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Magnetic refrigeration technology based on the magnetocaloric effect (MCE) shows great potential for application
in low-temperature fields such as nitrogen, helium, and hydrogen liquefaction. Rare-earth-based compounds usually dis-
play outstanding magnetocaloric performance due to the vacant 4f shell and larger magnetic moments, so they have at-
tracted much attention. The working temperature is one of the core parameters of low-temperature magnetic refrigeration
materials, which needs to match specific application scenarios (~ 4.2 K for liquid helium, ~ 20 K for liquid hydrogen,
~ 77 K for liquid nitrogen). This paper reviews the strategies for regulating the working temperatures of rare-earth-based
low-temperature magnetic refrigeration materials and concentrates on low-spin rare-earth substitution, zero-spin rare-earth
substitution, amorphous engineering, and non-rare-earth atom substitution methods. It provides references for designing
low-temperature magnetic refrigeration materials with desired working temperatures.
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1. Introduction

Magnetic refrigeration technology based on the magne-
tocaloric effect (MCE) with solid-state working substances
has potential applications due to its distinct advantages, such
as high energy efficiency, no greenhouse gas emissions, and
low noise.['8] The MCE can generally be described as the
phenomenon in which magnetic materials release or absorb
heat when the magnetic field is strengthened or weakened.!!
In recent years, the demand for liquid helium, liquid hydro-
gen, and liquid nitrogen has been gradually increasing be-
cause they have significant applications in fields including
aerospace, superconducting devices, low-temperature physics
n,[10-12

experiments, and helium/hydrogen liquefactio 1 For in-

stance, liquid helium and liquid nitrogen are used as cool-

(131 and liquid hy-

ing media for superconducting magnets,
drogen serves as a clean energy carrier.'*] All the above re-
sources require the support of low-temperature magnetic re-
frigeration technology for their large-scale storage and trans-
portation. Liquid helium, liquid hydrogen, and liquid nitro-
gen can be obtained through magnetic refrigeration technol-

ogy. The application of magnetic refrigeration technology de-
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pends on the properties of magnetocaloric materials. Recently,
it has been reported that RE-based oxides are suitable for ultra-
low-temperature magnetic refrigeration. For example, the B-
site-ordered Gd,CuTiOg double perovskite oxide undergoes a
magnetic transition below 1.8 K and exhibits excellent mag-
netocaloric properties in the cryogenic region. Its maximal
magnetic entropy change (—ASY™) reaches 51.4 J-kg~!-K~!
for a magnetic field change of 0~7 T;!'>! RE-based oxides rep-
resented by Gd3Gas01; retain high magnetic entropy and en-
able reversible magnetic cycling even below 100 mK. Their
high thermal conductivity (approximately 40 W-m~!-K~! at
4 K) and chemical stability make them ideal materials for the
1-4 K precooling stage in multistage adiabatic demagnetiza-
tion refrigeration systems;[16J the CaGd4SizO13 ceramic ma-
terial exhibits outstanding magnetocaloric performance in the
sub-liquid-helium temperature region, with —ASy** reaching
59.5 J-.kg~'-K~! (0-7 T), which is accompanied by excellent
environmental stability;[!”] the antiferromagnet Gd;BWOq
exhibits a magnetic ordering temperature of approximately
1.0 K with a remarkably high volumetric magnetic entropy
density of 502.2 mJ-K~!-cm™3.18] Therefore, obtaining mag-
netic cooling materials that cover the refrigerant temperature
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range is an essential prerequisite to realizing advanced and so-
phisticated research in magnetic refrigeration technology.
Since the magnetocaloric properties of materials are
closely connected with their phase transition, understanding
and distinguishing first-order and second-order phase transi-
tion (FOPT and SOPT) behaviors is crucial for selecting ap-
propriate magnetic cooling materials. FOPT materials have at-
tracted considerable attention due to their abrupt crystal struc-
ture change, significant magnetic hysteresis, and large mag-
netocaloric responses. Typical representatives such as RCos
(R = Er, Ho, Dy) Laves phases exhibit d-shaped peaks in the
Although these
materials possess high potential in magnetic entropy change

specific heat at the transition temperature.

