, and this is in line with optimizing the performance of 

magnetocaloric materials, in terms of tunable criticality and transition temperatures, as well 

as good mechanical properties.  

We will examine the massive magnetocaloric material library in this chapter based on the 

following material classifications: lanthanide metals, binary lanthanide-metalloid compounds, 

binary lanthanides-transition metals (non-magnetic and magnetic), ternary intermetallics of 

lanthanides with metalloids and/or transitional metals, RE oxides, and upcoming alloys with 

multiple principal elements. An assessment of performance and criticality is then presented, 

followed by an epilogue and future outlook on designing high-performance magnetocaloric 

materials with tunable criticality. 

2.1 Lanthanide metals  

Several lanthanide elements exhibit intrinsic large magnetic moment values as well as different 

magnetic structures and transitions, making them a popular choice for magnetic investigations, 

including for magnetocaloric. They were more intensively studied in the past, especially before 

the breakthrough of GMCE, than they are today for their pure states, as seen in reports on Nd, 

Gd, Tb, Dy, Ho, Er, and Tm. Their intensive reviews can be found in [9, 53]. In general, their 

magnetic properties can vary greatly depending on their magnetic crystalline structures, as 

well as the order of phase transitions and MCE at certain critical magnetic fields and 

https://doi.org/10.1016/bs.hpcre.2023.10.004
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temperature intervals. Their crystals have hexagonal closed-packed (hcp) structures; however, 

Nd displays double hcp structures with two distinct crystallographic sites [53, 54], resulting in 

a double MCE peak behavior upon cooling at 19 and 8 K (combination of two caret-shaped 

peaks located at the ordering temperatures mentioned) [9, 55]. For Tb, Dy and Ho, within the 

temperature range between TC and TN, they exhibit helicoidal antiferromagnetic (HAFM) 

structures that, at a critical magnetic field (HCR), undergo a field-induced transition into "fan" 

structures. With increasing magnetic fields above HCR, they reach the full completion of 

ferromagnetic (FM) ordering. As a result, the MCE arising from the HAFM→fan structure by 

the magnetic field is of first order at HCR while the fan→FM is of second order. On the other 

hand, the magnetic structure of Er is more complicated: in decreasing temperatures from 85 

to <18 K, it displays a longitudinal spin wave along the c-axis, transforming into a cycloid in 

which the spin wave was superimposed on a basal plane spiral structure, and finally into a FM 

cone (conical phase) with the c-axis FM ordered and the basal planes retaining the spiral 

ordering. During the AFM-FM transformation of Tm, its longitudinal spin wave phase changes 

into a FM structure involving four basal plane layers with magnetic moments parallel to c-axis, 

followed by three layers whose moments aligned antiparallel.  

Among earlier MCE reports, only Gd stood out as the best magnetic refrigerant out of the 

seven pure lanthanide metals though Tb→Tm exhibits FOMT at certain temperature intervals 

and at magnetic fields below HCR, due to their magnetic structure complexity. As an example, 

the MCE of Dy presented in Figure 3 (A) illustrates its different MCE behavior below and above 

HCR[56]. It was highlighted in [4] that the low MCE values in these metals could be due to loss 

in entropy as the spins flip from AFM to FM alignment. Only recently, Ho has demonstrated 

the ability to induce a significant MCE for cryogenic applications using only low magnetic fields, 

as shown in Figure 3 (B). This is due to the metamagnetic phase transition arising from the 

magnetic structure change at various temperatures occurring within a narrow field region. 

Hence, at the metamagnetic transition field (HCR), the isothermal entropy change varies 

significantly as seen in Figure 3 (C), while away from it, it remains constant. Authors reported 

a maximum ∆Sisothermal of −10 J kg−1K−1 (μ0H = 2 T), which can be deemed as GMCE (Gd has 

about −5 J kg−1K−1 for the same magnetic field change). 
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Figure 3. (A) Magnetocaloric reports on dysprosium from ref.[56]. Recent investigations of Ho single 

crystal: (b) its isothermal magnetization curves with the application of magnetic field along the 

hexagonal [101̅0]  direction, and (C) corresponding isothermal entropy change. Figure (A) is 

reproduced with permission from K.A. Gschneidner, V.K. Pecharsky, The influence of magnetic field on 

the thermal properties of solids, Mat. Sci. Eng. a-Struct. 287 (2) (2000) 301–310, © (2000) Elsevier [56]. 

Figures (B) and (C) are reproduced from N. Terada, H. Mamiya, High-efficiency magnetic refrigeration 

using holmium, Nat. Commun. 12(1), , 1212, © (2021) [57], licensed under an open access Creative 

Commons Attribution 4.0 International License.  

There were early works on introduction of RE alloying additions to Gd, Tb, Dy, and Er, which 

typically lowers the magnetic ordering temperatures. These intra-lanthanide compositions 

include Gd-RE (where RE = Tb, Dy, Ho, Er or Y), Gd-RE(1)-RE(2) (where RE(1)= Tb or Dy, and 

RE(2)=Nd), Tb-RE (RE = Dy, Y), Er-RE (RE = La, Pr). Their reports were as early as 1979 and largely 

discussed in many early review papers. As there are no further breakthroughs (i.e., MCE values 

that can be considered as large as GMCE) or recent reports, the MCE of early studied intra-

lanthanides will not be further elaborated here; readers can refer to refs. [9, 53, 58] for further 

information.  

2.2 Binary lanthanides-metalloid-based compounds 

As we move away from compositions that only contain lanthanides, we will find the notable 

group composed of RE alloyed with metalloids, as in Gd5Si2Ge2, the big-bang material crowned 

with the “GMCE” appellative.  

Metalloids are referred to elements that combine both characteristics or exhibit characteristics 

that fall in between those of metals and nonmetals. The common ones alloyed to RE elements 

for MCE studies include B, Si, Ge, As and Sb. Alloying metalloids to RE can bring upon various 

types of magnetic ordering as well as thermomagnetic phase transitions. For instance, by 

changing the Si:Ge ratio in the Gd5Si2Ge2 compound within a specific range, it can induce FOMT 

and reversible structural transition with essential change in the lattice parameters and thereby 

optimize the MCE values. In this section, we mainly focus on RE germanides, silicides, and 

https://doi.org/10.1016/bs.hpcre.2023.10.004
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antimonides and highlight those compositions that meet the GMCE threshold while a separate 

section on magnetocaloric RE borides is covered in Section 2.5. 

Figure 4 (A) shows the MCE performance of RE-metalloids, where it can be noticed that the 

RE5(SixGe1-x)4 pseudobinary alloys dominate and prioritize the compliance region for GMCE. 

Many of the studies examined on this system are reported with magnetic fields as high as 5 T, 

but as permanent magnets can only reach up to 2 T, we will keep our performance evaluation 

on MCE values at 2 T. Furthermore, this can efficiently identify compounds with performance 

that meet the GMCE threshold without requiring large magnetic fields. The RE5(SixGe1-x)4 

phases result in a wide range of solid solutions, and Figure 4 (B) (taken from ref. [59]) 

summarizes the current understanding of their formation and crystal structures (at room 

temperature) for all RE. It should be noted that Pm (not studied) and Eu (does not exist in 

silicide or germanide at the 5:4 stoichiometry) are the exceptions. The RE5(SixGe1-x)4 family, 

stemming from the GMCE breakthrough reported in ref. [3], exhibits a complex interplay 

between their magnetic and crystallographic properties, depending largely on their 

compositions and preparation methods. For the Gd5(SixGe1-x)4 pseudobinary system, binary 

Gd5Si4 has orthorhombic Gd5Si4-type structure while binary Gd5Ge4 exhibits orthorhombic 

Sm5Ge4-type as shown as O(I)-Gd5Si4 and O(II)-Sm5Ge4 structures in Figure 4 (C). As for 

Gd5Si2Ge2 that started the GMCE appellation, it undergoes a magnetostructural 

transformation from O(I) to a monoclinic structure (M-Gd5Si2Ge2 structure in Figure 4 (C)). 

Apart from the space group (SG) symmetry, their main characteristic that differentiates them 

in their distinctive slab structures is whether there are interslab Ge-Ge bonds [60]. Despite 

that their phase diagram as shown in Figure 4 (D) (taken from ref.[60]) clearly illustrates a 

strong compositional dependence on the magnetic ordering temperatures for varying Si 

content, it is still important to note that GMCE can also be produced in Gd5SixGe4-x 

compositions other than x=2. However, in Si-rich compositions, which exhibit the highest 

magnetic ordering temperatures, the MCE values are moderate compared to the GMCE 

magnitude. A topical and comprehensive review discussing their composition-crystallography-

property relationship as well as the magnetostructural transformation kinetics can be found in 

another dedicated chapter in volume 44 of this handbook series [59]. An extensive MCE review 

published later includes summaries of the transition temperatures reported for this system 

[11]. In the following, we discuss those compositions, other than the giant Gd5Si2Ge2 of ref. [3], 

prioritizing the GMCE-compliant region shown in Figure 4 (A).  
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Figure 4. (A) MCE comparison of several families of RE-metalloids for 2 T shows those that fall in the 

GMCE threshold are mainly RE5(Si,Ge)4 compositions that could form a wide variety of crystal structures 

(at room temperature) depending on their RE (B). The main crystal structures of Gd5(SixGe1-x)4 are 

further presented in panel (C) and the magnetic phase diagram of its pseudobinary system in panel (D). 

Data in panel (A) are taken from [3, 8, 61-74]. Figures in panels (B) and (C) are reproduced with 

permission from Y. Mudryk, V.K. Pecharsky, K.A. Gschneidner, Chapter 262—R5T4 Compounds: an 

extraordinary versatile model system for the solid state science, in: Handbook on the Physics and 

Chemistry of Rare Earths, Elsevier, 44 (2014) 283–449 [59]. https://doi.org/10.1016/B978-0-444-

62711-7.00262-0, © (2004) Elsevier. Figure (D) with permission from V.K. Pecharsky, K.A. Gschneidner, 

Phase relationships and crystallography in the pseudobinary system Gd5Si4・Gd5Ge4, J. Alloy. Compd. 

260 (1) (1997) 98–106, © (1997) Elsevier [60].   

Within the Gd5(SixGe1-x)4 pseudobinary system, one particularly intriguing feature is the 

observation of GMCE plateau spanning up to ~20 K for magnetic fields above 2 T, while also 

providing very impressive GMCE values at 2 T. The observed spikes could arise from 

measurement artifacts but the constant plateau ΔSisothermal values evidently meet the GMCE 

threshold in the temperature range from ~70 to ~90 K [67]. This is remarkable since MCE 

values arising from FOMT usually suffer from narrow temperature spans. The wide 

temperature span was found for Ge-rich compositions described in refs. [67, 75, 76]. Another 
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system, Dy5(SixGe1-x)4, was also found displaying great MCE that meets the GMCE threshold: 

for x=0.75, maximum ΔSisothermal = -19.7 J kg-1K-1 (2 T) with transition temperatures of 65 K [62]. 

These MCE results are presented in Figure 5. It was found to have a monoclinic crystal 

structure, similar to that of M-Gd5Si2Ge2. Other RE5Si2Ge2 data points observed in the GMCE-

compliant region correspond to RE=Gd that had undergone appropriate heat treatment to 

optimize their GMCE values: from -15 (as arc-melted) to -27 J kg-1K-1 (annealed at 1570 K for 1 

h) for 2 T [3].  

 

Figure 5. Temperature dependence of isothermal entropy change curves of (A) Dy5(Si3Ge) and (B) 

Dy5(SixGe1-x)4 pseudobinary systems. Reproduced with permission from V.V. Ivtchenko, V.K. Pecharsky, 

K.A. Gschneidner, Magnetothermal properties of Dy5(SixGe1−x)4 alloys, in: Advances in Cryogenic 

Engineering Materials, vol. 46, Part A, Springer US, 2000, pp. 405–412. https://doi.org/10.1007/978-1-

4615-4293-3_52 [62].  

Other remarkable RE-metalloids compounds include as-cast 

Gd5Ge2Si2-xSnx: -10.7, -15.9, -15.3, -20.8, and -19.7 J kg-1K-1 for x = 0.1, 0.2, 0.4, 1.0 and 1.5, 

respectively, for 2 T [73] as shown in Figure 6 (A). These compositions stemmed from the 

GMCE motivation reported in Gd5Sn4 [66]. Its 119Sn Mössbauer spectroscopy results confirmed 

that it underwent a FOMT at 82 K, presenting GMCE values even for very low magnetic fields, 

as shown in Figure 6 (B).  
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Figure 6. Temperature dependence of isothermal entropy change curves of (A) Gd5Ge2Si2-xSnx and (B) 

Gd5Sn4 systems. Figure (A) is reproduced with permission from A.M.G. Carvalho, J.C.G. Tedesco, M.J.M. 

Pires, M.E. Soffner, A.O. Guimaraes, A.M. Mansanares, A.A. Coelho, Large magnetocaloric effect and 

refrigerant capacity near room temperature in as-cast Gd5Ge2Si2-xSnx compounds, Appl. Phys. Lett. 

102(19), 192410, © (2013) [73]. Figure (B) is reproduced with permission from D.H. Ryan, M. Elouneg-

Jamroz, J. van Lierop, Z. Altounian, H.B. Wang, Field and temperature induced magnetic transition in 

Gd5Sn4: a giant magnetocaloric material, Phys Rev Lett 90(11), 117202 (2003) [66]. © 2003 by the 

American Physical Society.  

2.3 Binary lanthanides-transition metal compounds 

Besides metalloid additions to RE alloys, transition metals (TM) alloyed with lanthanides form 

another large group of magnetocaloric materials as well. They may come in the following 

stoichiometric compositions: RETM, RETM2, RE3TM, RE3TM2, and RETM5, including those that 

are less common, such as RE5TM4, RE2TM7, or RE7TM12. Hence, in view of the wide and diverse 

range of stoichiometric compositions reported, we will focus on those meeting the GMCE 

threshold in the following order: RE with nonmagnetic TM, followed by RE with 3d transition 

metal elements. 

