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Abstract: It is known that some of RMnOs and RMn20s (R = rare earth) multiferroic crystals reveal
a strong interplay between their magnetic and electric order parameters, paving the way for
applications in spintronic technologies. Additionally, recent works have also pointed out their
potential utilization as refrigerants in magnetocaloric cooling systems for cryogenic tasks. In this
paper, recent advances regarding the magnetocaloric properties of both RMnOs and RMn20s
families of multiferroics are reviewed. With the aim of understanding the RMnOs and RMn20s
magnetocaloric features, their structural and magnetic properties are discussed. The physics behind
the magnetocaloric effect as well as some of its key thermodynamic aspects are also considered.
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1. Introduction

In recent years great attention has been paid to the development of new functional materials
with potential applications in more efficient and clean technologies. In this context, magnetocaloric
materials have generated a worldwide interest due to their potential utilization as solid-state
refrigerants in magnetic cooling devices [1-14]. Based on the well-known magnetocaloric effect
(MCE), the magnetic refrigeration technique would enable the harmful synthetic refrigerants usually
present in the conventional refrigerators to be completely phased out while offering a high
thermodynamic efficiency [15-17]. The search for optimum magnetocaloric materials is then a key
parameter in the development of magnetic cooling systems. For room temperature tasks, rare-earth
elements-based alloys [14] and particularly the gadolinium metal have been widely used as
refrigerants and successfully implemented in functional devices [15-17]. However, their high cost
and their poor resistance to corrosion and oxidation strictly limit their utilization in large scale
applications of magnetocaloric refrigeration. For this purpose, worldwide intensive researches have
been conducted leading to the discovery of new “cheaper and efficient” magnetocaloric materials
including both transition elements and intermetallic-based compounds such as Fe:P type materials
(MnFePAs) [6,7] and LaFe13«Six compounds [8-13]. Most of these materials exhibit a first order
magnetic phase transition close to room temperature which explains their large magnetocaloric effect,
particularly in terms of the entropy change. On the other hand, much attention has also been paid to
materials that present good magnetocaloric properties in the cryogenic temperature range due to
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their potential implementation in numerous applications such as scientific facilities, space
technologies, and gas liquefaction.

It is worth noting that the rising cost of helium opens the way for the development of new
alternatives to conventional liquid-helium refrigerators. In addition, as claimed by Barclay et al. [18],
a large scale utilization of hydrogen as a source of energy will result in better energy security with
major environmental, economic, and social benefits. In this context, several cryomagnetocaloric
materials have been proposed [19-28]. Following this, Matsumoto et al. [29,30] unveiled a
reciprocating magnetic refrigerator dedicated to hydrogen liquefaction that uses the Dy24GdosAlsO12
garnet as refrigerant.

The multiferroic crystals RMn20s [31-36] and RMnOs (R = rare earth) [37-41] have been
extensively explored due to their fascinating physical properties as well as potential applications in
spintronic devices. Especially, some of these systems show a strong coupling between magnetism
and ferroelectricity which provides an additional degree of freedom regarding the design of
magnetoelectric effect-based machines [30-40]. On the other hand, the investigation of their
magnetocaloric properties has unveiled a great potential for application in magnetic refrigeration at
low temperature regime [19-28]. This means that more than one task can be achieved by only using
a single RMn20s or RMnOs material which is of great interest from an economical point of view.

Although several intermetallic materials with excellent magnetocaloric properties such as RAL
[42] have been proposed for low temperature application, the chemical and mechanical instabilities
remain serious obstacles to their utilization. For example, one of the major problems with these
materials is that they experience decomposition due to hydrogen absorption [30]. In addition, the
implementation of intermetallics as refrigerants in functional devices, favors the creation of an eddy
current during the magnetization-demagnetization process, leading to undesirable thermal losses
[43]. These drawbacks could be avoided by using RMn20s or RMnOs oxides which reveal an
insulating character combined with high chemical and mechanical stabilities [12].

It is also worth noting that in addition to a large conventional MCE that can be generated by
varying the magnitude of external magnetic field, some of the RMn20s and RMnOs crystals exhibit a
giant thermal effect when they are rotated around their intermediate axis in constant magnetic fields
[19-21]. This rotating MCE resulting from the large magnetic anisotropy shown by these crystals
would enable more efficient and compact cryomagnetocaloric refrigerators with simplified designs
to be built [19,20]. In this paper, we particularly discuss the recent developments in relation with the
magnetocaloric properties of RMn2Os and RMnOs crystals. In order to understand their
magnetoelectric and magnetocaloric properties, some theoretical background is also given.

2. Magnetocaloric Effect: Theoretical Aspects

Nowadays, magnetic cooling systems are based on the conventional magnetocaloric effect, an
intrinsic property that can be defined as the thermal response of certain magnetic materials when
subjected to a variable external magnetic field. This effect manifests itself as a temperature change
resulting from the magnetic entropy variation because of the magneto-thermal coupling between
phonons and magnetic moment sublattices. In fact, the full entropy of a magnetic substance in the
presence of an external magnetic field H (B = poH) can usually be expressed as follows:

S(T.H) =S, (T.H)+ S, (T, H)+S,(T.H) M

Lat

where Sta, Sei, and Sw are the lattice, electronic and magnetic entropies, respectively. In a magnetic
field, the magnetic moments change their ordering state, increasing (or decreasing) consequently the
system’s magnetic entropy. In adiabatic conditions, the conservation of the full entropy involves the
evolution of the lattice contribution in the opposite way, raising then (or lowering) the magnetic
material’s temperature. For ferromagnets and paramagnets (Figure 1), the application of an external
magnetic field tends to render the magnetic spins more ordered and correspondingly the magnetic
entropy is decreased. The magnetic substance compensates for this loss by heating up (atoms vibrate
more). When the magnetic field is reduced to zero, the magnetic moments randomize again, the
magnetic entropy increases, the lattice part decreases and the magnetic material is cooled down.
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However, in the case of antiferromagnetic materials, the application of an external magnetic field
usually transforms the magnetic phase from an ordered to a less-ordered state giving rise to a
negative (or inverse) magnetocaloric effect [44].

Paramagnet

T(K)
Figure 1. Principle of the conventional magnetocaloric effect (MCE).

The MCE is mainly characterized by the adiabatic temperature change ATw and the isothermal
entropy change AS. Both thermodynamic quantities are shown in Figure 1 for an initial temperature
Tc (Curie point) and a magnetic field changing from 0 to H. ATu can be directly measured by a system
of thermocouples or indirectly deduced from specific heat measurements as a function of
temperature and magnetic field using the following equation [42]:

S(T,B)= j ¢ (T B ar @)

ATu can then be determined from S(T,B) curves as shown in Figure 1. However, due to the
complexity of calorimetric measurements, the MCE is usually reported in terms of AS that can be
determined from isothermal magnetization curves with the help of the Maxwell equation. This latter
is given by:

B
AS(T,0 — B) = j @—Aﬁj dB’ 3)
0

PB

Since the magnetization data are usually collected at discrete values of magnetic field and
temperature, AS can be approached by the following numerical form:

AS = Z 7 M, 4B, @)

where Mi1 and M are the magnetizations corresponding to Ti1 and Ti, respectively, in a magnetic
field B. However, this technique must be used carefully [45,46], particularly in the case of first order
magnetic phase transition (FOMT) materials that show a large hysteresis effect (out of equilibrium).
In some metamagnetic materials [45,46] the hysteresis effect results in phase-separated states.
However, under the effect of an external magnetic field, the MCE is mainly contributed from only
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one magnetic phase which is not taken into account when directly integrating the Maxwell relation
[45,46]. The MCE associated with metamagnetic regions can well be estimated from the Clausius-
Clapeyron equation that directly links the entropy change to the magnetization jump [45,46]. It is
given by

AS =—AM dBc
dT

dT
=—AM(—L)! 5
(dB) (5)

where Bc and Trare the critical magnetic field and the transition temperature, respectively.

