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Abstract
The recent interest in hydrogen liquefaction techniques has instigated the exploration of magnetic refrigeration for
cryogenic cooling. This has led to the search of materials which exhibit the magnetocaloric effect in the 20-77 K
temperature range. The vast majority of compounds that fit the specifications contain critical rare earth elements.
Therefore the challenge is to discover sustainable magnetocaloric materials in the cryogenic temperature range.
In the context of this challenging task, a handful of prospective compounds have been identified and critically
evaluated. Strategies such as doping, which have the potential to tune magnetocaloric properties have been
examined. The areas warranting further research in order to realise magnetic refrigeration have been recognized
and addressed.
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Introduction
Widely regarded as one of the most urgent issues, the increase
of global greenhouse gas emissions is contributing to climate
change and global warming, profoundly impacting the stability
of our society and the environment, and is projected to intensify
in the future [1]. In 2023, the global CO2 emissions from
the energy sector reached a record high of 37.4 gigatonnes,
increasing the pressure to decarbonize future energy systems
[2]. Hydrogen is emerging as a carbon-free energy carrier
vital for transitioning to renewable energy sources due to its
favourable characteristics, with demand anticipated to undergo
rapid growth [3][4][5]. The liquefaction of hydrogen is essential
to the storage and transport of the energy carrier, primarily due
to the high density at low pressure in its liquid form [4][6].

As the boiling point of molecular hydrogen is 20.3 K, there is
an increased interest in developing energy efficient cryogenic
refrigeration systems [7][8].

Magnetic refrigeration is a promising solid-state cooling
technology, and is based on a refrigerant material that exhibits
the magnetocaloric effect [9]. The magnetocaloric effect (MCE)
is a magneto-thermodynamic mechanism in which the tempera-
ture of the thermally isolated working material can be reversibly
changed when an external magnetic field is applied or removed
[10]. This effect is brought on by the change in magnetic en-
tropy of the material induced by the order of magnetic moments
[11]. The refrigeration cycle consists of two reversible adiabatic
(∆Tad) and isothermal (∆smag) processes and hence operates as
the ideal Carnot cycle (the most efficient cycle working between
two heat reservoirs) [3][12][13]. In the specific application of
hydrogen liquefaction, the proposed refrigeration cycle oper-
ates between a cold reservoir consisting of liquid hydrogen
and liquid nitrogen as the hot thermal reservoir [7]. Thus the
temperature range of the magnetocaloric working material must
be between 20.3 and 77 K in order to be effectively utilized to
liquefy hydrogen.

Historically, the vast majority of refrigeration applications
have been based on vapor compression technology [9]. As an
alternative, magnetic refrigeration offers many benefits over
traditional cooling strategies, which make the emerging tech-
nology increasingly relevant. As a result of the Carnot cycle,
using magnetic refrigeration for cryogenics doubles the effi-
ciency compared to vapor compression [14]. The refrigerants
often used in vapor compression systems are ozone-depleting
and toxic, magnetocaloric materials avoid this issue and are
thus often more environmentally friendly [15]. Furthermore,
the application of a solid refrigerant in magnetic refrigeration
as opposed to compressors in traditional devices leads to lower



noise levels and a more compact, cost-effective design [3][8].
Besides magnetic refrigeration, magnetocaloric materials also
have potential applications in medicine as target drug deliv-
ery systems and in cancer treatment (magnetic hyperthermia
therapy) [16][17]. In addition, synthesizing magnetocaloric
materials into nanoparticles or thin films may yield novel prop-
erties that enhance their suitability for applications such as
hydrogen liquefaction [12][18].

There are still multiple challenges to overcome in order
to realize commercial magnetic refrigeration devices that ex-
ploit the magnetocaloric effect. Firstly, suitable magnetic field
sources are very expensive and applying a large magnetic field
demands significant energy consumption, thus it is paramount
to have a working material with a high figure of merit for rela-
tively small volumes [9][16]. Although an extensive number of
different magnetocaloric materials have been investigated, dis-
covering the appropriate working material has been the biggest
obstacle in realizing magnetic refrigeration and remains to be
an active research field [7][14]. Practical requirements of such
a magnetocaloric material include economically feasible fabri-
cation and the ability to perform numerous cycles of operation
without wear [9]. Arguably one of the principal objectives is to
find materials with low criticality in order to achieve sustainable
cooling technologies [7][9]. Criticality entails the environmen-
tal implications, vulnerability to supply restrictions and the
supply risk of materials, which include various economic and
geopolitical factors [19]. Therefore, the ambition is to discover
materials free of rare earth minerals that exhibit significant
MCE and fulfil the other characteristics necessary for hydrogen
liquefaction using magnetic refrigeration [20].

In this report, we first introduce the magnetocaloric ef-
fect and magnetic refrigeration, delving into the fundamental
concepts. Subsequently, the experimental methods that are
commonly employed are examined which probe the MCE in
materials. Finally, we discuss the various sustainable materials
which exhibit potential as solid refrigerants in a magnetic refrig-
eration device designed for hydrogen liquefaction, providing
an overview of the current status and future prospects.

1. Magnetocaloric Effect

In the early 19th century, several scientists started to become
intrigued in the relationship between magnetism and heat, and
began to formulate theories and predictions based on the exper-
imentation conducted at that time [21]. It was not until 1881
when the magnetocaloric effect was discovered by the German
physicist Warburg in iron [22]. French and Swiss physicists
Weiss and Piccard also discovered the phenomenon in 1917 (in
nickel) and developed the thermodynamic theory to coin the
term ’Magnetocaloric Effect’ [23]. In the 1920’s, Debye and
Giauque were the first to recognize the potential applications of
the magnetocaloric effect and proposed methods to utilize the
mechanism for cryogenic cooling [24][25]. Currently, inves-
tigations are underway to demonstrate magnetic refrigeration
prototypes as a proof of concept for hydrogen liquefaction

[26][27].
The magnetocaloric effect (MCE) is a phenomena which

describes the temperature change of a magnetic material under
the influence of an external magnetic field. When an external
field is applied, the alignment of magnetic moments causes an
adiabatic increase in temperature. Conversely, removing the
magnetic field results in a temperature decrease.

The MCE is based on the second law of thermodynamics
whereby a change in entropy is the reversible heat transferred to
the system divided by the temperature [13]. The isothermal heat
transfer (∆Q) between a thermal reservoir and a magnetocaloric
material at a temperature T is given by the change in its entropy
(∆S) [28]:

∆Q = T ·∆S (1)

Where heat is released by the material as its entropy is decreased
and a reduction in order will result in the material absorbing
heat from its surroundings.

Gadolinium and other rare-earth-based alloys are a widely
used point of reference concerning MCE materials [7] [9] [29].
However, such rare earth minerals are scarce and critical, there-
fore they are not viable for practical applications [30].

1.1 Refrigeration Cycle
The refrigeration cycle for hydrogen liquefaction using magne-
tocaloric materials is analogous to that of a Carnot engine and
is illustrated in the schematic of figure 1 [13]. The magnetic
system transfers heat from the cold reservoir to dissipate into a
heat bath, therefore the device is thermally insulated from the
environment.

The total entropy of a magnetic material is dependent on
both the applied magnetic field (H) and temperature (T ), and
at constant pressure is the sum of the magnetic (Smag), lattice
(Slat) and electronic (Selec) components [31],

S (T,H) = Smag(T,H) + Slat(T ) + Selec(T ) (2)

The electronic entropy contribution originates from the free
electrons in the material and the lattice entropy component is
brought about by vibrations in the crystal lattice (known as
phonons). Both the electronic and lattice entropy are assumed
to be independent of the magnetic H field.

It is evident that the performance of a magnetocaloric mate-
rial is correlated to the coupling of the magnetic sublattice to
an external H field and the resulting magnetic entropy change
under magnetization.

