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ARTICLE INFO ABSTRACT

Magnetic refrigeration based on magnetocaloric effect (MCE) has become a promising alternative technique to
the traditional gas-compression refrigeration due to its friendly environment and high energy efficiency. In
addition to room temperature magnetic refrigeration, this novel technology can be applied at low temperature,
especially for the potential applications in gas liquefaction. Therefore, attention has been paid to explore suitable
materials with large MCE near the gas liquefaction temperature and develop low temperature magnetic re-
frigerators. Herein, the typical magnetocaloric materials and prototypes in the temperature range of nitrogen
and hydrogen liquefaction are reviewed. Heavy rare earth intermetallic compounds are promising for low
temperature magnetic refrigeration due to a low ordering temperature and large magnetic moments. For ex-
ample, DyFeSi compound shows a large reversible MCE under a low field change of 1 T around T¢ = 70 K, which
is near the liquefaction temperature of nitrogen (77 K). It has been proposed that a composite can be formed by a
group of magnetic refrigeration materials with successive transition temperatures and nearly constant MCEs,
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therefore expanding the range of working temperature desirable for Ericsson-cycle magnetic refrigeration.

1. Introduction

Refrigeration and cryogenic technology play a very important role
in improving modern living standards and work environment. Cooling
technology has covered a wide range of aspects from domestic air
conditioning and refrigerator to industrial gas liquefaction and scien-
tific research. The electrical power consumption for cooling in its var-
ious forms accounts for more than 15% of total use of electric energy
[1]. This consumption can reach 30% in developed countries [2,3].
Moreover, as more people around the world use air conditioning, its
sale is estimated to grow by 20% per year [4]. At present, the pre-
dominant cooling technique is the conventional gas compression-ex-
pansion refrigeration, which had been commercialized for more than
100 years. However, even the best commercial conventional re-
frigerator units can only attain 40% of ideal Carnot efficiency [5,6].
Therefore, improving the energy efficiency of refrigeration technology
is of vital importance for the control of energy consumption. On the
other hand, the traditional cooling techniques use some harmful

* Corresponding author.

refrigerants. For example, chlorofluorocarbons (CFCs) and hydro-
chlorofluorocarbons (HCFCs) were used as refrigerant gases, but they
were found to be highly damaging to the ozone layer that protects the
earth from the intense rays of the sun. Therefore, the utilization of these
refrigerants has been restricted according to the Montreal protocol
since 1987 [7]. Alternatively, hydrofluorocarbons (HFCs) are increas-
ingly used in place of ozone depleting refrigerants. However, the global
warming potential (GWP) of HFCs is over 1000 times than that of COs;
as greenhouse gases they are still not environmental friendly [8]. In
1997, Kyoto protocol has been adopted in order to reduce the green-
house gas emissions [9]. In 2015, the United Nations Climate Change
Conference announced that the global warming will be reduced to <
2°C by year 2100 [10]. In order to achieve this goal, the participating
countries sought to limit the emission of greenhouse gases by using
more zero-carbon technologies. Consequently, the search for new re-
frigeration technology with high energy efficiency and environmental
friendly is urgent.

The magnetocaloric effect (MCE) is an intrinsic magneto-
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thermodynamic phenomenon of the magnetic material in which the
temperature is changed by exposure of the material to a magnetic field
[11-13]. Total entropy S of the magnetic material is contributed by
three parts, i.e., the magnetic entropy ASy,, the electronic entropy AS,,
and the lattice entropy AS; [14,15]. The spins will align parallel to the
magnetic field when a magnetic material is magnetized adiabatically
which, in turn, lowers the contributions of ASy, and AS,. Because total
entropy of the system stays constant under an adiabatic condition, the
lattice contribution AS; increases oppositely to keep total S constant.
This leads to the temperature increase due to the enhancement of lattice
vibrations. Vice versa, the removal of the field causes spin randomi-
zation that results in an elevation of magnetic entropy and a decrease of
lattice entropy; then the temperature of magnetic material decreases
[16]. Based on MCE, magnetic refrigeration has been developed as a
promising novel cooling technology, including high efficiency air con-
ditioning in large buildings. In comparison with the traditional gas-
compression refrigeration, magnetic refrigeration is advantageous in
several aspects [14,17,18]: (i) the magnetic refrigeration materials and
water-based heat transfer medium have no serious environmental
problems; (ii) greater efficiency of a magnetic refrigerator comparing to
conventional ones [6,19] (in case of maximum cooling power values);
for example, in Ref. [20], for a magnetic refrigerator working at RT the
value of cooling power (768 W) and 60% of ideal Carnot cycle effi-
ciency are reached when a temperature span is about 20 K (see Table 2
in Ref. [20]); (iii) the magnetic refrigerator can be more compact and
less noisy due to the use of solid materials and evading the compressor.
Therefore, magnetic refrigeration has attracted worldwide interest.