2.3.1 RE-non-magnetic TM 

Magnetocaloric studies usually use nonmagnetic TM elements, such as Cu, Rh, Pd, Ag, Zn, Al, 

Ga, or In (including post-transition metals as well), combined with RE elements. As seen from 

their MCE performance for 2 T depicted in Figure 7 (A), the top performers in the GMCE-

compliant region are RE2In, RE3Ru, REAl2, REGa, REZn, RERh, RE3Rh2, REAl and RE7Pd3.  
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Figure 7. (A) MCE comparison of several families of RE-non-magnetic TM for 2 T. Eu2In, (B) crystallizing 

in orthorhombic Co2Si-type structure, emerges as the best performer in the GMCE-compliant region, 

and is weakly hysteretic (thermal hysteresis ~0.07 K from the magnetization measurements shown in 

(C)). Their excellent MCE can be observed from their temperature dependence of (D) isothermal 

entropy change and (E) adiabatic temperature change. Data in panel (A) are taken from [16, 19, 20, 25, 

27, 77-119]. Images (B) – (E)  are reproduced from F. Guillou, A.K. Pathak, D. Paudyal, Y. Mudryk, F. 

Wilhelm, A. Rogalev, V.K. Pecharsky, Non-hysteretic first-order phase transition with large latent heat 

and giant low-field magnetocaloric effect, Nat. Commun. 9 (1) (2018) 2925 [20], licensed under an open 

access Creative Commons Attribution 4.0 International License. 

Among the RE2In compounds, RE=Eu emerges with the largest MCE. Figure 7 (B) shows its 

orthorhombic Co2Si-type structure (SG Pnma) as well as weak thermal hysteresis (~0.07 K 

from the magnetization measurements) [20]. It undergoes a FOMT at 55 K with very large MCE 

values of -28.2 J kg-1K-1 and 5 K, both for 2 T (presented in Figure 7 (C) and (D)). Compositions 

with RE = Pr, Nd, Tb, Dy, Ho and Er are also investigated for MCE, where those undergoing 

SOMT, such as RE = Tb, Dy, Ho and Er, do not meet the GMCE threshold. Before the discovery 

of Eu2In, the MCE of RE2In compounds with RE = Tb, Dy, Ho, and Er were already reported 

(their TC  = 165 [117], 130 [116], 85 [115] and 46 K [120], respectively). It is till the GMCE found 

in Eu2In that led to further investigations on the RE2In family in the opposite direction along 

the lanthanide row in the periodic table. In general, all RE2In exhibit the hexagonal Ni2-type 

crystal structure (SG P63/mmc), except for RE = Eu and Yb [121]. It is surprising to find GMCE 

values with RE = Pr, Nd and Eu in the RE2In family, especially since Pr2In and Nd2In have a 

different structure from Eu2In. The GMCE found in Pr2In undergoing FOMT are: for 2 T, -15 J kg-

1K-1 (TC = 57 K) [19]; -16 J kg-1K-1 (TC = 57 K) [122]. Additionally, Nd2In exhibits a GMCE value of 

-13 J kg-1K-1 (2 T) at TC = 110 K [16]. It is noteworthy that there is a discrepancy in the order of 

the thermomagnetic phase transition experienced by this compound. While ref.[16] suggests 

https://doi.org/10.1016/bs.hpcre.2023.10.004
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it is a borderline case between FOMT and SOMT, ref.[118] indicates that it undergoes a FOMT 

(it should be noted that the latter reports a smaller MCE value: for 2 T, -7.42 J kg-1K-1 at TC = 

109 K). 

Next on the list that falls in the GMCE-compliant region is the REAl2 family. These Laves phase 

compounds have a cubic MgCu2-type structure. The largest MCE reported among the binary 

REAl2 family is found for ErAl2: maximum ∆Sisothermal values for 2 T are approximately -19.1 [94] 

and -22.7 J kg-1K-1 [119] at TC = 14 and 13 K, respectively. Note that these values were taken 

from the arc-melted states in the two reports. Therefore, the discrepancy could arise from the 

different protocols taken to prepare the samples. The MCE results of REAl2 series with RE= Gd, 

Tb, Dy, Ho and Er from [119] are further presented in Figure 8 (A) and (B). A further melt-

spinning step of the sample in ref.[94] results in approximately -15.1 J kg-1K-1 (2 T) at TC = 10 K. 

Ref.[95] reports the use of light RE elements in REAl2 for magnetocaloric hydrogen liquefaction, 

in which the largest value obtained for Pr0.75Ce0.25Al2 meets the GMCE threshold: -10.48 J kg-1 

K-1 (2 T) at TC = 23 K. Its MCE results are shown in Figure 8 (C) and (D). Another candidate of 

this family of compounds falling in the GMCE threshold is reported for HoAl2: -11 J kg-1K-1 (2 T) 

at TC = 26 K [119]. 
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Figure 8. MCE of binary REAl2 series: temperature dependence of (A) ∆Sisothermal and (B) ∆Tad. The MCE 

results of Pr0.75Ce0.25Al2 compound: temperature dependence of (C) ∆Sisothermal and (D) ∆Tad. Images (A) 

and (B) are reproduced with permission from W. Liu, E. Bykov, S. Taskaev, M. Bogush, V. Khovaylo, N. 

Fortunato, et al., A study on rare-earth Laves phases for magnetocaloric liquefaction of hydrogen, Appl. 

Mater. Today 29 (2022) 101624, © (2022) Elsevier [119]. Images (C) and (D) are reproduced from W. 

Liu, T. Gottschall, F. Scheibel, E. Bykov, N. Fortunato, A. Aubert, et al., Designing magnetocaloric 

materials for hydrogen liquefaction with light rare-earth Laves phases, J. Phys. Energy 5 (3) (2023) 

034001 [95], licensed under an open access Creative Commons Attribution 4.0 license.  

Moving on to the next item on the list, we have the RE3Ru family. However, there is still a lack 

of systematic studies on its potential use for magnetocaloric applications. Despite this, there 

are some encouraging examples, such as Gd3Ru, which has a TC = 54 K and exhibits an 

impressive MCE of -22 J kg-1K-1 (2 T) [25]. Their solid solutions, which involve using RE = Er, can 

adjust the TC to lower temperatures while still meeting the GMCE threshold values up to x = 

0.3 in Gd3-xErxRu, as shown in Figure 9 (A) [100]. The crystal structure of these compounds is 

orthorhombic Fe3C-type (SG Pnma), which is also reported for the RE3Rh family. Among them, 

Tb3Rh exhibits MCE that meets the GMCE threshold: -11.6 J kg-1K-1 (2 T) at ordering 

temperature of 88 K [27]. Together with another report [123], both works indicate that this 

https://doi.org/10.1016/bs.hpcre.2023.10.004
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compound undergoes FOMT (but the latter shows lower MCE values). Though Tb3Ru [123], 

Ho3Ru [101], and Ho3Rh [101] are studied, their reported MCE values do not fulfill the GMCE 

threshold.  

 

Figure 9. (A) The MCE of Gd2.7Er0.3Ru fulfills the GMCE threshold. (B) The MCE parameters of 

Tm1-xHoxGa for 2 T: maximum ΔSisothermal, refrigerant capacity (RC) and temperature span at full-width 

half maximum. Image (A) is reproduced with permission from J.C.B. Monteiro, F.G. Gandra, 

Magnetocaloric properties of (Gd1-xErx)3Ru alloys and their composites, J. Alloy. Compd. 803 (2019) 

1178–1183, © (2019) Elsevier [100]. Image (B) is reproduced with permission from S.X. Yang, X.Q. 

Zheng, W.Y. Yang, J.W. Xu, J. Liu, L. Xi, et al., Tunable magnetic properties and magnetocaloric effect of 

TmGa by Ho substitution, Phys. Rev. B 102 (17) (2020) 174441 [111]. © 2020 by the American Physical 

Society.  

Next on the list is the REGa family, in which those compositions consisting of RE = Nd, Tm, and 

Er, have the potential to produce high MCE values that are within the GMCE-compliant region. 

NdGa exhibits spin-reorientation (SR) transition temperature (TSR) of 20 K and a TC = 42 K, 

where the MCE that meets the GMCE threshold is found at the TC: -10 J kg-1K-1 (2 T) [114]. 

TmGa was reported to show two successive transitions: FM-AFM at 12 K followed by AFM-PM 

at 15 K [110]. With increasing magnetic field, its behavior becomes FM-PM, and the MCE peaks 

broaden toward higher temperatures. Their low-field MCE values meet the GMCE threshold: 

for 2 T, maximum ΔSisothermal and ΔTad values are -20.7 J kg-1K-1 and 5 K at 14.5 K. Another study 

that replaces Ho for Tm in Tm1-xHoxGa discovers MCE values that satisfy the GMCE-compliant 

region for x≤0.3 (as shown in Figure 9 (B)) [111]. While MCE decreases with Ho content, the 

two MCE peaks become more obvious with increasing Ho content even with selectively shown 

curves. The GMCE threshold can be reached with x ≤ 0.3: - 12.6 J kg-1K-1 (2 T) for x = 0.3 (note 

that the MCE curves were not presented in the report; these values are taken from the 

tabulated results). For ErGa, it exhibits dual MCE peaks, with a TSR around 15 K and a FM-PM 

at TC = 30 K: around -7.6 and -10.9 J kg-1K-1 (2 T) based on their magnetization data [106]. In 

general, binary REGa compounds and their solid solutions crystallize within the orthorhombic 
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CrB-type structure (SG Cmcm), and undergo two magnetic transitions, leading to reports on 

TSR and TC. In the order of RE = Gd, Tb, Dy, Ho and Er, TC decreases with the increase in the 

atomic number of the RE elements, while the trend of TSR is not as clear cut. Further details 

are provided in [124], which contains a comprehensive review of structures, transition 

temperatures, magnetic properties, and MCE of this family of compounds.  

Another equiatomic binary RE-nonmagnetic TM compound found with MCE that fulfills the 

GMCE threshold is TmZn. It forms a cubic CsCl-type structure (SG Pm 3̅ m) and is found 

exhibiting TC = 8.4 K [79]. The authors observed a field-induced metamagnetic transition in the 

isothermal magnetization data over a wide temperature range, which led them to deduce that 

TmZn undergoes FOMT at temperatures above 8 K. They have suggested that the compound 

is likely an itinerant electron metamagnetic (IEM) material belonging to Zn-based intermetallic 

compounds. Despite the impressive MCE of -19.6 J kg-1K-1 (2 T), there are no similar reports 

for other REZn [82, 83] or other isostructural compounds, such as TmCu or TmAg [77]. A 

theoretical report, however, did find remarkable MCE values predicted for HoZn and ErZn [78] 

though not found in the experimental reports [80, 81, 84].  

An isostructural equiatomic binary compound whose MCE also fulfills the GMCE threshold is 

found in GdRh. It is interesting to note that its MCE report [85] was specifically targeted to the 

Gd5Rh4 system owing to its Gd5Si4-type structure, and a minor impurity phase was detected as 

GdRh. Nevertheless, the researchers carried out a comprehensive investigation of both 

compounds and unearthed that GdRh, which exists as a minor impurity in Gd5Rh4 samples, 

crystallizes in the CsCl-type structure (SG Pm3̅m) and exhibits a MCE value of -12.5 J kg-1K-1 (2 

T) at TC = 22 K, satisfying the GMCE threshold.  

There are also RE3TM2 intermetallic compounds that contain non-magnetic TM elements and 

still exhibit MCE values within the GMCE-compliant region. One example of such a compound 

is Er3Rh2. Depending on the RE selection, two crystal structures of RE3TM2 family were 

reported: rhombohedral Er3Ni2-type structure (SG R3̅) for RE = La – Nd [125], tetragonal Y3Rh2-

type crystal structure (SG I4/mcm) for RE = Gd – Er and Y [126]. Their MCE investigations are 

scarce, but ref. [87] provides information on the RE = Nd, Ho, and Er systems. The authors 

found that the MCE of these compounds are of the SOMT nature, with Nd3Rh2 having the 

lowest value. Er3Rh2 is the only one that meets the GMCE threshold, with a value of -12.5 

J kg-1K-1 (2 T) at TC = 8 K. 

Other RE intermetallics with nonmagnetic TM elements whose MCE fulfills the GMCE 

threshold are found in: HoAl (orthorhombic DyAl-type structure with SG Pbcm) with a 

maximum ΔSisothermal of -11 J kg-1K-1 (2 T) at TC = 20 K [89], and Nd7Pd3 whose maximum 

ΔSisothermal is -11 J kg-1K-1 (2 T) at TC = 34 K [98].  
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2.3.2 RE-magnetic TM 

The MCE performance of RE-magnetic TM for 2 T is depicted in Figure 10 (A), with most RECo2 

compounds emerging as the top performers, followed by RENi, RENi2, REMn2, RE3Co, and 

RE3Ni2. Another family that dominates the GMCE-compliant region is RE(Fe,Si) 13, which has a 

wide range of tunable transition temperatures due to its diverse composition (as shown in 

Figure 10 (B)). In this section, we will start with the binary RE-magnetic TM compounds that 

meet the GMCE threshold, then move on to RE(Fe,Si)13, which, while a TM-based compound, 

is a highly regarded magnetocaloric material to date. 

 

Figure 10. (A) MCE comparison of several families of RE-magnetic TM for 2 T shows that RE(Fe,Si)13 
family prioritizes the GMCE-compliant region. It can exhibit wide tunable transition temperatures 
depending on their extensive variety of compositions as magnified in panel (B). Data for drawing panel 
(A) are taken from [11, 22, 32, 38, 88, 127-163] and those for (B) from [11, 32, 38, 160-163]. 