and adiabatic temperature change, their transition temperature
range is narrow and highly sensitive to the applied magnetic
field.["! In contrast, SOPT materials hold significant applica-
tion value in magnetic refrigeration devices owing to their con-
tinuous transition characteristics, absence of hysteresis losses,
and broader operating temperature span. Typical materials
include RNi; and RAl, compounds. These materials exhibit
structural stability and ease of preparation and shaping, which
make them particularly suitable for magnetocaloric refriger-
ation systems in low-temperature regions, such as hydrogen
liquefaction. Furthermore, their magnetocaloric properties
can be optimized through component regulation.?”! In recent
years, many cryogenic magnetic refrigeration materials with
excellent magnetocaloric properties have been reported, such
as EuAl40,,1!! HoB,,??! EuyIn,!?3 LiHoFy,** ErNi, %)
EuRhO3,1%%) NaGdS,,*”) NH4GdF41*®) and EuB407.0"
Among various magnetocaloric materials, rare-earth-based
compounds possess large magnetic moments due to the not
fully filled 4f shell electrons of rare earth elements, which fur-
ther attracts much attention to their large MCE.[3%! The key
parameters to evaluate the performance of magnetocaloric ma-
terials include isothermal magnetic entropy change (ASyy),3!!
adiabatic temperature change (AT,q),??) magnetic refrigera-
tion temperature span (8Trwrwm),>>! and refrigeration capac-
ity (RC).[** It should be noted that the working temperature
also plays a decisive role in the application of low-temperature
magnetic refrigeration materials. The working temperature
must strictly match the target refrigeration temperature range
for practical application. However, the magnetic phase tran-
sition temperature of a given magnetocaloric material is spe-
cific, so it is difficult for one single magnetocaloric material
to meet the requirements of actual and complex situations.
For example, RGa compounds are binary intermetallic com-
pounds that generally exhibit ferromagnetism and possess an
orthorhombic CrB-type crystal structure.[>>] Among them, the
Curie temperature (7c) of ErGa is 30 K,1*®! which is close
to the liquid hydrogen temperature but still has some way to
go; the Néel temperature (Tx) of TmGa is 15 K,7! which

needs to be further reduced to match the liquid helium tem-
perature. Therefore, it is of great significance to effectively
regulate the working temperatures and meanwhile enhance the
magnetocaloric properties in designing low-temperature mag-
netic refrigeration materials.

In recent years, researchers have developed various strate-
gies for regulating the working temperature of magnetic ma-
terials. Substitution of low-spin rare earth atoms for high-spin
rare earth atoms can regulate the magnetic phase transition of
compounds to reduce the magnetic phase transition tempera-
ture while simultaneously maintaining a high MCE.3831 The
strategy of substituting a heavy rare earth atom with a zero-
spin rare earth atom reduces the magnetic exchange interac-
tion and can adjust the working temperature, but the impact
on MCE varies from system to system.!**l Amorphous engi-
neering reduces the phase transition temperature by destroying
short-range magnetic interaction, providing a new way for the

[41] Non-rare-earth

design of ultra-low temperature materials.
atom substitution can slow down the conversion process of
magnetic phase transition.[*?! This paper systematically sum-
marizes the application of the above regulation strategies in
rare-earth-based low temperature magnetic refrigeration ma-
terials. It mainly includes the analysis of the mechanisms and
regulation effects of low-spin rare earth substitution, such as
when the ErGa and ErAl, compounds are substituted by Tm;
zero-spin rare earth Y substitution in TmGa and ErCr;Si; sys-
tems; and other regulation methods (amorphous engineering
and non-rare-earth substitution), such as Er-Tm-Al-Cu-Ni—
Ga high entropy alloys and Pr(Ga,Ge) compounds. This paper
summarizes the advantages and limitations of different strate-
gies, presents the prospect of this field and thereby provides
a reference for designing high performance low temperature
magnetic refrigeration materials.

2. Substitution with low-spin rare earth atoms

In general, spin optimization is an effective approach
to designing magnetocaloric materials, since the spin angu-
lar momentum quantum number (S) is positively correlated
with the magnetic exchange interaction in rare-earth-based in-
termetallic compounds. For rare-earth-based compounds, the
magnetic exchange interaction is mainly determined by the
rare-earth atoms. To be specific, both the magnetic moments
and the distance between neighboring magnetic atoms con-
tribute to the magnetic exchange interaction. A systematic
description of the above interaction is known as the RKKY
interaction.*3] However, if the discussion of magnetic inter-
action is limited only to a specific and uniform material sys-
tem, the influence of atomic distance becomes insignificant
and thus magnetic moment dominates the magnetic interac-
tion. As is well known, magnetism originates from the or-
bital and spin angular momentum of 4f electrons in rare-earth
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atoms, but the magnetic exchange interaction depends only on
spin.[**] More specifically, magnetic interaction is determined
by the component of the spin magnetic moment parallel to the
total angular momentum, which is the physical foundation of
the widely used de-Gennes factor. 4f electrons fill the atomic
shell increasingly with the atomic number in rare-earth atoms.
Since the 4f electrons obey Hund’s rule, the spin of rare-earth
atoms shows periodic trends. The variations of the spin angu-
lar momentum quantum number, orbital angular momentum
quantum number, total angular momentum quantum number,
and de-Gennes factor with atomic number are shown in Fig. 1.
The regular variation of spin provides ways to regulate mag-
netic ordering temperatures in rare-earth-based compounds.

