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The present paper provides a short review of the magnetocaloric effect and selected magnetocaloric
materials, such as Gd-based alloys, MnCoGe alloys, and La(Fe, Si)13-type alloys. The magnetocaloric
effect is a fundamental environmentally friendly technique for lowering temperature, which is nowadays
highly developed due to its potential application in domestic refrigerators or heat pumps. This article
delivers information on the theory of the magnetocaloric effect. Moreover, it reviews the structure and
thermomagnetic properties of selected materials suitable for active magnetic regenerators working at

(2026)

close to room temperature.
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1. Introduction

Degradation of the ozone layer was first noticed
in the 1970s. This effect is extremely dangerous
due to the protective role the ozone layer plays for
the Earth. Nowadays, it is commonly referred to
as the ozone hole. The research carried out in or-
der to explain its causes revealed that substances
such as sulfur and nitrogen oxides are destroying
the ozone layer. Twenty years later, at the begin-
ning of the 1990s, further investigations proved the
destructive role of freon compounds used in the pro-
duction and exploitation of aerosol diffusers and
various kinds of refrigerators [1, 2]. After the publi-
cation of the Montreal Protocol, the production of
freons was drastically limited and substitute com-
pounds were discovered; yet, some of the freons are
still irreplaceable in conventional cooling devices.
Moreover, the directives of the European Union
and energy-saving policies encourage the scientific
community to seek alternative and energy-saving
cooling techniques. Magnetic cooling based on the
magnetocaloric effect (MCE) is a method of lower-
ing temperature with the highest efficiency, which
reaches even ~ 60% [3]. The MCE was discovered
by Warburg [4] in the 1880s during the studies
on the behavior of iron in an external magnetic
field. Debye [5] and Giauque [6], independently, pro-
posed the use of MCE to achieve ultralow temper-
atures lower than liquid helium. Currently, the first

magnetic cooling devices are relatively more expen-
sive than the cooling techniques used in traditional
domestic refrigerators (the costs are, respectively,
several thousand or several hundred euros).

The discovery of the giant magnetocaloric ef-
fect (GMCE) in the Gd5SiaGes alloy [7] at near-
room temperature by Pecharsky and Gschneidner
Jr. (1997) started the next chapter in the develop-
ment of magnetocaloric materials (MCM). Since the
publication of their paper, an exponential increase
in research on this topic has been observed.

This paper focuses on the physical fundamentals
of the magnetocaloric effect and on selected groups
of materials in which this phenomenon occurs close
to room temperature.

2. Theoretical description of
magnetocaloric effect

The presence of the magnetocaloric effect in a
magnetic material enables heating and cooling pro-
cesses of the samples in the presence of an exter-
nal magnetic field. The phenomenon discovered by
Warburg in 1881 during the experiment on the be-
havior of pure iron in a magnetic field [5] remained
unexplained for over four decades. However, in the
1920s, Debye [6] and Giauque [7] came up with the
idea of using this effect to achieve temperatures be-
low that of liquid helium, which at the time was the

S112


http://doi.org/10.12693/APhysPolA.149.S112
mailto:piotr.gebara@pcz.pl

A Short Review of the Magnetocaloric Effect and. . .

Entropy S
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Fig. 1. Plot illustrating the change in entropy S
for a solid having magnetic properties with respect
to temperature 7. Solid lines represent total en-
tropy, and dashed lines represent magnetic entropy
in magnetic fields Hyp =0 and H; > 0; dotted line
shows temperature dependence of nonmagnetic en-
tropy coming from lattice and electron element; So
and Ty denote entropy and temperature in H = 0,
respectively; S1 and T; represent entropy and tem-
perature in H; > 0 [11].

AT,  Or AS,

Fig. 2. Plot representing the correlation between
the temperature and entropy changes, which are a
measure of the magnetocaloric effect near the Curie
temperature of the material [11].