2.3.2.1 RE-Co 

The RECo2 compounds falling in the GMCE-compliant region are RE=Ho and Er: -19 and -35 J kg-

1 K-1 at 82 and 32 K for 2 T [12, 22, 164]. Later reports found different values whilst fulfilling 

the GMCE threshold: -20 [145] and -28.4 J kg-1 K-1 [149] at 78 and 32 K for 2 T. Their ΔSisothermal 

curves are presented in Figure 11 while ΔTad values reported for 2 T are 2 [53] and ∼3.8 K [22] 

for RE = Ho and Er, respectively. RECo2, in spite of crystallizing within the same crystal structure 

for all RE (cubic MgCu2-type structure, also commonly referred to as the C15-type or Laves 

phase), only showed very large MCE values for Ho and Er, while all the other RE elements in 

this compound family did not. Furthermore, alloying two different rare-earth elements finely 

tune the transition temperatures [148] while the partial substitution of Co by Ni [143, 145], 

lowered the transition temperatures.  
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Figure 11. Temperature dependence of isothermal entropy change curves of RECo2 compounds falling 

in the GMCE-compliant region: RE = (A) Ho and (B) Er. Reproduced with permission from T. Tohei, H. 

Wada, Change in the character of magnetocaloric effect with Ni substitution in Ho(Co1-xNix)2, J. Magn. 

Magn. Mater. 280(1), 101-107, © (2004) Elsevier [145] and M. Balli, D. Fruchart, D. Gignoux, Magnetic 

behaviour and experimental study of the magnetocaloric effect in the pseudobinary Laves phase Er1-

xDyxCo2, J. Alloy Compd 509(9), 3907-3912, © (2011) Elsevier [149].  

 One of the mechanisms behind the large MCE values found in RECo2 was linked to the order 

of thermomagnetic phase transition that they undergo. Earlier works reported that their 

thermomagnetic transition changes from SOMT for RE = Gd and Tb to FOMT for RE = Dy, Ho, 

Er. Although it has been an ongoing controversial issue regarding the order of the 

thermomagnetic phase transition of TbCo2, those looking for a large MCE from FOMT should 

be aware that it will require coupling both magnetic and structural transitions together. 

Furthermore, the order of thermomagnetic phase transitions of these compounds cannot be 

solely determined by the Banerjee´s criterion [165] based on the Arrott plots, which has been 

found giving erroneous interpretations to other complementary techniques [166]. A more 

recently discovered quantitative criterion [38] to determine the order of thermomagnetic 

phase transitions will be covered later in this section. It is not restricted to any model yet could 

be applicable to evaluate complicated scenarios, such as weak FOMT, minimal hysteresis or 

concurrent phase transitions. 

Among the RE3Co family, cases where RE= Er and Tm exhibit MCE values fulfilling the GMCE 

threshold: -12.5 [153] and -11.6 J kg-1 K-1 [155] (2 T) at 13 and 6.5 K, respectively. This family 

of compounds, as well as RE3Ni compositions, exhibit the same crystallographic structure, 
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orthorhombic Fe3C-type structure (SG Pnma), yet complex magnetic structures with different 

magnetic phase transitions [124] (between RE=Gd to Tm, TN= 128 [167] and 4.5 K [155]). RE 

elements carry the magnetic moment in these systems, while Co acts as non-magnetic 

element and, at the same time, stabilizes the AFM ordering. Er3Co, unlike the other 

compounds in this family, only displays one FM-like transition at 13 K. The others exhibit two 

consecutive phase transitions caused by different magnetic orderings that occur closely to 

each other, leading to two peaks or a table-like MCE observed in their data, as in cases with 

RE=Tb, Dy and Ho [124].  

The occupied f-orbitals of lanthanides could result in intermetallic formation with unusually 

high stoichiometric coefficients. The RE12Co7 series is one example of such a case and studied 

for their MCE. They form a complicated monoclinic Ho12Co7-type structure (SG P21/c) 

containing four types of coordination polyhedra for the RE sites [168]. Depending on the RE 

element, the compounds could undergo one FM-PM transition (for RE = Gd, Tb and Dy) or 

multiple phase transitions at low temperatures with RE=Ho and Er. However, among them, the 

one meeting the GMCE threshold is Er12Co17: -10.2 J kg-1 K-1 (2 T) at 13.5 K [159].  

2.3.2.2 RE-Ni 

Among the RE-Ni compounds, the largest MCE values fulfilling the GMCE threshold are found 

for the RENi family, where RE=Tb, Dy, and Er: -11.5 [134], -10.5 [133] and -15 J kg-1K-1 (2 T) [129] 

with TC = 67, 61, 10 K, respectively. The RENi compounds could crystallize within the CrB- (RE 

= Ce, Pr, Nd, Sm, Gd and Tb) or FeB-type structures (RE = Dy, Ho, Er, Tm and Y). Most of these 

have been studied for their MCE, with the exception of NdNi and TmNi. Figure 12 (A) presents 

the MCE results of TbNi as an example showcasing the significant MCE of this family. 

Furthermore, the MCE of the HoxEr1-xNi pseudobinary system meets the GMCE threshold for 

x≤0.4 [124].  
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Figure 12. Temperature dependence of (A) isothermal entropy change curves of TbNi compound and 

adiabatic temperature change of RENi2 systems with RE= (B) Dy and (C) Ho. The dashed line in panel 

(c) indicates the TC. Reproduced with permission from R. Rajivgandhi, J. Arout Chelvane, S. Quezado, 

S.K. Malik, R. Nirmala, Effect of rapid quenching on the magnetism and magnetocaloric effect of 

equiatomic rare earth intermetallic compounds RNi (R = Gd, Tb and Ho), J. Magn. Magn. Mater. 433, 

169-177, © (2017) Elsevier [134]; J. Cwik, Y. Koshkid'ko, N.A. de Oliveira, K. Nenkov, A. Hackemer, E. 

Dilmieva, et al., Magnetocaloric effect in Laves-phase rare-earth compounds with the second-order 

magnetic phase transition: Estimation of the high-field properties, Acta Mater 133, 230-239, © (2017) 

Elsevier [136]; J. Ćwik, Y. Koshkid'ko, K. Nenkov, E.A. Tereshina, K. Rogacki, Structural, magnetic and 

magnetocaloric properties of HoNi2 and ErNi2 compounds ordered at low temperatures, J. Alloy Compd 

735, 1088-1095, © (2018) Elsevier [137].  

The next RE-Ni intermetallics that fall in the GMCE-compliant region is the RENi2 family, in 

particular RE=Dy, Ho and Er: -11.9 [136], -14.5 [137, 138] and -15.1 J kg-1 K-1 [137] (2 T) at TC= 

22, 15, 6.5 K, respectively. Moreover, their directly characterized ΔTad amount to ∼3.6, ∼4.7 

and ∼3.8 K (2 T) for RE = Dy, Ho and Er, respectively (the results of DyNi2 and HoNi2 are 

presented in Figure 12 (B) and (C)). The RE3Ni2 family whose MCE meets the GMCE threshold 

is with RE=Er, with maximum ΔSisothermal of -10.9 J kg-1 K-1 and calculated ΔTad = 3.3 K (both for 

2 T) at TC = 17 K [141]. On the other hand, Ho3Ni2 barely scratch the GMCE threshold: -9.8 J kg-

1 K-1 and calculated ΔTad = 3.2 K (both for 2 T) at TC = 36 K. 
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2.3.2.3 RE-Mn 

RE-Mn compounds conforming to the GMCE threshold can be found in the REMn2 family 

where they crystallize in different Laves phase structure, depending on the RE element as well 

as the annealing temperature [169, 170]. While RE = Tb and Dy crystallize in the cubic Laves 

phase structure (C15 type), HoMn2 and ErMn2 crystallize in the hexagonal Laves phase 

structure (C14 type). Yet, their magnetic structures and local magnetic moments are governed 

by the lattice constants (i.e., the distance of Mn–Mn, RE–R and RE–Mn bonds), not the type of 

Laves phase structures they form [131]. Their MCE values that meet the GMCE threshold are 

found for HoMn2 and ErMn2: -10 and -13.4 J kg-1K-1 (2 T) at magnetic ordering temperatures of 

23 and 16 K, respectively.  

2.3.2.4 RE-Fe  

Several RE-Fe compositions have been studied for MCE, including REFe2, REFe3, RE2Fe17, and 

RE(Fe,Si)13, but only the latter performs best and meets the GMCE threshold. 

Since the first report on RE(Fe,Si)13 with RE=La in 2001 [34] and their hydrides near room 

temperature by Fujita et al [32], the La(Fe,Si)13 compounds have become a phenomenon. They 

crystallize in NaZn13-type structure and could be tuned from FOMT to SOMT simply by varying 

the Si content. Recent studies on La(Fe,Si)13 focus on hysteresis tuning and mechanical stability 

[39, 43, 171] (one of these reports is presented in Figure 13 (A)), which has been a concern for 

high-performing magnetocaloric materials. While these efforts deserve praise, interpretations 

of their results can often be challenging, especially regarding the order of thermomagnetic 

phase transitions. We developed two quantitative criteria to assist the community in resolving 

these issues: calculating the critical compositional point [37] where FOMT crosses over to 

SOMT, and evaluating the order of the thermomagnetic phase transition appropriately using 

the FOMT fingerprint [38]. Neither of them requires further fitting or is limited to 

thermodynamic models. The same magnetic data measured for MCE calculations is all what is 

needed for these evaluations. 
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Figure 13. (A) Temperature dependence of isothermal entropy change curves of La(Fe,Mn,Si)13H 
compounds with varying Mn content and hysteresis. (B) The exponent n criterion to determine for 
SOMT (η < 1), critical point (η = 1), and FOMT (η > 1). It is illustrated in the main panel that the minimum 
of exponent n, at transition temperatures, yields 0.4 as a criterion for evaluating the critical point of 
FOMT crossover to SOMT. The FOMT fingerprint can be seen in overshoots of n>2, which are further 
color-shaded. Figure (A) is reproduced from L.M. Moreno-Ramirez, J.Y. Law, J.M. Borrego, A. Barcza, J.-
M. Greneche, V. Franco, First-order phase transition in high-performance La(Fe,Mn,Si)13H despite 
negligible hysteresis, J. Alloy Compd 950 (2023) 169883 [39] of © 2023 Author(s), licensed under an 
open access Creative Commons Attribution 4.0 International License.  

These criteria utilize the exponent n of the magnetic field dependence of |ΔSisothermal| and is 

calculated as: 

𝑛(𝑇, 𝐻) =
d ln|∆𝑆isothermal|

d ln 𝐻
⁄   

where T is temperature and H is the magnetic field. Ref. [38] reports the discovery of the FOMT 

fingerprint using this exponent n criterion: it is a FOMT if the field dependence exponent n 

overshoots above 2 near the transition temperature; on the contrary, the lack of overshoot 

indicates either a SOMT or the critical point at which FOMT crosses over to SOMT. Figure 13 

(B) summarizes the n criteria identifying these different regimes using Bean and Rodbell model 

[172] simulations via the variation of the η parameter, as η < 1 for SOMT; η = 1 for critical point; 

and  η > 1 for FOMT. Due to the initial FM states, the exponent n shows a value of 1 at low 

temperatures for all cases. It then reaches a minimum at the transition temperatures, and for 

η > 1, overshoots of n > 2 are seen near the minima (color-shaded in the figure). The FOMT 

has a unique fingerprint in this regard. As the temperatures increase, exponent n reaches the 

value of 2 in all cases, indicating that the sample has reached its PM state. In ref[38], we used 
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both theoretical calculations and experimental case studies to validate our discovery for 

magnetoelastic phase transitions (including the crossover encountered in La(Fe,Si)13 

compounds), distributed transition temperatures in FOMT systems, magnetostructural phase 

transformation as well as AFM-FM phase transitions.   

The other n criterion, for the determination of the critical point where FOMT crossovers to 

SOMT, is illustrated in the main panel of Figure 13 (B): when η = 1 (the critical point), the 

minimum of exponent n at the transition temperatures (ntransition) is 0.4. This criterion 

breakthrough is reported in [37]. 

It has been a few years since these criteria were discovered, and the community has applied 

and expanded them to observing exponent n values beginning at 2 during the AFM state at 

low temperatures [173], as well as validating its capability in a wide range of materials[16-18, 

36, 40, 160, 161, 174, 175] and complex scenarios such as concurrent phase transitions of 

multiphase materials [176].  

As many researchers rely on the overshoot of FOMT fingerprint to evaluate their materials, 

one should appropriately determine ΔSisothermal(T, H) to avoid evaluating artifacts or noisy n 

results as they would compromise the criterion. The first step is to consider the demagnetizing 

effect on ΔSisothermal(T, H) measurements, which can greatly aid interpretation at low magnetic 

fields. Impurities affecting the MCE and phase transition order can be revealed by the low 

magnetic field behavior. Similarly, the n(T, H) results should be verified with the original 

ΔSisothermal(T, H) results on the same temperature scale axis, as illustrated in Figure 14 (the 

appropriate overshoot is shaded in purplish color). This is because FOMT overshoot may be 

mistaken when the ΔSisothermal(T, H) switches from a negative to a positive sign or vice versa 

(shaded in pattern-filled style in Figure 14 (B) while the appropriate overshoot is colored 

purple). Hence, determining ΔSisothermal(T, H) properly before n calculations is crucial to 

avoiding artifacts. 
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Figure 14. The FOMT fingerprint is shown schematically in (A) a direct MCE example and (B) an inverse 

MCE example (both shaded in purple). In the latter, switching signs of isothermal entropy change 

(pattern-filled region) are present along with both inverse and direct MCE types, which should not be 

confused with the overshoot in FOMT n criterion. Image adapted from J.Y. Law, V. Franco, Review on 

magnetocaloric high-entropy alloys: Design and analysis methods, J. Mater. Res. 38(1) (2023) 37-51 

[13], © 2023 Author(s), licensed under an open access Creative Commons Attribution 4.0 International 

License. 