(a) 4
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Fig. 1. (a) The spin angular momentum quantum number (S), (b) orbital
angular momentum quantum number (L), (c) total angular momentum
quantum number (J), and (d) de-Gennes factor change with rare earth
atoms.
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Fig. 2. (a) The magnetic entropy change curves of Erj_,Tm,Ga (0 <x < 1)
under magnetic field change of 0-2 T. (b) Temperature corresponding to
—ASy™ of Er;_,Tm,Ga under magnetic field change of 0-2 T. (c) The adi-
abatic temperature change curves of ErGa, TmGa and ErpgTmg,Ga under
magnetic field change of 0-2 T.[*8) (d) The temperature average entropy
change of Erj_,Tm,Ga compounds from 15 K to 35 K under magnetic field
change of 02 T.1481

The RGa (R = Er and Tm) compounds crystallize in the
CrB-type orthorhombic structure (space group Cmcm), ex-

hibit rich magnetic phase transition properties, and have at-
tracted lots of attention.!*>) Two phase transitions were ob-

served around 15 K and 30 K in ErGa, corresponding to a
spin reorientation transition and a ferromagnetic (FM) to para-
magnetic (PM) transition, respectively. Although it shows
excellent magnetocaloric properties, it is still inappropriate
to be used as a magnetic cooling medium at liquid hydro-
gen temperature./*! The TmGa compound undergoes an FM
to antiferromagnetic (AFM) transition at Tga = 12 K and
an AFM to PM transition at 7y = 15.6 K with increasing
temperature.*’! It is obvious that TmGa is also not suitable to
be used for hydrogen liquefaction because the working tem-
perature is far below the liquid hydrogen temperature. Thus,
Er;_,Tm,Ga series were synthesized by substituting Er with
Tm to regulate the working temperature. The —ASy of all
compounds under a magnetic field change of 0-2 T were cal-
culated and are shown in Fig. 2(a). As the content of Tm in-
creases, the temperature corresponding to the maximal mag-
netic entropy change decreases from 31.0 K to 15.0 K as
presented in Fig. 2(b), which precisely covers the liquid hy-
drogen temperature range. In particular, ErggTmg,Ga ex-
hibits the most outstanding performance among these com-
pounds. Under a magnetic field change of 0-2 T, the maxi-
mal magnetic entropy change (—ASy™) is 13.6 J-.kg K1,
the temperature average magnetic entropy change (TEC) is
10.1 J-.kg~'-K~!, the maximal adiabatic temperature change
(AT3™) is 4.3 K, and the refrigeration capacity (RC) is
182.3 J-kg~!, which is 32%, 36%, 48%, and 18% higher than
that of ErGa, respectively.!*®! The AT 4 of ErGa, TmGa, and
ErpgTmp,Ga under a magnetic field change of 0-2 T were

48] 1t is obvious that

calculated and are shown in Fig. 2(c).
the variation of AT,4 and —AS)y coincide with each other. Al-
though the AT }** of TmGa is larger than that of Erg §Tmy »Ga,
the AT 3** of ErggTmgGa is higher than that of both ErGa
and TmGa within the range of 20 K to 30 K, which indi-
cates that Erg gTmg ,Ga possesses the best MCE performance
within this temperature range. The comparison of TEC (20),
the temperature average entropy change in the temperature
range of 20 K, for Er;_,Tm,Ga compounds under a mag-
netic field change of 0-2 T is shown in Fig. 2(d).[*8] As the
Tm content increases, the change of TEC (20) is not a lin-
ear trend. Instead, Erg gTmg,Ga reaches the maximum value
among the Er-Tm—Ga series, further confirming its excellent
MCE performance. According to thermomagnetic measure-
ments, ErpgTmg,Ga experiences a spin reorientation (SR)
transition and an FM to PM transition with increasing temper-
ature. It was further found that the contribution of the order-to-
disorder transition to the ordered magnetization is much larger
than that of the SR transition according to neutron powder
diffraction (NPD) experiments. Thus, the peak of the mag-
netic entropy change curve occurs at temperatures around 7c,
and the value of —ASy™ is much larger than that of the neigh-

boring component Er;_,Tm,Ga. Additionally, the type of
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FM to PM transition is second order, and short-range mag-
netic interaction exists in the paramagnetic region, leading to
a broadened working temperature range. This regulating strat-
egy based on Tm substitution realizes the simultaneous im-
provement of —ASYA*, & Trwum, AT ¥, and RC, which makes
it an excellent candidate material for hydrogen liquefaction.

