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Enlarging the magnetocaloric operating window of the Dy 2 NiMnO 6 double perovskite by lanthanum doping

 

I. Introduction

The search for new advanced magnetocaloric materials is highly important for the development of magnetic refrigeration technology. The latter technique was proven to be more efficient and ecofriendly when compared to conventional cooling [1][2][3] . With the purpose of implementing magnetic refrigerants other than gadolinium and its related alloys, research activities have been markedly stimulated during the last two decades leading to the discovery of interesting compounds from both performance and economical points of view 1 . This mainly includes some intermetallics containing cheaper elements with NaZn13 and Fe2P structures that usually exhibit a giant magnetocaloric effect (MCE) close to room-temperature 1 . However, although these materials were successfully tested in numerous magnetic refrigeration prototypes, their poor chemical resistance against oxidation and corrosion phenomena as well as their mechanical brittleness would restrict their utilization as refrigerants in particular devices 1,4 . This is because the considered magnetocaloric candidate is expected to experience billions of thermodynamic active magnetic refrigeration cycles (AMR) [1][2][3] during its working life, involving direct contacts with heat transfer fluids such as water. On the other hand, up to now the reported research works in relation with the reference NaZn13 and Fe2P-based compounds fail to improve their performance particularly in terms of the adiabatic temperature change that remains comparable or even lower to that of the reference gadolinium metal 1 , opening the way for further investigations in the field.

In functional magnetocaloric devices, the manganites-based materials 5,6 show some key assets when compared to intermetallics such as high chemical resistance against oxidation and corrosion phenomenon, strong mechanical stability and, high electrical resistance (absence of eddy currents). This would compensate for their relatively lower magnetocaloric features. Additionally, the magnetic frustration phenomena shown by several manganites such as RMnO3 and RMn2O5 (R = Rare Earth) 6, 7- 8 enables us to generate MCEs by simply rotating them in constant magnetic fields instead the conventional magnetization-demagnetization process. More recently, materials such as R2MM'O6 (R = lanthanide, M and M' = transition metals) double-perovskites begin to attract an increasing interest not only for their potential applications in spintronic devices 9 but also because of their significant magnetocaloric properties [10][11][12][13][14][15][16] . It was known that this family of manganites unveils several magnetic, electric and structural ordering parameters resulting in a wide variety of intriguing and fascinating physical properties [9][10][11][12][13][14][15][16][17][18][19][20][21][22][23] . Taking advantages of this multiferroicity, different tasks such as refrigeration and data storage could be achieved by simply using a single R2MM'O6 material which is highly appreciated from both environmental and economical points of view. Also, the R2MM'O6 magnetic properties are usually driven by super-exchange interactions involving M-O-M' bonds which are very sensitive to any structural and\or electronic changes [14][15][16][17][18][19][20][21][22][23][24][25] . Consequently, their magnetocaloric properties can be easily tailored under pressure or by doping the rare earth and manganese sites.

In the work by Rogado et al 9 , it was reported that the dielectric constant of La2NiMnO6 double perovskite strongly depends on the magnetic field magnitude. For example, the phase transition exhibited by the dielectric constant around 220 K in the absence of magnetic field, can be easily shifted up to 280 K when the compound is subjected to a very small magnetic field of only 0.1 T. This underlines a strong interplay between the magnetic and dielectric properties near room temperature paving the way to the design of new spintronic devices. More recently, Balli et al 15,16 have studied the potential of ferromagnetic La2(Ni, Co)MnO6 compounds in magnetic refrigeration. More particularly, it was found that the ordered phase of La2NiMnO6 single crystals presents a large refrigerant capacity around room temperature which compares well with that shown by some giant MCE materials 15 . In addition, the transition temperature of the La2NiMnO6 double perovskite can be easily shifted down to temperatures around 200 K by only changing synthesis conditions resulting in a wide operating temperature range 14,15 . By using the thin films approach, Matte et al 14 have demonstrated that an unusual temperature range comprised between 100 and 300 K can be covered by using only a single La2NiMnO6 compound without need to magnetocaloric multilayers 1 . This was made possible thanks to the control of the proportions of ordered and disordered ferromagnetic phases through the growth pressure and the annealing temperature 14 .

