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Advanced materials for solid-state refrigeration

Lluis Manosa,*® Antoni Planes® and Mehmet Acet®

Recent progress on caloric effects are reviewed. The application of external stimuli such as magnetic field,
hydrostatic pressure, uniaxial stress and electric field give rise respectively to magnetocaloric, barocaloric,
elastocaloric and electrocaloric effects. The values of the relevant quantities such as isothermal entropy
and adiabatic temperature-changes are compiled for selected materials. Large values for these
quantities are found when the material is in the vicinity of a phase transition. Quite often there is
coupling between different degrees of freedom, and the material can exhibit cross-response to different
external fields. In this case, the material can exhibit either conventional or inverse caloric effects when a
field is applied. The values reported for the many caloric effects at moderate fields are large enough to
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1 Introduction

Every material changes its temperature when subjected to a
sudden change of an external field (electric, mechanical,
magnetic...). This property is generally known as the caloric
effect and is related to a change in the material's entropy when
the external field is isothermally modified. Generally, around
room temperature, the magnitude of such a caloric effect is
small and the temperature-change only becomes relatively large
at very low-temperatures when the specific heat of the material
is low. For this reason, refrigeration based on sweeping an
external field adiabatically has been limited to low-
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envisage future application of these materials in efficient and environmental friendly refrigeration.

temperatures for very long. The typical example is the attain-
ment of cryogenic temperatures by making use of the magne-
tocaloric effect in paramagnetic salts when adiabatically
demagnetized."

The efficient use of the magnetocaloric effect for refrigera-
tion around ambient temperature was proposed by Brown in the
late seventies,” and a major breakthrough took place at the end
of the nineties with the discovery by Pecharsky and Gschneidner
of a material exhibiting large magnetic-field-induced entropy
and temperature-changes around room temperature; the
intermetallic Gd-Si-Ge compound, which was denoted as a
giant magnetocaloric material.® This discovery boosted the
research in the field, and nowadays there is a large variety of
materials which have been reported to exhibit the giant mag-
netocaloric effect. The key feature for the effect to be giant is the
presence of a first-order phase transition that most of these
materials undergo. It is the transition entropy-change
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(associated with the latent heat of a first-order phase transition)
that makes the major contribution to the field-induced entropy-
change of the magnetocaloric effect. As a consequence of strong
interplay between magnetic and structural degrees of freedom,
the phase transition also involves typically a change in the
crystallographic structure.

While most of the efforts are nowadays devoted to investi-
gation of the magnetocaloric effect, the possibility of inducing
the phase transition in the solid state by fields other than
magnetic opens up new routes for solid-state refrigeration using
many different external stimuli. Indeed, materials showing
significant changes in a certain thermodynamic quantity at the
phase transition - such as volume, strain or polarization - will
be extremely sensitive to the application of the corresponding
thermodynamically conjugated field - pressure, stress and
electric field, respectively. Hence, the possibility of inducing the
transition by means of pressure, uniaxial stress and electric
field will give rise to the barocaloric, elastocaloric and electro-
caloric effects, respectively. A solid-state cooling cycle is illus-
trated in Fig. 1 based on a giant caloric effect attained by
applying a generic external field.

Usually the material's entropy decreases when an external
field is applied isothermally, and its temperature increases
when a field is applied adiabatically. Since this is the most
frequent situation, the caloric effect is known as ‘conventional’.
However, there are some cases for which the situation is
reversed: the entropy increases on applying a field isothermally,
and the material cools down. This effect is known as the
‘inverse’ caloric effect. Inverse caloric effects are possible in
those systems with a strong coupling between different degrees
of freedom, with a cross-response to the external fields, and for
which the entropy contains contributions from all these degrees
of freedom.

There have been detailed and comprehensive reviews
dealing with magnetocaloric materials*™ and other caloric
effects.’>"® Also, details on the chemistry of the different
materials illustrated in the present paper can be found in ref. 4,
11 and 17-19 and references therein. It is not intended to
duplicate that effort here. The present paper is aimed at pre-
senting the different caloric effects reported so far. For each of
them, we select a particular material which conveniently illus-
trates the case.
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Fig. 1 Refrigerating cycle. Schematic diagram for a solid-state based refriger-
ating cycle based on a conventional giant caloric effect. In the first stage the field
is adiabatically applied resulting in a temperature increase of the material (a
forward phase transition occurs in this stage). In the second stage the material is
allowed to cool down at constant field by transferring heat to a heat sink. In the
third stage the field is adiabatically removed and the material cools down further
(the reverse phase transition occurs in this stage). In the fourth stage, the cold
material absorbs heat from the cold reservoir (which becomes colder) and
recovers the initial state. The images to illustrate the cycle correspond to a
magnetic shape memory alloy which undergoes a martensitic phase transition.
The field can be magnetic field, hydrostatic pressure or uniaxial stress.