ErAl, crystallizes in the MgCu,-type cubic Laves phase
structure (space group Fd-3m) with T¢ of 14 K,1#%5 and its
working temperature was further reduced through Tm sub-
stitution. The scatter plot of T¢ as the content of Tm and
the corresponding fitted curve are shown in Fig. 3(b).P! It
is found that the magnetic phase transition temperature of
Er;_,Tm,Al; decreases linearly from 16 K to 3.6 K with the
increasing content of Tm, covering the liquid helium to lig-
uid hydrogen temperature range. Since the spin of Tm is
smaller than that of Er, Tm substitution leads to a mono-
tonic decrease of Tc. Temperature dependences of —ASy; for
Er;_,Tm,Al; (0 < x < 1) under the field change of 0—1 T are
shown in Fig. 3(c). The contour plot of —ASy as a func-
tion of Tm content and temperature under the field change
of 0-1 T for Er;_,Tm,Al; (0 < x < 1) compounds is pre-
sented in Fig. 3(d). As the Tm content increases, the —ASy™
shifts gradually toward lower temperature, concentrating pre-
dominantly in the temperature range of 2-20 K, which indi-
cates that the MCE of the compounds is the most remarkable
within this temperature interval. Furthermore, the most appro-
priate working temperature is close to the liquid helium tem-
perature for Erg ;Tmg9Al,. Among the Er;_,Tm,Al; series,
Erp7Tmg 3Al, exhibits exceptional low-field magnetocaloric
performance. Under a magnetic field change of 0-1 T, the val-
ues of —ASN™ and AT3** are 17.2 J’kg~'-K~! and 4.13 K,
respectively, which is higher than that of the parent ErAl,
sample. When the field change is up to 0-2 T and 0-5 T,
the —AST# reaches 25.7 J-.kg~!-K~! and 37.1 J-.kg~!.K~!
and the RC reaches 190 J-kg~! and 501 J-kg~! correspond-
ingly, which is comprehensively superior to the representative
low-temperature magnetocaloric materials such as EuS,[?!
GdCoC,>31 and GdBO3.5*! The outstanding low-field MCE
performance originates from the FM-ordering magnetic struc-
ture and low saturation magnetic field. The magnetic structure
for Erg7Tmgp 3Al; compound at 5 K is schematically shown in
Fig. 3(a).’!1 Neutron powder diffraction experiments confirm
that the magnetic moments of Ery7Tmg 3Al, are ferromagnet-
ically ordered along the crystallographic direction (111). The
characteristic of second-order phase transition assures good
thermal and magnetic reversibility.>>]

In previous research, many systems in which low-spin
ions substitute for high-spin ions have been reported. In the
HoB; system, the 7¢ increases gradually with Dy substitution,
while the —ASy and AT ,q show a gradual decrease. How-
ever, the peak height of the above magnetocaloric properties

for Ho;_,Dy,B> alloys tends to remain high over a wide tem-

[56] In the HoCrO3 system, excellent magne-

perature range.
tocaloric properties around 5 K can be exhibited because of
Gd substitution, and the U is determined to be 9.68 ug. The
—ASTA §523.3 J-)kg~!-K~! at 5 K and the RC is 481.2 J-kg !
under a field change of 0-7 T, which are much larger than

571 In HoAl; compounds, substitut-

those of pure HoCrOs.
ing Dy for Ho can adjust the magnetic phase transition tem-
perature; the T shifts to higher temperatures while the spin
reorientation transition shifts to lower temperatures with in-
creasing Dy concentration.®® In Dy;_Er,Ni, compounds,
substituting Er for Dy weakens the exchange interactions,
which decreases the ordering temperature. The AT for
Dyyg.75Er( 25Ni, under a field change of 0-2 T reaches 4.1 K,
which indicates that the proposed composite has a high poten-

tial for use in the liquid helium temperature range. >°!

-
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Fig. 3. (a) Schematic picture of magnetic structure for Erp7Tmg3Aly
compound at 5 K.BU (b) Magnetic phase diagram of Er;_,Tm,Al,
(0 < x < 1) compounds.! (c) The magnetic entropy change curves
of Er;_,Tm,Al, under magnetic field change of 0-1 T. (d) The contour
plot of (—ASy) as a function of Tm content and temperature under the
field change of 0—1 T for Erj_,Tm,Al, compounds.