The contribution of the lattice and electronic entropy changes
to the magnetocaloric effect observed in materials is outside
the scope of this review. Theoretically, the lattice entropy can
be treated with the Debye approximation, and the electronic
entropy can be modelled using the free-electron gas approxima-
tion [32].

After absorbing heat from the cold reservoir, an external
magnetic field is applied around the magnetocaloric material.
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Figure 1. Magnetocaloric Refrigeration. First, contacting the
magnetocaloric device with the cold reservoir leads to heat
input. Applying a magnetic field further increases the
temperature before a heat bath absorbs the heat. As the
external field is removed, the material cools and the cycle may
repeat once more. Figure adapted from [33].

As a response, the magnetic dipole moments respond by align-
ing with the field to produce an overall non-zero magnetization.
Consequently, the increased magnetic order leads to the reduc-
tion of magnetic entropy. As the total entropy of the thermally
insulated material must be maintained, the lattice entropy of the
material increases as a response, and phonons of higher energy
are populated. The result is an adiabatic temperature increase
(T0 +∆Tad) of the magnetocaloric material.

While the external field remains to be applied (to maintain
magnetic order), the gained heat is dissipated as the device is
placed in contact with a hot reservoir. The isothermal entropy
transfer (∆Smag) to the reservoir results in the magnetocaloric
material returning to its initial temperature, T and is discon-
nected from the hot reservoir.

Subsequently, the external magnetic field is removed while
the device is in thermal insulation. In an ideal scenario, the
magnetic dipoles return to their previous random orientation
(zero magnetization), destroying the magnetic order. The mag-
netic entropy increases as the dipoles absorb the heat energy
from the lattice (reducing the lattice entropy), thus adiabati-
cally lowering the temperature of the magnetocaloric material
to T0 −∆Tad .

Finally, while maintaining the external field, the device is
placed in thermal contact with the cold reservoir (hydrogen)
and thus the refrigeration cycle is completed.

1.2 Thermodynamic Theory
The first law of thermodynamics states that the change in inter-
nal energy (dU) is the sum of the heat supplied to the system
(dQ) and work done on the system (dW ). Assuming that the
volume of the system remains constant, the change in internal
energy of a magnetic material can be restricted to the heat flux
and magnetic work [34],

dU = dQ + dW = T dS + µ0HdM (3)

Where µ0 is the magnetic permeability of free space, H is the
is the intensity of the applied external magnetic field and M
denotes the magnitude of the magnetization of the material.

The change in total entropy of the system can be expressed
by the external magnetic H field and temperature T [12]:

dS =
(

∂S
∂T

)
p,H

dT +
(

∂S
∂H

)
p,H

dH (4)

Using the definition of heat capacity and of entropy from the
second law of thermodynamics (equation 1), the specific heat
at constant pressure and H field can be represented as [13],

cp,H =
(

∂Q
∂T

)
p,H

= T
(

∂S
∂T

)
p,H

(5)

Furthermore, the following Maxwell thermodynamic allows for
the entropy dependence on the H field to be expressed as,(

∂S
∂H

)
p,T

= µ0
(

∂M
∂T

)
p,H

(6)

Substituting equations 5 and 6 into equation 4 gives:

dS =
( cp,H

T

)
dT +µ0

(
∂M
∂T

)
p,H

dH (7)

An analytic quantification of the MCE can be made when de-
termining the reversible temperature change due to an external
magnetic field in an adiabatic process such that dS = 0 [35].
By satisfying this condition onto equation 7, one gets the follow-
ing expression for the reversible adiabatic temperature change
(∆Tad):

∆Tad =−µ0

∫ HF

HI

T
Cp,H

(
∂M
∂T

)
p,H

dH (8)

Where HI and HF are the initial and final external magnetic
fields applied during the adiabatic process.

Another fundamental characteristic quantity of the MCE is
the reversible isothermal magnetic entropy change (∆Smag). In
an isothermal process where the H field is changed, equation 7
must fulfill the condition dT = 0 giving:

∆Smag = µ0

∫ HF

HI

(
∂M
∂T

)
p,H

dH (9)

Where again HI and HF are the initial and final external mag-
netic fields applied during the isothermal process.
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Figure 2. Thermodynamic Cycle. A schematic S-T diagram
showing the thermal dependency of total entropy of a magnetic
material when an external magnetic field is applied
(HF > HI). The reversible adiabatic temperature change ∆Tad
and the isothermal entropy change ∆smag due to a change in
the external H field are shown. A schematic of the typical MCE
magnitude as a function of temperature is shown in the inset,
where the peak corresponds to the Curie temperature TC .
Figure adapted from [36].

The adiabatic process in a magnetic material that leads to
∆Tad is displayed as the horizontal arrow in figure 2. When
the magnetic field is increased to HF , the total entropy of the
isolated system remains constant whereas the magnetic entropy
decreases. Therefore the temperature rises (TF > TI) due to an
increase in the lattice entropy.

The isothermal entropy change is shown as the vertical
arrow in figure 2. As the external H field is increased, the
magnetic entropy decreases. As the magnetocaloric material is
in thermal isolation, the temperature remains constant and the
total entropy of the system also decreases.

From equations 13 and 9 it is important to understand that
the sign of

(
∂M
∂T

)
p,H

determines the type of MCE effect [9].
When the magnetization decreases with increasing temperature,
∆Tad > 0 and ∆Sad < 0 denoting the direct (or normal) mag-
netocaloric effect (which is plotted in the schematic of figure
2). Meanwhile, a material with an increasing magnetization
with temperature exhibits the inverse MCE as ∆Tad < 0 and
∆Sad > 0. This implies a mirroring (across the y=x axis) of
the schematic of figure 2, the final temperature and entropy val-
ues are switched with the initial whereas the applied magnetic
field is still increased (such that TI > TF and SF > SI while
HF > HI).

Intrinsic properties of materials that result in a larger MCE
can be determined by inspecting equations 13 and 9 [35].
Firstly, it is apparent that a larger MCE response is induced
when the a large H field is applied or removed. From equa-
tion 13 it is also evident that materials with a low specific heat
capacity have a MCE at a broad temperature range. For an

effective refrigeration application, this temperature range is
significant and is required to be at least the same magnitude as
the difference in temperatures of the heat baths.

Another important factor to consider when developing and
tuning prospective materials, is the Curie temperature (TC) at
which the magnetic (paramagnetic to ferromagnetic) phase tran-
sition occurs. From the expressions obtained that describe the
MCE, both ∆Tad and ∆Smag are shown to be proportional to
the change in magnetization with temperature. The maximum
MCE is therefore found to be at the Curie temperature of the
magnetic material (as shown in in the inset of figure 2), since
the

(
∂M
∂T

)
p,H

is optimised at this transition temperature [9][37].
This leads to another requirement for a magnetocaloric refriger-
ant to be used for hydrogen liquefaction, namely that the TC of
the material is between 20.3 and 77 K.

1.3 Phase Transitions
Magnetocaloric materials are categorized according to the ther-
modynamic order of the phase transition, undergoing either a
first-order (FOMPT) or second-order magnetic phase transition
(SOMPT) [7].

Figure 3. First-Order Magnetic Phase Transition.
Magnetization measurements as a function of temperature of
La(Fe,Si,Mn)13Hx in a magnetic field of 0.2, 1 and 2 T. The
vertical dashed line represents the Curie temperature of the
material. The discontinuous change of magnetization with
temperature is characteristic of a first-order transition. The
thermal hysteresis of the magnetization loops is also displayed.
Figure adapted from [9].