Considering how extensively the La(Fe,Si)13 family has been studied, in our discussion, we will 

focus on the substitutions that can greatly enhance their MCE performance. Impressive 

maximum ΔSisothermal values of -16 to -28 J kg-1K-1 (2 T) and ΔTad of 6.5 – 8.1 K (2 T) at magnetic 

ordering temperatures of 208 – 184 K can be obtained for La(FexSi1-x)13 with x = 0.877 – 0.900 

[32]. Hydrogenation of these samples further enhanced their MCE: magnetic ordering 

temperature increases to 233 – 323 K with maximum ΔSisothermal values of -19 to -28 J kg-1K-1 (2 

T) and ΔTad of 6.0 – 7.1 K (2 T). Minor Ni [160] and Cr substitutions [161] into the 

LaFe11.6-xMxSi1.6 compound family (M = Ni or Cr) also gave MCE values that meet the GMCE 

threshold (-21.4 J kg-1K-1 at 2 T, obtained for up to x=0.21 for LaFe11.6-xCrxSi1.6. Mn substitutions 

in the La(Fe,Mn,Si)13H series could yield MCE values as large as -9.2 to -21.5 J kg-1K-1 (note that 

these are measured up to 1.5 T) and, at the same time, tune for a smaller thermal hysteresis 

(as shown in Figure 13 (A)) [39]. Minor Co substitutions in LaFe11.7−xCoxSi1.3 series could give 
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MCE values meeting the GMCE threshold (for 2 T, -20 to -12.3 J kg-1K-1 obtained up to x = 0.4) 

[11].  

There are excellent MCE values reported in each of the works for Ce doping at the La-site, with 

the largest reported in each series being: -19 J kg-1K-1 (2 T) for La1-zCez(Fex--MnySi1-x)13 

[177], -28.9 J kg-1K-1 (2 T) for La1-xCex(Fe0.86Si0.14)13 [178], and -26.7 J kg-1K-1 (2 T) for 

La1-xCexFe11.5Si1.5Cy [179]. Although La1−zPrz(Fe0.88Si0.12)13 and their hydrides had very high MCE 

values, their MCE decreased with increasing Pr additions (MCE values for 2 T are not provided) 

[180]. Upon varying Si content in La0.7Nd0.3Fe13-xSix, MCE as large as -21 to -13.2 J kg-1K-1 (2 T) 

were found for x = 1.2 to 1.6 [181]. Ref.[182] reported MCE as large as -29.3 and -10.5 J kg-1K-1 

(2 T) for La0.7Nd0.3Fe11.5Si1.5 and La0.7Nd0.3Fe11.2Si1.8, respectively. In the same work, authors 

found that the large MCE value was unfortunately reduced when Co was added. Likewise, 

increasing Co substitutions to La0.8Ce0.2Fe11.5-xCoxSi1.5 inevitably reduces the MCE values 

especially when their FOMT crossovers to SOMT [183].  

RE doping of the La(Fe,Si)13 family generally lowers the transition temperature, which was 

related to the lattice contraction when RE substitutes for La, reported in [184] for 

La1-xRExFe11.5Si1.5 with RE=Ce, Pr and Nd. The authors also show that maximum ΔSisothermal 

values increase with RE up to La0.7Nd0.3Fe11.5Si1.5 and La0.5Pr0.5Fe11.5Si1.5 compositions. If one 

wishes to use substitutions to enhance MCE performance, it is critical to note that one should 

only design minor substitutions with starting parent compositions that undergo FOMT, while 

SOMT-starting compositions defeat the purpose. 

2.4 Ternary intermetallics of lanthanides with metalloids and/or transition metals  

In this section, we include ternary combinations of RE elements with TM and/or a main group 

element. Similarly to previously discussed binary compounds, ternary intermetallics exhibit a 

wide variety of possible composition combinations, which is evidenced from the MCE 

performance comparison plot shown in Figure 15. Moreover, this plot helps filter out the 

combinations fulfilling the GMCE threshold quickly as shown in the inset. Combinations that 

include non-metal elements of the second period, such as B, C, N or S, will be discussed 

separately in the next section. 
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Figure 15. Main panel: MCE comparison of the ternary intermetallics for 2 T. Inset: A magnified subplot 

showing compounds in the GMCE-compliant region. Dash line represents the lower limit of the GMCE 

threshold. Data taken from [11, 53, 174, 185-243]. 

RECr2Si2 can be noticed standing out among the ternary RE-containing intermetallics (Figure 

15) with the largest maximum ∆Sisothermal value of -24.1 J kg-1K-1 (2 T) at ~4.5 K (just above the 

boiling point of helium) for RE = Er [190]. It crystallizes into a body-centered tetragonal 

ThCr2Si2-type structure. It is a promising magnetocaloric material candidate, especially for 

helium liquefaction given that its ΔTad (calculated from heat capacity data) reaches the large 

value of 8.4 K for 2 T in addition to the absence of thermal or field hysteresis. It is not clear 

how the maxima in the ΔTad(T, H) curves shift to higher temperatures not matching the 

corresponding temperatures of ΔSisothermal(T, H) but a ΔTad value of at least 8 K (2 T) can be 

found for a span of ~11 – 15 K.  

The next family of ternary intermetallics with very large maximum values falling in the GMCE 

compliance region is REMn2Si2. ErMn2Si2 stood out among them with maximum ∆Sisothermal 

value of -20 J kg-1K-1 (2 T) and underwent a FM-PM (of SOMT-type) at ~4.5 K, which is just 

above the boiling point of helium [198]. Similarly to ErCr2Si2, it crystallizes in ThCr2Si2-type 

structure and shows ΔTad(T, H) curves (calculated from heat capacity data) displaced to higher 

temperatures not matching the corresponding temperatures of ΔSisothermal(T, H). It gives a 

maximum ΔTad of 5.4 K (2 T) and at least 5 K can be observed for a span of ~11 – 15.5 K. Authors 

attributed the observed large MCE value to both the field sensitive magnetic transition and 

large moment of the intermetallic. In fact, this work was inspired by the findings of 
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NdMn2Ge0.4Si1.6 compound: it undergoes a field-induced AFM-FM (FOMT) giving a GMCE of 

12.3 J kg-1K-1 (2 T) [197]. The selection of NdMn2Si2 was inspired by the interesting interplay 

between the 3d and 4f magnetism of REMn2X2, and the fact that its Mn-Mn interatomic 

distance has a significant effect on both the magnitude of Mn magnetic moments and the 

magnetic state of the Mn sublattice. Therefore, authors selected Nd for its FM ordering while 

simultaneously offering FM ordering of the Mn lattice as well as the fact that the large atomic 

radii difference between Si (1.32 Å) and Ge (1.37 Å) can significantly alter the magnetic states 

of both Nd and Mn sublattices. The tetragonal ThCr2Si2-type structure (SG I4/mmm), from 

neutron diffraction, reveals its PM state above TN~360 K, with canted AFM magnetic structure 

(AFmc) in the temperature range of 36 < T < 360 K. The authors reported that the compound 

underwent a FOMT from AFmc to canted ferromagnetism (Fmc (Mn) + FM (Nd)) from the 

neutron diffraction results upon cooling to <TC~36 K. However, further information about the 

magnetic structure was cited in unpublished results during the publication time and is 

currently difficult to trace in the literature. The same co-authors reported large maximum 

∆Sisothermal values for other members of the family: NdMn1.9V0.1Si2 and NdMn1.7Cr0.3Si2 with -

13.8 [244] and ~-8.4 J kg-1K-1 [201] (both for 2 T) undergoing FOMT at TC~24 and 42 K, 

respectively. The latter shows a ΔTad~2.4 K (2 T) at TC~42 K [201]. These compounds could both 

be potential candidates for hydrogen liquefaction as they exhibit extremely low hysteresis 

(thermal ≤0.8 K and magnetic <0.1 T). As an example, the low thermal hysteresis and large 

MCE of NdMn1.7Cr0.3Si2 is presented in Figure 16. Another isostructural ternary compound 

whose MCE falls in the GMCE compliance region is EuCu2Si2 with maximum ∆Sisothermal (2 T) = -

15.8 J kg-1K-1 at TN= 2.5 K [241]. 

 

Figure 16. NdMn1.9V0.1Si2 with thermal hysteresis of 0.8 K based on their isothermal magnetization 

curves (A). Corresponding temperature dependence of isothermal entropy change curves for up to 8 T 

(B). Images from M.F.M. Din, J.L. Wang, R. Zeng, S.J. Kennedy, S.J. Campbell, S.X. Dou, Magnetic 

properties and magnetocaloric effect in layered NdMn1.9V0.1Si2, EPJ Web of Conferences 75 (2014) 04001 

[244], licensed under an open access Creative Commons Attribution License 2.0. 
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The RECo(Ge/Si) family comes next; according to refs. [202, 210, 211, 245-248], the type of RE 

element has a significant impact on the crystal structures and magnetic properties of these 

compounds. For RE = La – Sm, Gd and Tb in RECoSi, the compounds crystallize in tetragonal 

CeFeSi-type structure (SG P4/nmm) that is closely related to the ThCr2Si2 structure and is said 

to be composed of separate "ThCr2Si2 blocks" ("BaAI4 slab") connected by RE-RE contacts [248]. 

The authors reported LaCoSi as Pauli paramagnet and CeCoSi and PrCoSi as Curie-Weiss 

paramagnets down to 1.6 K. For RECoSi compounds with RE = Nd, Sm, Gd and Tb , AFM 

ordering is detected below TN = 7(1), 15(3), 175(3) and 140(3) K respectively. For RE=Dy, Ho 

and Er, the compounds crystallize in orthorhombic TiNiSi-type structure (SG Pnma, no.62) and 

exhibit FM-PM instead [202, 245, 246]. In general, this family of compounds, RECo(Ge/Si), 

crystallizes in TiNiSi-type structure for RE=Tb onwards down to the heavy lanthanides (also 

applicable to substitutions of Ni on the Co-site) [247]. In this family of stoichiometry, RE = Ho 

exhibits the largest MCE regardless of whether the metalloid is Ge or Si. Both undergo SOMT 

and exhibit reversible GMCE of -17.1 and -13 J kg-1K-1 (2 T) at TC of 7.6 and ~14 K for HoCoGe 

[210] and HoCoSi [205], respectively. The latter is reported from evaluations using 

magnetization data while those from heat capacity data give a smaller value (about -9 J kg-1K-1 

for 2 T). For the maximum ΔTad (2 T), HoCoGe and HoCoSi were found with 6 and ~3 K. Other 

compounds of this family reported for MCE are reviewed in ref. [202], in which ErCoSi shows 

a GMCE of -18.7 J kg-1K-1 (2 T) at TC of 5.5 K; moreover, the composite (Ho1-xErx)CoSi was 

reported, spanning across 15 to 5.5 K, with GMCE of -17.9, -17.9, -18.2, -18.0, -18.5, and -18.7 

J kg-1K-1 (2 T) for x = 0, 0.2, 0.4, 0.6, 0.8, and 1, respectively. The related citation is included in 

the review paper, which originated from the PhD thesis of Z.Y. Xu [249].  

Next in line is the RENiSi compounds, which also crystallize in orthorhombic TiNiSi-type crystal 

structure. For RE=Tb-Er, the compounds were found exhibiting AFM ordering with strong 

magnetocrystalline anisotropy at low temperatures [202], and among them, HoNiSi presented 

the largest MCE of -17.5 J kg-1K-1 (2 T) at a corresponding temperature of ~4.5 K (TN = 3.8 K ) 

[206]. Another dedicated work reported its giant anisotropic MCE where its rotational 

isothermal entropy change values, |∆𝑆isothermal
R | , ~ 18.6 and 26.7 J kg-1K-1 for 2 and 5 T, 

respectively [250]. These results, including −∆𝑆isothermal
R  , ∆𝑇ad

R  , and calculated rotational 

isothermal entropy change results, −∆𝑆R,cal., for 5 T as a function of the rotation angle, are 

presented in Figure 17 (A), (B) and (C), respectively. Exploiting the textured behavior of DyNiSi, 

measurements were made with different directions with respect to the magnetic field (Figure 

17 (D)): the resulting ΔTad,difference between the different directions amounted to 4.4 and 10.5 

K (Figure 17 (E) and ΔSisothermal,difference reached -11 (at 8.5 K) and -17.6 (at 13 K) J kg-1K-1 (Figure 

17 (F)) for 2 and 5 T, respectively [207]. The report also included the rotational ΔSisothermal of 

the polycrystalline material measured at 8.5 K as a function of rotation angle for various 
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magnetic field changes: ∆𝑆isothermal
R (θ, 𝐻) . The enhancement of magnetic moments in the 

AFM lattice at the beginning of rotation causes the positive ∆𝑆isothermal
R (θ) values found for 

low fields close to the perpendicular direction (90º) of its columnar grains is parallel to the 

magnetic field. Since most of the moments in the AFM sublattice would align with the field 

direction as the sample was rotated towards the parallel direction (0º), the moment ordering 

increased, and resulted in negative ∆𝑆isothermal
R (θ) values. They gradually rose to a maximum 

of ∆𝑆isothermal
R (θ) = −7.9 J kg−1K−1  as the sample was rotated from 90º to 0º during the 

application of 2 T. For comparison, the MCE of ErNiSi was reported in ref.[202], showing TN = 

4 K and a maximum ΔSisothermal of -8.8 J kg-1K-1 for 2 T.  
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Figure 17. MCE results for HoNiSi: (A) −∆Sisothermal
R , (B) ∆Tad

R , and (C) −∆SR,cal. (5 T) as a function of 

the rotation angle measured with the perpendicular direction (hard axis) as the starting direction. The 

calculations were made at temperatures just below and after the −∆Sisothermal
R  peak: 7.5 and 15 K, 

respectively. The second example of textured behavior and MCE is represented by DyNiSi: (D) 

Magnetization isotherms measured along parallel (top panel) and perpendicular (bottom panel) 

directions. Red highlighted curves indicate measurements performed in decreasing fields near TN. Inset: 

Isotherms measured along parallel direction in temperature of 2–5 K for low magnetic fields. The 

rotational MCE results of DyNiSi: (E) ∆Tad,difference and (F) ∆Sisothermal,difference. Images (A) – (C) are 

reproduced from H. Zhang, C. Xing, H. Zhou, X. Zheng, X. Miao, L. He, et al., Giant rotating 
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magnetocaloric effect induced by highly texturing in polycrystalline DyNiSi compound, Acta Mater. 193, 

210-220, © (2020) Elsevier [250]. Images (D) –  (F) from H. Zhang, Y.W. Li, E.K. Liu, Y.J. Ke, J.L. Jin, Y. 