3. Substitution with zero-spin rare earth atoms

Zero-spin rare-earth atom Y (S = 0) substitution is an-
other way to regulate the magnetic transition temperature and
working temperature of magnetocaloric materials. The sub-
stitution of Y will dilute the spin quantum number of the
system,[®°) and thus reduce the magnetic ordering tempera-
ture. Since Y-substitution will also decrease the total angular
momentum quantum number, a reduction of the MCE is ex-
pected in most situations. However, appropriate Y-substitution
in specific systems could enhance the MCE by optimizing the
magnetic coupling and magnetization process. The above two
cases were observed in Tm_,Y,Ga and Er;_,Y,Cr,Siy sys-
tems, respectively.

TmGa exhibits an outstanding magnetocaloric perfor-
mance, but not for the liquid helium temperature because
its magnetic phase transition temperature is too high (Ty =
15.6 K). It is found that Y-substitution successfully decreases
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the magnetic phase transition temperature by reducing the av-
erage S in Tm;_,Y,Ga but maintains the same CrB-type crys-
tal structure in this series.®'! In order to present the magnetic
phase transition temperature clearly, the transition tempera-
tures of the compounds are marked in Fig. 4(a).[°!! With in-
creasing Y-content, the transition temperature of Tm;_,Y,Ga
decreases from 15.6 K to ~ 2 K monotonically. Additionally,
the Tmg 4 Y ¢Ga compound undergoes two successive transi-
tions, FM to AFM and AFM to PM, at 2.8 and 5.4 K respec-
tively with increasing temperature, which makes Tmg 4 Y cGa
match the liquid helium temperature most closely in the se-
ries. However, Y-substitution, meanwhile, significantly sup-
presses the magnetocaloric properties. The —ASy curves of
Tm;_,Y,Ga compounds under magnetic field changes of 0—
2 T are presented in Fig. 4(b). The value of —ASy™™ for
Tmg4Y06Gais 10.1 J-kg~'-K~! under a field change of 0-2 T,
which is only 50% of that of TmGa (20.2 J-)kg~!-K~!). Fur-
thermore, the RC is 78.2 J-kg~!, nearly 50% lower than that of
TmGa (154.6 J-kg~1).181] This is mainly attributed to the zero
magnetic moment of Y, which decreases the total magnetic
moments and weakens the MCE of the system. The contour
plot of —ASy for Tm;_, Y Ga (0 <x <0.8) as a function of Y
content and temperature under a field change of 0-2 T is pre-
sented in Fig. 4(c).l%!! It is evident that although the —AST**
reduces, its peak temperature moves toward lower tempera-
tures gradually with increasing Y content. Figure 4(d) presents
the temperature interval corresponding to the full width at half
maximum of —ASy* for Tm;_,Y,Ga under a magnetic field
change of 0-2 T. It is clear that this series of compounds ex-
hibits a relatively large refrigeration temperature span. Never-
theless, its working temperature covers the liquid helium tem-
perature, which confirms the effectiveness of regulating the
magnetic transition temperature by zero-spin-atom substitu-

tion.
(a) 18 (b) 20 —O—TmGa
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Fig. 4. (a) Magnetic phase diagram of Tm;_,Y,Ga (0 < x < 0.8)
compounds. 1611 (b) Magnetic entropy change curves of Tm;_, Y, Ga un-
der magnetic field change of 0-2 T. (c) The contour plot of (—ASyy) for
Tm;_,Y,Ga compounds as a function of Y content and temperature un-
der the field change of 0-2 T.[%!] (d) The temperature range correspond-
ing to the full width of half —ASy#* for Tm;_,Y,Ga under magnetic
field change of 0-2 T.

In the RCr,Si; series, zero-spin Y-substitution not only
regulates the magnetic transition temperatures but also en-
hances the magnetocaloric performance. Rare-earth-based
RCr,Si; compounds (ThCr;Six-type tetragonal structure)
have received much attention because of their low-field, low-
temperature MCE due to the high magnetic moments of rare-
earth atoms (the theoretical magnetic moment of Er>* is about
9.5 ug).l92%31 Among these compounds, the magnetic phase
transition temperature of ErCr;Si, is about 1.9 K (ultralow

1641 According

temperature region) with a considerable MCE.
to previous reports, the working temperature can be further
It is found that the phase

transition temperature of Er;_,Y,Cr,Sip compounds cannot

reduced through Y-substitution.