Materials with a first-order magnetic phase transition have a
discontinuous change in order with respect to temperature, as is
shown in figure 3 where the magnetization sharply increases or
decreases around the Curie temperature (TC) [9]. The magnetic
transitions in most materials that exhibit FOMPT arises from
either a magnetostructural or magnetoelastic transitions [38].
Magnetostructural transitions describe a (reversible) change in
crystal structure or lattice symmetry that results in the abrupt
transition of magnetization. Whereas magnetoelastic transi-
tions refer to the change in lattice parameters (while ideally
preserving crystal structure) that occurs simultaneously with
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the magnetic transition.
A characteristic of materials with first-order phase tran-

sitions is thermal hysteresis, which is displayed by the mag-
netization loops in figure 3. This is a major drawback in the
context of magnetic refrigeration, causing energy loss during
the temperature cycling of the magnetocaloric material as the
crystallographic transitions are not completely reversed [9].

Figure 4. Second-Order Magnetic Phase Transition.
Magnetization measurements as a function of temperature of
gadolinium in a magnetic field of 0.2, 1 and 2 T. The vertical
dashed line represents the Curie temperature of the material.
The continuous change of magnetization with temperature is
characteristic of a second-order transition. Figure adapted
from [9].

When a material undergoes a second-order magnetic phase
transition, the magnetic order changes continuously with tem-
perature as is shown by the gradual transition in figure 4. This
occurs for example with the benchmark magnetocaloric ele-
ment gadolinium, with a pure paramagnetic to ferromagnetic
phase transition at TC [9]. Although frequently not exhibiting
thermomagnetic hysteresis, SOMPT materials often show a
smaller magnitude in the magnetocaloric response [38].

For practical applications, it is favourable for magnetocaloric
materials to not exactly have a FOMPT nor a SOMPT, in order
to incorporate the distinctive qualities of both [38]. Combin-
ing the negligibly thermomagnetic hysteresis characteristic of
SOMPT’s and the relatively large magnetocaloric effect accom-
panying FOMPT’s.

1.4 Rare Earth Minerals
The majority of materials with a discernible magnetocaloric
effect contain rare earth elements, especially for cryogenic
refrigeration due to their large magnetic moments and low
ordering temperature [7][14]. The lanthanide series of elements
contain partially filled 4 f shells, which is the origin of their
large magnetic moment and magnetocrystalline anisotropy [39].

The 4 f electrons of rare earth elements are highly localised
and are very close to the nucleus, and are shielded from the
direct environment by the 5s and 5p orbitals [40]. This results
in the probability density of the 4 f electrons to not overlap

with neighbouring atoms, and thus the there is very little di-
rect exchange interaction between rare earth atoms [41]. The
magnetic exchange interaction between lanthanides is the in-
direct Ruderman-Kittel-Kasuya-Yosida (RKKY), where the
4 f magnetic moments is mediated by delocalised conduction
electrons [40]. The exchange interaction has a relatively long
range and its nature is dependent on distance. The relatively
low exchange integral of rare earth elements results in the low
magnetic ordering temperature [42].

The Curie temperature (ferromagnetic ordering tempera-
ture) for rare earth elements is proportional to the de Gennes
factor (which is different for each lanthanide), and can be writ-
ten as [41],

TC =
2ZJ
3kB

· (gJ −1)2J(J+1) (10)

Where the de Gennes factor is (gJ −1)2J(J+1), Z is the nearest
neighbours of an atom, J is the exchange constant and kB is the
Boltzmann constant.

2. Figure of Merit
The magnitude of the magnetocaloric effect is described by
two fundamental parameters, the reversible isothermal entropy
change ∆ST (often assumed to be equal to ∆Smag as the other
change in entropy contributions are negligible) and the adiabatic
temperature change ∆Tad [9]. The isothermal entropy change
is related to the amount of heat shifted during the refrigeration
cycle, as shown by equation 1. While ∆Tad is linked with the
temperature span of the magnetocaloric effect.

Reporting the values of the maximum ∆ST and ∆Tad is not
sufficient to effectively determine the magnetocaloric properties
of materials, the profile of the curves with respect to tempera-
ture is also important. It is desirable for practical applications,
that materials exhibit a significant ∆ST and ∆Tad for a broad
operating temperature range, in order to optimise the efficiency
of the device [9].

A commonly used figure of merit to effectively asses the
magnetocaloric performance of a material is the relative cooling
power (RCP). The advantage of this parameter is that it includes
the width of the ∆Smag curve to describe the heat exchanged in
one cooling cycle [10]. The definition of the relative cooling
power is given by [7],

RCP = ∆SMax
mag ·∆TFWHM (11)

Where ∆TFWHM is the full-width half maximum (FWHM) of
the ∆Smag curve with respect to temperature.

A drawback of the RCP is that the FWHM of the ∆Smag

peak often overestimates the operating temperature range of
materials with a small MCE (magnetocaloric properties of ma-
terials with small but broad ∆Smag curves are exaggerated) [7].
The parameter also neglects the adiabatic temperature change,
which is also required to be large for good magnetocaloric
materials [9].
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Other figures of merit have been formulated to evaluate the
magnetocaloric effect, such as temperature averaged entropy
change (TEC), coefficient of performance (COP) and reversible
heat (Qrev) [7][9]. However these parameters are outside the
scope of this review, as they are not commonly reported.

3. Characterisation
In order to simulate and theoretically predict the magnetocaloric
properties of materials, various computational models using
a mean-field approach is typically used [43]. This allows the
estimation of ST and Tad curves of potential magnetocaloric
materials [44].

Machine learning models have been developed and success-
fully used to explore prospective materials which may show
a significant magnetocaloric effect [45]. These make use of
statistical analyses from the data in various databases of first-
principle calculations [14].

A method to experimentally evaluate the magnitude of
the MCE indirectly in materials is to calculate the reversible
isothermal entropy change (∆sT ) using magnetic M−H curves
[37][46]. By measuring the magnetization M when an external
magnetic field is applied H, the field dependent magnetization
can be directly determined using superconducting quantum in-
terface device (SQUID) magnetometer setups. The derivation
of the isothermal entropy change from thermodynamic theory
is shown in section 1.2.

Approximating equation 9 into a summation allows one
to calculate the magnetic entropy change as magnetization
measurements are conducted with discrete temperature and
external magnetic field intervals [37][46].

|∆Smag|= ∑
i

[
(Mi −Mi+1)Hi

Ti+1 −Ti

]
·∆Hi (12)

Where the consecutive magnetization (Mi and Mi+1) and tem-
perature data points (Ti and Ti+1) are extracted from a M−H
measurement when an external magnetic field (∆H) is applied
with a specific magnitude. In equation 12 it is also apparent
that a larger magnetization results in a larger entropy change
and thus larger MCE. Furthermore, it is important to note that
a larger external field causes a larger magnetization in a typical
magnetic material (unless saturation magnetization is achieved).
However, this comes at the cost of the energy required to pro-
duce the external field. Therefore, even if a material has a large
∆sT , the external magnetic field needed to realise the MCE may
be too large for practical considerations.

The reversible adiabatic temperature change (∆Tad) is also
an important direct parameter to evaluate the MCE, there are
direct and indirect experimental methods to determine this. A
setup involving an adiabatic magneto-calorimeter allows for
probing ∆Tad directly under an applied magnetic field [47].
Alternatively, an indirect calculation of ∆Tad can be made when
measuring the heat capacity (Cp) at constant external field and
using the following approximation [36],

[∆Tad ]∆H =− T
Cp(T,H)

·△Smag ·△H (13)

The experimental method to determine the order of the
magnetic phase transition that has been widely adopted is the
Arrott plot [10]. Using the H field dependence of magnetization
measurements, this shows the relationship of M2 with H/M

[48]. The Banerjee criterion states that for first-order magnetic
transition materials the Arrott plot has a negative slope, where
as a positive gradient is associated to a material with second-
order magnetic transitions [49].