However, it is worth noting that the cooling power of a magnetic
refrigerator depends on the temperature span. For devices that use
single material AMR, temperature span increase leads to an approxi-
mately linear decrease in the cooling power. In other words, the max-
imum cooling power values are reached at zero temperature span, and
vice versa, at maximum temperature span, the cooling power goes to
zero (see, for example, Fig. 1 in Ref. [21]). In most works the maximum
valued of cooling power or cooling efficiency are presented, which are
achieved at zero temperature span. Nevertheless, the work on in-
creasing the cooling power and cooling efficiency at a significant
temperature span is underway. One of the possible options to avoid the
influence of the inverse linear dependence of the cooling power on the
temperature span is to use of a regenerator consisting of several mag-
netic materials. This may lead to a change in the behavior of the tem-
perature span - cooling power dependence (see Fig. 1 in Ref. [21]) and
to the appearance of a region with a weak dependence of cooling power
on the temperature span.

Dozens of research groups and industrial companies are working to
improve magnetic cooling technology (to increase the efficiency of
existing prototypes, develop silent devices, etc.) and develop new de-
vices (in Ref. [22] 41 prototypes are described). Despite the fact that
today the technology of magnetic cooling is experiencing certain dif-
ficulties when entering a very saturated market of refrigerators (which
is typical for any new technology), there has been a significant progress
in recent years. For example, in 2017, Cooltech Applications began
commercial production of magnetic refrigerators and continues to work
on increasing the cooling efficiency of a commercial model [20].

Historically, MCE has been discovered by Weiss and Piccard in 1917
who found that the change of magnetic field caused a temperature
change in nickel around its Curie temperature (T¢) [23,24]. Later,
Debye [25] and Giauque [26] independently proposed that MCE can
attain very low temperature by adiabatically demagnetizing para-
magnetic salts. In 1933, the first MCE application was experimentally
demonstrated by Giauque and MacDougall to achieve a temperature of
0.25 K by adiabatic demagnetization of Gd,(SO4)3:8H,0 [27]. Although
the magnetic refrigeration gained much progress at low temperatures,
the near-room temperature magnetic refrigeration had not been re-
ported until 1976, when Brown demonstrated that a large temperature
gradient of 46 K can be obtained under the magnetic field change of 7 T
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in pure Gd around 294 K [28]. Since then, efforts have been put to the
room temperature magnetic refrigeration. In 1990, Nikitin et al. [29]
reported MCE of Fe,oRhs; alloy which is the largest MCE ever achieved
(12.9K in AppH = 1.95K) [30]. The closest to this result values, ob-
tained from direct measurements, are presented in Ref. [31] (9.2K in
1.9T). In Ref. [31] the estimations of AT (10,5-12K in 1,9 T), obtained
from ASy; data i.e. from indirect measurements are also presented. It
should be noted that the magnetic properties and MCE in FeRh alloys
strongly depend on structural defects, preparation procedures, heat
treatment, measurements conditions [32-35], therefore, the available
experimental data presented in literature can vary greatly.

Two major breakthroughs occurred in 1997. The Ames laboratory
and Astronautics Corporation of America developed a proof-of-principle
room temperature magnetic refrigeration device with maximum
cooling power of 600 W at temperature span 10 K, magnetic field 5T
and flow rate 5L/min [18]. It is worth noting that with a further in-
crease of temperature span, the cooling power decreases linearly, thus
at a temperature span of 22K the cooling power is only 150 W. Fur-
thermore, Pecharsky and Gschneidner reported the gigantic MCE in
Gds(Si, Ge);, compounds around room temperature which exhibit a
significantly higher MCE and tunable working temperature compared
with Gd [36,37]. The discovery of large MCE in Gds(Si, Ge), alloys
dramatically accelerated the field of magnetic refrigeration worldwide.