be observed above 2 K, which is in accord with expected re-
sults. What is more important, an enhancement of the MCE is
achieved simultaneously. According to Fig. 5(a), (%] the sat-
urated magnetic fields are all lower than 0.8 T, and the value
for Erg9Y(.1Cr;Si, is as low as 0.42 T, which is the minimum
value among the Er_,Y,Cr,Si, series. The specific value of
experimental saturation magnetization (Mg *P) corresponding
to each Er;_,Y,Cr,Si» compound is shown in Fig. 5(b).[%]
The MSEXp is in good agreement with the calculated value
(MSC“‘IC). It should be noted that Erg9Y( 1Cr>Siy shows the
largest ME *P among the Er;_, Y,Cr,Si; compounds, which in-
dicates that it can be magnetized to a higher ordered magnetic
state. The —ASy of all Erj_,Y,Cr;Si; compounds under a
magnetic field change of 0—1 T were calculated and shown in
Fig. 5(c). Erg.9Y0.1Cr,Si; exhibits the best MCE performance.
Under a field change of 0—1 T, the value of —ASy™* was calcu-
lated to be 19.2 J-kg’l K~!, which is 15.7% higher than that
of the parent ErCr;Si,. Furthermore, the maximal adiabatic
temperature change under a field change of 0—1 T is as high as
4.3 K. The values of —ASy™ and AT ;7™ are the highest among
the reported intermetallic compounds below 40 K. In order to
intuitively compare the differences in MCE performance, the
—ASy® of Er-Y-Cr-Si series compounds and the represen-
tative low-temperature magnetic refrigerant materials under a
field change of 0—1 T are shown in Fig. 5(d).[*7-6>-78] The mag-
netic transition was confirmed to be second order, indicating
excellent thermal and magnetic reversibility, which enables it
to avoid magnetic hysteresis loss in refrigeration cycles. ]
The mechanism of the MCE enhancement is that the in-
troduction of Y, which increases the lattice constant due to the
larger radius of Y% than Er’*, brings two aspects of vari-
ation to the Ery_,Y,Cr;Si, series. The first one is the in-
crease of saturation magnetic moment from 8.0 ug to 8.2 ug,
which provides a larger space for magnetic entropy change.
The second one is the reduction of saturation magnetic field
from 0.5 T to 0.42 T,[%%] which increases the variable quantity
of magnetic entropy under low field change. The results in
the Er;_,Y,Cr,Si, series indicate that MCE reduction is not
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the inevitable result of zero-spin Y substitution in rare-earth-
based compounds. On the contrary, appropriate Y-substitution
can not only adjust the transition temperature to lower values
but also improve MCE significantly.

(a) o)

0.8 O Exp
o o ® calc
= . .o ~ 6 =
’ o e
T - i 24 o
< o. .,’ =
04 2 -
—
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Fig. 5. (a) Y-content dependence of the saturation field.!%] (b) Y-

content dependences of the saturation magnetic moments and theoret-
ical values of Erj_,Y,Cr2Siz (0 < x < 0.8).19] (¢) The magnetic en-
tropy change curves of Er;_,Y,Cr,Si; under magnetic field change of
0-1 T. (d) Comparison of —ASy** for field change of 0-1 T between
Er;_,Y,Cr;Sip compounds and typical intermetallic low-temperature
MCE materials with working temperatures below 20 K.[0%]

The influence of zero-spin Y substitution on the MCE of
the system is indeterminate. In (Gd;—,Y,)2NiSiz compounds,
the transition temperatures and the effect of ferromagnetic
coupling get weakened because of the magnetic dilution by
increasing the Y concentration. Under the field change of 0-
2 T, the —ASR™ of (Gdg.75Y0.25)2NiSiz was calculated to be
4.3 J-)kg~!-K~!, which is higher than that of Gd,NiSi3, while
this value of other compounds decreases monotonically as the
content of Y increases.!” In the Ho,_, Y Fe7 system, as the
content of Y increases, the value of T¢ decreases from 334 K to
314 K, while the —ASY™ and RC enhance from 3 J-kg~!-K~!
to 4.6 J.kg~!-K~! and from 168 J-kg~! to 342 J-kg~' under
the field change of 5 T, respectively.[39] In the TbCo, sys-
tem, with increasing Y content the 7¢ and the Co ion mo-
ments are found to lower from 203 K to 50 K. This can be
attributed to diminution of the exchange interactions. The ob-
tained —AS§™ are found to decrease from 5.3 J-kg~!-K~! to
1.9 J-.kg~1-K~! for Tby g75Y.125C0, under the field change of
0-4 T. However, these materials exhibit an average 8 Trwum
of approximately 34 K, which makes them acquire a large
RCP.31]

4. Other strategies to regulate working temper-
atures

In addition to R-substitution, amorphization and non-
rare-earth atom substitution are also effective methods to reg-
ulate working temperatures. Rare-earth-based high-entropy
alloys (HEAs) integrate the high magnetic moments of rare

earth atoms and the excellent mechanical properties./3%83]