4. Prospective Sustainable Materials
In order to design practical magnetic refrigeration devices us-
ing MCE and further advance the field, rare earth free magne-
tocaloric materials have been investigated [50]. However, these
specific materials posses a phase transition at room tempera-
ture and thus cannot be utilized for hydrogen liquefaction. For
a magnetocaloric response in the relevant temperature range
(between liquid hydrogen and nitrogen), materials containing
rare earth elements are often used [51].

4.1 Spinel Compounds
Spinel compounds are a class of material with a stoichiometry
of A2+B3+

2 O2−
4 where A and B are metals [52]. Specifically,

the transition metal oxides that belong to this material category
exhibit various interesting interactions between spin, orbital and
lattice degrees of freedom, leading to magnetic and ferroelectric
phenomena [53]. As depicted in figure 5, the A2+ cations lie
in the tetrahedral coordination with oxygen cations, and fill an
eight of the void volume. Meanwhile the B cations fill a half of
the octahedral hole formed of oxygen cations. As a result, the
anions of normal spinels form a close-packed sublattice [52].

Figure 5. Spinel Crystal Structure. Schematic of the crystal
structure of Mn1−xFexV2O4. The tetrahedrally coordinated A
sites are shown in yellow whereas the octahedrally coordinated
B sites are shown in purple. Figure adapted from [54].

One of the most promising magnetocaloric materials is the
spinel vanadium oxide (MnV2O4), as it is a material free of rare
earth minerals that exhibits the MCE at temperatures between
20.3 and 77 K [54]. The ferrimagnetic ordering of MnV2O4 is
relatively complex and several different theoretical models are
used to understand the mechanisms [53]. The ferrimagnetism
is composed of two antiparallel ferromagnetic sublattices, a
short-range direct interaction exists between V 3+ cations that
competes with long-range superexchange interactions between
the Mn2+ spins mediated by the oxygen 2p orbital.
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Figure 6. Temperature Dependence of Magnetization.
Magnetization of MnV2O4 as a function of temperature while a
magnetic field of 0.002 T was applied in zero-field cooled
(ZFC) mode. The non-collinear ferrimagnetic (N–C FiM),
collinear ferromagnetic (C FiM) and paramagnetic phases PM
are shown along with the temperatures corresponding to the
structural phase transition (TS) and ferrimagnetic ordering
(TC). Figure adapted from [54].

As depicted in figure 6, the material undergoes two different
two phase transitions. A paramagnetic-ferrimagnetic transition
occurs at a critical temperature of TC = 57 K [54]. At a lower
temperature, an orbital ordering (OO) transition occurs due to
antiferromagnetic interaction between the V 3+ spins and a Jahn-
Teller effect brought on by the VO6 octahedra [55]. A structural
cubic-to-tetragonal structural distortion accompanies the OO
transition at a temperature of TS = 53 K leading to a canting
of the V 3+ spins and triangular ferrimagnetic ordering such
that the systems shows spin frustration and the magnetization
decreases [56]. This first-order phase transition shows the
strong coupling between the orbital, spin and lattice degrees
of freedom. In spite of this, the maximum isothermal entropy
change (shown by the peak in figure 7) occurs approximately
at TC, indicating that it is coming from the ferrimagnetic to
paramagnetic transition.

The magnetic entropy change curves were calculated from
M −H data using equation 9. Figure 7 shows that MnV2O4
exhibits a MCE response even at relatively low magnetic fields
of 1 and 2 T, which is promising for magnetic refrigeration.
A maximum |∆Smag| of 14.8 and 24 J Kg−1 K−1 are found at
magnetic fields of 2 and 4 T respectively.

According to mean field theory, ∆Smag is proportional to
H2/3 if a second-order magnetic transition takes place [54].
The inset of figure 7 shows a linear relationship that verifies the
second-order nature of the magnetic transition. Furthermore,
Arrott plots of MnV2O4 show a positive slope around TC which
confirms the second-order phase transition [53]. However, for
H fields above 2 T the linear relationship no longer holds, this
is caused by the first-order structural transition at TS.

The adiabatic temperature change was calculated using
equation 13 with the ∆Smag values and the heat capacity (Cp) of
the material. The maximum Tad was found to be 2.9 K. Figure
8 shows an asymmetrical peak of Tad that is centered around

Figure 7. Magnetic Entropy Change MnV2O4. Entropy
changes as a function of temperature extracted from
magnetization measurements. H field was switched between 0
to 1,2,3 and 4 T. The inset shows ∆Smag versus H2/3, follows
the linear fit for low fields before deviating. Figure adapted
from [54].

Figure 8. Adiabatic Temperature Change MnV2O4. Thermal
dependence on the temperature change (∆Tad) of the spinel in
a magnetic H field switch of 0-2 T. (∆Tad) was calculated from
∆Smag data using the specific heat capacity. The peak is visible
between TS = 53 K and TC = 57 K. Figure adapted from [54]

TC. The MCE peaks in figures 7 and 8 are both relatively sharp
even for high fields, which is unwanted for magnetic refrigera-
tion applications. The significant MCE effect at temperatures
above 54 K show that MnV2O4 holds great potential for hy-
drogen liquefaction. However the lack of a MCE response at
lower temperatures (in the region of 20 to 55 K) limits the
applicability.
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Figure 9. Magnetic Hysteresis MnV2O4. Magnetization
curves across a range of temperatures in a H field up to 4.5 T.
The blue markers and the inset show the magnetization curves
around the TC = 57 K. The hysteresis of the magnetization is
apparent for measurements around TC. Figure adapted from
[54].

Although the MCE in MnV2O4 can be attributed to the
second-order magnetic phase transition, a significant hysteresis
of the magnetization is found around TC in figure 9. This large
hysteresis is a result of the first-order structural phase transition
depicted in figure 6. The reversible MCE properties of the
material is hampered by the hysteresis, as the performance dete-
riorates with the refrigeration cycles [9]. Therefore, minimizing
the hysteresis loop is one of the aims of further research.

The large MCE response in MnV2O4 can be partially at-
tributed to the coupling between the various different degrees
of freedom, however further theoretical investigations are nec-
essary to fully understand the complex origin of the large ∆Smag.
This may help to optimise the MCE effect in the material in
order to fulfil the potential for hydrogen liquefaction applica-
tions.

Doping is a relatively common technique used to alter
the magnetic properties of materials. In light of this, magne-
tocaloric investigations have taken place of Al3+ doped MnV2O4
to create MnV1.95Al0.05O4 [56]. The substitution of Al3+ ions
of V 3+ weakens the interaction between V 3+ ions and strength-
ens the long range ferromagnetic interactions between Mn3+

ions. This causes the spinel structure to exhibit ferromagnetism
instead of ferrimagnetism. Furthermore, the Al3+ impurities
leads to the disappearance of the long range orbital ordering
and an increase of TC to 59.6 K [55].

The maximum |∆Smag| of 5.2 and 8.2 J Kg−1 K−1 occur at
H field changes of 2 and 4 T, lower than the values reported
for the undoped MnV2O4. Yet, the width of the ∆Smag peaks
in figure 10 are significantly broader compared to figure 7.
This shows that the Al substitution increases the operating
temperature range, which is favourable for applications.

Arrot plots of MnV1.95Al0.05O4 show a second-order mag-

Figure 10. Magnetic Entropy Change MnV1.95Al0.05O4.
Entropy change as a function of temperature in Al substituted
MnV2O4. Data calculated from magnetization measurements
in H fields up to 4 T.The inset shows ∆Smag versus H2/3 near
TC, which follows the linear fit. Figure adapted from [56].