As outlined in Section 1, thermal effects can also be induced by rotating some single crystals that
show a large anisotropy between their easy and hard-axes (Figure 2) in constant magnetic fields
[19,20]. As shown in Figure 2b, such an effect could open the way for the design of new types of
magnetic refrigerators. Similarly to the standard MCE, the rotating MCE is also represented by
adiabatic (ATwr) and entropy (ASr) changes. Both parameters can be obtained from specific heat
measurements by building full entropy curves along the hard and easy-axes (Figure 2a). Considering
the magnetic field initially parallel to the hard-axis, the entropy change resulting from the rotation of
a single crystal around its intermediate axis by an angle of 90 ° can be written as

ASwne = AS (Hlle) - AS (H/Ih) (6)

where AS (H//e) and AS (H//h) are the entropy changes corresponding to the application of a magnetic
field along the easy and hard-directions, respectively. This means that the rotating entropy change
can also be evaluated from magnetization data using the Maxwell equation [19-21].

The refrigerant capacity is another figure of merit for the characterization of magnetocaloric
materials [47]. This parameter, not only takes into account the magnitude of the MCE but also the
operating temperature range. It is given by:

TH
RC=| 4s(T)dr @)
TC
With Tu and Tcthe cold and hot temperatures correspond to the half maximum of the AS as a

function of temperature. More recently, RC was found to linearly scale with the exergetic cooling
power of an AMR thermodynamic cycle [48].

w

HU:\I“‘!O;

T

Figure 2. (a) Principle of the rotating magnetocaloric effect. (b) Generation of the magnetocaloric effect
by rotating HoMn20s single crystals between their easy (b-axis) and hard (c-axis) axes [19]. Helium
and hydrogen gas can be then liquefied by using them as heat transfer fluids [19].
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3. Brief Description of the Magnetoelectric Interplay in RMnOs and RMn20s Multiferroics

It is known that the ferroelectricity in hexagonal RMnOs multiferroics mainly arises from
structural distortions involving an asymmetric coordination of oxygen atoms around the rare earth
ion [49]. In orthorhombic RMnOs (R = Gd, Tb and Dy) and RMn20s systems, the ferroelectric order
emerges from a frustrated magnetic order leading to a strong magnetoelectric coupling [50-60]. For
these compounds the magnetic frustration originates from two different scenarios: the first one
involves the competition between different magnetic exchange interactions while the second one
arises from the incompatibility between the lattice geometry and the magnetic interaction ruling the
spins configuration [33,37]. Due to the orbital ordering of Mn* ions in orthorhombic RMnQOs, the
exchange interactions favor a ferromagnetic (FM) configuration in the ab-planes and an
antiferromagnetic arrangement (AFM) along the c-axis. Such order is observed in large R-radii
RMnOs (R = La, Pr, Nd, Sm, and Eu) [53,54]. However, the decrease of the R-radii (R = Dy, Tb, and
Gd) increases both the GdFeO:s-type lattice distortion and the octahedra tilting (see Figure 3). In these
much-distorted systems, the competition between different magnetic exchange interactions is
embedded and the spin structure becomes sinusoidally modulated in the ab-plane below 39-43 K
and spirally modulated below 18-27 K [37]. On the contrary, all RMn20Os (R = rare-earth, Y and Bi),
except PrMn20s, are multiferroic compounds [61]. For these systems, the ferroelectricity is induced
by a collinear magnetic order. It is particularly observed when a commensurate magnetic (CM) phase
appears. To explain the microscopic mechanism of the ferroelectricity in the non-collinear magnets
RMnOs, Kastura et al. [55], suggested a pure electronic model. This latter suggests that the electronic

polarization, induced by two adjacent magnetic moments S, and S ; is given by

P o €; X (§ X S ;) where ¢, is the unit vector connecting the sites i and j. This model presumed

that the ions are not displaced from their centrosymmetric positions. In contrast, Sergienko et al. [56]
concluded that the oxygen ion displacements are essential for the ferroelectric polarization in these
non-collinear magnets. This last model suggested that the ferroelectricity is rather induced by the

antisymmetric Dzyaloshinskii-Moriya interaction Dun+1 < S, X Sy+1. The system can stabilize its

magnetic structure by pushing the oxygen further away from the two Mn® ions. Because of the spiral
order symmetry, the exchange striction will move the oxygens along one direction perpendicular to
the spiral direction breaking the inversion symmetry as shown in Figure 4 [56]. Other sophisticated
mechanisms have suggested combined contributions [62]. The ferroelectricity in RMn20s is often
connected to a symmetric Mn-Mn exchange interaction [33,63].

Phenomenologically, the coupling mechanism between the electric polarization P and the
magnetization M can be explained in the framework of Landau theory. The order parameter P
changes its sign under the inversion of all the coordinates, r —> -r, but remains invariant on time
reversal, t — —t. On the other hand, M transforms into the opposite way and changes its sign under
time reversal while remaining invariant under spatial inversion. These symmetry considerations
forbid any direct linear coupling mechanisms (P.M). For magnetic systems with non-collinear spin
configurations, magnetoelectric coupling can be described with the spatial derivative term
oc ﬁ,[j\?[ (V.M)—(MNV)M + ] For example, in a cubic crystal [50-52], such coupling could result
in a net electric polarization moment P o [¥(V.8)— (M.V)M]. This expression confirms that only a
spiral magnetic order M =M e, cosQ.r+M,e,sinQ.r+ M,e, can induce a ferroelectric order with a
polarization P proportional to o —M .M, [e, AQ] where Q is the wave vector propagation. For

collinear magnets, Oh et al. [64] successfully explained the magnetoelectric phenomena in TbMn20s
using a fourth order (P.M)? coupling term.
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Figure 3. Perovskite orthorhombic structure of RMnOs. Smaller R radii will increase the oxygens’s
octaedra tilting and ultimately will influence the super-exchange interaction mediating the ordering
of Mn®* spins.
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Figure 4. Mn®* (red) spiral spin order will induce with the exchange striction a uniform displacement

of the O? (blue) that breaks the space inversion symmetry and thus, induces a net electric polarization
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4. Magnetocaloric Properties of RMnOs Multiferroic Crystals