The Er, TmyAlsCuNiGa HEA is fabricated into a bulk poly-
crystalline sample (B0O) through arc melting and amorphous
ribbons (R42, R48, R52 and RS5) by melt spinning. Ac-
cording to Fig. 6(a),®¥ it is evident that the bulk sample BO
has the characteristic of a multiphase structure. However, the
XRD patterns of R42, R48, R52 and R55 become smooth
and the diffraction peaks disappear, indicating the formation
of an amorphous phase. Magnetic characterization indicates
that the magnetic phase transition temperature of the bulk
sample is 4.5 K while the magnetic ordering temperature of
the amorphous samples all drops below 3.3 K, which further
realizes a slight reduction in working temperatures. 84 As de-
picted in Fig. 6(b),3%! the T¢ of the bulk sample is the largest
among all compounds, which indicates that amorphization
can reduce the T¢ of the crystal sample. Amorphization not
only reduces the working temperatures but also enhances the
low-field MCE. The temperature dependences of —ASy; for
B0, R42, R48, R52 and R55 under a field change of 0-2 T
are shown in Fig. 6(c). The comparison of —ASy** for a
field change of 0-2 T between bulk and amorphous ribbons
is shown in Fig. 6(d). It is obvious that the —ASy™ of all
amorphous ribbons is higher than that of the bulk sample. The
—ASy* of the R52 ribbon (surface speed of a single-roller
melt-spinner is 52 m/s) was calculated to be 4.3 J-kg~!-K~!
and 9.0 J-kg~!-K~! under field changes of 0-1 T and 0-2 T,
respectively, which is 59% and 34% higher than those of
BO (2.7 J-.kg7"-K~! and 6.7 J-kg~'-K~").18 This is owing
to the fact that the amorphous state destroys the long-range
magnetic order of rare earth atoms, which further weakens
the magnetic exchange interactions and reduces the magnetic
ordering temperature. Simultaneously, the high magnetic mo-
ments of rare earth atoms (ErT, Tm?) compensate for the
magnetic moment loss caused by the disruption of short-range
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—_ — < R42
3 — %5 2 R48
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Fig. 6. (a) Powder XRD pattern of Er, Tmy Al;CuNiGa bulk and amorphous
ribbons at room temperature.'3*! (b) The comparison of Curie temperatures
for B0, R42, R48, R52 and R55.134! (c) The magnetic entropy change curves
of ErpTmjAl4CuNiGa amorphous ribbons and polycrystalline bulk under
magnetic field change of 0-2 T. (d) Comparison of —AS}** for field change
of 0-2 T between bulk and amorphous ribbons.
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magnetic order. In addition, the amorphous state can reduce
magnetic anisotropy, which makes it easier to orient under
low fields for magnetic moments and finally realizes the en-
hancement of MCE. 33891 This method provides another fea-
sible alternative for rare earth based magnetocaloric materials
in balancing low working temperatures and high MCE.

PrGa crystallizes in the CrB-type orthorhombic struc-
ture, and its working temperature was successfully adjusted
by substituting Ge for Ga.!®”! It is found that Ge substitution
increases both the FMI to FMII transition temperature (7;) and
the FMII to PM transition temperature (7¢) in PrGa;_,Ge,.
The working temperature range of PrGapo¢Geg; is close to
that of liquid hydrogen, and the working temperature range
of PrGag gGey, is close to that of liquid nitrogen as shown
in Fig. 7(a). Figure 7(b)!®8) shows the magnetic structure
of the PrGag9Geg; compound under the magnetic ordering
temperature. All the magnetic moments at the same Pr site
are distributed randomly within a conical surface, and the
actual magnetic moments can point toward different direc-
tions, but the intersection angle and the z-axis are fixed at
the specific temperature. The magnetic phase transition tem-
peratures of PrGagoGep | are determined as 26 K and 56 K
for T; and Tc, respectively. The order to disorder tempera-
ture of PrGag 9Gey ; is significantly higher than that of PrGa
(Tc = 38 K), and it is also closer than PrGa to liquid nitro-
gen temperature. 88! As the field change increases, the peak
near T; starts to extend to higher temperatures gradually; when
the field change reaches 5 T, the two peaks merge into one
single peak, as depicted in Fig. 7(c).!%8! The temperature de-
pendence of the —ASy curves under field changes of 0-5 T
for all compounds is shown in Fig. 7(d). The Ge-substitution
sample keeps the magnetocaloric characteristic of the parent
phase. The value of —ASy™* for PrGapoGep,; under a field
change of 0-5 T is 5.4 J-kg~!-K~!, which is 50% lower than

(a) (b)