Long, B. Shen, Giant rotating magnetocaloric effect induced by highly texturing in polycrystalline DyNiSi 

compound, Sci. Rep. 5 (2015) 11929 [207], licensed under an open access Creative Commons Attribution 

4.0 International License. 

Next on the list are the RECuAl compounds with RE = Gd, Tb, Dy, Ho or Er. The polycrystalline 

materials crystallize in hexagonal ZrNiAl-type structure. Two types of basal plane layers are 

distributed along their c axis: one with all the RE atoms and ⅓ of the Cu atoms, and the other 

comprised of a non-magnetic layer formed by the remaining ⅔ of the Cu atoms and all the Al 

atoms. Consequently, uniaxial magnetic anisotropies are observed in RE=Gd, Dy, and Er, while 

basal-plane magnetic anisotropy is observed in HoCuAl. For TmCuAl, neutron diffraction 

studies revealed a very complex magnetic structure: a longitudinal spin wave structure with a 

propagation vector k = (½ 0 q) in the range 2-1.2 K and Tm magnetic moments aligned along 

the c-axis; below 1.2 K, a commensurate basal-plane AFM component with k = (½ 0 ½) 

develops resulting in a canted magnetic structure [251]. MCE reports show a typical FM–PM 

transition with a monotonic decrease in TC as RE evolves from Gd to Er. Their maximum 

ΔSisothermal values (for 2 T) that fall in the GMCE compliance region are -10.9 [218], -17.5[220], 

-14.7[219], and -17.2 J kg-1K-1 [221] for RE=Dy, Ho, Er and Tm, respectively. With transition 

temperatures ranging from 28 to 4 K, their large MCE values (for RE = Dy – Tm in RECuAl) 

suggest that they could be promising candidates for low temperature applications, especially 

gas liquefaction.  

ReNiAl intermetallics, also crystallizing within hexagonal ZrNiAl-type structure (SG P 6̅2 m) 

same as for RECuAl compounds, have been reported with coexistence of FM and AFM states. 

Among them, the MCE of DyNiAl and HoNiAl meet the GMCE threshold: -10 (at 30 K) [252] 

and -12.3 J kg-1K-1 [253] for 2 T. Their corresponding maximum ΔTad (2 T) were 3.5 and 4 K, 

respectively. The fact that Cu doping at the Ni-site can significantly increase ΔSisothermal values 

is another intriguing discovery for this family of compounds. An example is the Tm(Ni0.7Cu0.3)Al 

compound, whose maximum ΔSisothermal (2 T) is -10.7 J kg-1K-1, which is nearly twice as large as 

for TmNiAl (-5.5 J kg-1K-1 for 2 T) while maintained at the same corresponding peak 

temperature near 4 K [254]. While ErNi1-xCuxAl compounds with x = 0.2, 0.5, and 0.8 fall within 

the GMCE compliance region, i.e., -10.1, -14.7, and -15.7 J kg-1K-1 (2 T) [255], the 

Ho(Ni0.7Cu0.3)Al compound exhibits the same maximum ΔSisothermal (2 T) as HoNiAl [256].  

In the RECuSi family, compounds with RE=Dy, Ho, and Er meet the GMCE threshold: -10.5 [187], 

-16.7 [186], and -14.5 J kg-1K-1 (2 T) [185]. It has been reported that they undergo an AFM–PM 

transition at TN = 14 [185], 11 [185], 10 [187], 7 [186], and 7 K [185] when RE = Gd, Tb, Dy, Ho, 

and Er. The large MCE found in HoCuSi was attributed to its field-induced AFM-FM 

metamagnetic transition, which was concurrently accompanied by a very large saturation 

https://doi.org/10.1016/bs.hpcre.2023.10.004
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magnetization and a substantial lattice volume change around TN. Figure 18 presents thermal 

expansion results, taken from ref. [202] based on a PhD thesis [185]. 

 

Figure 18. Temperature dependence of the thermal expansion results of HoCuSi shows an overall linear 

decreasing trend with decreasing temperature. There is a noticeable abrupt drop around TN for 0 T, 

which suggests that there is sudden thermal expansion occurring near TN due to a change in lattice 

constants. Additionally, with increasing magnetic fields, the abrupt thermal expansion shifts to higher 

temperatures, resulting in asymmetries observed in their ΔSisothermal peaks. Data courtesy from Hu 

Zhang, USTB, China.  

Next in line comes the ErRuSi compound, which features a maximum MCE of -15.2 J kg-1K-1 (2 

T) [192], meeting the GMCE threshold. It was reported crystallizing in orthorhombic Co2Si-type 

structure and undergoing a FOMT at 8 K. Its asymmetrical broadening of the ΔSisothermal(T, H) 

peak towards high temperatures with increasing magnetic field changes leads to an enhanced 

cooling efficiency, which the authors attribute to the FOMT and the spin fluctuations caused 

by the Ru 4d sublattice. Few studies have been performed on MCE for related RERuSi 

compounds; the most recent one reports a lower MCE in GuRuSi (5.6 J kg-1K-1 at TC = 78.3 K for 

2 T), which crystallizes in a tetragonal CeFeSi-type structure (SG P4/nmm) instead [257]. 

REFeSi intermetallics also crystallize within tetragonal CeFeSi-type structure, same as GdRuSi 

compound, and are more widely studied. Except for HoFeSi, this family of compounds exhibits 

FM ordering below their respective TC  for RE = Gd, Tb, Dy and Er. HoFeSi exhibits a complex 

magnetic structure with FM and AFM/ferrimagnetic (FIM) moments at low temperatures. It 

presents an inverse MCE of 5.6 J kg-1K-1 (2 T) at the FIM transition (20 K) and a direct MCE of -

7.1 J kg-1K-1 (2 T) at TC = 29 K) [258]. Yet, ErFeSi has the largest MCE among this family of 

compounds despite undergoing SOMT of FM-PM: -14.2 J kg-1K-1 (2 T) at TC = 22 K, which falls 
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within the temperature range desirable for hydrogen liquefaction [200]. TbFeSi is up next with 

-9.8 J kg-1K-1 (2 T) and a TC = 110 K [199].  

The following compounds on the list are REPdAl; depending on the selection of heat treatment 

techniques, they crystallize into various crystal structures, affecting their magnetic properties 

[202, 259]: By annealing at high temperatures (~1050ºC) and then cooling rapidly, the 

metastable high-temperature modification (HTM) forms hexagonal ZrNiAl-type structure, 

while annealing at low temperatures (~750 ºC) the low-temperature modification (LTM) leads 

to orthorhombic TiNiSi-type structure. Among them, those whose MCE meets the GMCE 

threshold are HoPdAl (HTM) and ErPdAl (HTM): -12.8 and -12 J kg-1K-1 (2 T) at TC = 12 and 5 K, 

respectively (values taken from ref. [202]). Ref. [260] reports that for 2 T, as-cast HoPdAl yields 

-11.4 J kg-1K-1, compared to -12.8 J kg-1K-1 for the hexagonal HTM analog (annealed at 1080ºC 

for 12 days) while the orthorhombic LTM counterpart (annealed at 750ºC for 50 days) has 

much smaller MCE of about -2.8 J kg-1K-1. 

RENiIn compounds are reported to form the hexagonal ZrNiAl-type structures where their 

magnetic transition temperatures could vary from 96 K to 9 K for RE=Gd to Er [261]. According 

to early neutron diffraction works, RENiIn compounds with RE=Gd, Ho, and Er, are primarily 

FM, RE=Dy is predominantly AFM, and TbNiIn has a complex magnetic structure suggesting 

the presence of both FM and AFM components [261-263]. These are also reported in a later 

publication dedicated to a systematic MCE study for RE=Gd-Er [264] that also fills a gap for 

HoNiIn. The latter exhibits two successive magnetic transitions with increasing temperatures, 

of which the first at 7 K may be a change from collinear to non-collinear magnetic structure, 

while the second at 20 K is ascribed to FM-PM transition. Among the studied series, the MCE 

of HoNiIn and ErNiIn fall in the GMCE-compliance region: -12.7 and -10.1 J kg-1K-1 (2 T) at TC=20 

and 9 K, respectively.  

Among the MCE reports for RECoAl compounds, those that meet the GMCE threshold are RE 

= Ho [222] and Tm [265]. They present -12.5 and -10.2 J kg-1K-1 (2 T) at TC = 10 and 6 K for RE = 

Ho and Tm, respectively. The RECoAl compounds crystallize in hexagonal MgZn2-type structure 

(SG P63/mmc) and authors mention that compounds with RE=Tb, Dy, Ho and Tm exhibit strong 

anisotropies. A related composite of this compound with composition (Gd,Dy,Er)CoAl was 

developed, revealing TC = 45 K and MCE = -6.3 and -14.0 J kg-1K-1 for 2 and 5 T, respectively 

[222]. As the Steven factors of Dy and Er have opposite signs [266], the composition designed 

by the authors was motivated by the idea of using Er to cancel the anisotropy of Dy while Gd 

is making up for the effect of Er on the transition temperature. GdCoAl shows a table-like MCE 

with a relatively constant |ΔSisothermal| over a large temperature range, ~4.6 to 4.9 J kg-1K-1 for 

76-97 K, while DyCoAl shows -9.2 J kg-1K-1 (TC=37 K). Furthermore, a dedicated study on 

DyCoAl reveals the compound having a commensurate FM structure with collinear Dy 

magnetic moments laying in the ab plane [267] (same MCE value as that reported in ref. [222]) 

https://doi.org/10.1016/bs.hpcre.2023.10.004


Published in Handbook on the Physics and Chemistry of Rare Earths, Volume 64 (2023) Pages 175-246 
https://doi.org/10.1016/bs.hpcre.2023.10.004 

 

39 
 

and that ErCoAl exhibits a MCE of approximately 8 J kg-1K-1 (2 T) and TC = 16 K [268]. The wide 

TC separation among GdCoAl, DyCoAl, and ErCoAl, as well as the intricate magnetic structure 

of DyCoAl, unfortunately lead to a lower MCE value when combining them into a composite. 

Readers are recommended to consult the thorough review book chapter in ref. [41] for 

information on the proper steps to take when designing magnetocaloric composites for 

performance optimization. 

Other ternary compositions found with MCE falling in the GMCE compliance region include 

RE3Ni6Al2, RERu2Si2, RE3CoNi, and RE4CoCd. For RE3Ni6Al2, the compounds with RE=Ho and Er 

exhibit -10.7 and -10.8 J kg-1K-1 (2 T) with TC = 14.5 and 2.4 K, respectively [227]. They were 

found crystallizing in cubic Ca3Ag8-type structure (SG 𝐼𝑚3̅𝑚 ) and underwent a FM-PM 

transition. Among the RERu2Si2 family, ErRu2Si2 exhibits a MCE that meets the GMCE threshold: 

-11 J kg-1K-1 (2 T) [193]. Authors reported that it underwent a FOMT at the transition 

temperature of 5.5 K with a maximum ΔTad (2 T) of approximately 5.6 K within a wide 

temperature span. For RE3CoNi compounds, the MCE of Tm3CoNi fulfills the GMCE threshold: 

-10 J kg-1K-1 (2 T) with TC = 6 K [242]. Among RE4CoCd compounds, we would consider that 

Er4CoCd, crystallizing in cubic Gd4RhIn-type structure, meets the GMCE threshold: its 

maximum ΔSisothermal (2 T) = -9.9 J kg-1K-1 and TC= 12.5 K [239]. 

2.5 Lanthanides-non-metals-based compounds 

Aside from combining lanthanides with metallic elements for magnetocalorics, lanthanide 

compounds with nonmetallic elements, such as B, C, N, S, or O, as one of the major 

constituents have also been reported. Those with minor nonmetal additions to RE, such as up 

to 15 atomic percent of B, C, or H to Gd, only resulted in a reduction in the MCE that Gd is 

capable of. For those containing oxygen, they will be discussed in the next section as there are 

wide variations in compositions and characteristics among magnetocaloric RE oxides. This 

section is therefore primarily on RE borides, carbides, sulfides, and nitrides, especially 

highlighting the compositions meeting the GMCE threshold.  

In Figure 19, we compare the magnetocaloric properties of RE borides, carbides, sulfides, and 

nitrides. The GMCE-compliant region appears to be dominated by REB2, RECoC2, RECo2B2C, 

EuS, EuSe, and REN, where REB2 is clearly the most prominent in terms of the MCE magnitude 

and transition temperature range.  
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Figure 19. MCE comparison of the RE borides, carbides, sulfides, and nitrides for 2 T. The dash line 

represents the lower limit of the GMCE threshold. Among the GMCE-compliant region, REB2 stood out 

in terms of the MCE magnitude and transition temperature range. Data are taken from [26, 269-280]. 

The heightened interest in these compounds is sparked by the promising MCE found in HoB2. 