The RMnOs (R = rare earth) manganites have generated worldwide interest due to their rich
physical properties and potential implementation in a wide range of applications going from
spintronics such as four state memory systems [37] to magnetocaloric refrigeration [20-24,26,27]. In
these highly frustrated multiferroics, the magnetic, electric and crystallographic structures are
markedly coupled and strongly depend on the rare earth element size (rr) [22,27,65-68]. Usually, the
RMnOs systems with larger ionic radius of R (typically rr >rpy) crystallize in an orthorhombic
structure illustrated in Figure 3 (Pbnm space group) [27,65-68]. This includes compounds such as
TbMnOs and GAMnOs for example. When the ionic radius of R is smaller than that of Dy as in
HoMnOs and ErMnOs, the RMnOs compounds form in a hexagonal structure with space group Péscm
[27,65-68]. It is worth noting that the DyMnOs compound is usually more stable in the orthorhombic
structure at room temperature. However, the free energies of both of its crystallographic structures
(hexagonal and orthorhombic) are closer to each other [66]. Consequently, the hexagonal phase of
DyMnO:s can also be stabilized under some special conditions, as reported in Ivanov et al. [66].
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On the other hand, the origin of the ferroelectricity in orthorhombic and hexagonal RMnO: is
different. In orthorhombic multiferroics RMnOQOs, the ferroelectricity is directly generated by the
complex magnetic structure that breaks the inversion symmetry [49,65], which results in a strong
coupling between magnetic and electric properties. For hexagonal phases, the spontaneous electric
polarization arises from structural distortions that are induced by an asymmetric coordination of
oxygen around the rare earth ions [65]. This usually gives rise to a weak magnetoelectric coupling
and the ferroelectric order is retained up to Tc =900 K that is far above the AFM ordering point of the
Mn-spins sublattice (around 80 K) [26]. The orthorhombic and hexagonal symmetries of DyMnO:s
could be considered as representatives of RMnOs (R = La to Ho) multiferroics. In fact, although they
contain the same rare earth (Dy) element, their magnetic and magnetocaloric properties differ
markedly and have been widely documented in the literature [39-41,65-69].

The orthorhombic structure (0-DyMnQOs) exhibits successive magnetic phase transitions that can
be clearly seen from specific heat data [70]. First, the Mn* magnetic moments antiferromagnetically
order in an incommensurate state close to Tni =40 K. Upon decreasing the temperature below 40 K,
the Mn® spins arrangement transforms into a longitudinal sinusoidal spin wave with a wave vector
along the crystallographic axis b [67,68]. At around Tt = 18 K, the ordered magnetic moments reveal
a second component along the c-axis leading to a cycloidal (spiral) magnetic ordering. This breaks
the inversion symmetry, leading to the appearance of a spontaneous electric polarization along the
same crystallographic direction (c-axis). At temperatures below 15 K, the Dy% magnetic moments
manifest a sinusoidal incommensurate ordering along the b-axis [40]. Below Tn2 = 6.5 K [40], the
formed phase transforms into a commensurate antiferromagnetic state. By using neutron diffraction
and X-ray resonant magnetic scattering techniques, Prokhnenko et al. [40] also pointed out the
contribution of Dy* moments in enhancing the electric polarization in o-DyMnQOs.

The magnetic properties of the hexagonal form (h-DyMnOQO:s) are not well understood. The Mn?
moments order antiferromagnetically below Tni = 60 K establishing triangular structures in the ab
plane [65]. According to Nandi et al. [69], the Dy? magnetic moments are antiferromagnetically
ordered along the c-axis at temperatures between 8 K and 68 K. The ordering of Dy%* spins in this
temperature range is linked to the exchange field of Mn®* through the 4d-3f exchange interaction.
However, by combining the optical second-harmonic generation and neutron diffraction,
Wehrenfenning et al. [71] have revealed that 3d-4f coupling in the h-DyMnOs compound is less rigid
than suggested in previous studies. For temperatures below Tn2py = 10 K, the rare earth magnetic
moments in the h-DyMnOQO:s crystal are ferrimagnetically aligned along the c-axis [65].

Isothermal magnetization curves of 0-DyMnOs and h-DyMnO:s single crystals as a function of
magnetic field applied along their easy and hard-directions at 2 K are presented in Figure 5. As
shown, the easy and hard-axes of the orthorhombic phase are clearly oriented along the b and c
directions, respectively. The magnetization along the hard-orientation evolves almost linearly even
under high magnetic fields, while a saturation tendency can be clearly seen following the b-axis for
magnetic fields higher than 2 T. The magnetization saturation value obtained at 2 K from Figure 5 is
170 Am?/kg (about 8 us) being closer to the free Dy* moment value (10 ps). This demonstrates the
weak contribution of the Mn-sublattice to the full magnetization. On the other hand, the marked
difference between magnetic isotherms along the crystallographic directions reveals a gigantic
magneto-crystalline anisotropy in o0-DyMnOs crystals which is a common property of the
orthorhombic RMnOs manganites [39-41,65,67,72].

In contrast to the orthorhombic phase, the h-DyMnOs crystal unveils its easy axis along the c-
orientation, while the hard-direction is parallel to the ab-plane. At 2 K, the h-DyMnOs magnetization
under a magnetic field of 7 T applied along the c-axis is only 115 Am%kg being much lower than its
equivalent of the orthorhombic phase (170 Am?/kg) [22,24]. This can be mainly attributed to the
ferrimagnetic ordering of Dy* moments that occupy non-equivalent crystallographic sites in the
hexagonal form [65]. However, as shown in Figure 5 an enhancement of the h-DyMnOs
magnetization occurs when sufficiently high magnetic fields are applied within the ab-plane. Such
behavior is not well understood, but the Mn lattice seems to contribute for this enhancement [22,65].
On the other hand, the 0-DyMnO:s magnetization exhibits a metamagnetic transition along the b-axis
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at low temperatures with a tendency to saturate under high magnetic fields (Figure 5). Such behavior
is absent in isotherm curves reported by Harikrishnan et al. [65] following the same axis where the
magnetization varies slightly with magnetic field. As showed by Balli et al. [24], the observed
difference can be explained by the fact that the magnetic isotherms reported in Ref. [65] correspond
more probably to the hard-axis c.

The magnetocaloric effect associated with the order-disorder type-magnetic transitions were
recently explored in DyMnOs phases (Figure 6a,b) and reported in [22,24,26]. The magnetocaloric
properties of 0-DyMnQO:s single crystals have been explored around the ordering point of Dy cations
[24]. Along the easy-axis b, 0-DyMnOs unveils a giant magnetocaloric effect (Figure 6a) on a large
working temperature range being a favorable situation from a practical point of view. Under
magnetic variations of 0-7, 0-5 and 0-3 T parallel to the easy axis b, the resulting isothermal entropy
change (-AS) shows maximum values of about 17.25, 14.6 and 8.7 J/kg K [24], respectively, which are
in good agreement with those reported by Midya et al. [26]. The adiabatic temperature change ATwu
was also estimated by Midya et al. according to isentropic curves using specific heat data [26]. It was
found to be about 11.5 K under a magnetic field changing from 0 to 8 T along the b-axis [26]. For the
hard-axis ¢, the induced entropy change is negligible and was found by Balli et al. [24] to be only 0.8
J/kg K in a magnetic field change of 0-7 T (Figure 6a). This value is 10 times lower than that reported
in Ref. [26] following the hard-orientation (8 J/kg K). Looking at isothermal magnetization data
reported in Ref. [26], it seems clearly that the large value of —AS along the hard-direction is rather
related to the intermediate axis a [24]. On the other hand, the orthorhombic DyMnOs shows a
meaningful inverse (or negative) magnetocaloric effect at temperatures below 6 K. This was mainly
attributed to the antiferromagnetic ordering of Dy** magnetic moments in this temperature range. In
fact, under the effect of an external magnetic field, the AFM phase transforms into a less ordered
“ferromagnetic” one increasing then the material’s magnetic entropy [24,26].