2 Thermodynamics of caloric effects

Letageneric system in thermodynamic equilibrium be described
in terms of the generalized displacements, x;, forces Y; (fields)
and temperature T. Both displacements and forces have the same
tensorial character. However, a scalar approach is appropriate to
describe most cases of interest (where only the magnitude of
the external field is varied), and this will be considered in
the following sections. The change in entropy reads:

C ax;
dS_TdT—i—zi:( )deY,, (1)

aT

where we have made use of the Maxwell relations
(ﬁ) = (%> , and C is the heat capacity.
i) ry,., 9T )y,
For an isothermal change of a given field from 0 to Y, the
field-induced entropy-change accounting for the caloric effect is
given by:

Y

S(T,Y)—S(T,Y =0) =AS(T,Y) = J ((%) ay. ()

When the field is applied adiabatically, the corresponding
change in temperature is given by:

Y
T (0x
0

The above expressions quantify the magnetocaloric (Y = H
and x = M), barocaloric (Y = —p and x = V), elastocaloric (Y=o
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and x = ¢) and electrocaloric (Y = E and x = P) effects, where H is
the magnetic field, M, magnetization, p, hydrostatic pressure, V,
volume, ¢, uniaxial stress, ¢, uniaxial strain, E, electric field and
P, polarization.

2.1 Experimental determination of the caloric effects

The most commonly used method for the determination of the
entropy-change makes use of isothermal x vs. Y curves to
numerically integrate eqn (2):

1

AS(Y,T(K)) = 7

Jx(TkH)dY - Ix(n)dY @)

where T(k) = (Txra + Ti)/2 and ATy = Tyy — Ty. While this
provides a fast and easy procedure to quantify a caloric effect,
there has been considerable controversy on whether or not the
method can be applied to first-order phase transitions.**>*
Large spurious values® were shown to arise from inappropriate
experimental protocols.”® The major issue associated with this
problem is the existence of a hysteresis at the first-order phase
transition. However, at present, it is clear that the method gives
reliable data for AS, provided that the experimental protocol is
the appropriate one which correctly takes into account the
hysteresis of the transition (details can be found in ref. 7, 27
and 28). Alternatively, AS can also be obtained by numerically

. . N dx
integrating the derivatives (ﬁ) computed from measured
Y

isofield x(T) curves. The latter method ensures that the sample
completes the full phase transformation and consequently is
free from giving spurious values.

An alternative way to obtain AS is from -calorimetric
measurements of the temperature dependence of the specific
heat of the material for different constant values of the external
field Y (see eqn (1)). As previously mentioned, most giant caloric
materials undergo a first-order phase transition, and the best
suited calorimetric technique for first-order phase transitions is
differential scanning calorimetry (DSC). Purpose-built DSC
operating under different external fields have been developed to
study several caloric effects.”*** These devices provide the heat
flux as a function of temperature, from which the entropy
(referenced to a given state at T,) is obtained as:

T .
S(T,Y)—S(T,,Y) = Jl@dT (%)
T T
To

where Q and T are the heat flux and the cooling (or heating) rate,
respectively. The field-induced entropy-change (accounting for
the caloric effect) is readily obtained by subtracting the inte-
grated curves resulting from eqn (5).

Some of these devices can also operate at constant temper-
ature and sweeping the external field. This method provides a
direct determination of the field-induced entropy-change which
is given by:

Y

S(T, Y)_S(T,O):%J@dy ©)

where Y is the field rate.

View Article Online

For a first-order phase transition, the shift in the transition
temperature with the field is governed by the Clausius-Cla-
peyron equation:

dr Ax

dY = "as @

Since AS is negative (lower entropy of the low-temperature
phase), the shift in the transition is determined by the sign of
the generalized displacement discontinuity, Ax.

Finally, a direct determination of a caloric effect is also
achieved by measuring the temperature of the sample (using an
appropriate thermometer) while the external field is adiabati-
cally modified. Although this is a quite direct method to
quantify a caloric effect, adiabatic temperature-change experi-
ments are usually difficult to implement, and the majority of
studies are devoted to field-induced entropy-changes.

3 Gd-Si-Ge compounds: the prototype
giant magnetocaloric material

At room temperature GdsSi,Ge, is paramagnetic and exhibits a
monoclinic structure (space group P112;/a). On cooling it
undergoes a magnetostructural transition to an orthorhombic
(space group Pnma) structure which is ferromagnetically
ordered. Since GdsGe, is antiferromagnetic and GdsSi, is
ferromagnetic, the phase diagram for off-stoichiometric
Gds(Ge;_,Siy), is very rich. For all x, the ground state is ferro-
magnetic with an orthorhombic structure (space group Pnma),
but different structural and magnetic phases can be found
depending on x. A detailed phase diagram is described in ref. 4
and 5. The giant magnetocaloric effect is observed for alloys
with 0.3 = x = 0.5. It is within this composition region that the
alloy undergoes the paramagnetic to ferromagnetic first-order
magnetostructural transition with a transition temperature that
linearly increases with increasing Si concentration.