It is to be highlighted that this composition was sought by machine learning (ML) approach 

(outlined in Figure 20 (A)) and experimentally verified: HoB2 undergoes SOMT yet shows a very 

large reversible MCE at 15 K (presented in Figure 20 (B) and (C)) [269]. Its SOMT is verified 

from the positive slopes observed in the Arrott plots (Figure 20 (D)) and excellent collapse of 

their magnetocaloric curves from the universal curve approach developed by Victorino Franco 

[50, 51] (Figure 20 (E)). According to the authors, the additional contribution from the SR 

transition and the large FM fluctuation above TC both contributed to the large MCE obtained 

in HoB2 [281].  
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Figure 20. The first report of REB2 was the ML-sought HoB2, whose model construction process is 

outlined in (A): Step (i) reviewing literature and extracting data; step (ii) includes extracting 

compositional-based features using XenonPy30 python package and using them along with their 

reported field change values; step (iii) involves optimizing the model using HyperOpt package by 

minimizing the mean absolute error (MAE) score; and step (iv) evaluation of the performance of the 

constructed model by comparing predicted and reported ΔSisothermal values for a validation set of ~300 

compositions. The found HoB2 composition exhibits large (B) ΔSisothermal and (C) ΔTad at temperatures 

near the boiling point of hydrogen. It undergoes SOMT as shown in the (D) Arrott plots and (E) universal 

curve scaling. Images are reproduced from P. Bd Castro, K. Terashima, T.D. Yamamoto, Z. Hou, S. Iwasaki, 

R. Matsumoto, et al., Machine-learning-guided discovery of the gigantic magnetocaloric effect in HoB2 

near the hydrogen liquefaction temperature, NPG Asia Materials 12(1) (2020) 35 [269], under an open 

access Creative Commons Attribution 4.0 International License.  
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Based on the advantages of HoB2 as described in ref. [269], a number of substitutions to the 

AlB2-type crystal structure are investigated to expand its operating temperature of 10–30 K to 

directly cool hydrogen gas from 77 to 22 K, in an effort to optimize the design of a high-

efficiency refrigeration system for hydrogen liquefaction via a three-stage magnetic 

refrigerator [282, 283]. The substitution efforts include Dy or Gd and Al at the RE and B sites, 

respectively. The motivation of Dy substitution stems from the fact that it also behaves as a 

standard ferromagnet (TC = 50 – 55 K) with additional SR transitions (20 and 12 K) similar to 

HoB2. Its first MCE report displayed two MCE peaks of approximately -4.3 and -7.6 J kg-1K-1 at 

20 and 48 K (2 T) respectively (for 5 T, the approximate values are -10.4 and -17 kg-1K-1 at 25 

and 50 K respectively) [284]. When Dy is added to the Ho site in the pseudobinary HoxDy1-xB2 

system, the working temperature expanded (11 – 50 K) at the expense of ∆Sisothermal decreasing 

(half the value for HoB2 for x > 0.5), but this could also result in a table-like MCE with very high 

RC values over 600 J kg-1 (5 T) [270, 285]. The overall broadening of the MCE behavior to a 

table-like feature with expanded working temperature is also found for HoxGd1-xB2 system with 

x = 0.2, 0.3 and 0.4 [271]. Phase segregation instead of solid solution formation is reported 

when Al substitutions were made to the B-site in the HoB2-xAlx system: stoichiometric HoB2 

and B-substituted HoAl2 [286]. Even though the system still exhibits double MCE peaks (at TC1 

of 15 K and TC2 above 32 K), the lower HoB2 phase fraction regrettably results in a lower MCE: 

TC1 is the same as HoB2, while TC2 resembles HoAl2. TbB2 was reported to undergo a SOMT at 

144 K with -5.2 J kg-1K-1 (2 T)[287]. Authors estimated that it could give a large ∆Tad of 14.7 K 

(2 T). If the latter is proven true, this magnitude would substantially allow the compound to 

comply the GMCE threshold despite its moderate ∆Sisothermal values.  

While HoB2 maintains the best MCE among this family of compounds, substitutions of x≤0.7 

in the HoxRE1-xB2 or HoB2-xAlx systems yield ∆Sisothermal values that could meet the GMCE 

threshold. However, there is room for improvement in the low field ∆Tad of HoB2 (12 K for 5 T; 

6 K for 2 T) to satisfy the GMCE threshold for both ∆Sisothermal and ∆Tad parameters. Other REB2 

and their MCE have not been reported. The MCE is also frequently reported for RECo2B2 and 

RECo3B2, but they fall short of the GMCE cutoff, and thus will not be further discussed. 

When it comes to RE carbides, those whose compositions include TM could exhibit ∆Sisothermal 

values that satisfy the GMCE criteria when RE = Gd and Er in RECoC2, RE = Er in RE2Cr2C3, RE = 

Er in RENiBC, and RE = Tb and Dy in RECo2B2C.  

Both GdCoC2 and ErCoC2 crystallize in the CeNiC2-type structure (SG Amm2), each with a FM-

PM transition at TC of about 15 and 14 K respectively [288, 289]. Both reports demonstrate 

that the magnetocaloric curves collapse onto a universal curve, indicating they undergo SOMT. 

Yet they still manage to provide a significant MCE value of -16 [288] and -10.2 J kg-1K-1 (2 T)[289] 

each, which is sufficient to meet the GMCE threshold. Er2Cr2C3 was reported to exhibit an 
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orthorhombic structure of SG C12/m1, a FM-PM transition at TC = 9.7 K and displaying a 

maximum ∆Sisothermal value of approximately -11 J kg-1K-1 (2 T) [290]. In this family of compounds, 

the magnetic ordering differs depending on the RE selection: FM-PM for RE = Er (TC = 9.7 K) 

while PM-AFM for RE = Ho (TN = 15.8 K) and Dy (TN = 25.2 K). Moving to the next family of 

compounds, the RE nickel boron carbides, RENiBC, the compound with RE = Er undergoes a 

SOMT at transition temperature of 4.5 K, presenting ∆Sisothermal values that satisfy the GMCE 

threshold: -10 and -17.1 J kg-1K-1 for 1 and 2 T respectively [291]. Other closely related 

quaternary RE nickel boron carbides are the RENi2B2C compounds, which were reported to 

crystallize in ThCr2Si2-type crystal structure with alternating RE-C and Ni2B2 layers along the c-

axis. However, none of their MCE reports fall in the GMCE-compliance region. When Co 

replaces Ni in RECo2B2C, the compounds crystallize in a LuNi2B2C-type crystal structure with 

I4/mmm space group, as reported in ref.[292] for RE=Gd, Tb or Dy. Another obvious distinction 

between them and the RENi2B2C compounds is that they exhibit FM-PM transition (TC ~17.2, 

5.3 and 7.7 K for Gd, Tb and Dy) while the presence of nickel in the latter stabilizes the AFM 

ordering associated to FOMT for low magnetic fields. Among them, the ∆Sisothermal values of 

TbCo2B2C and DyCo2B2C falls in the GMCE-compliance region: -10.75 and -11.20 J kg-1K-1 (2 T) 

respectively.  

Among the magnetocaloric sulfides reported, EuS was the first one: Bredy and Seyfert 

reported in 1988 an estimated MCE value of -22.7 J kg-1K-1 (3 T) from the heat flux 

measurements of a flat sintered polycrystalline sample [293]. A later study on an EuS single 

crystal revealed that it undergoes a SOMT from FM–PM (TC = 18.2 K) with very large and 

isotropic MCE of -22.7 J kg-1K-1 (Figure 21 (A)) and relative cooling power (RCP) of 284 J kg-1 

(2 T) [272]. The exceptional MCE of EuS, -16.76 J kg-1K-1 (2 T), was also found for polycrystalline 

powders synthesized from different batches of the Eu2O3 precursor and sulfurization 

conditions [273]. This compound, an ordinary FM semiconductor, crystallized in a NaCl-type 

structure and is expected to exhibit relatively weak crystalline field effect and magnetic 

anisotropy. Despite this, the sizeable, reversible, and isotropic MCE discovered suggests that 

it may be worthwhile to explore europium monochalcogenides. Having said that, this is also 

reflected in the remarkable and isotropic MCE reported for EuSe and EuO where the former 

undergoes a FOMT while the latter a SOMT from FM-PM at TC = 69 K (further covered in the 

next section). EuSe single crystals were reported to exhibit a large MCE of -23.4 J kg-1K-1 (2 T) 

with a TN = 4.6 K (Figure 21 (B)) [26]. In this report, the isotropic MCE is revealed by measuring 

its isothermal magnetization curves with magnetic field applied along the [100] and [110] 

directions, where they perfectly coincide at temperatures above TN and with very slight 

difference below TN. Its large MCE (which falls in the GMCE threshold) is resulted from the 

FOMT it undergoes at TN. Although a notable isotropic MCE is found for EuS and EuSe, reports 

on related families are scarce.  
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Figure 21. Large, reversible isotropic MCE obtained for (A) EuS and (B) EuSe. Image (A) reproduced with 

permission from D.X. Li, T. Yamamura, S. Nimori, Y. Homma, F. Honda, Y. Haga, et al., Large reversible 

magnetocaloric effect in ferromagnetic semiconductor EuS, Solid State Commun. 193, 6-10, © (2014) 

Elsevier [272]. Image (B) with permission from D.X. Li, T. Yamamura, S. Nimori, Y. Homma, F. Honda, D. 

Aoki, Giant and isotropic low temperature magnetocaloric effect in magnetic semiconductor EuSe, Appl. 

Phy.s Lett. 102(15), 152409 (2013) [26].  

Another group of GMCE-qualified candidates that stands out in Figure 19 is the RE nitrides. 

Crystallizing in the NaCl-type crystal structure, they are dense materials, yet have high thermal 

conductivity. They are chemically stable and do not react with hydrogen gas. Their MCE 

investigations began with mononitrides with formula REN, RE = Gd, Tb, Dy, Ho or Er, and then 

evolved to binary RE nitrides. They undergo SOMT of FM-PM with decreasing Tc along the 

Gd < Tb < Dy < Ho < Er as shown in Figure 22 (A). Among these, ErN and HoN show very large 

|∆𝑆isothermal| values above the GMCE threshold as seen from their MCE results in  Figure 22 

(B). Their ∆𝑇ad(5 T) were found to be -8.5 and -10.3 K [294], which are comparable to the Gd 

value(-11.6 K for 5 T from ref. [58]). In addition, their nanoparticles have been reported with 

unparalleled magnetocaloric properties [295, 296]. Though one can find the combination of 

all these factors makes them magnetocaloric materials with excellent performance for 

hydrogen liquefaction, it would be worthwhile to investigate their ∆𝑇ad  performance for 

smaller magnetic field changes, such as 2 T. In this way, their suitability for liquefaction 

applications without large magnetic fields could be evaluated further. 
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Figure 22. (A) MCE comparison of the RE nitrides for 5 T. Dash lines represent the lower limit of the 

GMCE threshold. (B) The temperature dependence of ∆Tad (5 T) of ErN and HoN published in ref.[294] 

shows they are promising magnetocaloric refrigerants for cryogenic applications (note: ∆Tad of Gd is 

~11.6 K for the same magnetic field change, whose data is taken from ref. [58]). Data from panel (A) 

are taken from [276-279]. Image (B) reproduced with permission from S. Nishio, T. Nakagawa, T. 

Arakawa, N. Tomioka, T.A. Yamamoto, T. Kusunose, et al., Specific heat and thermal conductivity of HoN 

and ErN at cryogenic temperatures, J. Appl. Phys. 99(8), 08K901 (2006) [294]. 

 

2.6 Rare-Earth Oxides 

Magnetic oxides crystallize in a wide range of structures and exhibit diverse yet complex 

behavior that may involve non-collinear magnetism, ferrimagnetism, or multiple phase 

transitions along with structural changes. The presence of multiple magnetic atoms in the 

structures further results in distinct orderings for each species. For example, it is very common 

to include a transition metal (Mn, Cr, Fe, etc.) in the RE oxides, where the interaction between 

3d and 4f electrons will significantly impact on the magnetic properties, and thus MCE, of the 

compounds, giving rise to distinctive features. 

The wide tunable transition temperatures of RE oxides span from a few K to more than 1000 

K; many of them are found at extremely low temperatures, typically below 10 K, while several 

others, including manganites, ferrites, spinels, etc., are at higher temperatures. For gas 

liquefaction using the MCE, we emphasize in this section the compounds with transition 

temperatures within our desired range, starting with simple oxides made up of one TM at the 

anion site (e.g., RECrO4, RETiO3, REVO4, etc.), followed by double TM in the anion site, then 

garnets and other complex oxides.  
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2.6.1 RE oxides with a single TM at the anion-site 

The simple RE oxides studied for MCE are typically of RETMO3 and RETMO4 stoichiometries, 

which exhibit the perovskite- and tetragonal zircon-type structures respectively. For the former, 

outstanding MCE values found in the GMCE-compliant region as shown in Figure 23 (A) are 

with TM = Ti, while in the RETMO4 stoichiometry, they can be found for RECrO4 or REVO4 as 

well as for some of the spinel oxides. There is no other known simpler oxide that exhibits 

remarkable MCE besides the well-known EuO. With a Curie temperature of 69 K, this 

ferromagnetic binary oxide crystallizes in a NaCl-type structure and displays MCE of -17.5 J kg-

1K-1, 6.8 K, and RCP of 665 J kg-1 for 5 T (-8.5 J kg-1K-1 and 3.2 K for 2 T) [297]. Even though it 

undergoes SOMT, its ΔTad values make it a promising SOMT refrigerant in this temperature 

range (despite having lower MCE values than the cryogenic compounds undergoing FOMT). 