Figure 11. Adiabatic Temperature Change MnV1.95Al0.05O4.
Relationship between adiabatic temperature change ∆Tad and
temperature in MnV2O4 with aluminium B cation substitution.
Data was calculated from magnetization measurements and
specific heat capacity. Figure adapted from [56].

netic transition [55]. Moreover, the inset of figure 10 shows
that ∆Smag has a linear dependence on H2/3 across the mag-
netic field span with no deviation. Compared to figure 7, the
absence of deviation in the linear fit suggests that no first-order
structural transitions take place, this is a result of the absence
of the OO transition and shows a significant advantage of the
Al3+ doping.

The maximum Tad were calculated to be 1.5 and 2.6 K for H
fields of 2 and 4 T, which is also lower than the values reported
for MnV2O4 (only for 2 T H field). Although the peaks have
shifted to the right in figures 10 and 11 after Al3+ substitution
(corresponding to the increased TC), the MCE is larger in the
lower temperature span of 20-55 K. This is due to the increase
in full-width half maximum (FWHM) and the symmetric MCE
response with temperature. Hence one can argue that the Al
doping has enhanced the operating temperature range.

Page 8



Figure 12. Magnetic Hysteresis MnV1.95Al0.05O4.
Magnetization relative to temperature in an applied H field up
to 4.5 T. The blue square markers display the magnetization
loops around TC, which show limited hysteresis. Figure
adapted from [56].

The principal benefit that results from the Al doping is the
substantial reduction in the magnetic hysteresis. In figure 12 the
M−H loops show almost no hysteresis, especially compared
to MnV2O4 in figure 9. This indirectly shows that there is likely
no first-order structural phase transition in MnV1.95Al0.05O4. It
is suggested that the coupling between the spin, orbital and
lattice degrees of freedom causes the suppression of OO after
Al substitution [55]. More experimentation on the coupling
interactions is necessary to further understand the effects of
doping on the magnetic characteristics of spinel structures.

Previous investigations have also included the doping of
the transitional metals in spinel crystals. By substituting Fe2+

cations in spinel vanadium oxide, Mn1−xFexV2O4 is produced.
Compared to Mn orbitals, Fe ions do not undergo orbital or-
dering transitions at low temperatures. Although the specific
modifications to the magnetic mechanisms are not yet known,
the doping has been shown to affect the lattice parameters and
the magnetocaloric response of MnV2O4 [57].

For a doping concentration of x= 0.1, the maximum |∆Smag|
was found to be 3.8 J Kg−1 K−1, lower than that for MnV2O4
and MnV1.95Al0.05V2O4. The critical temperature was found
to be 59, 62 and 67 K (for x = 0.1,0.2 and 0.3) whereas the
structural transitions caused by orbital ordering were found
to occur at temperatures of TOO = 49, 47 and 43 K [57]. Evi-
dence of thermal hysteresis of the magnetization was also found
around the first-order structural phase transitions at TOO [57].
Although, the insets of figure 13 and the Arrott plots show that
the material undergoes a second-order magnetic phase transi-
tion even at TOO, contradicting the hysteresis data. Therefore,
further experimentation is necessary to understand the phase
transitions occurring at TOO.

There are several remarkable features of the Fe doping that
are shown in figure 13. Firstly, it is apparent that the FWHM of
the ∆Smag peaks are larger than that of figures 7 and 10. One
also observes that the difference between TC and TOO increases
when either the doping concentration or magnetic field strength
is increased. This is largely due to a shift of the ∆Smag to higher

Figure 13. Magnetic Entropy Change Mn1−xFexV2O4.
Magnetic entropy changes with temperature of MnV2O4 with a
Fe substitution of x = 0.1 (a), 0.2 (b) and 0.3 (c). Data
extracted from magnetization measurements, separate peaks
around TC and orbital ordering temperatures TOO are visible.
The insets show ∆Smag versus H2/3 around TC and TOO, which
follow a linear relationship. Figures adapted from [57].

TC temperatures when the H field strength is increased. The
mechanism behind this has not yet been established. However
this result of the doping does increase the operating temperature
range of the material which is favourable for applications.

In conclusion, spinel vanadium oxides have shown their
magnetocaloric potential despite the lack of rare earth minerals.
This is a major advantage towards the sustainable application
of magnetic refrigeration in hydrogen liquefaction. Although
there are issues with a second-order structural phase transi-
tion and resulting thermal hysteresis, they can be mitigated
by doping the material. This has also led to larger operating
temperature spans (broader ∆Smag and Tad versus temperature
peaks). The substitution of vanadium and manganese leads to
different intricate magnetic effects, which need to be inspected
further. Despite the potential for application, the materials lack
a magnetic response for low temperatures relevant for hydro-
gen liquefaction (between 20 and 45 K). This means that for
hydrogen liquefaction, spinel compounds need to be used in
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conjunction with other materials (with lower TC) or manipu-
lated such that a MCE is apparent at lower temperatures (by
further experimentation with doping, for example simultane-
ous Al and Fe doping or substitution with other non-magnetic
elements).

4.2 High Entropy Alloys
High-entropy alloys (HEA) are a relatively new class of ma-
terials that represents a novel concept in material design [7].
HEA’s comprise of a blend of principal elements in high pro-
portions that form a ’baseless’ alloy instead of the traditional
alloy design methods that dilute main constituents [58]. These
materials focus on the middle portion of elemental phase dia-
grams to form a high configuration entropy of mixing. Recently,
HEA’s have received significant attention within material sci-
ence because of their mechanic and thermodynamic properties
[59].

Designing high-entropy alloys in order to maximise their
functionality is a major challenge due to wide range of compo-
sition possibilities, therefore there are a number of strategies
to design these materials [59]. Theoretical predictions of the
functional properties in HEA’s are also difficult to make [58].
An example of a strategy to maximise the MCE response is to
design a material that undergoes a first-order magnetostructural
phase transition. Using this technique, the rare earth free HEA
(FeMnNi)66.6(GexSi1−x)33.3 was developed, which undergoes
a reversible hexagonal to orthorhombic phase transition [60].

Figure 14. Magnetic Entropy Change of HEA
(FeMnNi)66.6(GexSi1−x)33.3. Isothermal entropy curves versus
temperature of high-entropy alloys with a composition of
x = 0.5,0.465 and 0.435. Data extracted from magnetization
measurements. Figure adapted from [60].

A ∆Smag of 13.1 J Kg−1 K−1 was found for (FeMnNi)66.6
(Ge0.45Si0.55)33.3 at a temperature of 203 K, the largest value re-
ported for magnetocaloric HEA’s [60]. It is also remarkable that
this large ∆Smag is achieved with a relatively small H field of
2.5 T. Figure 14 shows that for increasing Ge : Si compositional
ratio, the ∆Smag peak decreases in magnitude and temperature.
It is argued that the decrease in ∆Smag is due to larger differ-
ences between the magnetic ordering Curie temperature TC and

the magnetostructural transition temperature TM brought on by
the change in composition [60].

Characteristic of first-order phase transitions, the HEA stud-
ied also exhibits significant thermal hysteresis of its magneti-
zation [60]. Further characterization is necessary in order to
establish the consequences of this on the reversible Tad and to
asses the severity of the issue. In the context of hydrogen lique-
faction, another major issue of this HEA is the high temperature
at which the MCE is observed. Although the working tempera-
ture can be tuned by changing the composition, it remains to
be considerably higher than the boiling point of nitrogen, 77 K.

Another promising HEA is FeCoCrxNi, which has been
shown to exhibit the MCE over a wide range of temperatures
by altering the stoichiometry and fabrication processes [61]. A
component of the fabrication process is cold rolling, in which
the thickness of the sample is reduced to the order of 100µ m
through a mechanical process. After this step, samples may be
heat treated (also called annealing) at high temperature (1073
K) in order to remove defects such as vacancies.