lowest temperature that could be experimentally
achieved. Although research on the magnetocaloric
effect lasted for over a century, this investment is
worthwhile in every respect now. Conventional cool-
ing devices are said to be replaced in the near future
with refrigerators or heat pumps based on the mag-
netocaloric effect. Magnetic heating or cooling pro-
cesses are environment-friendly and offer low energy
consumption [2, 8 9]. In fact, the sheer volume
of possible savings in oil resources, as the Inter-
national Energy Agency announced in its report
on the crises from 1973 and 1978, is calculated to
be over 600 million tons per year by 2020, 80% of
which would come from switching to heat pumps.
Current scientific and technical achievements made
in the area of magnetocaloric heat pumps make

us suppose that in the next 10-15 years they will
become one of the most considerable heat sources
used in the European Community countries, in-
cluding Poland. Potential owners of single-family
dwellings will surely appreciate magnetocaloric heat
pumps as a more cost-effective alternative to con-
ventional ways of heating for financial [10] and eco-
logical reasons. Currently, the most important issue
is the development of materials exhibiting a consid-
erable magnetocaloric effect at temperatures close
to room temperature. This effect occurs in all mag-
netic materials, and its intensity depends on the
properties of the particular material. The presence
of the effect is explained by the magnetic sub-
lattice interactions with the applied external mag-
netic field, which leads to a magnetic change in the
entropy of solids. Isothermal magnetization of ma-
terials such as paramagnets or weak ferromagnets
decreases their entropy because of the arrangement
of most spins. In the demagnetization process, the
magnetic entropy value of the structure is regained,
but since the adiabatic transformation occurs, the
temperature of the material drops. The entropy of
solids, being the temperature and magnetic field, is
the sum of the magnetic part (as a temperature and
magnetic function), electron, and crystalline part,
which are only functions of temperature [11]. This
can be written as follows

S(T,H):SM(T,H)+SL(T)+SE(T). (1)

Figure 1 presents the dependence of particular en-
tropy for ferromagnetic material placed in different
magnetic fields.

The measure of the effect is assumed to be an
adiabatic change in temperature or a magnetic en-
tropy change. The magnitudes AT,y and AS), are
related to the magnetization M of the sample. The
magnetic field H and the temperature 7" are de-
scribed by the Maxwell equation [11, 12]

(S5, -(5), o

and the equation describing the heat exchange [13]

(g)s T (f;}i)H (g)H (3)

With the help of mathematical tools, we are able to
define the dependence of the adiabatic temperature
change [13]

AT(T, AH)= ‘j a (C(; ) >H<5Mfs§ - >H

1 (4)
and the relation of the magnetic entropy change [11]
(see Fig. 2)

sy - [an (ML) g

oT

Hy
where: T'— temperature in absolute scale; M (T, H)
— magnetization; C'(T, H) — specific heat.
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The above-given equations are fundamental to
understanding and analyzing the magnetocaloric ef-
fect in solid states. Their analysis enables one to
take new directions in the search for new materials
featuring a considerable magnetocaloric effect.

3. Applications of MCE

Over four decades after the discovery of the mag-
netocaloric effect, Debye and Giauque presented a
concept of achieving ultralow temperatures based
on this phenomenon. Forty years later, in 1966, van
Geuns [14] introduced a refrigerator working at tem-
peratures above 1 K, which became really possible
thanks to research on new materials. Nowadays, the
magnetocaloric effect in ferromagnetic materials is
used for magnetic cooling. The effect is an alterna-
tive to classical ways of lowering temperature, which
are based on gas conversions and, as such, have a
very negative impact on the natural environment.
Hence, paramagnetic salts containing Gd or Ga, for
which considerable magnetic entropy changes are
observed at temperatures close to absolute zero,
have been introduced in cooling methods. Using
such materials, temperatures as low as 27 pK have
been achieved, e.g., with the PrNis compound [15].

Magnetic refrigerators work in several ranges of
temperatures [14]:

(i) 1.5-4.2 K — where the helium II phase, nec-
essary to maintain the NbTi superconductor
below 2 K, is present. In this range, magnetic
refrigerators replaced Joule-Thomson loop,
which requires very low gas pressure (about
1000 Pa) and large gas flow;

(ii) 4.2-20 K — where the liquefaction of hy-
drogen and superconductor cooling processes
take place;

(iii) 20-77 K — where high-temperature supercon-
ductors are cooled, with a maximum temper-
ature being 4.2 K, or 1.5 K in the case of re-
frigerators.

The ferromagnetic substances are usually used in
two temperature ranges:

(i) 10-80 K (instead of liquid helium or nitrogen);

(ii) room  temperature regimes (in  air-
conditioning prototypes, magnetic freezers,
and heat pumps).