Rare-earth titanates (RETiO3) are among the reported magnetocaloric oxides that exhibit 

simple FM ordering whose transition temperatures can be tuned within 30-70 K. DyTiO3 single 

crystal was reported with a Curie temperature of 65 K, displaying -9.64 J kg-1K-1 (2 T) as shown 

in Figure 23 (B) [298], which scratches the lower limit of the GMCE threshold. This compound 

also stood out among the systematic studies of RETiO3 family where RE = Dy, Ho, Er, Tm, or Yb 

described in ref. [299]. Although the MCE reported for a single GdTiO3 crystal is not even close 

to the cutoff, it is interesting to note that as we advance away from the heavy RE, the table is 

reversed for EuTiO3: both its single crystal and polycrystalline forms showed reversible GMCE 

values. Ref.[300] reports maximum ΔSisothermal values of -11 (1 T) and -22.3 J kg-1 K-1 (2 T) at 5.5 

K with negligible magnetic and thermal hysteresis. This was attributed to field-induced AFM-

FM and FM-PM transitions. Larger ΔSisothermal values are reported for EuTiO3 compounds, for 

both single crystal and polycrystalline samples as shown in Figure 23 (C) and (D) [301]. This 

exceptional titanate was further investigated as EuTi0.85Nb0.15O3 single crystal [302], in which 

the small Nb substitution at the Ti site enables the compound to reach FM metallic state. The 

reported parameters are TC = 9.5 K and GMCE values (2 T) as high as -23.8 J kg-1 K-1 and 9.8 K 

in the absence of thermal and field hysteresis.  
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Figure 23. (A) MCE comparison of simple RE oxides for 2 T. Exceptional MCE meeting the GMCE 

threshold are found in RETiO3 compounds: their temperature dependence of isothermal entropy 

change (top panels) and adiabatic temperature change (bottom panels) of (B) DyTiO3 single crystal 

[298], (C) EuTiO3 single crystal, and (D) EuTiO3 polycrystalline samples. Data from panel (A) are taken 

from [297, 303-310]. Images (B) to (D) are reproduced with permission from Y.T. Su, Y. Sui, X.J. Wang, 

J.G. Cheng, Y. Wang, W.F. Liu, et al., Large magnetocaloric properties in single-crystal dysprosium 

titanate, Mater. Lett. 72, 15-17, © (2012) Elsevier [298] and A. Midya, P. Mandal, K. Rubi, R.F. Chen, J.S. 

Wang, R. Mahendiran, et al., Large adiabatic temperature and magnetic entropy changes in EuTiO3, 

Phys. Rev. B 93(9) (2016) 094422 [301]. © (2016) by the American Physical Society. 

Several RE vanadates with REVO4 stoichiometry have been reported to possess excellent 

magnetocaloric properties, meeting the GMCE threshold. However, these properties are only 

observed at very low temperatures (many of them show AFM ordering below 5 K). Vanadates 

with RE = Gd, Tb, Dy, Ho, Er or Yb, have been studied for their MCE, where GdVO4 shows 

exceptional MCE that falls within the threshold of GMCE magnitude: about -24 J kg-1K-1 (3 T) 
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at around 3 K [311]. This has been reported in two works [311, 312], where the former focused 

on magnetic structure and MCE while the latter provided a systematic investigation of the 

magnetic structure, MCE, and heat capacity of the compounds with RE = Gd, Ho, Er or Yb. 

Among them, only GdVO4 and ErVO4 exhibit MCE values that fall in the GMCE magnitude: for 

2 T, ΔSisothermal ~ -12 and -14 J kg-1 K-1, respectively. An exceptional case was found for DyVO4 as 

presented in Figure 24 (A): its MCE value is about -13.9 at ~4.8 K (2 T) [309]. In addition, its 

ΔTad behavior (Figure 24 (B)) shows double peaks, one resulting from the AFM ordering of Dy3+ 

moments and the other from the structural change connected to the 4f ferroquadrupolar 

ordering of Dy3+ ions. The authors attribute this GMCE to a field-induced metamagnetic 

transition at low magnetic fields, making it a suitable potential candidate for gas liquefaction 

applications. In another case, TbVO4 single crystals have been found with very broad MCE 

along the easy magnetization a-axis [313]. 

 

Figure 24. Remarkable MCE of DyVO4 compound meeting the GMCE threshold: temperature 

dependence of (A) ΔSisothermal and (B) ΔTad. Reproduced with permission from A. Midya, N. Khan, D. Bhoi, 

P. Mandal, Giant magnetocaloric effect in antiferromagnetic DyVO4 compound, Physica B 448, 43-45, 

© (2014) Elsevier [309]. 

There are mainly two groups of RE-Cr oxides studied for MCE: RE chromites, RECrO3, and RE 

chromates, RECrO4. The largest MCE found for the former is reported for ErCrO3 : -12.9 J kg-1K-

1 for 5 T [314]. However, this magnitude cannot be considered large enough for a GMCE 

(although it is larger than 10 J kg-1 K-1, the accepted threshold corresponds to a field of 2 T, 

which is not the case here), and we will advance the discussion to the second group – RECrO4 

family. Crystallizing in tetragonal zircon-type structure, RECrO4 show complex magnetic 

properties caused by the competition between FM and AFM super exchange interactions of 

3d and 4f spins. Typically, they behave as ferromagnets apart from RE = Gd, Ho, Dy, and Er, 

which have field-induced metamagnetic transitions. As a result, their MCE could reach at least 

-11 J kg-1 K-1 for 2 T, which meets the GMCE threshold [306-308]. Among them, HoCrO4 shows 
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a maximum ΔSisothermal value of approximately -12.8 J kg-1 K-1 (2 T) with TC = 18 K, and DyCrO4 

with approximately -13.4 J kg-1 K-1 (2 T) and TC = 23 K [306]. Figure 25 displays their reported 

MCE data, which show them to be a promising group of compounds for additional research. 

 

Figure 25. RECrO4 compounds are one group of RE oxides that falls in the GMCE-compliant region 

where the MCE of (A) HoCrO4 (top: ΔSisothermal; bottom: ΔTad) and (B) DyCrO4 are a couple of examples. 

Images are reproduced with permission from A. Midya, N. Khan, D. Bhoi, P. Mandal, 3d-4f spin 

interaction induced giant magnetocaloric effect in zircon-type DyCrO4 and HoCrO4 compounds, Appl. 

Phys. Lett. 103(9) (2013) 092402 [306].  

In addition, very large ∆𝑆isothermal
R   values were found for single crystals of rare-earth 

perovskites with REFeO3 stoichiometry and exhibiting large anisotropy in various 

crystallographic directions [315-319]), reaching values as large as -11.9 to -16.62 J kg-1K-1 (2 T) 

for RE = Tb[317], Dy[316] or Er [315]. These fall within the GMCE threshold and the rotational 

MCE data for TbFeO3 are presented in Figure 26 as an example.  

The literature contains numerous magnetocaloric reports on manganites with REMnO3 

stoichiometry, including their single crystal investigations (for RE = Nd, Tb, Dy Ho or Tm). Their 

transition temperatures can be easily changed simply by modifying the elements or applying 

pressure (e.g., tunable transition temperature from ~100 to ~40 K for the La0.65Ca0.35Ti1-xMnxO3 

system where x = 0 - 0.4 [320]). We will not go into further details on the MCE reported for the 

REMnO3 family of compounds because, regrettably, they do not meet the GMCE threshold. 
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Figure 26. The magnetization isotherms of TbFeO3 single crystal measured with increasing and 

decreasing magnetic fields within 2 – 10 K along the (A) a-, (B) b-, and (C) c-axes; Their corresponding 

isothermal entropy change along the (D) a-, (E) b-, and (F) c-axes, where the large anisotropic MCE 

along a-plane meets the GMCE threshold. The magnified subplot of the measurements along b-axis in 

panel (F) shows minor hysteresis loss during the cycling process. Images are reproduced from Y.J. Ke, 

X.Q. Zhang, Y. Ma, Z.H. Cheng, Anisotropic magnetic entropy change in RFeO3 single crystals (R = Tb, 

Tm, or Y),, Sci. Rep. 6 (2016) 19775 [317] under an open access Creative Commons Attribution 4.0 

International License. 

2.6.2 RE oxides with double TM at the anion-site  

Furthermore, there are many MCE papers that report more complex stoichiometries of RE 

oxides, such as RETM2O5, RE2TM2O5, RETM2O6, RE2TM2O6 (sometimes classified as double 

perovskite) or RE2TM2O7. During their systematic investigations, some of them were found to 

show large MCE values, but to display them, magnetic fields larger than 2 T were needed, so 

they do not meet the GMCE threshold. There are, however, others that meet this threshold as 

shown in the MCE performance comparison plot in Figure 27 (a), and that will be further 

reviewed and discussed in this section.  
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Figure 27. (A) MCE comparison (2 T) of complex RE oxides with double TM at the anion site. Those 

fulfilling the GMCE threshold are (B) DyBaZnO5, (C) Gd2CoMnO6, and (D) Gd2-xSrxCoMnO6 (where x = 

0.5). Data from panel (A) are taken from [321-338]. The image in (B) is reproduced with permission 

from P. Xu, L. Hu, Z. Zhang, H. Wang, L. Li, Electronic structure, magnetic properties and magnetocaloric 

performance in rare earths (RE) based RE2BaZnO5 (RE = Gd, Dy, Ho, and Er) compounds, Acta Mater. 

236, 118114, © (2022) Elsevier [324]. Images (C) and (D) are reproduced with permission from R.C. 

Sahoo, S. Das, T.K. Nath, Role of Gd spin ordering on magnetocaloric effect and ferromagnetism in Sr-

substituted Gd2CoMnO6 double perovskite, J. Appl. Phys. 124(10) (2018) 103901 [328].  

Among the family of RE2TM2O5, Dy2BaZnO5 was reported showing MCE of -11.2 J kg-1K-1 (2 T) 

at 2 K as depicted in Figure 27 (B) [324]. Experimental and computational results for RE = Gd, 

Ho or Er, were also reported. The RE2BaZnO5 compounds crystallize in two types of crystal 

structures depending on the RE selection: SG I4/mcm for RE = La, Nd; SG Pnma for RE = Eu, Gd, 

Tb, Dy, Ho, Er or Y.  

In the RE2TM2O6 family, Gd2CoMnO6 was found exhibiting MCE = -10.1 J kg-1K-1 (2 T), which 

could be improved to -12.3 J kg-1K-1 (2 T) by 25% Sr-substitution of Gd ions, resulting in 

Gd1.5Sr0.5CoMnO6, both data being recorded at low temperatures [328]. These MCE results are 

presented in Figure 27 (C). In this family of cobalt-manganese containing double perovskites, 

the GMCE observed at low temperature is attributed to 3d (Co2+/Mn4+) - O2- and 4f (Gd3+) 

exchange interaction. Meanwhile, at higher temperatures, the rock-salt like ordering of Co2+ 

and Mn4+ octahedra following a 180 ̊  super exchange contributes to a FM ordering. It is 
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interesting to note that doping divalent alkaline-earth metals (Aʹ) at the RE site will yield 

exciting phenomena, one of them being the change in the magnetic structure caused by the 

difference in the ionic radii between the RE3+ and A'2+ ions as the latter are bigger than the 

former, causing local distortion in the crystal structure. This will significantly affect the 

interactions of spins that are close to one another and cause the coupling strength to change. 

When RE is magnetic (e.g., Gd, Nd, etc.) while A is nonmagnetic (such as Sr, Ca, etc.), these 

effects are more pronounced. Thus, hole doping of Sr2+ at the Gd site of (Gd1-xSrx)2CoMnO6 

enhances ferromagnetism and in turn suppresses the inverse MCE without significantly 

affecting the overall magnetothermal response. The authors indicated that these facts can be 

best understood by the inverse Dzyaloshinskii-Moriya interaction mechanism.  

2.6.3 RE garnets and other complex oxides 

Since the earliest days of magnetocaloric studies, the MCE of RE garnets have been well 

understood [53]. Gadolinium gallium garnet, generally known as GGG, has long been 

recognized as the standard magnetocaloric material in cryogenic magnetic refrigeration 

because of the high |ΔSisothermal| values it exhibits at 5 K [304]. Dy3Ga5O12, Dy3CrGa4O12 garnets 

also show MCE that meet the GMCE threshold: about -11.4 and -13.2 J kg-1K-1 (2 T) [335]. In 

addition, motivated by the enhanced magneto-optic characteristics found in LiCaTb5(BO3)6 

compared to the standard Tb3Ga5O13 (TGG) crystal, due to the larger Tb concentration and the 

favorable site anisotropy of Tb3+ coordination environment [339], a theoretical analysis based 

on the single ion anisotropy found a significant MCE improvement over the notable GGG. This 

MCE enhancement was evidenced for both theoretical and experimental studies in 

LiCaRE5(BO3)6 where RE = Gd or Tb: MCE values as large as -21.5 or -24 J kg-1K-1 (2 T) were 

measured [338]. For RE = Gd, measurements were performed on a powder sample, while for 

the other compound, studies were made on a single crystal. Another complex RE oxide 

displaying large MCE that meets the GMCE threshold is KEr(MoO4)2, which is an excellent 

candidate for cryogenic magnetic refrigeration [340]. The magnetic anisotropy of its single 

crystals gives a value of ~10 J kg-1K-1 (2 T) simply by rotating within the ab plane.  

2.7 Upcoming systems that combine multiple properties for optimized 

performance: the high-entropy alloy concept 

Despite the scarcity of reports, several magnetocaloric materials were developed using the 

high-entropy alloy (HEA) design concept. This concept emphasizes the central area of the 

phase diagram (represented as a ternary one in Figure 28 (A)), in which the configurational 

entropy of mixing, ΔSmix, is greatly increased using a blend of several principal elements, rather 

than alloying elements to dilute a single base constituent (or two), as is the case with 

conventional alloy development. As a result, these new alloys are dubbed “high-entropy alloys.” 
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HEA, by themselves, exhibit mechanical properties that outperform conventional alloys [341, 

342], thereby underscoring the potential of HEA design in discovering new magnetocaloric 

materials with optimal mechanical stability. Their design concept was initially intended to 

produce single phase metallic solid solutions by using five or more principal elements in 

equimolar concentrations. It is important to note that HEA has evolved and now include both 

intermetallic and ceramic compounds, even with less than five principal elements and 

compositions that are not equimolar (for more information, readers may refer to [13, 46, 343]). 