Figure 15. Heat Treatment of High-Entropy Alloys. Magnetic
entropy change as a function of temperature in a switching
magnetic H field of 2 T. High-entropy alloys of various
FeCoCrxNi compositions were investigated. The solid markers
correspond to samples that were cold-rolled whereas the open
markers represent samples that received heat treatment (at
T = 1073 K) after cold-rolling. Figure adapted from [61].

Figure 15 shows that although the magnitude of the MCE
is relatively small, the FWHM of the ∆Smag peaks are relatively
large, and therefore this material has a broad operating tempera-
ture range. From the various ∆Smag curves, one may also argue
that the heat treatment of samples leads to the narrowing of the
peak. Extraction of the temperatures and ∆Smag values of the
peaks in figure 15 allows for further analysis
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Figure 16. Magnetic Entropy Peaks of HEA FeCoCrxNi
Maximum magnetic entropy change (right axis, red markers)
and peak temperature (left axis, black markers) of the
high-entropy alloy as a function of chromium concentration in
a changing H field of 2 T. The solid markers represent samples
that were cold-rolled whereas samples that received heat
treatment at 1073 K are symbolized by open markers. Figure
adapted from [61].

From figure 16 it is apparent that for both cold rolled and
annealed samples, a higher concentration of chromium concen-
tration leads to decreasing peak temperature values. This is
because the addition of the non-magnetic metal leads to weaker
exchange interactions present in the material, thus reducing
the magnetization. Furthermore, the Cr addition also generally
leads to a reduction in the magnitude of ∆Smag.

The heat treatment of samples during fabrication leads to
an increase of the maximum observed ∆Smag, as is evident
from the red markers of figure 16. Annealing at 1073 K also
induces a decrease in the temperature at which the peak of
the ∆Smag occurs. It is argued that as a result of the local
stoichiometric disorder (due to defects) introduced by cold
rolling, the magnetic atoms are less likely to have chromium
atoms as nearest neighbours, and thus have stronger exchange
interactions [61]. Meanwhile, the annealing procedure activates
the thermal vacancies leading to long-range chemical order and
therefore lower Curie temperatures.

To conclude, HEA’s are complex materials where it is diffi-
cult to model the mechanisms behind the magnetic properties.
(FeMnNi)66.6(GexSi1−x)33.3 is an example of a HEA with large
∆Smag magnitudes, however the operating temperature range
is too high for it to be practical for hydrogen liquefaction. On
the other hand, FeCoCrxNi exhibits the MCE in a wide span
of temperatures, yet the magnitude of the ∆Smag is modest. Al-
tering the composition of non-magnetic atoms in HEA’s has
found to impact the MCE characteristic significantly. Avenues
for further research include assessing the affects of altering
the composition of magnetic atoms in HEA’s. Attempts to
model the magnetic interactions in HEA’s will allow for the
optimization of the magnetocaloric properties.

4.3 Light-Rare Earth Materials
Light-rare earth elements (Lre) consist of the lanthanides with
atomic numbers ranging from 57 to 62 (lanthanum, cerium,
praseodymium, neodymium, promethium, and samarium) [62].
These minerals have been proposed as possible sustainable al-
ternatives to heavy-rare earth elements, due to their relative
abundance in the Earth’s crust [63]. Yet, Lre’s have also been
evaluated as critical metals on account of the environmental
challenges faced in mining, hence other more sustainable meth-
ods to acquire the Lre are being explored. [62].

Replacing heavy-rare earth minerals with light-rare earth
elements in compounds to develop a somewhat sustainable ma-
terial that exhibits the MCE, is an ongoing field of research.
Specifically, light-rare earth Laves phases with a stoichiometry
of LreAl2 (Lre : Nd,Pr,Ce) are being investigated for applica-
tions in hydrogen liquefaction. The magnetism in these inter-
metallic compounds arises between the interplay of magnetic
exchange interactions (between the rare earth atoms) and the
crystalline electric field (CEF) [64]. The CEF can partially
remove the degeneracy of the total angular momentum in lan-
thanides, thereby influencing the number of magnetic states
at low temperatures (and the magnetocaloric effect) [65]. The
CEF interaction is the result of the charges in the neighbours of
the magnetic atoms [32].

Magnetocaloric characteristics have been reported for the
Laves phases PrAl2 (with a TC = 32.5 K) and NdAl2 (with
a TC = 77 K) [66]. The width of the ∆Smag and ∆Tad peaks
(with respect to temperature) is not large enough to cover the
full temperature span necessary for hydrogen liquefaction. By
doping these Laves phases with other Lre’s that have different
de Gennes factors, the Curie temperature of the materials can
be tuned (as shown by equation 10) in order to cover the 20-77
K temperature range [63].

Figure 17. Theoretical Isothermal Entropy Change of Ideal
Nd- alloy family. Isothermal entropy change as a function of
temperature with a switching H field of 5 T, calculated using
the mean-field model. The red markers indicate the ideal alloys
of the light-rare earth Nd while the blue markers correspond to
the ideal alloys of the heavy-rare earth Dy. The green shaded
area represents the temperature range relevant for hydrogen
liquefaction (20-77 K). Figure adapted from [63].
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Theoretical mean field models were used to compute the
isothermal entropy change (∆ST , sum of the modelled magnetic
and lattice entropy components) of idealised Nd- alloys where
the TC was varied while the other material parameters remained
constant [63]. Figure 17 serves as a proof of concept for Lre
Laves phases as magnetic refrigerants for hydrogen liquefaction.
A significant ∆ST response is exhibited within the 20-77 K
temperature range, where the magnitude of the entropy change
increases with lower TC. Although theoretical ∆ST curves for
ideal Dy- alloys demonstrate a larger MCE, the light-rare earth
alloys show potential for application in hydrogen liquefaction.

In practice, ideal alloys where only the TC parameter changes
do not exist, hence doping the Laves phases to create Nd1−xPrxAl2
and Pr1−xCexAl2 allow for the tuning of the Curie temperature.

Figure 18. Isothermal Entropy Change of LreAl2 Alloys.
Experimentally extracted from magnetization measurements,
the alloys of Nd1−xPrxAl2 where x = 0 (a), 0.25 (b), 0.5 (c),
0.75 (d), 1 (e) and Pr1−xCexAl2 where x = 0.25 (f), 0.5 (g)
were investigated for H fields of 2 and 5 T. The TC of the alloys
were tuned such that the relevant operating temperature range
was covered. Figures adapted from [63].

Of the alloys that were investigated at a switching H field of
2 T, NdAl2 exhibited the lowest ∆ST peak of 3.67 J Kg−1 K−1

whereas Pr0.75Ce0.25Al2 showed the largest MCE with a ∆ST

of 10.48 J Kg−1 K−1. As predicted in figure 17, the magnitude
of ∆ST increases for the alloys with lower Curie temperature.
Yet, figure 18 shows that Pr0.5Ce0.5Al2 is en exception to this
trend, as the ∆ST peak is lower than that of Pr0.75Ce0.25Al2.
It is hypothesized that the decrease in entropy change is par-
tially caused by the crystal electric field [63]. The ∆ST peaks
in figure 18 are relatively narrow and the FWHM seems to
increase slightly with alloys of lower TC. Nonetheless, the intri-
cate tuning of the TC by changing the stoichiometry results in
alloys with ∆ST curves that overlap in temperatures with one
another, hence allowing for a magnetic refrigeration device to
be designed that can be utilized for hydrogen liquefaction.

Figure 19. Adiabatic Temperature Change of LreAl2 Alloys.
(Experimentally extracted from heat capacity measurements,
the alloys of Nd1−xPrxAl2 where x = 0 (a), 0.25 (b), 0.5 (c),
0.75 (d), 1 (e) and Pr1−xCexAl2 where x = 0.25 (f), 0.5 (g)
were investigated for H fields of 2 and 5 T. The TC of the alloys
were tuned such that the relevant operating temperature range
was covered. Figures adapted from [63].