180
160 -

2K (H 11 B)

o-DyMnOs

M (Am?2/kg)
— — —
N B O L o N A
(=] o O =T =1 o O
\
1]
1
=z
o

o

0 1 2 3 4 5 6 7 8
HoH (T)

Figure 5. Isothermal magnetization curves at 2 K for orthorhombic (0) and hexagonal (h) DyMnOs
single crystals along their easy and hard-orientations [22,24].
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Figure 6. Isothermal entropy change as a function of temperature under a magnetic field change of 7
T along the easy and hard-directions of orthorhombic (a) and hexagonal (b) DyMnO:s single crystals
[22,24].

The rotating magnetocaloric effect was also investigated in the orthorhombic DyMnO:s single
crystal [24]. In fact, the latter reveals a gigantic anisotropy of the magnetocaloric effect. As shown in
Figure 6a, the maximum entropy change under 7 T applied parallel to the easy axis is more than 20
times larger than that along the hard-axis c. This means that thermal effects can also be induced by
rotating 0o-DyMnO:s crystals between their hard and easy-axes in constant magnetic fields (Figure
7a,b). As reported in [24], the resulting entropy change from a 90° rotation in the bc-plane reaches
maximum values of 8.4, 14.2, and 16.3 J/kg K in constant magnetic fields of 3, 5, and 7 T, respectively.
The associated adiabatic temperature change was found to be 5, 9, and 11 K, respectively. It should
be noticed that the reported rotating adiabatic temperature change in [24] is similar to the AT
obtained by Midya et al. [26] from the magnetization of 0o-DyMnQO:s along the easy-axis b (10.5 K in 0-
7 T). This can be explained by the fact that the full entropy along the hard-axis is practically equal to
that shown in the absence of magnetic field since AS (H//c) is negligible [24].

12
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o ~C fl-- . b o)
= 12 e fa) 8 o o 7T
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Figure 7. (a) Rotating entropy change as a function of temperature under a constant magnetic field of
7 T for orthorhombic DyMnOs and hexagonal HoMnOs. (b) Associated adiabatic temperature change
[24,27].

In comparison with 0-DyMnQOs, the magnetic anisotropy is less pronounced in the hexagonal
phase (Figure 5). The h-DyMnOs magnetocaloric properties were more recently investigated by Balli
et al. [22]. Along the ab plane, it was found that the position of ASm varies from 3 to 8 K when the
magnetic field strength is changed from 0-2 T to 0-7 T. For the easy-axis c, the h-DyMnQ:s isothermal
entropy change curves remain peaked (Figure 6b) on the Dy?* transition temperature (8 K) even under
high magnetic fields [22]. On the other hand, for sufficiently high magnetic fields, Balli et al. [22]
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showed that the entropy change associated within the ab-plane is much larger than that along the c-
axis (Figure 6b). For field changes of 0-2, 0-5, and 0-7 T, the maximum entropy change (—ASmax)
shown by the hexagonal DyMnO:s was found to be 8, 15, and 19 J/kg K for H//ab while it is 5, 10, and
13 J/kg K for H//c. The corresponding adiabatic temperature changes were found to be 2.86, 12.24,
and 15 K for H//ab while those for H//c are 4.33, 8.6, and 11.2 K, respectively. As reported, the resulting
-AS in h-DyMnO:s under a magnetic field changing from 0 to 5 T in the ab plane, exceeds that shown
along the c-axis by nearly 50% [22]. This was mainly attributed to the enhancement of the
magnetization under high magnetic fields applied within the ab-plane [22]. Additionally, a large
MCE that can be obtained under very low magnetic fields was pointed out in h-DyMnO:s crystals by
Balli et al. [22] along the c-axis. When varying the magnetic field along the easy axis ¢ from 0 to 0.2, 0
to 0.3, and 0 to 0.5 T, —ASma reaches values of 1, 1.5, and 2 J/kg K. This is of great importance from a
practical point view since such low magnetic fields can be easily produced by using “cheaper”
permanent magnets [16,73]. In contrast, —AS is negligible under low magnetic fields applied within
the ab plane. This was attributed to the instability of the antiferromagnetic phase (along c-axis) near
the ordering temperature of Dy* magnetic moments in h-DyMnQOs [22,66]. In the vicinity of 8§ K, a
metamagnetic transition from an antiferromagnetic to a ferrimagnetic state can be induced under
very low magnetic fields applied along the c-axis, leading to interesting levels for MCE.

The magnetocaloric properties of HoMnO:s single crystals were investigated by Balli et al. [27]
and Midya et al. [26]. Even though this compound shows some structural similarities with the
hexagonal DyMnOs, their magnetic features are quite different [27]. For the HoMnO:s single crystal
which forms in a hexagonal structure with space group P63cm, the “easy direction” is rather along
the ab-plane while the hard-axis is oriented along the c-axis (Figure 8), which markedly contrast with
the hexagonal DyMnOs [22]. In h-HoMnOs, the Mn?** magnetic moments usually order in an
antiferromagnetic structure below Tni1 = 75 K and rotate in ab-plane by an angle of 90° at around
Tsr = 40 K. This spin reorientation initiates a partial ordering of Ho* magnetic moments because of
the coupling between Mn* and Ho* spins [26,27,74-79]. A more ordered state of Ho* magnetic
moments takes place bellow Tnz2 =5 K [26,27,74-79].
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Figure 8. Isothermal magnetization curves at 2 K for hexagonal DyMnOs and HoMnOs single crystals

8

along their easy- and hard-directions [22,27].

It is worth noting that the magnetic structure of Ho* ions in the h-HoMnOs compound is not yet
well elucidated even though a large number of studies addressing this issue have been reported in
the literature [74-79]. However, based on early works, Hur et al. [79] have established a more
plausible magnetic structure in which the Ho* magnetic moments are strongly in plane coupled
(antiferromagnetically) via the Ho(4b)-Ho(4b) exchange interaction leading to non-uncompensated
in-plane moments. On the 2a site, the Ho* spins show a disordered feature [79]. Additionally, below
T the Ho* magnetic moments are ordered along the c-axis with a ferrimagnetic arrangement in the
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ab-plane [79]. On the other hand, the strong antiferromagnetic interplay between the Mn* magnetic
moments through triangular sublattices in the ab-plane makes the Mn-lattice contribution to the full
magnetization negligible [74].