Up to date, several other families of magnetic materials have been
reported to show large MCEs near room temperature, such as La;.
xCaMnO3; manganites [38,39], La(Fe, Si);3-based alloys [40,41],
MnAs; ,Sb, [42], MnFe(P, As) [43], Ni-Mn-based Heusler [44,45], and
MM’X (M, M’ = transition metals, X = carbon or boron group elements)
compounds [46,47]. Although these materials show much larger MCEs
than Gd, they still cannot replace Gd due to “Non-MCE” properties, e.g.,
difficult preparation and fabrication, poor corrosion resistance, thermal
and magnetic hysteresis, low thermal conductivity, high electrical re-
sistance, and constant cycling stability [12]. Therefore, a great deal of
effort has been made to improvement of performance for these mate-
rials in many aspects [48-52]. In addition to the room temperature
cooling application, magnetic refrigeration also has a wide demands for
low temperature cooling, especially the gas liquefaction. As one of the
important low temperature refrigerants, liquid nitrogen is extensively
used in low temperature physics, superconducting, medicine, etc. Hy-
drogen is considered as one of the most environmentally friendly en-
ergy sources for replacing the traditional non-renewable and polluting
fossil fuels. Considering the high energy density and economy, liquid
hydrogen is desired for transportation and storage of hydrogen. Mag-
netic refrigeration behaves with much higher thermal efficiency and
entropy density of the refrigerants than the conventional liquefaction
technique using the Joule-Thomson valve [11]. Though the adiabatic
demagnetization of paramagnetic salts has become standard technique
to attain very low temperatures, the magnetic refrigeration is still un-
available for liquefaction of nitrogen and hydrogen due to the lack of
suitable magnetocaloric materials [53]. In recent years, some materials
have been found to present large MCEs around the liquefaction tem-
perature of nitrogen and hydrogen.

Importantly, excellent working bodies for this temperature range
are rare earth orthoaluminates with a perovskite structure, such as
DyAlO3 and Dy,Er; ,AlOs, that have advanced properties than garnets
such as Gdeagolz, Dnga3012, DY2Ga3012 [54*58]

Herein we review recent progress on the magnetic refrigeration in
the temperature range of nitrogen and hydrogen liquefaction (20-77 K).
The review does not consider the helium temperature range which will
be analyzed elsewhere.

2. Development of magnetic refrigeration materials in the
temperature range of nitrogen and hydrogen liquefaction

(20-77 K)

According to the thermodynamic theory, maximum magnetic
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Fig. 1. Temperature dependence of the adiabatic temperature change (AT) for
HoCo, compound under different magnetic field changes [63].
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entropy change (Sys) per mole of magnetic ions is Sy = RIn(2J + 1),
where R is the universal gas constant and J is total angular momentum
of magnetic ion [14]. Thus, heavy rare earth intermetallic compounds
are expected to exhibit a large MCE because of the high magnetic
moments of heavy rare earth atoms. Moreover, most heavy rare earth
intermetallic compounds have relatively low magnetic ordering tem-
perature, suggesting their application in low temperature magnetic
refrigeration [14,59]. The RCo, intermetallic compounds (R = rare
earth) with cubic Laves-phase structure show first-order magnetic
transition (FOMT) from paramagnetic (PM) to magnetically ordered
state accompanied by a sharp increase of unit volume for R = Dy, Ho,
Er, and so that implies the potential of high MCEs [60-62]. Nikitin et al.
reported a large MCE in HoCo, [63]. Fig. 1 shows the temperature
dependence of the adiabatic temperature change (AT) for HoCo, under
different magnetic fields [63]. HoCo, undergoes a PM to ferromagnetic
(FM)-like phase transition at Tc = 78 K, which is close to the nitrogen
liquefaction temperature of 77 K, suggesting the potential applications
for liquefaction of nitrogen. Maximum AT value of 5.1 K can be ob-
tained around T¢ under the field change of 6 T. The T peaks broaden
asymmetrically toward high temperatures with the increase of magnetic
field, indicating the occurrence of field-induced metamagnetic transi-
tion from PM to FM states. This metamagnetic transition is associated
with the metamagnetism of Co sublattice, which is caused by the mo-
lecular field created by the localized 4f moments of Ho atoms [64,65].
In addition, a negative MCE (so-called inverse MCE) appears below T¢.
This fact suggests the presence of AFM components below T, which
leads to the higher magnetic entropy with the applied magnetic field. In
other words, the inverse MCE signifies that the material can be cooled
by adiabatic magnetization rather than adiabatic demagnetization. The
inverse MCE manifests itself in the materials in the FOMT temperature
range (AFM-FM, AFM - ferrimagnetic, collinear - noncollinear AFM
transitions) [45], in which the inhomogeneities appear. In accordance
with the exchange-inversion magnetism in FOMT [66] the change of
magnetic ordering nature at the transition point is due to the fact that
different types of exchange interactions simultaneously coexist in the
material, differing in the size, sign, and dependence on interatomic
distances. Such a mixture of coexisting exchange interactions leads to
the fact that an increase in the external magnetic field disorders [45]
spins, i.e., the magnetic part of the entropy increases, and the tem-
perature decreases under adiabatic conditions.