Figure 19 shows that the adiabatic temperature change
ranges from 1-2.5 K for the various alloys. A general trend
of increasing ∆Tad of alloys with lower TC is observed, with
Pr0.5Ce0.5Al2 being noted as the exception.

Another method to combine the magnetocaloric properties
of PrAl2 and NdAl2 to achieve a 20-77 K temperature span is
to form a composite of the two Laves phases.

Figure 20. Magnetic Entropy Change of Composite
0.292(PrAl2)+0.708(NdAl2). Magnetic entropy change as a
function of temperature for a composite of PrAl2 and NdAl2
using a switching H field of 5 T. The open circular markers
represent the experimental data extracted from magnetization
measurement whereas the solid line corresponds to
calculations from a theoretical model. Figure adapted from
[66].
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This entails forming a hybrid material of the two Laves
phases in specific molar proportions to form y(PrAl2)+ (1−
y)(NdAl2). Where the constant y (molar ratio) depends on the
switching magnetic H field strength used [64]. The resulting
∆Smag curve often covers a large temperature range, exceeding
that of the single Laves phases. Such a table-like ∆Smag profile
is desirable for refrigeration devices utilizing the Ericsson cy-
cle (alternative to the Carnot cycle), which ideally employs a
material with a constant ∆Smag for the temperature range [67].

The optimum molar ratio for a magnetic switching of 5
T was found to be y = 0.292 [66]. Figure 20 shows a ∆Smag

with two peaks and a broad characteristic with a temperature
range approximately between 25 to 85 K. Comparing with
figure 18 shows that the magnitude of ∆Smag of the composite
is lower than that of the individual component Laves phases.
The applicability of such a ∆Smag profile to an Ericsson or
Carnot cycle is beyond the scope of this review. Furthermore,
comparisons between the performance of devices using the
Carnot and Ericsson cycle are important in order to develop
materials for magnetic refrigeration.

Producing samples in a melt-spun ribbon form have been
shown to affect the magnetic and thus the magnetocaloric prop-
erties of intermetallic materials. Specifically for the DyNi2
Laves phase, the maximum ∆Smag has been shown to increase
when preparing the samples in melt-spun ribbons compared
to bulk [64]. It is claimed that the increase in magnetocaloric
peaks arises from the texture of the melt-spun ribbons, which
affects the magnetic properties. Furthermore, it is argued that
hysteresis effects (which are unfavourable for applications) are
reduced with texture [64].

The favourable magnetocaloric properties of light-rare earth
Laves phases motivates the search of other novel materials that
may exhibit the MCE. For example, the intermetallic com-
pounds LreMn2 and Lre2Mg2 have not yet been investigated
despite the magnetocaloric potential [7]. The strategy to replace
heavy-rare earth minerals for light-rare earth alternatives in
already established magnetocaloric materials is also an interest-
ing direction for further material research. Although, extensive
analysis on the criticality and sustainability of light-rare earth
elements needs to be conducted in order for the materials to be
viable for applications.

4.4 ReNi5 Compounds
Among the prospective magnetocaloric materials for practical
applications is the family of compounds with a stoichiometry
of ReNi5 (Re ≡ rare earth element). Although containing rare
earth elements, these compounds have a relatively low content
of these minerals and also have a relatively low cost [68]. The
series of materials crystallizes in the CaCu5-type structure with
the hexagonal P6/mmm space group [69]. The magnetic be-
haviour stem from the exchange interactions of the rare earth
atoms and the crystalline electric field (CEF) [70]. Of the se-
ries of compounds, a handful are relevant for the operating
temperature range in the context of hydrogen liquefaction.

Figure 21. Magnetocaloric Effect of GdNi5. Magnetic
entropy change (a) and adiabatic temperature change (b) as a
function of temperature for GdNi5 using a switching H field of
5 T. The open circular markers represent the experimental data
and the solid line corresponds to theoretical calculations.
Figure adapted from [70].

GdNi5 is an example of a material suitable for hydrogen
liquefaction due to a Curie temperature of 32 K. From figure
21, the ∆Smag is found to be approximately 2.25 J Kg−1 K−1

and the ∆Tad approximately 5.5 K. The commonly used mag-
netocaloric gadolinium, results in a broad ∆Smag and Tad peak
respective to temperature, which is favourable for applications.
A drawback of using GdNi5 for hydrogen liquefaction is the
low MCE observed for the high temperature range close to the
boiling point of nitrogen (50-70 K). T bNi5 was also shown to
have a promising magnetocaloric characteristic for hydrogen
liquefaction, with a TC of 23 K it has similar issues as GdNi5.
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Figure 22. Magnetocaloric Effect of NdNi5. Magnetic
entropy change (a) and adiabatic temperature change (b) as a
function of temperature for NdNi5 using a switching H field of
5 T. The open circular markers represent the experimental data
and the solid line corresponds to theoretical calculations.
Figure adapted from [70].

NdN i5 is an interesting material due to the use of the light-
rare earth element neodymium (which are more abundant in
nature). With a TC of 8 K, the maximum ∆Smag was found to
be approximately 1.58 J Kg−1 K−1 and the Tad to be approxi-
mately 4 K. The magnetocaloric peaks in figure 22 show limited
MCE response in the 20-60 K temperature region and therefore
tuning of the material is required for applications in hydrogen
liquefaction.

PrNi5 utilizes the rare earth element praseodymium in or-
der to exhibit magnetocaloric behaviour. Figure 23 shows that
below 14 K, the material displays the inverse magnetocaloric
effect, where the magnetic entropy increases when the external
magnetic field is applied. It is argued that the inverse char-
acteristics originate from CEF effects [70]. At temperatures
higher than 14 K, the normal magnetocaloric effect is observed
in the compound with a TC of 21 K. From figure 23, the mag-
netocaloric response was found to be relatively modest with
a Smag of approximately 0.091 J Kg−1 K−1 and a ∆Tad of ap-
proximately 0.35 K. For practical applications, the MCE must
be arguably enhanced and the temperature range increased to
include the span of 35-77 K.

Doping ReNi5 compounds with ferromagnetic elements
have been found to drastically change the MCE, specifically
the substitution of nickel with cobalt or iron in T bNi5 has been
investigated [71]. The doping of these magnetic atoms leads
to the exchange interactions between the 3d orbitals of the
transition metals and between the rare earth element and the
transition metal, thereby increasing the Curie temperature.

The substitution of nickel with magnetic elements signifi-
cantly increases the TC of the alloy. The doping of iron raises

Figure 23. Magnetocaloric Effect of PrNi5. Magnetic entropy
change (a) and adiabatic temperature change (b) as a function
of temperature for PrNi5 using a switching H field of 5 T. The
open circular markers represent the experimental data and the
solid line corresponds to theoretical calculations. Figure
adapted from [70].

Figure 24. Entropy Change of Doped T bNi5. Magnetic
entropy change relative to temperature for T bNi5−xCox

(x = 0.1,1) and T bNi4.9Fe0.1 using a switching H field of 5 T.
Figure adapted from [71].

TC more than the increase when doped with cobalt, as displayed
in figure 24. Furthermore, increasing the doping concentra-
tion also leads to a larger climb of TC, with the alloy T bNi4Co
showing an almost 40 K rise of TC compared to undoped T bNi5.
From figure 24 it is also apparent that the substitution of Ni
with magnetic elements results in the reduction of the magnetic
entropy change. Increasing the doping concentration further
diminishes the magnetocaloric response. The substitution with
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Fe leads to lower ∆Smag values compared to Co substitution.
The major benefit of the doping is the substantial increase of the
FWHM of the ∆Smag peaks, such that the alloys exhibit MCE
across the 20-77 K temperature range. Figure 24 also shows
that the peak broadening increases with doping concentration
(for the case of cobalt). It is argued that this effect is caused
by the broadening of the magnetic transition and the transition
metal sublattice spin fluctuations [71].