As shown in Figure 8, the h-HoMnOs magnetization shows an anisotropic behavior between the
c-axis and the ab-plane. At 2 K, it was found that the magnetization under 7 T reaches about 7.872
us/f.u for H//ab and only 4.22 us/f.u for H//c, being about 80% and 42% of the Ho?** individual magnetic
moments (10 ps) [27,80], respectively. On the other hand, a first metamagnetic transition clearly
occurs in h-HoMnOs under magnetic fields higher than 2 T applied along the c-axis [27]. The
corresponding critical magnetic field evolves linearly as a function of temperature with a rate of
0.1714 T/K.

A second field-induced phase transition was observed in some h-HoMnOs crystals under a
magnetic field of 6.5 T applied along the same axis [81]. This could originate from the ordering of 2a
site moments that show a disordered feature. However such metamagnetic transformation is not
visible in magnetization data reported in [27] up to 7 T (see also Figure 8).

The magnetocaloric properties of h-HoMnO:s single crystals have been carried out by Balli et al.
[27] and Midya et al. [26,75]. The reported data demonstrate that the MCE shown by h-HoMnO:s is
similar to that exhibited by the DyMnOs hexagonal phase. As a consequence of the magnetic
anisotropy, the obtained isothermal entropy change along the ab-plane largely exceeds that along the
c-axis, particularly under sufficiently high applied magnetic fields (Figure 9a,b). Under field
variations of 0-2, 0-5, and 0-7 T parallel to the ab-plane, the h-HoMnOs compound produces a
maximum entropy change of 3.86, 13.9, and 18.7 J/kg K, respectively. Along the c-axis, —ASmx was
evaluated to be 2.86, 11.24, and 13.2 J/kg K, respectively [27]. These values are quite similar to those
reported by Midya et al. [26]. The adiabatic temperature change was found to be 10.8 and 6 K under
a magnetic field change of 7 T applied along the ab-plane and the c-axis, respectively [27]. According
to Balli et al. [27], the MCE corresponding to the c-axis in h-HoMnO:s arises mainly from the field-
induced metamagnetic transition zone, particularly under magnetic fields lower than 3.5 T. However,
the entropy change associated with the metamagnetic region in h-HoMnOs was found to be several
times larger than its equivalent in the hexagonal DyMnOs [22,27], as a consequence of their
distinguished magnetic structures.
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Figure 9. (a) Isothermal entropy change as a function temperature of the hexagonal HoMnOs for a
magnetic field variation from 0 to 7 T along the easy and hard-directions. (b) Its maximum value as a
function of magnetic field [27].

Taking advantage of the magnetic anisotropy, the rotating magnetocaloric effect has been
investigated in the h-HoMnO:s single crystal and reported in Balli et al. [27]. The rotation of h-
HoMnO:s around the a (or b) axis in a constant magnetic field of 7 T enables a maximum entropy
change of 8 J/kg K to be generated and a maximum temperature change of about 5 K. As shown in
Figure 7, the produced RMCE in terms of both ATu and AS is lower than that shown by the
orthorhombic DyMnQOs. This can mainly be explained by the gigantic magnetocrystalline anisotropy
usually exhibited by orthorhombic RMnOs manganites [24] as shown in Figure 6.
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The magnetocaloric characteristics of the orthorhombic perovskite TbMnOs single crystal were
reported in Jin et al. [21] and Midya et al. [26]. According to early works [21,26,59,82,83], its Mn?*
magnetic moments order in an incommensurate phase below the Néel temperature Tni = 42 K. A
second magnetic phase transition to a commensurate state of Mn* moments takes place at Tr. =27 K.
Below T: the Mn?* magnetic moments rotate in the bc-plane to form a spiral magnetic structure with
the propagation vector along the b-axis. This results in a spontaneous electric polarization along the
c-axis. The Tb* magnetic moments usually order below Tn2 = 7 K [21,26,59,82,83]. However, in the
work by Jin et al. [21], the ordering temperature of Tb* moments was evaluated to be about 9 K. In
Ref. [21], the magnetization and MCE data were only reported along the a and b axes under magnetic
fields up to 7 T. Along the a-axis, magnetization isotherms unveil a “metamagnetic” transition at low
temperatures to reach a nearly saturation state (7.1 us/f.u) after overpassing a critical magnetic field
of about 1.4 T. This behavior originates from the switch of the spiral magnetic structure from the bc-
plane to the ac-plane under the effect of an external magnetic field as a consequence of the strong
coupling between Tb%* and Mn* magnetic moments [21]. As for the a-axis, the change in the spiral
magnetic structure leads to a sharp transition under a magnetic field of 4.8 T applied along the b-axis,
while a change in the wave vector modulation induces a second magnetic transition under a low
magnetic field of 0.8 T [21]. All these magnetic features lead to interesting levels for the
magnetocaloric effect in TbMnOQOs single crystals [21].

In the field change of 7 T applied along the easy-axis a, TbMnQO:s exhibits a reversible maximum
entropy change —ASmx = 18 J/kg K which compares well with that reported in HoMnOs [27] and
DyMnO:s [22,24] along their easy directions. The corresponding adiabatic temperature change was
found by Midya et al. [26] to be about 10.5 K. For H//b, the maximum entropy change shown by
TbMnO:s is only about 10 J/kg K (under 7 T) due to the magnetocrystalline anisotropy. It is also worth
noting that below the ordering point of Tb** spins (9 K), the TbMnO:s single crystal shows a negative
MCE under relatively low magnetic fields applied along its a-axis. This mainly originates from the
suppression of the “more ordered” antiferromagnetic state, giving rise to a positive entropy change
[21]. The MCE becomes conventional under sufficiently high magnetic fields since the magnetic phase
is transferred to a more ordered ferromagnetic state [21]. However, along the b-axis the negative
feature of the MCE is retained up to 7 T. This mainly arises from the strong antiferromagnetic
interplay between the Mn3* and Tb* moments in the bc-plane [21]. Additionally, the TobMnOs single
crystal unveils a maximum anisotropic entropy change of about 8 J/Kg K [21] in a magnetic field of 7
T, being much lower than that found in the orthorhombic DyMnO:s (16.3 J/kg K under 7 T) [24]. On
the other hand, the rotation of theTbMnO:s single crystal in a constant magnetic field of 5 T between
a and b axes enables a maximum adiabatic temperature change of about 6 K to be achieved [21].

In a following paper, Jin et al. [23] explored the magnetocaloric properties of TmMnO:s single
crystals. This compound belongs to the family of hexagonal RMnOs manganites such as h-HoMnO:s
and h-DyMnOs compounds discussed above. In this crystal, the Néel temperature associated with
the ordering of Mn* magnetic moments was observed around 83 K [84]. Below this temperature, the
Tm?3 ions unveil a magnetic moment at the 4b crystallographic site due to the Tm-Mn exchange
interaction, while the 2a site shows a paramagnetic character down to 4.2 K [84]. This was particularly
confirmed by Mossbauer data reported in Salama et al. [84]. The ordering temperature of Tm* was
reported in the literature to be lower than 1.8 K [85]. As reported in [23], the hexagonal TmMnO:s
shows large magnetic and magnetocaloric anisotropies between the ¢ and a axes. For H//c, its
magnetization reaches a value of 4.9 us/f.u (under 7 T) at 2 K and only about 0.8 us/f.u for H//a (under
7 T) [23]. The resulting maximum entropy change from the magnetization of TmMnOs along the c-
axis was reported to be 8.73 J/kg K in the field of 7 T, which is more than two times lower if compared
with other RMnOs compounds (R = Ho, Dy, Tb) [21,22,24,27]. This can be partly attributed to the
partial ordering of the Tm® ions magnetic moment [84]. Along the a-axis, the entropy change in
TmMnO:s was found to be negligible [23].