Although the materials with FOMT, such as HoCo,, show large
MCEs due to the first-order metamagnetic transition, this is also ac-
companied by a remarkable thermal and magnetic hysteresis. On the
contrary, the materials with second-order magnetic transition (SOMT)
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present reversible MCEs over a relatively broad temperature range in
response to the variation of magnetic field desirable for practical ap-
plications. Therefore, a great number of SOMT materials have been
searched to exhibit large MCE at low temperatures [58,67-69]. Dan'kov
el al. reported that DyAl, undergoes SOMT from PM to FM states at
Tc = 65K [58]. DyAl, shows a AT, as high as 9.2K for a field change
of 7.5 T, which is much larger than AT,4 of 5.2K for GdAl,. The lower
MCE of GdAl, is mainly due to two factors: (1) the magnetic entropy of
Gd ion is 17.29 J/mol K, ~33% smaller than that of Dy ion (23.05J/
mol K); (2) the lattice heat capacity of GdAl, at its T = 167 K is higher
than that of DyAl, at the T¢. ErAl, exhibits an even larger AT 4 of 14.5K
for a field change of 7.5 K around the T = 14 K. Based on that, one may
expect that a series of (Dy;4Ery)Al, compounds present large MCEs
over a wide temperature range below 77 K by substituting Dy with Er,
e.g., (Dyo.4Erg ¢)Al; shows a AT,4 of 10.4 K around the T, = 31 K [58].
Of particular interest are Gd-based intermetallic compounds. Compo-
sitions with temperature-shifted points of magnetic phase transitions,
e.g., GdAl, and GdsAl,, can also be used in magnetic refrigerating
machines [54,55,58].

The magnetic refrigerator can be more compact and cheaper if the
magnetic field source is supplied by permanent magnets instead of
superconducting magnets. However, at present the maximum field of
permanent magnets is usually < 2 T. Therefore, it is necessary to search
for the materials with large MCEs under low magnetic fields, especially
lower than 2T. In recent years, several series of ternary intermetallic
RTX compounds (R = rare earth, T = transitional metal, X = p-block
metal) have been found to exhibit large MCEs under relatively low
magnetic field [68-71]. Among them, DyFeSi experiences a FM-PM
SOMT at the T¢c = 70K, which is near the liquefaction temperature of
nitrogen (77 K) [69]. Based on the Curie-Weiss fitting of magnetic
susceptibility, the effective magnetic moment (u.z) of DyFeSi is ob-
tained to be 11.41 ug. This . value is close to the free ion moments of
Dy** (10.63 up), indicating the absence of localized Fe magnetic mo-
ment. This fact is consistent with the results of other RTX [70,72].
Fig. 2(a) displays the magnetic entropy change ASy, as a function of
temperature for DyFeSi compound under different magnetic fields [69].
Usually, the ASy, value can be calculated from the magnetization iso-
therms by using Maxwell relation ASy (T, H) = y, j(;H (6M/3T)ydH
[73,74]. The validity of Maxwell relation has been debated intensively
in the vicinity of FOMT due to the spurious ASy, spike, which is related
to the history-dependent magnetic state [75-80]. In contrast, it is
generally applicable for the SOMT. In addition, the AS,; can be also
estimated from the heat capacity by wusing the equation
ASu(T) = [ [Cu(T) — Co(T)]/TdT [73]. For comparison, the ASy
value under a field change of 2 T was calculated by both methods (heat
capacity data is shown in the inset of Fig. 2(b)); ASys values match well
with each other. For relatively low field changes of 1T and 2T, the
maximum -ASy, value of DyFeSi is 4.8 J/kg K and 9.2 J/kg K, respec-
tively. This large ASy, value under low magnetic field change is prac-
tically favorable.