The structural transition involves shear displacements of
atomic layers in which (Si, Ge)—(Si, Ge) dimers that are richer in
Ge increase their distances. This modifies the spin-dependent
hybridization between Ge 4p and Gd 5d conduction states
reducing the net Gd 5d moment and the strength of the ferro-
magnetic RKKY exchange coupling across sheared layers.**** In
addition to the giant magnetocaloric effect, the magneto-
structural transition is also at the origin of other technologically
important properties of this alloy, such as giant magnetoresis-
tance*® and magnetostriction.*”

The magnetocaloric effect in the Gds(Ge; ,Si,), family has
been investigated by numerous researchers by means of several
experimental techniques. Depending on composition and
purity of the samples, the reported entropy values range from
10J kg ' K 'to 50 ] kg ' K. The highest values correspond to
those compositions for which the magnetostructural transition
is close to the Néel temperature of the orthorhombic phase.
Interestingly, the whole entropy-change associated with the
magnetostructural transition has been found to scale with the
transition temperature, no matter if the latter is tuned by
composition or magnetic field.”* This result is illustrated in
Fig. 2 and proves that magnetovolume effects due to the
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Fig. 2 Magnetocaloric effect in Gd-Si-Ge. Transition entropy-change as a
function of the transition temperature for Gds(Ge;_,Si,)4 alloys. Figure adapted
from ref. 38.

magnetic field are of the same nature as the volume effects
caused by substitution. Such a statement has been corroborated
by later studies showing the equivalence of temperature,
magnetic field, and chemical and hydrostatic pressures on the
polymorphism of Gds(Ge;_,Si,)4.>**

The magnetostructural transition involves a change in the
volume of the unit cell: the volume of the low-temperature
monoclinic phase is larger than that of the ferromagnetic
orthorhombic one. Owing to such a volume change, the transi-
tion is sensitive to external hydrostatic pressure, and therefore, it
is prone to exhibit a giant barocaloric effect. Such a possibility
was theoretically predicted within the framework of band
theory,*” and experimentally demonstrated by differential scan-
ning calorimetry under hydrostatic pressure.** Fig. 3 shows the
pressure-induced entropy-change as a function of temperature
for selected values of hydrostatic pressure for stoichiometric
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Fig. 3 Barocaloric effect in Gd-Si-Ge. Temperature dependence of the pressure
induced entropy-change for GdsSi,Ge,. Figure adapted from ref. 41.
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Gd;Si,Ge,. The values found for moderate pressures around 3
kbar are comparable to those corresponding to the magneto-
caloric effect for fields around 2 T for this compound.

For Gd;Si,Ge,, both magnetocaloric and barocaloric effects
are found to be conventional, i.e. the entropy decreases with
increasing field and pressure. This is associated with the larger
magnetization and lower volume of the low-temperature ferro-
magnetic orthorhombic phase. The total entropy of the alloy
decreases at the paramagnetic-monoclinic to ferromagnetic—
orthorhombic transition, and such a decrease is due to a decrease
in both magnetic and structural contributions to the entropy.

4 La-Fe-Si family and the inverse
barocaloric effect

The La(Fe;3_,Si,) compounds have a cubic NaZn,; structure
(space group Fm3c¢) in the concentration range 1.2 < x < 2.5. La
atoms occupy the 8a sites. The 8b site is fully occupied by Fe,
and the 96i site is shared by Fe and Si atoms.®> On cooling, the
alloy orders ferromagnetically at a Curie temperature (7¢) that
increases from 198 K for x = 1.5 to 262 K for x = 2.5. The
saturation magnetic moment decreases from 2.08up to 1.85ug
in this range.”® Above T, an itinerant-electron metamagnetic
(IEM) transition can be induced by an external magnetic field.**
The transition has a marked first-order character for low x, but
for x = 2.4, it becomes second order.

In contrast to GdsSi,Ge,, the phase transition does not
involve structural symmetry breaking, and the material keeps
the cubic Fm3c structure above and below the transition
temperature. However, a strong coupling between magnetism
and the structure is evidenced by the change in the unit cell
volume: the volume of the low-temperature ferromagnetic
phase is ~1% larger than that of the high-temperature para-
magnetic phase.”” These large magnetization and volume
changes at the phase transition suggest that this alloy might
have interesting magnetocaloric and barocaloric properties.

The IEM transition originates from a magnetic-field-induced
change in the density of states of the 3d electrons at the Fermi
level.* A strong magnetovolume effect originates from the
existence of a peak in the electronic density of states close to the
Fermi level that yields a negative contribution from spin fluc-
tuations to the magnetostriction, resulting in a volume increase
on cooling from the paramagnetic to the ferromagnetic state.