The Curie temperature indicates which criterion
a material should be subjected to, because the mag-
netic transformation (order—disorder) is within a
very narrow range of temperatures near to the Curie
point. The transformation is connected to a high
value of magnetic entropy change ASy;, which is
necessary for its practical application. At room tem-
perature, ProFey; [16, 17], La(Fe, Si);3 [18, 19],
or FeZrCrNbCuSiB [20, 21] alloys are used; in the
10-80 K range, Pr, Nd, Er, and Tm are used, as

well as intermetallic compounds, the best-known
of which are REAl;, (RE = Er, Ho, Dy) [22, 23]
and RENiy (where RE = Gd, Dy, Ho) [24, 25].
Pure Gd and its compounds are materials with
good magnetocaloric properties. It is the first ma-
terial originally used for cooling near room temper-
ature because its Curie point is at 294 K [26-28].
The magnetocaloric effect is expressed in numbers
via magnetic entropy change AS),, and it is about
2 J/(kg K) within an external magnetic field change
of AugH =5 T. Although Gd has good properties,
its high price is a serious drawback, so instead of Gd,
relatively cheap compounds and alloys based on iron
are successfully used 16-21]. In comparison with
Gd, new La(Fe, Si);3 compounds perform better
as far as lower price and magnetic entropy change
of about 20 J/(kg K) are concerned [18, 19]. The
successful development of the mentioned magne-
tocaloric materials, as well as many others, encour-
ages scientists to look for further insightful ways
of searching for metallic and intermetallic materials
in the range of temperatures satisfying consumers’
needs.

4. Magnetocaloric materials

Previous studies on materials exhibiting the mag-
netocaloric effect at room temperature allowed the
formulation of several empirical conditions that
should be satisfied in order to obtain materials with
desirable properties [29]. The magnetocaloric mate-
rial should have the following properties:

e a considerable magnetic entropy change
|ASys| and therefore a large adiabatic tem-
perature change |AT,4;

e Curie temperature T near the room temper-
ature;

e small energy loss due to material magnetiza-
tion;

e very small heat hysteresis loop;

e small specific heat value but good ther-
mal conductivity, which defines temperature
change and heat exchange rate;

large electrical resistance.

4.1. Gadolinium and its alloys

Gadolinium exhibits natural magnetocaloric
properties. It is a lanthanum group element, exist-
ing in Earth’s crust in the form of minerals such as
monazite and bastnezite. Research based on neu-
tron diffraction spectroscopy, carried out by Cable
and Wollan in 1968, revealed that pure gadolinium
exhibits ferromagnetic properties below 294 K. In
the past, the studies on the magnetocaloric effect
in Gd set new standards, and now newly devel-
oped materials are often compared with them [3].
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The Gd magnetocaloric effect expressed in the adi-
abatic temperature change units AT,, equals 6, 12,
16, 20 K, respectively, for magnetic field changes of
ApoH =2,5,7,10 T.

The best known magnetocaloric material based
on Gd is the GdsGesSip alloy discovered by
Pecharsky and Gschneidner Jr. in 1997. The ex-
cellent magnetocaloric properties of the Gds;GeaSia
alloy result from a magnetic phase transition at the
Curie point, accompanied by a structural transfor-
mation from monoclinic to orthorhombic structure.
The value of magnetocaloric effect for Gds;GesSia
alloy expressed by ASjy; magnetic entropy change
units is 18.5 J/(kg K) under magnetic field change
ApgH = 5T and at Curie temperature T =~ 276 K.

Several years later, the concept of biphasic Gd-
based alloys was proposed in order to produce ma-
terials with enhanced refrigeration capacity (RC).
Law et al. [30] proposed the concept of bipha-
sic material composed of Gd matrix with GdZn
inclusions. Maximum magnetic entropy change
reached 3.42 J/(kg K) when the change in external
magnetic field was ~ 2 T. Similar results of mag-
netic entropy change were obtained for GdPb alloy
(3.04 J/(kg K)), for which a biphasic structure was
produced [31]. An addition of Pd enabled the pro-
duction of a biphasic Gd-based alloy, and the high-
est magnetic entropy change achieved 5.25 J/(kg K)
for the Gdgs;Pds; alloy [32, 33]. Another alloy-
ing was proposed by Jayaraman et al. [34], who
reported successful fabrication of biphasic GdMn
alloys. Conducted magnetocaloric measurements
revealed a value of magnetic entropy change
of 4.8 J/(kg K).

The main problem with Gd-based alloys is
their relatively high price, which prevents their
widespread application as an active magnetic regen-
erator (AMR) in commercial cooling devices.