Zverev et al. [81] predicted that the maximum AT,4 value of MCE is
18 K/T for the ideal hypothetical binary compound based on general
thermodynamic considerations. Any deviation from the ideal assump-
tions, such as non-optimal AS,; peak aspect ratio, dilution with non-
magnetic atoms, or substituting rare earths with 3d elements, will in-
evitably lower the maximum AT,4. Therefore, a magnetic refrigerant
with AT,4 higher than the one of Gd (2.6-2.9 K/T) will be hardly found.
In order to comprehensively evaluate MCE of DyFeSi, the AT,4 value
was calculated using the equation AT,y = —AS(T, H) X T/Cp(T, Hy),
where Cp(T, Hy) is zero-field heat capacity (inset of Fig. 2(b)). Fig. 2(b)
displays the temperature dependence of AT,; for DyFeSi compound
under different magnetic field changes [69]. The maximum AT, value
is 1.7 K and 3.4K for the low field changes of 1 T and 2 T, respectively.
MCE of DyFeSi is larger than those of other materials with similar
working temperature, such as TbCoAl [82], HosSi4 [83], and EuO [84],
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Fig. 2. Temperature dependence of (a) ASy, and (b) AT,4 for DyFeSi compound
under different magnetic field changes. The inset shows the temperature de-
pendence of heat capacities Cp for DyFeSi compound under 0 and 2T [69].

suggesting the applicability of DyFeSi compound for magnetic re-
frigeration of nitrogen liquefaction.

In addition to DyFeSi compound, ErFeSi was found to undergo a
second-order PM-FM transition at T = 22K, which is near the liquid
hydrogen temperature of 20K [68]. Fig. 3 shows the temperature de-

pendences of zero-field-cooling (ZFC) and field-cooling (FC)
35F
ErFeSi
30 -disrrepanc pH=005T |
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Fig. 3. Temperature dependences of zero-field-cooling (ZFC) and field-cooling
(FC) magnetizations for ErFeSi compound under 0.05T [68].
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Fig. 4. The temperature dependence of (a) ASy and (b) AT,4 for ErFeSi com-
pound under different field changes [68].

magnetizations for ErFeSi compound under 0.05T [58]. The ZFC and
FC curves are perfectly reversible around T as usually observed in the
SOMT. However, the ZFC and FC curves show a large discrepancy
below T¢. This thermomagnetic irreversibility is probably attributed to
the domain wall pinning effect observed in the systems with high
magnetocrystalline anisotropy and low ordering temperature
[68,72,85]. In ZFC mode, the thermal energy is not strong enough to
overcome the energy barrier since the domain walls are pinned, thus
resulting in low magnetization. In contrast, the pinning effect is over-
come by the magnetic field during the field-cooling process, so the
magnetization below T¢ becomes higher than that in ZFC mode. Fig. 4
shows the temperature dependence of (a) ASy; and (b) AT,4 of ErFeSi
under different field changes [68]. Here, the AS,, value was calculated
using Maxwell relation ASy(T, H) = /,LOJ(;H (OM/dT)ydH [73,74],
while the AT,4 was estimated from heat capacity curves by the equation
ATy(AH, T) = [T (S)y — T(S)ols [73]. For relatively low field change
of 2 T, the maximum values of -ASy; and AT,4 are 14.2 J/kg K and 2.9K,
respectively. This large MCE indicate that ErFeSi can be an attractive
magnetic refrigeration material for hydrogen liquefaction. Unlike the
large MCE induced by coupled magnetic and structural transitions in
FOMT materials, such huge MCE in ErFeSi with SOMT is mainly at-
tributed to the sharp change of magnetization during magnetic transi-
tion [68]. It is worth noting that, as shown in Refs. [86,87], the re-
frigeration capacity and relative cooling power are simply not a good
figure of merit of magnetocaloric materials.

Since only one material shows a significant MCE in the vicinity of
the transition temperature, it is necessary to use a series of magneto-
caloric materials with successive transition temperatures to expand the
working temperature range of the magnetic refrigerator. Based on this
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Table 1

Compositions of optimal refrigerants of rare earth alloys for three-stage
Ericsson-type cycles overlapping the temperature range of 20-300 K. T; i, and
Ts ine are the temperatures of local cycle boundaries [88].