From the point of view of potential applications, La(Fe;3_,Siy)
is an attractive material due to its reduced hysteresis at the first-
order phase transition (irreversibilities related to hysteresis
reduce the cooling capacity of the alloy). It has the only drawback
that the transition temperature is below room temperature. Two
alternative methods have been reported to bring the transition
temperature to values close to room temperature.®* One method
is to add interstitial elements (H is the most successful one) that
expand the crystalline lattice and modify the exchange interac-
tion between iron atoms. The electron band-structure is not
modified but the tri-critical point is shifted to higher tempera-
tures as a consequence of the change in the lattice parameter.
Another method is to replace some Fe atoms by other magnetic
transition metals (Co has been found to be the best suited
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element). Such a substitution does modify the electron band-
structure and consequently the relative phase stability. As the
amount of Co increases, the first-order character of the transition
weakens; and for high enough Co content, the phase transition
turns to the second order.*®

The study of the magnetocaloric effect in La(Fe;3_,Si,) has
received considerable interest.® Fig. 4 shows reported values for
the isothermal entropy-change as a function of Si concentra-
tion. A marked decrease is observed as x increases: the first-
order character of the transition diminishes and approaches a
second order character. Such a decrease is overcome by
tailoring the transition temperature by the concentration of
interstitial hydrogen in hydrogenated La(Fe;;_,Si,)H,
compounds. While T¢ linearly rises with increasing y, the
entropy-change only exhibits a very weak dependence on the
hydrogen content.***”

The pressure dependence of the magnetic and magneto-
caloric properties of La-Fe-Si and doped compounds has been
reported by several experimental techniques, and it has also
been theoretically modeled.*** The barocaloric effect in
LaFe;;33C00.47Si1, was measured by means of differential
scanning calorimetry under applied hydrostatic pressure.*®
Fig. 5 shows the values obtained for the pressure-induced
entropy-change as a function of temperature for selected values
of the hydrostatic pressure. The barocaloric effect increases
with pressure, and for pressures ~2 kbar, the barocaloric effect
amounts to about 75% of the transition entropy-change. This
value compares well with the magnetocaloric effect for a
magnetic field of ~5 T for the same compound. The most
striking feature in Fig. 5 is the positive value for the entropy-
change which indicates that the barocaloric effect in this
material is inverse: the entropy increases with increasing pres-
sure. This finding is consistent with the decrease in the
temperature of the magnetostructural transition with
increasing pressure.

A material exhibiting the inverse barocaloric effect will have
the unusual property of cooling when adiabatically compressed

12 16 20 24 28
Concentration of Si, x

Fig. 4 Magnetocaloric effect in La—Fe-Si. Magnetic-field induced entropy-
change as a function of the Si concentration for La(Fe;3_,Siy). Figure adapted
from ref. 4. An average density of 7229 kg m~3 has been used for all data. The line
is a guide to the eyes.
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Fig. 5 Barocaloric effect in La—Fe-Si. Temperature dependence of the pressure-
induced entropy-change for LaFeq.33C0047Si1.». Figure adapted from ref. 48.

and warming when decompressed. Such a feature is illustrated
in Fig. 6 which shows measurements of the adiabatic temper-
ature-change when a LaFe;;33C0¢ 4,511, is rapidly decom-
pressed. The positive values are direct evidence of the inverse
nature of the barocaloric effect in this compound.

In systems with coupling between different degrees of
freedom, the dominant change in entropy at the transition
should be associated with a conventional caloric effect, whereas
the secondary property may provide conventional or inverse
effect depending on the specific feature of the coupling. In La-
Fe-Si the magnetocaloric effect is conventional while the bar-
ocaloric is inverse, which reflects that the transition is essen-
tially of magnetic nature. Indeed the major contribution to the
entropy in these compounds is due to the magnetic contribu-
tion from itinerant 3d electrons. Spin fluctuations induce a
larger volume of the ferromagnetic phase, and as a conse-
quence, the barocaloric effect in this material is inverse.
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Fig. 6 Barocaloric effect in La—Fe-Si. Temperature dependence of the adiabatic
temperature-change for decompression of 2 kbar (circles) and 1 kbar (diamonds)
for LaFeq1.33C00.47Si1 2. Figure adapted from ref. 48.
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5 Thermoelastic shape memory alloys and
the elastocaloric effect

Shape memory materials have received considerable attention
both from the fundamental point of view and from the view-
point of technological applications of the shape memory effect.
They are cubic intermetallics with an open structure (typically
Fm3m or Pm3m) at high-temperature which upon cooling
transform martensitically to a more compact structure with
lower symmetry. They are capable of recovering from very large
deformations (~10%) by simply changing its temperature
(shape memory effect), or after suitable themo-mechanical
training, they shift from one shape to another by warming and
cooling (two-way shape memory effect). They also exhibit
superelastic behaviour, related to the recovery of large strains
upon loading and unloading the sample. These peculiar
mechanical properties are related to the martensitic transition
that these alloys undergo. The transition is first-order from a
high-temperature high-symmetry phase to a low-temperature
lower symmetry phase where the lattice distortion can be
mainly described by a shear mechanism. An excellent overview
of these materials can be found in ref. 18.

In non-magnetic shape memory alloys, there is negligible
difference in the volume of the unit cell of the martensitic and
cubic phases. Nevertheless, the transformation involves a large
shear distortion (typically shearing {110} planes along the (110)
directions), and therefore, it is very sensitive to the application
of uniaxial stresses. Indeed the possibility of inducing
martensitic transitions by the mechanical stress has been
known since decades, and many of the mechanical applications
of these alloys rely on such a possibility.