The effect of doping on the ∆Tad of the alloy is shown in
figure 25 to follow a similar relationship to that of ∆Smag. The
peak adiabatic temperature change decreases with substitution
whereas the peak width increases. It is argued that the broad
MCE peaks (with respect to temperature) resulting from doping
is due to local variations in magnetic anisotropy and exchange
interactions in the alloys [71]. This causes a relatively large
magnetic entropy in the material under TC when no external H
field is applied.

In spite of the potential magnetocaloric applications of
ReNi5 (especially when doped with magnetic elements), the
sustainability of the materials is a significant issue for practical-
ity. Although it is claimed that the material group contains low
amounts of rare earth elements, the criticality is such that it is
unfeasible to produce sufficient volumes of the compounds [63].
Nonetheless, the comprehensive benefits of magnetic element
substitution has been demonstrated with T bNi5 and motivates
further research into magnetic doping in other magnetocaloric
materials.

Figure 25. Adiabatic Temperature Change of Doped T bNi5.
Tad change relative to temperature for T bNi5−xCox (x = 0.1,1)
and T bNi4.9Fe0.1 using a switching H field of 5 T. Figure
adapted from [71].

5. Conclusions and Outlook

Of the hundreds of different materials that exhibit the magne-
tocaloric effect in the appropriate temperature range for hydro-
gen liquefaction, only a handful can be considered to be sustain-
able for application [7]. These materials have been analysed for
their magnetocaloric properties, with the performance encapsu-

Magnetocaloric Material TC (K)
∆Smag

(J Kg−1 K−1)
∆Tad (K)

RCP
(J Kg−1)

Magnetic
field strength
(T )

Source

Spinel Compounds
MnV2O4 57 14.8 2.9 46.7 2 [54]
MnV1.95Al0.05O4 59.6 5.2 1.5 82.2 2 [56]
Mn0.9Fe0.1V2O4 59 3.8 - 110 2 [57]
High Entropy Alloy
(FeMnNi)66.6(Ge0.45Si0.55)33.3 203 13.1 - - 2.5 [60]
FeCoCr0.85−1.15Ni 40-190 0.33-0.39 - - 2 [61]
Light Rare Earth Compounds
LreAl2 (Lre : Nd,Pr,Ce) 13.2-78.5 3.67-10.48 ∼1-2.5 - 2 [63]
0.292(PrAl2)+0.708(NdAl2) 32.5-77 ∼1.4 - - 5 [66]
RRReeeNNNiii555 Compounds
GdNi5 32 ∼2.25 ∼5.5 - 5 [70]
NdNi5 8 ∼1.58 ∼4 - 5 [70]
PrNi5 21 ∼0.091 ∼0.35 - 5 [70]
T bNi4.9Fe0.1 49 ∼1.22 33 - 5 [71]
Benchmark Rare Earth
HoB2 15 24 6 - 2 [45]

Table 1. Comparison of Sustainable Magnetocaloric Materials for Hydrogen Liquefaction. A presetation of the parameter
values to evaluate the magnetocaloric effect for the materials investigated in this review.
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lated in table 1. The scarcity of prospective materials proves the
challenge in developing rare earth free magnetocaloric materi-
als for hydrogen liquefaction, and stresses the need for further
material research.

The spinel vanadium oxide and two different high entropy
alloys were found as materials completely free of rare earth
minerals. However the operating temperature span of these
materials were found to be too high for hydrogen liquefaction.

On the other hand, materials were found with the appro-
priate temperature range, that although contained rare earth
elements, have capabilities for sustainability. Although these
prospective materials are suitable for hydrogen liquefaction,
critical studies into the fabrication processes of these com-
pounds need to be made, in order to establish their potential for
application.

The tuning of the transition temperature is possible by sub-
stituting elements in magnetocaloric materials. Hereby, if the
magnetic exchange interaction is decreased, the ordering tem-
perature also drops. Various different investigations into the
affects of doping on the MCE were analysed, studies into mag-
netic and nonmagnetic dopants in magnetocaloric materials
were found to successfully change the magnetocaloric profile.
Further experimentation into the capabilities of doping are mo-
tivated to investigate how high doping concentrations affect
magnetocaloric materials.

The major drawback of doping is the significant reduction
in the magnitude of the MCE, as is displayed in table 1. This
significantly limits the capabilities of prospective sustainable
materials as magnetic refrigerants, thus driving the need to
understand the mechanisms behind the MCE in order to facili-
tate optimization. Materials where the magnetic properties are
coupled to the crystallographic degrees of freedom (as is often
the case for first-order transitions) were found to exhibit a large
magnetocaloric response [72]. The strong spin-lattice coupling
gives rise to the simultaneous change in magnetic and lattice
entropy upon the switching of a magnetic field. Incorporating
this coupling in materials while still mitigating the thermal and
magnetic hysteresis, would allow for the optimization of the
MCE.

In addition, further analysis into the thermal and magnetic
hysteresis is necessary for eventual applications in devices.
The mechanisms that are responsible are often unique to these
materials, complicating research into efforts to diminish these
phenomena. However it has been shown that the doping of
nonmagnetic Al in MnV2O4 leads to structural changes that
reduces the hysteresis significantly [56].

Another aspect that is often overlooked is the dependence
of the magnetic field strength on the magnitude of the MCE
in materials. Practical and economic challenges in the technol-
ogy of (permanent) magnets restricts the switching magnetic
field strength of conventional devices to 2 T [9][63]. Therefore,
prospective magnetocaloric materials need to efficient such that
the MCE response is substantial even at low fields. Circum-
stantially, the relevant cryogenic operating temperatures for
hydrogen liquefaction facilitates the use of superconducting

magnets as the source of the H field, allowing for field strengths
of 5 T to be potentially realised [7][63].

While inspecting the relatively narrow magnetocaloric pro-
files of compounds with respect to temperature, it is evident
that designing a material which exhibits the MCE across the en-
tire 20-77 K temperature range is unfeasible. By changing the
stoichiometry, a variety of magnetocaloric materials have the
potential to span the relevant temperature range. Although this
may seem impractical at first, layered magnetic refrigeration
devices have been conceptualized and experimentally investi-
gated [73]. An alternative approach would be the utilization
of the Ericsson cycle with composites of magnetocaloric ma-
terials [66]. The practicality of such refrigeration devices for
hydrogen liquefaction needs to be explored.

In order to realise magnetic cooling for hydrogen lique-
faction, an avenue for material research is the concept of mul-
ticaloric materials [9]. These materials exhibit entropy changes
under the influence of multiple external stimulants, examples
include magnetostructural and magnetoelectric materials. Mul-
tiferroic materials have been shown to exhibit the MCE at
cryogenic temperatures [74]. Furthermore, materials are es-
tablished that have a magnetocaloric response at cryogenic
temperatures and known to exhibit electric polarization, yet
their magnetoelectric properties have not yet been probed [75].
This proves that there is potential materials that can be catego-
rized as multicaloric. The challenge is that in order to achieve
the cross-response of multicalorics from different fields, the
ferroic orders need to be strongly coupled to one another, which
requires the understanding of rather complex mechanisms [76].

Furthermore, magnetocaloric materials have been fabri-
cated using novel techniques that may aid in altering their MCE
specifications for hydrogen liquefaction [18]. Synthesizing
these materials as nanoparticles have been shown to broaden the
temperature range across which a substantial entropy change
is exhibited [12]. This has been attributed to the reduction of
exchange interactions such that the transition temperature is
also decreased. These production techniques have a range of
consequences, that are often unique to the material onto which
they are applied to.
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