4.2. MnCoGe alloys

Another group of MCMs with excellent mag-
netocaloric properties is MM’X alloys (where M
and M’ are transition metals and X is a metal-
loid such as Ge, Si, or Sn). Such good proper-
ties are the result of martensitic transformation
in the vicinity of magnetic transformation. The
best-known magnetocaloric alloy that belongs to
this group is MnCoGe. It crystallizes in a low-
temperature orthorhombic TiNiSi-type structure
(space group Pnma) and a high-temperature hexag-
onal NiyTi (space group P63/mmc) (Fig. 3, see
also [35]). The value of AS), reaches 6 J/(kg K) un-
der the change in external magnetic field of ~5 T
and at the Curie temperature of ~ 293 K [36]. Se-
lective addition of boron induced an occurrence
of giant MCE, which was manifested by high
ASy =47 J/(kg K) [37]. Such a high value was
the result of a magnetostructural transition in

Fig. 3.

Hexagonal (a) and orthorhombic struc-
tures (b) observed in the MnCoGe alloys [35].

the Curie temperature. Similar results were ob-
served for the MnCoGe alloys modified by carbon
(MnCoGeCy.o3) [37], nickel MnggNig;CoGe [38],
and gallium MnCoGeg 95Gago5 [39]. Moreover,
interesting modifications influencing thermomag-
netic properties were presented [36, 40, 41|, where
manganese was substituted by vanadium [40],
chromium [41], palladium [36, 42], or zirco-
nium [35, 36, 43]. Another interesting way for mod-
ification was the preparation of the MnCoGe alloys
with off-stoichiometric composition [44, 45] or the
introduction of vacancies into the crystalline struc-
ture [46].

4.3. La(Fe, Si)i3-type alloys

Gd- or MnCoGe-based materials are relatively
expensive due to the high price of gadolinium or
germanium. A cheaper alternative with promising
magnetocaloric properties is the La(Fe, Si);3-type
alloys. They belong to the group of binary LaMjs
compounds, where M is Co, Fe, or Ni. The bi-
nary LaCo;3 compound is the only stable phase,
whereas LaFe 3 or LaNi;3 do not exist. Such a situ-
ation is caused by the positive enthalpy of mixing.
However, partial substitution of Fe by Si or Al de-
creases the total enthalpy of mixing, which leads to
stabilization of the pseudobinary La(Fe, Si);3-type
structure. This type of alloys crystallizes in cubic
pseudobinary NaZns-type structure. The La atoms
occupy 8a positions (in Wyckoff notation), while
Fe prefers two non-equivalent positions 8b and 96i
(Fig. 4). The Curie temperature of the La(Fe, Si);3
alloys depends strongly on Si content, but varies in
the vicinity of 195 K. Such low values do not qualify
them as an active magnetic regenerator in magnetic
refrigerators working at room temperature. Due to
this fact, for many years this type of alloy has been
modified by introducing additives in order to change
the Curie temperature and the magnetic entropy
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Fig. 4. Elementary cell of the NaZnis-type [57].

change. These modifications can be summarized as
follows:

e Co, when added to Fe (in
La(Fe;_;—,Co,Siy, )13 for a particular =z
and y range), causes an increase in the alloy’s
Curie temperature [47-49|, while the mag-
netic entropy change decreases. Moreover,
as it was shown in [50, 51], appropriate
substitution of Fe by Co allowed for the
production of a material with an extremely
broad magnetic entropy change, for which a
full width at half maximum (FWHM) of the
ASy(T) curve reaches even 100 K;

e H added during the annealing process under
higher pressure or milling process in a hy-
drogen atmosphere causes a significant rise in
Curie temperature, even by 100 K, slightly de-
creasing the value of magnetic entropy change
AS) at the same time [52-54];

e partial substitution of La by Nd in
La(Fe;_;Nd;(Fe, Si)13) substitutes La
positions in the crystalline lattice, making it
smaller and therefore shifting the Curie point
up by a few degrees but also reducing the
magnetocaloric effect [55, 56];

e Ce causes a decrease of T when, like Nd, it
is added in a small fraction to La. It replaces
La in the crystalline structure and shortens
the lattice constant. However, the decrease
in T¢ in this case is caused by the magne-
tovolume effect. Ce addition also has a con-
siderable influence on a better magnetocaloric
effect due to the reinforcement of the metam-
agnetic transition [57-59];

e Pr also decreases the Curie temperature,
reducing the losses of temperature and mag-
netic hysteresis. It improves magnetocaloric
properties and magnetic entropy change.
Moreover, an application of strong magnetic
fields to samples doped by Pr induces a first-
order metamagnetic phase transition [60-63];