The entropy-change associated with the latent heat of the
first-order martensitic transition gives rise to a large caloric
effect when the transition is induced by the uniaxial stress: this
is the elastocaloric effect. A giant elastocaloric effect was
reported for a Cu-Zn-Al single crystal®* and for Ti-Ni poly-
crystals.®»** It is also worth mentioning that the elastocaloric
effect was earlier reported for non-martensitic Fe-Rh alloys.>
The temperature-dependence of the stress-induced entropy-
change (elastocaloric effect) for Cu-Zn-Al is illustrated in Fig. 7
for selected values of the applied stress. There are a few salient
features in comparison to the other caloric effects referred in
the previous sections. First of all, since the sample is ductile and
the transition temperature is very sensitive to stress, it is
possible to induce the full transformation in the whole sample,
and consequently, the stress-induced entropy values coincide
with the total transition entropy-change. A second feature is
that the transition can be shifted to temperatures well above the
zero-stress transition temperatures. This results in a large
plateau in AS (Fig. 7) which reflects that such a giant caloric
effect spans over a broad temperature range giving rise to a very
large refrigerant capacity in these materials. We note here that
the data shown in Fig. 7 correspond to an alloy with a transition
temperature (in the absence of stress) well below room
temperature (Ty; = 234 K), and experiments carried out close to
this temperature show that stresses as low as 5 MPa are enough
to induce the transformation in the whole sample.
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Fig. 7 Elastocaloric effect in Cu-Zn-Al. Temperature dependence of the stress-
induced entropy-change for Cugg.13ZNn1574Al16.13. Figure adapted from ref. 50.

The elastocaloric effect in shape memory alloys is conven-
tional, and this is also corroborated by direct measurements of
the adiabatic temperature-change.* Significant cooling of the
sample was measured when the stress was rapidly released.
Values around 10 K for Cu-based alloys® and around 20 K for
Ti-Ni based alloys have been reported.**

In contrast to all other giant caloric materials, the transition
entropy change is solely related to the change in the structure at
the transition (contributions from other degrees of freedom are
negligible). Indeed such an entropy-change is mostly vibra-
tional and originates from low-lying transverse phonons in the
TA, branch of the open cubic high-temperature phase (details
can be found in ref. 56).

6 Magnetic Heusler alloys and the inverse
magnetocaloric effect

Heusler alloys are X,YZ intermetallics with a Fm3m structure
where X atoms occupy the 8c Wyckoff positions and Y and Z
atoms the 4a and 4b positions, respectively. These alloys have
received considerable interest for several decades'® which was
further promoted by the report that Ni,MnGa could exhibit
large deformations by the application of a moderate magnetic
field.*” At present, strains as large as 10% have been reported in
off-stoichiometric compounds for fields below 1 T.*® The large
strains are related to the martensitic transition taking place in
these magnetic alloys. As a consequence of its lower symmetry,
the martensitic phase exhibits a heterostructure formed by
twin-related structural domains (variants)® and magnetic
domains. There is strong interplay between structural and
magnetic degrees of freedom at the mesoscale of these
domains. Owing to the high mobility of the twin boundaries
and a high magnetic anisotropy, applying a magnetic field
causes twin boundary motion that gives rise to these large field-
induced deformations. Alloys exhibiting this property are
known as magnetic shape memory alloys.*

In the Ni-Mn-based Heusler family, Ni,MnGa is the only
ferromagnetic alloy that undergoes a martensitic transition at
the stoichiometric composition, but almost any alloy of this
family undergoes a martensitic transformation at appropriate
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off-stoichiometric compositions.®* Among them, the particu-
larly interesting ones are those exhibiting magnetic superelastic
behaviour.®»** They also exhibit large magnetic-field-induced
strains. But in this case, the strains are not due to a rear-
rangement of structural domains but rather to the possibility of
inducing the reverse martensitic transition on applying a
magnetic field. In this case, large magnetocrystalline anisotropy
is not required, but there must be a significant change in the
magnetic moment between the high-temperature phase and the
martensitic phase.

In general, Ni-Mn-based Heusler materials show a rich
variety of magnetic behaviour® with associated multifunctional
properties, which include, in addition to the aforementioned
magnetic shape memory, giant magneto-resistance, exchange
bias, and giant caloric effects which will be discussed below.