Most magnetocaloric HEA reports focus on amorphous structures, whose MCE values are 

within the range of conventional amorphous magnetocaloric materials that do not reach the 

GMCE threshold. It should be noted there were two milestones related to amorphous 

magnetocaloric alloys that sparked their investigation (presented in Figure 28 (B)): the MCE of 

Finemet-type alloy [344] and the discovery of universal curves for the magnetic field 

dependence of ∆Sisothermal [345, 346]. Unfortunately, the same applies to crystalline RE-HEA 

(their MCE does not meet the GMCE threshold). One of the primary reasons is their adhesion 

to the initial HEA design concept, which uses five or more principal elements in equiatomic 

amounts. For forming the amorphous phase in HEA, it is important to carefully select elements 

with different atomic radii and enthalpy of mixing (ΔHmix) values, as is the case with RE-TM 

blend with stoichiometric compositions that fall within the predicted range for creating bulk 

metallic glass in the HEA space: atomic radius difference ≥ 9%, −35 ≤ ∆𝐻𝑚𝑖𝑥 ≤

−8.5 kJ mol−1 and 7 ≤ ∆𝑆𝑚𝑖𝑥 ≤ 14 J K−1 ∙ mol−1 [347]. Gd, Tb, Dy, Ho, Er, and Tm, are the 

common choices for the RE site. Fe, Ni, Co, Cu, and Al are often selected as TM . Typically, in 

quinary HEAs, 60% of the principal elements are RE, resulting in properties similar to those 

found in amorphous RE-TM structures: broad magnetic ordering transitions and smeared-out 

MCE behavior. This also applies to quaternary RE-TM HEA. More principal elements in the HEA 

concept may result in dilution or complex interaction effects, though some of their MCE values 

are similar to those in amorphous RE-based alloys with high MCE values [348-353]. Therefore, 

when designing HEAs with only RE elements, it is essential to consider the effects of the 

composition on magnetic interactions and anisotropy.  
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Figure 28. (A) Contour ΔSmix plot of a model ternary alloy where the conventional alloy compositions 

are found at the corners and edges (R refers to the ideal gas constant). ΔSmix values increase to 

maximum (at the center of the plot) where the elements are in equimolar concentrations. (B) Web of 

Science literature survey on the annual publications on amorphous magnetocaloric materials show a 

surge (left y-axis; bar graph) and an exponential fit to the citations (right y-axis; circles), both after the 

publication of refs. [344, 345] in 2006. Search terms include “amorphous” and “magnetocaloric” in the 

title field. Under an open access Creative Commons Attribution 4.0 International License and © 2021 

and 2023 Author(s), images (A) and (B) are reproduced from J.Y. Law, V. Franco, Review on 

magnetocaloric high-entropy alloys: Design and analysis methods, J. Mater. Res. 38(1) (2023) 37-51 [13] 

and C. Romero-Muniz et al., Magnetocaloric materials for hydrogen liquefaction, The Innovations: 

Materials (2023) Accepted [52]. 

Therefore, to fully take advantage of the HEA alloys characteristics, specifically their excellent 

mechanical properties, strategic approaches must be implemented to design high-quality 

magnetocaloric materials with a longer lifespan. This was recently tackled by targeted property 

search in the vast HEA space as it expands to non-equimolar concentrations (ΔSmix threshold 

for HEA is at least 1.5 times of ideal gas constant, R, embracing the evolution of its definition). 

These studies have revealed that magnetocaloric HEA materials could perform similarly to 

high-performing conventional magnetocaloric materials (displayed in Figure 29 (A)): non-

equiatomic Fe0.222Mn0.223Ni0.222(Ge,Si)0.333 HEA were tuned for undergoing FOMT, leading to 

MCE values as large as ΔSisothermal = -10.2 J kg-1K-1 for the as-cast state [17, 18] and -18.0 J kg-1K-1 

for the annealed counterparts [15] (2 T). They are the best performers among magnetocaloric 

HEA (Figure 29 (B)) and close the pre-existing gap between magnetocaloric HEA vs. 

conventional materials (Figure 29 (C)). They also meet the GMCE threshold; although HEA 

containing RE principal elements have not yet been reported, the targeted property search 

approach serves as a useful starting point. This topic has been recently discussed in a review 

on magnetocaloric HEA [13] regarding the potential of finding improved MCE in the non-
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equiatomic HEA space. In addition, attempts have been made to apply the HEA concept to 

conventional high-performing magnetocaloric compounds. These include (Tb,Dy,Gd)(Co,Fe)2 

Laves phase [354-358], (Gd,Tb,Dy,Ho,Er)Al2 Laves phase [359], and (Ce,Pr,Nd)2Fe17-xSix 

compounds [360]. However, no reports have yet been made on adjusting their MCE to meet 

the GMCE threshold. Nevertheless, these findings offer valuable information on different ways 

of utilizing the revolutionary HEA concept to develop magnetocaloric materials that could 

ideally possess optimal magnetocaloric and mechanical properties. 
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Figure 29. (A) The MCE results for FeMnSiGeSi HEA found by a targeted property strategic search meet 

the GMCE threshold and stand out as the best performer among magnetocaloric HEA (B). (C) MCE 

comparison with conventional materials reveals they (bluish region) close the pre-existing gap between 

magnetocaloric HEA vs. notable La(Fe,Si)13, Fe2P and Gd5Si2Ge2 systems. Reproduced under an open 

access Creative Commons Attribution 4.0 International License and © 2021 and 2023 Author(s), images 
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(A), (B) and (C) are adapted from J.Y. Law, Á. Díaz-García, L.M. Moreno-Ramírez, V. Franco, Increased 

magnetocaloric response of FeMnNiGeSi high-entropy alloys, Acta Mater. 212 (2021) 116931 [18].  

3 Performance and criticality 

There is no doubt that it is important to have a good magnetocaloric response, however, 

economic factors are also crucial for the likelihood of practical technological applications being 

realized. It is particularly important to consider the material criticality for any application 

aiming to be implemented on a large scale, in order to ensure its long-term viability. We 

recently reviewed magnetocaloric materials for cryogenic applications and conducted a 

criticality assessment of all the materials we mentioned [52], which was usually disregarded 

in many other works. Based on the assessment of three crucial factors (supply risk, 

vulnerability to supply restrictions, and environmental implications), this concept, which was 

originally developed for metals, identifies which materials are most appropriate for a particular 

industrial production process. In this section, the assessment of performance and criticality 

will be focused on those materials with MCE standing on the shoulders of the “giant Gd5Si2Ge2”, 

including those highlighted in Figure 2.  

Our evaluation employs the supply risk (SRI) and Economic Importance (EI) indices obtained 

from the "Study on Critical Raw Materials for the EU 2023" [361], by the European Commission, 

whose methodology has been established in cooperation with the Ad hoc Working Group on 

Defining Critical Raw Materials in 2017 [362]. The SRI calculates the likelihood that the supply 

chain will be disrupted by considering variables like supply concentration, import dependence, 

governance performance as measured by the World Governance Indicators, trade restrictions, 

and agreements, and the presence and importance of substitutes. The evolution of the 

criticality faced by RE elements from 2017 to 2023 is further highlighted in Figure 30 for 

readers with further interest in evaluating their lanthanide-containing materials. For our 

assessment, we calculated the indices of the potential compound by taking the mass fraction 

of each element into account. In broad terms, the higher the indices, the more critical the 

material or element. Nevertheless, we follow the threshold of criticality zone recommended 

by the European Commission: SRI ≥ 1 and EI ≥ 2.8 (rounded to one decimal).  
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Figure 30. A radial chart illustrating the criticality faced by RE elements from 2017 to 2023. The 

criticality screening is based on Supply Risk (SRI) and Economic Importance (EI), whose values are 

calculated from a consolidated study on critical raw materials for European Union in ref. [361, 363, 364]. 

The cutoffs considered for criticality zone are SRI ≥ 1.0 and EI ≥ 2.8 rounded to one decimal.  

Figure 31 maps the overall results for magnetocaloric performance (both ΔSisothermal and 

transition temperature) versus the SRI, specifically for the materials standing on the “giant 

Gd5Si2Ge2” (reviewed in earlier sections of this book chapter). Most of these compounds, 

which saturate at temperatures below 50 K, show medium to high SRI, implying their criticality 

at present. Among them, binary RE-metalloids based intermetallics exhibit a wide range of 

transition temperatures with excellent MCE while their SRI currently span between 2.5 and 
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4.9. On the other hand, the compounds observed saturating at lower SRI (i.e., below 2) are 

mostly those highlighted in Figure 2 and the binary RE intermetallics with magnetic TM 

elements, whose transition temperatures lie between 60 and 350 K. 

 

 

Figure 31. Performance comparison (2 T) of magnetocaloric materials standing on the “giant Gd5Si2Ge2” 

including an assessment of their criticality supply risk index (SRI): (A) |∆𝑆isothermal
peak

| and (B) transition 

temperatures.  

We present a further analysis of the compounds saturating below SRI < 2 in Figure 32. Several 

of them are RE-free compositions, while those containing RE elements belong to the La(Fe,Si)13 

family. The latter's SRI can range from 1.0 to 1.3 depending on their designed compositions, 

which shows that selecting and designing the right compositions is important for fine-tuning 

the material criticality. In this case, several critical elements, such as Ce, Nd, Pr, and/or Co, 

utilized in the substitutions contributed to the higher SRI of the La(Fe,Si)13 family. Similarly, this 

is also true for compounds highlighted in Figure 2, such as HEA-FOMT, MM'X, NiMnSi-Fe2Ge, 

whose material criticality is moderated by their less critical elements despite containing critical 

components. Therefore, the same strategy could be applied to low temperature 

magnetocaloric compounds that have high magnetocaloric performance, as shown in Figure 

31. As a start, it might be a good idea to consider those with medium criticality: RE oxides, RE-

metalloids-based intermetallics, RE with non-metals-based compounds, and even RE with 

metalloids/TM elements. For instance, HoCoGe and HoCoSi with |∆𝑆isothermal
peak

| (2 T) of 17.1 

and 13 J kg-1K-1 with transition temperatures of 7.6 and 14 K, show current SRI of 4.1 and 4.5 

(rounded to one decimal), respectively. Other ternary systems, such as HoNiSi (-17.5 J kg-1K-1, 

4.5 K, 4.0), HoCuSi (-16.7 J kg-1K-1, 7 K, 3.8), HoCuAl (-17.5 J kg-1K-1, 11.2 K, 3.7) and HoNiIn (-

12.7 J kg-1K-1, 20 K, 3.0), exhibit comparable performance but have lower SRI. Therefore, it is 
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possible to achieve good MCE performance by combining with less critical metals, such as Ni, 

Cu, Al, etc., and this implies that high-performing magnetocaloric materials at low 

temperatures are not restricted to high material criticalities.  

 

 

Figure 32. Performance comparison (2 T) of magnetocaloric materials standing on the “giant Gd5Si2Ge2” 

with SRI lower than 2.0: (A) |∆𝑆isothermal
peak

| and (B) transition temperatures.  

4 Epilogue and future outlook 

Since the discovery of Gd5Si2Ge2 and the subsequent use of the term "giant magnetocaloric 

effect (GMCE)" to describe it, research on magnetocaloric materials has evolved to focus on 

room-temperature applications as well as on the hunt for additional compounds that exhibit 

first-order thermomagnetic phase transition (FOMT). The "giant Gd5Si2Ge2" led to the 

discovery of several new compounds showing FOMT and GMCE values, including MnAs, Fe2P, 

La(Fe,Si)13, MM'X, ferromagnetic shape memory alloys, RE2In, and high-entropy alloys with 

FOMT (HEA-FOMT), etc. A wide array of variant compositions is also reported today for their 

families. As well as investigating their thermomagnetic and other properties to better 

understand their potential applications, magnetocaloric research led to the discovery of new 

quantitative criterion for evaluating the order of thermomagnetic phase transitions and the 

synergistic effect of multi-caloric effects aided by multi-stimuli.  

Modern environmental concerns about energy and climate change today spurred interest in 

gas liquefaction applications, which has led to a resurgence of interest in cryogenic 

magnetocaloric materials. A large number of existing prototypes began testing with Gd, a 
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SOMT material but evolved to use FOMT compounds, such as Fe2P-type and NaZn13-type 

materials. Considering these are mainly for ambient temperature applications, the ultimate 

choice in material selection comes down to those with FOMT and RE-free compositions. 

Nevertheless, many of these compositions are not as effective at cryogenic temperatures, 

narrowing the options considerably for developing low-temperature prototypes. Therefore, 

cryogenic magnetocaloric materials ultimately rely on rare earth elements, which poses 

sustainability and material criticality concerns. Developing new materials with comparable or 

better magnetocaloric properties that are more sustainable and have a lower material 

criticality is therefore crucial. This can be achieved by compensating the critical elements for 

less critical ones during the search and development of materials that are optimized for 

cryogenic applications. 

As a first step in this endeavor, this chapter identifies magnetocaloric compounds that stand 

on the "giant Gd5Si2Ge2", i.e., compounds with large MCE values that meet the GMCE 

threshold. Their current criticality analysis was also performed, finding that their overall level 

of material criticality is medium to high. This will be useful for designing compositions with 

optimized performance and medium criticality by balancing critical and non-critical elements. 

Additionally, the upcoming material design concept, inspired by the HEA idea, has the 

potential to balance criticality in large proportions. It also offers combinatorial capabilities, 

such as large MCE values with optimized mechanical properties, and tunable transition 

temperatures and criticality. Through the recent discovery of a directed search strategy, the 

challenge of rationally searching the large HEA compositional space has been solved, so high-

performance magnetocaloric compounds with material criticality can be realized soon for 

cryogenic applications. 
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