The magnetocaloric properties of the hexagonal YbMnOs were briefly discussed in [26].
According to early neutron diffraction and Mossbauer spectroscopy data [86], the hexagonal form of
YbMnOQO:s shows the antiferromagnetic ordering of Mn* magnetic moments at around Tni =85 K. This
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is accompanied by a partial ordering of Yb’® magnetic moments at the 4b site through Yb-Mn
exchange interactions. At temperatures below 3.5 K, the rest of the Yb3 magnetic moments orders at
the 2a site via Yb-Yb magnetic exchanges [86]. Midya et al. [26] found that the magnetic behavior of
h-YbMnO: is less anisotropic with strong antiferromagnetic interactions along the c and a axes. On
the other hand, the h-YbMnOs compound was found to present distinguished features depending on
the a and c crystallographic axes. While the magnetization increases slightly with magnetic field
applied along the a-axis, an abrupt change can be observed under magnetic fields higher than 3 T
applied along the c-axis at low temperatures [26]. The maximum isothermal entropy change was
evaluated to be about 7.24 J/kg K under a magnetic field change of 7 T, being much lower than that
shown by the hexagonal HoMnOs, for example [27]. This can be mainly attributed to the smaller value
of the Yb® magnetic moment which is about 4 us [80]. However, despite the moderate value of AS,
its adiabatic temperature change shows a maximum value that largely exceeds that exhibited by the
RMnOs compounds discussed above. Until now, the physics behind this enhancement has remained
unclear.

The magnetocaloric properties of other RMnOs compounds such as GdAMnO:s [87,88], NdMnO:s
[89], SmMnOs [90], and EuMnOs [91] were also investigated. In contrast with other 0-RMnO:s
manganites, the orthorhombic GdAMnOs ground state unveils a canted A-type antiferromagnetism
[88]. According to magnetization measurements and specific heat data, three phase transitions can be
clearly identified [87]. At around Tni =42 K, the Mn3* magnetic moments order in an incommensurate
antiferromagnetic state. This latter transforms into a canted A-type antiferromagnetic phase at 23 K.
On decreasing temperature, the ordering of Gd* spins takes place at 5.2 K. Kimura et al. [67] reported
that the GAMnOs compound manifests a multiferroic feature when subjected to external magnetic
fields. The application of magnetic fields along the b-axis generates an electric polarization along the
a-axis [67]. This is in contradiction to Hemberger et al. [88] who claimed the absence of ferroelectricity
in GAMnO:s as a result of non-spiral character of the magnetic ground state.

The magnetocaloric properties of the GAMnOs single crystal were more recently reported by
Wagh et al. [87] along its crystallographic axes. Under a magnetic field changing from 0 to 8 T along
the c-axis around the ordering point of Dy* magnetic moments (7 K), a large isothermal entropy
change of about 31.8 J/kg K can be reached. Along the a and b-axes the calculated -AS is slightly
lower and found to be about 29.1 and 25.7 J/kg K, in a similar magnetic field, respectively. On the
other hand, the GAMnO: single crystal unveils a negative magnetocaloric effect following the a and
c-axes. This was attributed by the authors [87] to the antiferromagnetic ordering of Gd3 magnetic
moments.

For NdMnO;s, relatively low values of MCE were reported by Chandra et al. [89]. Under a
magnetic field change of 5 T, the bulk polycrystalline NdMnOs shows a maximum of about 4.4 J/kg
K for —AS at 15 K. The entropy change of its nanocrystalline (40 nm) form exhibits two different
maxima of about 2.3 and 3.7 J/kg K (under 5 T) at 70 and 15 K, respectively. For the polycrystalline
SmMnO:s, a maximum entropy change of about 9 J/kg K was reported for a magnetic field change of
7 T around Tn =57 K [90]. A similar value was also found at 9 K under the same magnetic field [90].
Regarding the EuMnOs compound, a negligible MCE in terms of AS and AT.was reported by Sagar
etal. [91].

The refrigerant capacity and the isothermal entropy change along the easy-axis of some relevant
RMnO:s single crystals are reported in Figures 10 and 11. As shown, the RC is particularly higher for
compounds containing rare earth element with high magnetic moments such as Tb, Ho, and Dy. The
largest RC is presented by the orthorhombic DyMnOs (452 J/kg under 7 T) [24]. The exhibited RC
largely exceeds that shown by some of the best intermetallics such as ErRu:Siz
(196.5 J/kg for 5 T) [92], but remain much lower when compared with the vanadate HoVO:s
(620 J/kg under 7 T) [28]. For —AS, the largest value is shown by the GAMnO:s single crystal. This is
probably attributed to a more pronounced first order phase transition associated with the ordering
of Gd* spins. However, its adiabatic temperature change [87] remains comparable with that shown
by other orthorhombic RMnOs (R = Tb, Dy) [21,24].
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In addition to RMnOs manganites, the RTiOs (titanates) [93-95] and RFeOs [96] compounds
emerge also as promising magnetocaloric materials for cryogenic applications. Particularly, a giant
magnetocaloric effect was pointed out in EuTiOs single crystals [93]. Around the antiferromagnetic
ordering point of Eu** magnetic moments (Tn = 5.8 K), a huge isothermal entropy change of 49 J/kg
under 7 T was more recently reported by Midya et al. [93]. In a similar magnetic field, the associated
adiabatic temperature change and the refrigerant capacity were found to be 21 K and 500 J/kg K,
respectively. The reported AS and ATw in EuTiOs [93] largely exceed those shown by the here
reviewed RMnOs manganites. However, its refrigerant capacity remains comparable with that
presented by the orthorhombic DyMnO:; (Figure 11) but lower if compared with the HoVOs vanadate
[28]. On the other hand a large rotating entropy change that is comparable with that exhibited by o-
DyMnO:s crystals [24] was more recently reported in TbFeOs (-ASr = 17.42 J/kg K at 5 T) around 9 K
[96]. These data underline the high potential of R(Ti, Fe)Os-based compounds in cryomagnetocaloric
applications.
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Figure 10. Maximum entropy change of RMnO:s single crystals under a magnetic field of 7 T applied
along their easy directions, with R =Yb [26], Tm [23], Gd [87], h-Dy [22], h-Ho [27], Tb [21], and o-Dy
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Figure 11. Refrigerant capacity of RMnQO:s single crystals under a magnetic field of 7 T applied along
their easy directions, with R =Yb [26], Tm [23], Gd [87], h-Dy [22], h-Ho [27], Tb [21], and o-Dy [24].