The magnetocaloric effect in Ni-Mn-Ga was first reported by
Hu et al.*® who observed an increase in the entropy by applying a
1 T magnetic field. Soon after, the same authors reported in a
sample with a slightly different composition an entropy
decrease for fields above 1 T.*® Such puzzling behaviour was
explained by Marcos et al.*®*” who showed that it arises from the
different length scales of the magnetostructural coupling. The
inverse effect at low fields (entropy increase with the magnetic
field) is related to a magnetostructural coupling on the length
scale of magnetic domains and martensitic variants: the strong
uniaxial magnetocrystalline anisotropy of the martensitic phase
results in a magnetic domain configuration with a lower
magnetization than that of the high-temperature cubic phase,
thus giving rise to an inverse magnetocaloric effect. At high
fields, the coupling at a microscopic scale becomes dominant.
Since for Ni-Mn-Ga the intrinsic magnetic moment in the
martensite is larger than in the cubic phase, the magnetization
increases at the transition and the magnetocaloric effect
becomes conventional. Interestingly, when the composition is
varied in such a way that the martensitic transition temperature
approaches the Curie point, the magnetic anisotropy weakens
with a corresponding decrease of the inverse contribution, and
the conventional magnetocaloric effect becomes dominant.
Actually, for Ni-Mn-Ga alloys, optimum magnetocaloric prop-
erties occur when both the martensitic and ferromagnetic
transitions take place close to one another.®® This behaviour is
illustrated in Fig. 8 which shows the magnetocaloric effect as a
function of magnetic field for a series of Ni-Mn-Ga alloys in
which the martensitic transition temperature approaches the
Curie point as the Mn concentration decreases.

Ni-Mn-Z alloys with Z different from Ga behave significantly
different from Ni-Mn-Ga. On the one hand, the magneto-
crystalline anisotropy is low in both martensitic and cubic
phases. On the other hand, the magnetic moment of martensite
is smaller than in the cubic phase. Such a decrease in the
magnetic moment is a consequence of an enhancement of the
antiferromagnetic correlations between Mn-atoms located at
the 4b positions.®® Such a decrease is illustrated in Fig. 9 for Ni-
Mn-Sn and Ni-Mn-In alloys. Consistent with the decrease in
the magnetization, the martensitic transition shifts to lower
temperatures with the applied magnetic field, and conse-
quently, the magnetocaloric effect is inverse in the vicinity of
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Fig. 8 Magnetocaloric effect in Ni-Mn-Ga. Average magnetic field induced
entropy-change as a function of magnetic field for a family of composition related
Ni-Mn-Ga alloys. Figure adapted from ref. 30.

the martensitic transition, as firstly reported for Ni-Mn-Sn.”
Later, other alloys from the Ni-Mn-Z family (with Z as In and
Sb, and related quaternary alloys) were also reported to exhibit
an inverse magnetocaloric effect.”*7 At the Curie point, the
alloys exhibit a conventional magnetocaloric effect where
the entropy-change is solely due to a magnetic contribution.
The inverse character of the magnetocaloric effect was
confirmed by direct measurements of the adiabatic tempera-
ture-change.””® An example is shown in Fig. 10, which displays
the measured adiabatic temperature change for Ni-Mn-In
around the martensitic and magnetic transitions.

It is worth remarking that in Ni-Mn based Heusler alloys, the
physical mechanism of the magnetocaloric effect is the same as
that leading to their unique magnetic-field induced strain. On
the one hand, the magnetostructural coupling at the mesoscale
is responsible for the magnetic-shape memory and the low field
inverse magnetocaloric effect in Ni-Mn-Ga alloys. Both effects
require a large magnetocrystalline anisotropy in the martensitic
state. On the other hand, the magnetostructural coupling at a
microscopic scale gives rise to magnetic superelasticity and the
inverse magnetocaloric effect. In this case a significant differ-
ence in the magnetic moment of the two phases is necessary in
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Fig. 9 Magnetization in Ni-Mn-Z magnetic shape memory alloys. Temperature
dependence of the magnetization for NispMn3sSnys (left panel) and NispMnz4lnqe
(right panel) for selected magnetic fields. From bottom to top: H =0.1,0.2, 0.5, 1,
2,10, 50 kOe (left panel)and H=0.1,0.5, 2, 5, 10, 20, 30, 40, 50 kOe (right panel).
Figure adapted from ref. 7.
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Fig. 10 Magnetocaloric effect in Ni-Mn-In. Temperature dependence of the
adiabatic temperature-change for NisgMns4lnye. Figure adapted from ref. 75.

200

such a way that the martensitic transition can be driven by
applying a magnetic field. The decrease in the magnetic
moment is a consequence of a decrease in the distance between
excess Mn-atoms in the martensitic unit cell compared to the
cubic one which results in an enhancement of antiferromag-
netic exchange.”

Typically, the volume change at the martensitic transition in
shape memory alloys is negligibly small. Nevertheless, for some
alloys of the Ni-Mn-Z family (Z different from Ga), a conse-
quence of the strong interaction between magnetic and struc-
tural degrees of freedom is a difference between the unit cell
volume of the martensitic phase and that of the cubic one. A
first indication for such a volume change is evidenced by the
relative length change at the temperature-induced martensitic
transition (in the absence of any external magnetic field or
stress) shown in Fig. 11 for several polycrystalline alloys.”” To a
good approximation, the relative volume-change amounts to
three times the relative length-change. While for Ni-Mn-Ga the
coupling at a microscopic level is small, and consequently the
volume change at the transition is negligible, there is a
noticeable volume change for the rest of alloys of the family
with strong coupling. The martensitic transition in these alloys
will be influenced by hydrostatic pressure’ and they will be
prone to exhibit a giant barocaloric effect.