Composition of Ty int, K Composition of T iny K Composition of
the first the second the third
refrigerant refrigerant refrigerant

1  GdoeTbo.s 215 Tbo.sDyo.5 135 Ho

2 Gdg;Tbg 3 220 Tbo.sDyo.5 115 Ho

3 Gdo4Tbose 190 Dy 110 Ho

4 GdosTbos 250 Tbo.6Dyo.4 135 Ho

concept, Tishin proposed the composition of optimum working sub-
stances for magnetic refrigerator operating in 77-300 K temperature
range [88]. The compositions of optimal refrigerants of rare earth alloys
over the temperature range of 20-300 K have been suggested (Table 1).
As seen from Table 1, Tb-Gd alloys were calculated to be the greatest
effective in the high-temperature range; Dy and Tb-Dy alloys showed
the most effect in the central cycle; and Ho element was a universal
refrigerant in the low-temperature range.

In addition to the expansion of working temperature range, a con-
stant ASy, as a function of temperature is another requirement for the
ideal Ericsson-type cycle based on the thermodynamic analysis [14].
However, this goal is hard to be achieved by single magnetic material
since the ASy, reduces quickly away from the transition temperature. On
the contrary, it is suggested that the composite of several magnetoca-
loric materials with similar AS,; values could be the best choice to fulfil
this requirement [89]. Zhang et al. found that TbFeSi and DyFeSi
showed nearly the same magnitude of ASy, i.e., the maximum ASy,
values for a field change of 1 T are 5.3J/kg K at Tc = 110K and 4.8J/
kg K at T¢ = 70 K for TbFeSi and DyFeSi, respectively [69]. Both TbFeSi
and DyFeSi showed the same crystal structure with similar lattice
parameters, so it is reasonable to choose a group of (Tb;Dyy)FeSi
compounds with successive ordering temperatures but similar ASy,
values [90,91]. Assuming that (1) the T is proportional to the de
Gennes factor [91], and (2) Tb®* and Dy3+ ions do not have interac-
tions [90], the T¢ and ASy, values of (Tb;_4Dy,)FeSi compounds can be
calculated using the equations:

Te = Q = x)Tep, + XTgy, 6

AS(T, H) = (1 — X)ASp (Tc,,,, + AT, H) + XASp, (TCDy + AT, H) @
where Tcy, and Tgy,, are the T¢s, and AS, and ASp, are the ASy, values for
TbFeSi and DyFeSi, respectively, and AT = T — T¢. Fig. 5 presents the
temperature dependence of calculated ASy, for (Tb;Dy,)FeSi com-
pounds under a magnetic field change of 1 T [69]. These compounds
show the nearly constant magnitude of ASy,. Furthermore, a composite
material can be formed based on this series of (Tb; xDy,)FeSi, and the
optimum mass ratio y; of each component obtained by a numerical
method [69] was as follows: y; = 19.43wt.%, y» = 13.32wt.%,
y3 = 13.47 wt.%, ¥4 = 13.74 wt.%, ¥s = 15.08 wt.%, and
Y6 = 24.96 wt.% for x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0, respectively. The
ASyy of this composite was calculated to be 1.4 J/kg K under a field
change of 1 T by using the equation AS,,, = Zle »A4S; and is shown in
Fig. 5. This composite shows a constant AS;; over a broad temperature
range of 67-108 K. However, as shown by theoretical calculations (see
Fig. 5), the use of this approach reduces the maximum value of AS,; by
more than three times. To eliminate this effect, in the design and
manufacture of AMR beds, multilayer filling of AMR beds is carried out
with materials with different Curie temperatures. At the same time, the
layers of materials are filled in such a way that their Curie temperatures
consistently increase from the cold end of the AMR bed to the warm
end, so that each layer is in the temperature range closest to its Curie
temperature. Schematic images of such a filling are shown, for example,
in Fig. 3 of [92] and Fig. 6 of [93].

69

Physica B: Condensed Matter 558 (2019) 65-73

Ax=0.2 =0 (T, DyFeSi

ApH=1T

-AS,, (J/kg K)
w

e Composite
0 L L L L L L L

60 70 90

T (K)

100 110 120 130

Fig. 5. Temperature dependence of calculated ASy, for (Tb;,Dy,)FeSi com-
pounds and the composite material of (Tb,.xDyx)FeSi compounds under a field
change of 1 T [69].