5. Magnetocaloric Properties of RMn20s Multiferroic Crystals

Several studies of RMn20s (R = rare earth) oxides have revealed a giant magnetoelectric effect
(MEE), which is associated with an unusual commensurate-incommensurate magnetic phase
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transition. In the case of DyMn:20s, the dielectric constant was enhanced by more than 100% under
the application of an external magnetic field leading to a colossal magnetodielectric effect (CMD) [34].
On the other hand, a highly reversible switching of electrical polarization in TbMn20s crystals can be
achieved by using relatively low magnetic field of 2 T [33]. However, little interest has been paid to
their magnetocaloric properties [19,20]. More recently, a large rotating MCE was reported in the
HoMn:0s single crystal at low temperatures [19], opening the way for the implementation of
compact, simplified, and efficient magnetic refrigerators. On the basis of the rotating MCE observed
in HoMn20s, a new concept for the liquefaction of the helium and hydrogen was also proposed [19].

The multiferroics RMn20s (R = rare earth) are insulators displaying an orthorhombic structure
(Pbam) composed of Mn*QOs octahedral and Mn?*Os pyramidal units (see Figure 12) [31-36]. The
octahedra share edges to form chains along the c-axis. The formed chains are linked by pairs of
pyramids within the ab-plane. The interaction between Mn#, Mn?, and rare earth R3* ions magnetic
moments lead to a pronounced magnetic frustration resulting in complex magnetic and electric
responses [31-36]. Usually, the RMn20s compounds present various phase transitions at low
temperatures below 50 K. Around Tni =45 K, an incommensurate antiferromagnetic ordering of the
Mn*/Mn* magnetic moments takes place. This transition coincides with the appearance of a
spontaneous electric polarization that occurs slightly down to Tni around Tc = 38 K. The AFM
ordering of Mn®/Mn** spins transforms into a commensurate state at 7. = 33 K (lock-in temperature)
and becomes again incommensurate around Tnz = 20 K [31-36]. The R* spins usually order below 15
K [31-36].

. = Rare earth

e =Manganese

« =0xygen

Figure 12. RMn20s orthorhombic structure. Each Mn?* (red) is encased in the oxygens’s (grey)
pyramid while Mn* ions (red) are encased in the oxygens’s octaedra.

Until today, only the magnetocaloric properties of HoMn20s and TbMn:0Os single crystals
(Figures 13-17) have been reported by Balli et al. [19,20]. The HoMn20s compound unveils a giant
magnetic anisotropy (Figure 13) with the easy, intermediate, and hard crystallographic axes along
the b-, a-, and c-orientations [19]. According to magnetization data, the Ho** magnetic moments were
found to order around 10 K, whereas the phase transitions involving the Mn-sublattice are not clearly
visible from thermomagnetic curves because of the large magnetic moment of Ho* that overshadows
the weak magnetization resulting from the Mn moments [19]. As reported in Balli et al. [19], the
inverse magnetic susceptibility at high temperatures indicates antiferromagnetic interactions along
the c and a axes while a weak antiferromagnetic order or a paramagnetic disorder of Ho* moments
is shown by HoMn20s along the easy-axis b. This is in good agreement with early reported neutron
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diffraction data by Blake et al. [32]. Magnetocaloric properties of the HoMn20s single crystal [19] have
been reported in terms of entropy and adiabatic temperature changes (Figures 14, 15a and 17). Along
the easy-axis b, the maximum isothermal entropy change was found to be 3.5 and 13.1 J/kg K in
magnetic field changes of 2 and 7 T, respectively. For the intermediate a-axis, —ASma reaches only 5
J/kg K under 7 T [19]. Following the hard-axis c, the resulting MCE is much lower even under high
magnetic fields (Figurel5a). The associated refrigerant capacities were found to be 334, 157.5, and 44
J/Kg under a magnetic field of 7 T parallel to the b, a, and c axes, respectively [19]. This can be mainly
explained by the gigantic magnetocrystalline anisotropy shown by HoMn:0s single crystals as
plotted in Figure 13. At 2 K, the magnetization under magnetic field of 7 T applied along the easy-
axis is 124 Am?/kg and only 34 Am?/kg for H//c [19]. Taking advantage of the anisotropic MCE shown
by HoMn:0:s (Figure 15a) a large rotating magnetocaloric effect was also reported by Balli et al. [19].
By rotating the HoMn20s single crystal in constant magnetic field of 7 T around its a-axis, the resulting
entropy change reaches a maximum value of 12.43 J/kg K, being much larger that the rotating entropy
change reported in TbMnQO:s [21] and TmMnOs [23], but lower if compared with the orthorhombic
DyMnO:s single crystal [24] discussed above. On the other hand, the associated rotating adiabatic
temperature change (6.5 Kin 7 T) is about two times lower than that exhibited by o-DyMnO:s (11 K in
7 T). This is mainly due to the largest magnetocrystalline anisotropy of the orthorhombic DyMnQO:s as
well as the enhancement of its magnetization along the easy-axis (170 Am?/kg) [24].
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Figure 13. Magnetic isotherms at 2 K of RMn20s (R = Ho and Tb) single crystals along their easy- and
hard-axes [19,20].
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Figure 14. A comparison between entropy changes of RMn20s (R = Ho and Tb) single crystals under
relatively low (2 T) and high (7 T) magnetic fields applied along their easy-axes [19,20].
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Figure 15. Isothermal entropy change of HoMn:0s (a) and TbMn20s (b) single crystals under a
magnetic field change of 7 T applied along their easy- and hard-axes [19,20].

In a following paper, the magnetocaloric properties of the TbMn2Os single crystal were also
reported by Balli et al. [20]. Thermomagnetic curves unveil clear features around 5 and 36 K
corresponding to the ordering point of Tb* magnetic moment and the onset of ferroelectric order,
respectively [33]. However, additional transitions which occur at 24 K and 40 K can be clearly seen in
specific heat measurements [33,34] but are not visible in the thermomagnetic curves reported in Ref.
[20]. The 24 K and 40 K transitions were attributed to the Mn*/Mn** spins reorientation and to the
long range antiferromagnetic order of the Mn*/Mn* spins, respectively. The magnetization data also
reveal strong antiferromagnetic interactions along the b and c axes, whereas ferromagnetic exchanges
are further associated with the a-axis [20]. The isothermal magnetization curves M (poH) measured
at 2 K (Figure 13), demonstrate the presence of a large magnetocrystalline anisotropy, where the easy
and hard magnetization directions are parallel to the a and c axes, respectively. The gigantic
magnetocrystalline anisotropy is mainly attributed to the large spin-orbit interplay of the Tb
moments in TbMn:20s single crystals [33,34]. Also, the magnetic exchange interactions between Tb?*,
Mn*, and Mn* moments in TbMn:0s cannot all be satisfied simultaneously, leading to a
geometrically frustrated magnetic system. The magnetization saturation can be clearly seen for a
magnetic field above 2 T applied along the a-axis (Figure 13). The corresponding saturation magnetic
moment is 140 Am?/kg (8.75 uB/f.u) which is about 52% of that calculated (268.8 Am?/kg) when
considering a parallel configuration of all the magnetic moments of Tb3* (9 us), Mn** (3.8 ps) and Mn3
(4 ps) [20]. Additionally, the resulting magnetization saturation is very close to the Tb* magnetic
moment (9 uB). This means that the Tb* magnetic moments can be completely aligned under
sufficiently high magnetic fields applied along the easy-axis, considering the weak contribution of
Mn spins to the total magnetization [31-36]. Moreover, the magnetization at 7 T decreases by about
94% when the magnetic field direction is changed from the easy-axis to the hard-axis. This leads to a
giant anisotropy of the MCE (Figure 15b) in TbMn20:s single crystals [20]. For example, the maximum
value of —AS along the easy axis in a field of 7 T is about 63 times larger than that along the hard-
orientation.
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Figure 16. Rotating entropy change as a function of temperature for the single crystal TbMn20s in

several constant magnetic fields, initially parallel to the c-axis [20].