The giant barocaloric effect was first reported for a Ni-Mn-In
sample” from calorimetric measurements under hydrostatic
pressure. Results are illustrated in Fig. 12, which shows the
temperature-dependence of the pressure-induced entropy-
change for selected values of hydrostatic pressures. It is found
that the barocaloric effect in this compound is conventional. It
is slightly larger than that found for GdsSi,Ge, and significantly
larger than the effect found for La-Fe-Co-Si. Furthermore, the
values measured for moderated pressures are larger than the
corresponding magnetocaloric values for fields around 1 T.

As previously mentioned, the martensitic transition is
mainly accomplished by a shear distortion, and consequently, it
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Fig. 11 Length change in magnetic shape memory alloys. Temperature
dependence of the relative length change for NisoMn34In46, NisgpMns45Sn15.5 and
NisoMn»7Gay3 polycrystalline alloys. Figure adapted from ref. 77.
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Fig. 12 Barocaloric effect in Ni-Mn—In. Temperature dependence of the pres-
sure-induced entropy-change for Nigg26Mnse08lN1466. Figure adapted from
ref. 79.

is very sensitive to the applied uniaxial strain. A stress-induced
first-order transition gives rise to an associated elastocaloric
effect. The conventional elastocaloric effect has been found in
magnetic shape-memory alloys.**®* Nevertheless the strong
brittleness of these alloys precludes the application of large
stresses, and consequently, the associated elastocaloric effect
remains at lower values.

Ni-Mn-based magnetic shape memory alloys exhibit
conventional barocaloric and elastocaloric effects while the
magnetocaloric effect is inverse (with the exception of Ni-Mn-
Ga). This indicates that the main contribution to the transition
entropy-change in these alloys is associated with the structural
degrees of freedom. Actually, the origins are the same as in
nonmagnetic martensitic materials: the cubic high-temperature
phase has a larger vibrational entropy than the close-packed
phase as a consequence of the low energy TA, phonon branch.*
On the other hand, the total transition entropy, which contains
a structural and a magnetic contribution, decreases as the
martensitic transition is pushed below the Curie point either by
tuning composition® or by applying a magnetic field.** This
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reflects that the magnetic contribution becomes more and more
important and eventually can compensate the structural
contribution resulting in a vanishing total entropy-change. This
has been suggested to be at the origin of the interesting
phenomenon of kinetic arrest®® in magnetic shape memory
alloys.

7 BaTiO3 and the electrocaloric effect

The electrocaloric effect refers to the temperature and entropy-
changes occurring in polar materials when an electric field is
applied. The effect has been known for many decades® but it
received little attention due to its small magnitude. Paralleling
the development in other caloric effects, the research was trig-
gered on realizing that giant effects were expected close to a
paraelectric-ferroelectric phase transition. This was shown to
occur in ceramic films® and later in ferroelectric copolymers
and ferroelectric relaxors.*

Although thin films exhibit large electrocaloric effects since
they can support large driving fields, their performance is
significantly lower than that of bulk oxides for which the
temperature and entropy-changes per unit of applied field are
an order of magnitude higher.***

The prototype ferroelectric material is BaTiO;. At high-
temperatures, it crystallizes in a cubic (perovskite) structure
(space group Pm3m). On cooling, it undergoes a structural
transition to a tetragonal structure (space group P4/mmm). On
further cooling, the material transforms to an orthorhombic
phase (space group Amm2) at around T = 270 K and to a
rhombohedral phase (space group R3m) around T = 200 K.*® At
the cubic to tetragonal transition, the Ti*" ions move relatively
to the O octahedra resulting in spontaneous polarization
along the c-axis. Such an electrostructural paraelectric-ferro-
electric phase transition is responsible for the significant elec-
trocaloric effect in this oxide.

The electrocaloric effect measured using calorimetry under
electric field in a BaTiO; single crystal is illustrated in Fig. 13
for an electric field of 3 kv em™'. The peak value of the
entropy-change coincides within experimental errors with the
transition entropy-change which indicates that for this sample
low values of the applied field are enough to achieve the total
transition entropy-change. The electrocaloric effect is conven-
tional, which is in agreement with the larger polarization of
the tetragonal phase. Direct measurements of the adiabatic
temperature-change, shown in Fig. 14, confirm this issue: the
sample heats up on applying an electric field. It is interesting
to note that above a certain temperature (labeled T}, in the
figure), the measured adiabatic temperature-change values are
reversible. This behaviour is intimately related to the hyster-
esis of the first-order electrostructural transition in this
sample.*?