Liquid Hydrogen ~20 K Liquid Nitrogen ~77K ¢

28K-38 K
PrGa

26 K-56 K o
PrGa, Ge, s CGalGe

S5 K-75K
PrGag,Ge,;

TIPSR Y N S N NI i
10 20 30 40 50 60 70 80 90
T(K)

°
e

6 PrGa, 4Geg 4 —0—01T —o—PrGa
—v—0-2T 9 —0—Pro4Ge,,Ga
< —4—0-3T X —A—Pr, 4Ge,,Ga
> 4 —o— 04T 26 A
= 0-5T 3
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=9 (2]
céll) <0
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Fig. 7. (a) The phase transition temperature range between liquid hy-
drogen and liquid nitrogen for PrGa, PrGap¢Geg | and PrGapgGeg..
(b) The cone-surface distribution of the actual magnetic moments
in PrGap9Gep; and the vector decomposition of the magnetic
moments.38) (c) The magnetic entropy change curves of PrGag 9Geg |
under the field changes of 0-1 T, -2 T, 0-3 T, 04 T and 0-5 T,
respectively.!®¥] (d) The magnetic entropy change curves of PrGa,
PrGag 9Gep.; and PrGag gGey» under magnetic field change of 0-5 T.

PrGa. However, the refrigeration temperature span expands
to 30.7 K, which is 70% larger than PrGa. The RC of
PrGag 9Gep.; was calculated to be 137 J ~kg’1, which is com-
parable to PrGa.!®¥] More importantly, the feature of plat-
form on magnetic entropy change curves was inherited by
PrGag 9Gey 1, which is of great importance for the actual appli-
cation of magnetocaloric materials. In fact, introduction of Ge
can shorten the Pr—Pr distance and strengthen the magnetic ex-
change interaction, thereby this method can increase the mag-
netic ordering temperature without disrupting the magnetic or-
dered structure. However, the universality of this method re-
quires further verification, and it is essential to explore the reg-
ulatory patterns of non-rare- earth atoms substitution in more
systems.

5. Conclusions

Multiple effective strategies have been developed to
regulate the working temperatures of rare-earth-based low-
temperature magnetic refrigeration materials. Low-spin rare-
earth atom substitution can synergistically lower the work-
ing temperature and enhance the MCE in several systems. It
is no doubt that zero-spin Y substitution can reduce work-
ing temperatures, but its contribution to MCE is filled with
uncertainty. However, great enhancement of MCE was in-
deed achieved in Er{_,Y,Cr;Si,, which offers a new idea for
designing low-temperature magnetocaloric materials. Amor-
phization and non-rare-earth substitution are also effective in
regulating working temperatures and MCE performance, but
these methods are only suitable for optimization in certain spe-
cial systems and their universality requires further verification.

Though several types of regulating strategies have been
developed as summarized in this paper, considerable research
work is still imperative and indispensable in the future. To
meet the requirements of magnetic cooling materials in prac-
tical applications, more strategies for regulating the work-
ing temperatures of rare-earth-based low-temperature mag-
netic refrigeration materials are still necessary. The applica-
bility and underlying mechanisms of non-rare-earth atom sub-
stitution in temperature regulation require further investiga-
tion. Additionally, it is very difficult to achieve the targeted
temperature regulation and the effective enhancement of mag-
netocaloric properties. Therefore, a comprehensive balance
among various magnetocaloric parameters should be priori-
tized in designing new materials. Notably, magnetocaloric
materials with the feature of platform-like magnetic entropy
change curves still hold significant advantages, because they
provide an effective way to realize magnetic cooling over a
wider temperature range with a small amount of magnetic re-
frigerant substances. This point is of great importance for the
actual magnetic refrigerator with limited space to fill mag-
netocaloric materials. Zhang et al. demonstrated an effec-
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tive strategy for achieving a continuous and flat magnetic en-
tropy change platform from hydrogen to nitrogen liquefaction
temperatures by precisely adjusting the 7¢ through Gd dop-
ing in the Er—Co amorphous alloy system. Their study indi-
cates that the gradient regulation of multi-component amor-
phous hybrids can significantly broaden the working temper-

ature range while maintaining high magnetocaloric perfor-

1

mance, with an effective RC exceeding 400 J-kg™", show-

ing its promising potential for wide temperature range mag-
netic refrigeration applications.®’! Therefore, more attention
should be paid to platform-like magnetocaloric materials, and
more efforts should be devoted to preserving the platform
characteristic in regulating working temperatures. It is be-
lieved that the low-temperature magnetic cooling technology
will be greatly developed through abundant strategies for reg-
ulating the working temperatures of magnetocaloric materials
in the future.
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