In addition to the materials discussed above, interest in magneto-
caloric properties of rare earth based metal-organic framework mate-
rials has recently increased [94-96]. These materials may exhibit large
values of magnetocaloric parameters at temperatures below liquid he-
lium and, thus, promising for use in refrigerators operating at tem-
peratures up to several kelvin. Magnetic molecular clusters may also be
promising for use in refrigerators at helium temperatures [97].

3. Development of magnetic refrigerators in the temperature
range of nitrogen and hydrogen liquefaction (20-77 K)

The majority of the existing magnetic cooling devices presented in
literature are based on the regenerative cycle [5,18,22,74,98-100].
Non-regenerative cycles (the Carnot cycle) are used for devices oper-
ating at ultralow temperatures (below the temperature of liquid he-
lium) [101-104], in which the Carnot cycle is the most effective.

Fig. 6 shows the dependences of entropy (S) on temperature (T) (S-T
diagrams) for the Carnot, Brayton and Ericsson cycles typical for fer-
romagnetic materials. The upper curve S (T) in Fig. 6 corresponds to a
material that is in a zero magnetic field (H = 0), and the lower one
corresponds to a material that is in a magnetic field with a non-zero
strength (H = 0). The rectangle ABCD represents the non-regenerative
Carnot cycle. As one can see, the cycle includes two isentropic (AB and
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Fig. 6. S — T diagrams of the Carnot, Brayton and Ericsson cycles [14].
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CD) and two isothermal (BC and DA) processes, while isentropic pro-
cesses are realized when the magnetic field is changed (AF and EC
correspond to a constant magnetic field).

Fig. 6 also presents the Ericsson regenerative (AFCE) and Brayton
cycles (AGCH). Regenerative cycles include processes at a constant
field, which makes it possible to take full advantage of the change in the
magnetic part of the entropy generated when the magnetic field
changes. In Ericsson cycle the magnetic field changes isothermally (FC
and EA processes), and in Brayton cycle adiabatically (AG and CH
processes), while the processes at constant field require thermal re-
generation. The regenerator in a heat machine is a device for trans-
ferring heat between different parts of the cycle, which allows for an
increase of the working temperature difference. This component of a
heat engine stores heat in itself in the part of the cycle where heat is
generated by the working material (body) and gives it up in the part
where the working material absorbs it. This is especially important in
the magnetic heat engine since the values of the adiabatic temperature
change of magnetic materials are much smaller than the required
working temperature difference. Therefore, the magnetic heat engine
must have in its composition a regenerator in one form or another. The
ferromagnetic material is heated by magnetization and cooled by de-
magnetization, which is a manifestation of the magnetocaloric effect.
Therefore, in Fig. 6 thermal energy should be absorbed by the re-
generator during processes in a non-zero magnetic field (CE and GC for
Ericsson and Brayton cycles, respectively) and be given by the re-
generator during processes in a zero magnetic field (AF and NA for
Ericsson and Brayton cycles, respectively).

Another regenerative thermodynamic cycle used in magnetic heat
engines is the active magnetic regenerative (AMR) thermodynamic
cycle. In this cycle, the regenerator itself is a magnetic material, and the
heat exchange in the regeneration process occurs between the magnetic
material and the coolant, which eliminates the technical difficulties and
losses associated with the use of a separate regenerator, as is assumed in
devices with Ericsson and Brayton regenerative cycles.

At higher temperatures, including the considered range of 20-77 K,
the Carnot cycle is not effective [14], since the entropy of solids at
temperatures above 20 K will increase strongly. This leads to a decrease
in the operating temperature span, which is limited to the AT of the
working fluid and is several K for the Carnot cycle. Thus, regenerative
cycles such as Brayton, Ericsson and AMR (active magnetic re-
generator), which allow to increase the temperature span, have become
the most widespread in devices operating at temperatures above 20 K.
The Carnot cycle, as well as the Brayton, Ericsson and AMR cycles were
discussed in detail in the reviews [14,93].

In Ref. [92] it is shown that, to realize the ideal Ericsson cycle, it is
promising to use a complex working body consisting of several types of
magnetic materials with different Curie temperatures in the range
20 K-60 K. A complex material consisting of RAl, layers, where R is Er,
Ho and (Hoq 5Dy s) is described in Ref. [92].