The cubic to tetragonal phase transition encompasses a
change in the volume of the unit cell of around 0.037 cm®
mol '.** The volume of the low-temperature tetragonal ferro-
electric phase is larger than that of the cubic phase and there-
fore an inverse barocaloric effect is expected for this compound.
Preliminary calorimetric measurements under hydrostatic
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Fig. 13  Electrocaloric effect in BaTiOs. Temperature dependence of the electric
field induced entropy-change for BaTiOs. Figure adapted from ref. 33.
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Fig. 14 Electrocaloric effect in BaTiOs. Temperature dependence of the adia-
batic temperature-change for electric fields of 8 kv cm™" (circles) and 12 kV cm ™"
(triangles). Solid symbols correspond to the application of the field and open
symbols, to the removal of the field. Figure adapted from ref. 33.

pressure®> do evidence such an inverse barocaloric effect.
Interestingly, the maximum value for the entropy-change
(around 2.5 J kg~' K™ is already obtained for pressures as low
as 1 kbar.

8 Conclusions and future prospects

In general, the different thermodynamic degrees of freedom can
lead to several caloric effects. The key point for these effects to
be large enough for potential practical applications is the
occurrence of a phase transition. We have illustrated the effects
reported so far in a variety of materials. The relevant quantities
for fields readily accessible in practical applications are
summarized in Table 1.
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Table 1 Transition entropy change (AS,), measured field-induced isothermal entropy (AS) and adiabatic temperature (AT) changes for several caloric effects obtained
for the indicated values of the corresponding field. All data are absolute values. (a) ref. 4, (b) ref. 41, (c) ref. 48, (d) ref. 50, (e) ref. 71, (f) ref. 79 and (g) ref. 33

Gd;sSi,Ge, LaFe;; 33C00.47511 2 CUeg.13ZN15.74Al16.13 Niyo.26MN36.081N14.66 BaTiO;

AS, kg 'K 21.0 11.4 21.0 27.0 2.2
woH (T) 1 1 — 1 —
AS(Jkg 'K 8 2 — 10 —
AT (K) 4 1 — 0.5 —
p (kbar) 1 1 — 1 —
AS(J kg 'K 8 5 — 11 —
AT (K) ~0.5 1.5 — — —
o (MPa) — — 5 — —
AS(Jkg 'K — — 21 — —
AT (K) . — 10 — —
E(kvem™) — — — — ~10
AS(J kg 'K — — — — 2.2
AT (K) — — — — 1
Ref. (a) and (b) (¢) and (d) (@) (0 (©

The magnitude of all these caloric effects opens up new
perspectives for designing solid-state refrigeration devices as
alternatives to the presently existing technologies.

In most materials, the hysteresis associated with the first-
order phase transition represents a drawback because it reduces
the refrigerant capacity. Most effort is devoted at finding
materials in which the hysteresis is small in comparison with
the shift of the transition with field. The detrimental effect of
hysteresis can also be reduced by taking advantage of the cross-
response of several materials which enables using simulta-
neously more than one field.

The existence of the inverse caloric effects can also represent
an added value, since devices with an appropriate combination
of both conventional and inverse effects can enhance the
refrigerant efficiency of a given device.

Recently efforts have been undertaken in order to deal with
caloric properties from first principle calculation. These calcu-
lations are expected to give hints for the development of new
materials with desired caloric properties or simply for opti-
mizing caloric properties of already known materials. The val-
idity of this point of view is supported by the fact that they have
proved to be able to nicely reproduce caloric behaviour of given
materials.” These investigations are approached with the idea
of finding materials undergoing a phase transition involving a
large change of the properties giving rise to the caloric effects of
interest. There are, however, still few works with predictive
character. By combining density functional modelling and
Monte Carlo simulations Siewert et al.®* suggested that Pt-
doping in Ni-Mn-based Heusler alloys improves the perfor-
mance of these alloys, in particular their magnetocaloric prop-
erties.”® Furthermore, in recent works, models based on first
principles have been used to predict a giant electrocaloric effect
in LiNbO; (ref. 96) and both, electrocaloric®” and elastocaloric®®
effects in Bag 55519 5Ti03. Computational discovery of new
caloric and multicaloric materials not only represents an
important step towards the understanding of these properties
but also opens up a new route in relation to the development of
this class of materials. While this certainly could yield to more
efficient solid-state refrigeration devices, care must be taken

since by using these numerical techniques it is not easy to have
a reasonable estimation of hysteresis effects related to dissipa-
tive non-equilibrium aspects which reduce the refrigerant
capacity.

Prototype refrigerators are, to a larger extent, based on the
thermodynamic Brayton cycle, and the degree of field maturity
is different for the several caloric effects: a significant number
of prototypes using permanent magnets have already been
developed in the case of the magnetocaloric effect (a good
compilation can be found in ref. 99), and very recently a
refrigerator based on the electrocaloric effect has been repor-
ted'® which uses multilayer capacitors of BaTiO;.'** With
regards to barocaloric and elastocaloric effects the research is
still on the early stages.

While recent progress in the development and under-
standing of multicaloric materials have resulted in significant
advances that suggest that solid-state refrigeration can become
a reality in a near future, there are still important challenges to
overcome both in the basic understanding and design of new
materials and in the engineering of prototypes before these
technologies become commercially competitive.
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