e Gd (present in the crystalline structure) does
not influence T but decreases significantly
the AS)y; value because of the change from
a first-order to a second-order phase transi-
tion [64];

e Er, which is a very interesting metal from
rare-earth (RE) elements, replaces La in the
crystalline structure and therefore shortens
the lattice constant, simultaneously increas-
ing Tc. Exchange interactions between Er—Er
and Er-Fe sublattices are also responsible for
the growth in the T value. At a ratio of 1:10
of Er quantity to La quantity, we also observe
a better magnetocaloric effect [65];

e N is introduced analogously to the hydrogena-
tion process. Nitrogenation process changes
the Curie temperature considerably, even up
to 80 K, making elementary cells smaller
by 10%. The process also improves the alloy’s
magnetization by up to 10% [66];

e Al stabilizes alloys’ phase, also increasing
TC value. In LaFelLOCoo’g(Sil,wAlm)1,2 alloy,
Tc rises from 276 to 290 K when the Al:Si
ratio is 6:10, but ASy; decreases from 18.5
to 8.8 J/(kg K) [67, 68];

e Mn addition causes a decrease in lattice con-
stant and a reduction in the Curie tempera-
ture. Moreover, a small addition results in a
decrease in magnetic entropy change, but the
further increase in Mn content improves the
AS)y value [69, 70];

e Dy causes an increase in the Curie tempera-
ture, due to RE-Fe interactions, while mag-
netic entropy changes slightly decreases [71];

e Ho decreases the Curie point and magnetic
entropy change due to the enhancement of the
second-order phase transition [62].

An interesting effect of the described substitu-
tions was presented in [72]. An anomalous thermal
expansion of a-Fe inclusions in the La(Fe, Si);3-type
matrix was studied. Such a phenomenon was the re-
sult of an interaction between the La(Fe, Si);3-type
phase and a-Fe, and it was independent of the or-
der of phase transition. On the other hand, the
intensity of this effect was higher for the sample
doped with Ce, which manifested a first-order phase
transition.

Figure 5 shows a graphical representation of ASy,
vs Tc and areas of working range for the materials
mentioned in the present paper. It is clearly visible
that the potential application of the mentioned ma-
terials is very wide, and will depend on the specific
conditions of use.

5. Perspectives for the development of
magnetocaloric materials

As it was shown by Law et al. [73], a new trend in
the development of MCMs will be the production of
materials with both orders of phase transition. The
first-order transition will provide relatively high
magnetic entropy change, whereas the second-order
phase transition will deliver a broader temperature
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materials described in the present paper.

working range (6Trwanm ). Another possibility is fur-
ther modification of chemical composition and mi-
crostructure, which will result in an improvement
of magnetocaloric properties [74]. The preparation
of multicaloric materials will enable more effective
use of active regenerators in novel refrigerators [75].
Law et al. [73] focused on finding new techniques
for characterizing magnetocaloric materials in or-
der to better understand their properties and be-
havior. These include advanced imaging methods,
high-resolution spectroscopy, and computational
modeling, which help in designing materials with
optimized performance.

Taking into account European Union directives
concerning the reduction of carbon footprint, CO2
emission, and energy saving, it will be extremely
important to integrate magnetocaloric cooling sys-
tems with renewable energy sources such as wind or
solar power.

6. Conclusions

It is almost impossible to present all information
concerning the magnetocaloric effect and magne-
tocaloric materials; however, a small attempt was
made in this paper. Although MCE is more than
a hundred years old, it is still studied intensively.
A short review of the most suitable MCMs work-
ing at room temperature was presented. As it was
shown above, the main MCM is Gd and its alloys.
Natural properties, such as the Curie temperature,
low hysteresis, and relatively good magnetic entropy
change, qualify it as a candidate for an active mag-
netic regenerator in magnetic refrigerators. How-
ever, its high costs are an obstacle.

Another good candidate are MnCoGe-type al-
loys. The magnetostructural transition results
in high magnetic entropy change at near-room
temperature. However, the high cost of Ge and low

structural stability are the main obstacles to prac-
tical application in domestic devices.

The last group of materials described in this arti-
cle are the alloys of La(Fe, Si);3-type. Relatively
high content of Fe and good magnetic proper-
ties allowed us to consider these materials the
most promising candidates for active magnetic re-
generators in magnetic cooling devices. Ongoing
studies on the modification of chemical composi-
tion, preparation techniques, and improvement of
magnetocaloric properties will make it possible to
use them in commercial refrigerators next to the
Heusler alloys.
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