Another way to increase the temperature span is associated with the
use of two-stage AMR. In this case, in each AMR stage different mag-
netic materials are used as a working body and each AMR stage has its
own operating range. Their combination in one cycle allows for ex-
tending the temperature span. Two-stage AMR was used by the authors
of [105] in the active magnetic regenerative hydrogen liquefier, which
can operate as a magnetic refrigerator between 77 and 20 K. The tem-
perature region of the first stage operation was 39-77 K, and for the
second stage — 19-39 K GdNi, (upper stage) and GdPd (lower stage)
were used as working bodies. It should be noted that the authors used
two moving superconducting magnets (fields values were 7 T and 5T,
respectively).

A similar scheme with two-stage AMR is also realized by the authors
of [106,107] to create a prototype of a magnetic refrigerator operating
in the temperature range 20-77 K (the temperature span is 57 K).
Among the principal differences from the scheme proposed in Ref.
[105] are: in each AMR stage, filling of bed with several materials is
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used (the first stage is filled by GdNi, and Dyggs Erg1s Al, and the
second stage is filled by Dygs Ergs Al and Gdo; Dyoo Nip). The
magnetic field was created by AC superconducting magnet rather than
moving the superconducting magnet. Common is also the use of the
gaseous helium as a heat transfer fluid and the use of a liquid nitrogen
as a cold heat-sink reservoir.

The results of numerical analysis of AMRs for hydrogen magnetic
refrigeration between 20 K and 77 K are shown in Ref. [108]. The cal-
culations were performed for the Brayton-like cycle case. The analysis
was carried out for the cases: single layer AMR bed, two layered AMR
bed, multi-stage AMR. The authors note that numerical analysis of the
cycle plays an important role in understanding the processes in AMR.

Devices for hydrogen liquefaction have been reported that do not
work on the AMR cycle but on the non-regenerative ADR cycle (adia-
batic demagnetization refrigerator) close to the Carnot or the hybrid
cycle, which includes the regenerative AMR and the non-regenerative
cycles. In Ref. [109] shown is a magnetic refrigerator for hydrogen li-
quefaction working on a hybrid cycle consisting of the Carnot and AMR
cycles. The AMR cycle is used to cool hydrogen gas to a temperature
slightly higher than the boiling point. Furthermore, for transfer of hy-
drogen gas to the liquid phase, the Carnot cycle is used (the tempera-
ture span for the Carnot cycle is several K, so it is necessary to pre-cool
the boiling points by the AMR cycle). A similar device in which the ADR
cycle is used is presented in Ref. [110].

4. Conclusions and perspectives

Typical magnetic refrigeration materials and prototypes in the
temperature range of nitrogen and hydrogen liquefaction (20-77 K)
have been reviewed. According to the thermodynamic theory, heavy
rare earth intermetallic compounds are generally expected to be the
candidates for low temperature magnetic refrigeration due to the low
ordering temperature and high magnetic moments of heavy rare earth
atoms. Although large MCE can be contributed by the variation of both
magnetic and lattice entropy in FOMT materials, the accompanied
hysteresis loss is unfavorable. In contrast, SOMT materials show re-
versible MCE without hysteresis loss, and the large MCE is mainly at-
tributed to the abrupt change of magnetization during magnetic tran-
sition. In order to enlarge the working temperature range, it has been
proposed to use several numbers of local Ericsson-type cycles.
Furthermore, a composite formed by a series of magnetocaloric mate-
rials with successive transition temperatures and similar magnitude of
MCE is suggested to be desirable for Ericsson-cycle magnetic re-
frigeration.

Though a number of magnetocaloric materials with large MCE and
prototypes with high performance have been reported in the tempera-
ture range of nitrogen and hydrogen liquefaction, there are still some
issues that need to be overcome to realize the practical applications: (1)
so far, a magnetic refrigerant with AT,; higher than that of Gd
(2.6-2.9K/T) has still not been found yet; (2) the intermetallic com-
pounds are usually quite brittle, so the fabrication technique and me-
chanical properties would be a serious obstacle that hinder the mate-
rials from applications; (3) In addition to MCE, thermal conductivity is
an important factor which affects the ability of the magnetic refrigerant
to transfer thermal energy to heat transfer liquid; (4) the corrosion
behavior of magnetocaloric materials in the heat transfer liquid also
needs to be evaluated. The above aspects are to be analyzed in future
studies.
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