The magnetic field variation from 0 to 2 and 0 to 7 T yields to a maximum entropy change of 6.4
and 13.35 J/kg K, for H//a (Figure 14) while it is only 0.33 and 3 J/kg K for H//b, respectively [20]. The
resulting entropy change along the hard-axis ¢ was found to be practically zero [20]. Considering the
case in which the disordered magnetic phase of Tb* ions is changed to a completely ordered phase,
the theoretical limit of the resulting entropy change is given by AStimt = R*Ln(2]+1) = 61. 18 J/kg K
(here, R is the universal gas constant and J is the angular momentum quantum number). As for Tb%,
] was assumed to be 6 for the TbMn20s single crystal. For a magnetic field variation from 0 to 7 T
along the ordering axis of Tb* moments (a-axis), only 22% of AScinm can be obtained upon saturation
of the magnetization, revealing that entropy changes larger than 13.35 J/kg K may be reached under

intense external magnetic fields.
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Figure 17. Rotating adiabatic temperature change as a function of temperature for RMn20s
(R=Ho and Tb) single crystals in constant magnetic fields of 2 and 5 T [19,20]. The crystals are rotated
by an angle of 90° around their intermediate axes with magnetic fields initially parallel to the hard-

axis.

The TbMn:Os refrigerant capacity was also reported by Balli et al. [20]. With increasing field, the
RC was found to increase almost linearly with a rate of about 79 J/kg T, 8 J/kg T for H//a and H//b,
respectively. Along the hard-direction, the RC is negligible. When changing the magnetic field from



Crystals 2017, 7, 44 19 of 24

0 to 7 T, the RC reaches values of 480 J/kg, 47 J/kg and only about 4 ]J/kg along the a, b, and c axes,
respectively. Considering magnetocaloric oxides with similar working temperature range, the
magnetocaloric properties of TbMnQOs were investigated and reported in [21]. Although the TbMnOs
and TbMn20s single crystals contain the same rare earth element (Tb%*) and present a similar
magnetization saturation (about 140 Am?/kg), it was found that the maximum isothermal entropy
change under 7 T along the easy-axis a for TbMnOQ: is larger (18 J/kg K) than that exhibited by
TbMn20s (13.35 J/kg K). However, the RC for TbMn20s is much larger than that for TbMnOs
(390 J/kg for 7 T//a). Theses observed deviations originate mainly from the significant difference in
their magnetic structures. In fact, the antiferromagnetic ground state is not quite stable in TbMnO:s
against applied magnetic field along the easy-axis a [21]. At low temperatures, the spiral magnetic
structure of Tb* and Mn* ions in TbMnOs enables a first-order magnetic transition of Tb* moments
from the antiferromagnetic state to the ferromagnetic phase to be easily induced. Such metamagnetic-
like transformation means that the magnetization can rapidly be changed with varying magnetic field
leading to a large magnetic entropy change. In contrast to TbMnOs, the magnetic phase transition
associated with the magnetic moments ordering of Tb* in the single crystal TbMn20s shows a second-
order character, as determined from Arrott plots [97] (not shown here). This makes the magnetic
transition broader, leading to a large RC in TbMn20s single crystals. On the other hand, the RC of the
TbMn20:s single crystal (314 J/kg for 5 T) along the easy-axis is much larger than that found in the
HoMn:0s oxide (334 J/kg for 7 T) [19] and even in some well-known intermetallics such as ErRu:Siz
(196.5 J/kg for 5 T) [92], DySb (144 J/kg for 5 T) [98], and ErMn2Si2 (273 J/kg for 5 T) [99].

In addition to a large standard MCE resulting from the magnetization-demagnetization process
(Figure 14), the TbMn20s compound also exhibits a giant rotating MCE (Figures 16 and 17) that can
be obtained by spinning its single crystals in a constant magnetic field within the ac-plane (around
its b-axis) [20,100]. For a constant magnetic field of 2 and 7 T applied in the ac-plane, the rotation of
TbMn:20s single crystals around the b-axis, enables maximum entropy changes of 6.4 and
13.14 J/kg K., respectively, to be induced, being much larger than the rotating entropy change
reported in some known materials such as TbMnOs (8.2 J/kg K) [21]. The corresponding RC was
found to be 476 J/kg under 7 T instead of only 304 J/kg for TbMnO:s [21]. On the other hand, at low
magnetic fields ASz shown by TbMn20s (6.4 J/kg K at 2 T) is two and three times larger than that
exhibited by HoMn20s [19] and TbMnO:s [21] single crystals, respectively. This is mainly due to the
giant magnetic anisotropy in TbMn20s as well as the possibility to reach the saturation state under
relatively low magnetic fields giving rise to large magnetization along its easy-axis (Figure 13) [20].
Additionally, the RMCE was also investigated in TbMn20s in terms of the adiabatic temperature
change (Figure 17). In a constant magnetic field of 2 T, the rotating AT reaches a maximum value (8
K) that is six times higher than that presented by TbMnOs [21]. The rotating adiabatic temperature
change shown by TbMn:20:s also largely exceeds that presented by the HoMn:0:s single crystal (Figure
17). The enhancement of AT in TbMn20s is partly caused by its low specific heat [34] that is about
three times lower when compared with TbMnOs [37] and HoMn20s [34] single crystals.

6. Conclusions

In this report we reviewed the magnetic and magnetocaloric properties of RMnOs and RMn20s
multiferroic single crystals. In both families of materials, the competition between different magnetic
exchange interactions involving Mn?, Mn* and R* sublattices results in several phase transitions
usually occurring below 100 K. However, only the magnetic phase transition associated with the
ordering of R* magnetic moments at temperatures usually below 20 K contributes to the
magnetocaloric effect. The application of sufficiently high magnetic fields along the easy-axis enables
large thermal effects to be generated around the ordering point of the rare earth elements
(10 K). In some compounds such as orthorhombic DyMnOs and TbMn:0:s single crystals, relatively
low magnetic fields are required to achieve a large MCE. This is of great importance from economical
and practical points of view since the needed fields can be provided by permanent magnets.
Additionally, most of RMnOs; and RMn:0s single crystals unveil a gigantic anisotropy of the
magnetocaloric effect which means that additional thermal effects can also be obtained by rotating
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them between the hard- and easy-directions in constant magnetic fields. This could open the way for
the design of more compact, efficient, and simplified magnetocaloric devices. On the other hand, the
strong magnetoelectric coupling usually observed in these compounds offers an additional degree of
freedom since the MCE could, for example, be tailored by an electric field through the manipulation
of the ferroelectric order.

All these features combined with the insulating character as well as the high chemical stability
(in comparison with intermetallics) render RMnOs and RMn:0Os multiferroics more attractive
particularly in cryomagnetocaloric refrigerators.
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