Usually, the well-ordered La2NiMnO6 double perovskites have a Curie temperature closer to 280 K 15,[24][25] . However, according to a recently reported work by Ravi and Senthikumar 26 , the Curie temperature shown by La2NiMnO6 nanoparticles reaches a record value of about 350 K. Such unusual TC was attributed by the authors to oxygen-induced defects 26 . More recently, the magnetocaloric properties of R2(Ni, Co)MnO6 double perovskites with magnetic rare earth elements ( R = Tb, Gd, Ho, Dy, Pr, Er and Nd) were also investigated [10][11][12][13] . For the compounds R2NiMnO6 and R2CoMnO6 with R = Dy, Ho, Er, the Curie temperature arising from 3d transition metals ranges between 70 and 100 K, while the rare earth ordering temperature is below 10 K 10,11 . All these materials exhibit a large MCE at very low temperatures (around 5 K) that can attain a maximum entropy change of about 11 J/kg K under a magnetic field change of 7 T 10,11 . In similar conditions of temperature range and magnetic field, the Gd2NiMnO6 and Gd2CoMnO6 double perovskites intriguingly reveal a maximum entropy change overpassing twice those shown by R2NiMnO6 and R2CoMnO6 (R = Dy, Ho, Er) compounds 13 . Regarding the R2NiMnO6 compounds with R = Tb, Nd and Pr, larger Curie temperatures of 110, 191 and 213 K were reported, respectively. Their associated maximum entropy changes were found to be comprised between 2 and 4 J/kg K 12 .

In this paper, we mainly investigate the magnetic and magnetocaloric properties of La2-xDyxNiMnO6 double-perovskites. By a such study we aim to take advantage of the numerous magnetic phase transitions involving both 4f and 3d elements. A situation that enables us to significantly enhance the working magnetocaloric temperature range of this family of materials. We are also aiming to figure out how the substitution of Dy by large size lanthanides such as La influences the magnetic and magnetocaloric features of Dy2NiMnO6.

II. Experimental

Polycrystalline samples of La2-xDyxNiMnO6 compounds were prepared by the solid-state reaction technique using stoichiometric amounts of high purity starting materials of La2O3, Dy2O3, NiO and Mn2O2 following the reported procedure by Truong et al in Ref. 27. First, the La2O3 and Dy2O3 were pre-calcined in air at 900 °C. Stoichiometric amounts of these oxides were then mixed, ground and poured into an alumina crucible. The mix was subjected to several heating cycles between 1000 and 1300 °C in air with various intermediate grinding steps to obtain a homogeneous mixture. In the final step, the resultant La2-xDyxNiMnO6 powder was pressed into pellets and annealed at 1450 °C in air overnight. The quality and the crystalline structure of studied samples were checked by X-ray diffraction (XRD) powder measurements performed at room temperature using a Bruker-AXS D8-Discover diffractometer with the CuKa1 radiation that allows different scan modes. The analysis of XRD patterns for La2-xDyxNiMnO6 (x = 0.5 and 2) unveils that the studied samples crystalize rather in an orthorhombic structure (weakly monoclinic) with the Pbnm space group. Their unit cell parameters were found to be a = 5.505, b = 7.747 and c = 5.452 Å for Dy2NiMnO6, and a = 5.51, b = 7.77 and c = 5.46 Å for La1.5Dy0.5NiMnO6. Magnetic measurements under magnetic fields changing from 0 up to 7 T in the temperature range 2-300 K were performed using a superconducting quantum interference device (SQUID) from Quantum Design, model MPMS XL. The homemade BS1 and BS2 magnetometers developed at Néel Institute, Grenoble, were also employed to collect magnetization data. Specific heat measurements were carried out as a function of temperature (from 2 to 350 K) at zero magnetic field with a Quantun Design Physical Properties Measurements system (PPMS) using a relaxation method.

III. Results and discussions

The temperature dependence of the magnetization measured on the Dy2NiMnO6 compound under the low magnetic field of 0.1 T in zero-field cooled (ZFC) and field-cooled (FC) modes is plotted in Figure 1-a. With increasing temperature, several anomalies can be clearly observed at 5, 46 and 98 K. The TC = 98 K feature can be ascribed to the occurrence of a magnetic phase transition from paramagnetic to ferromagnetic state due to the Ni 2+ (t 6 2g e 2 g)-O (2p)-Mn 4+ (t 3 2g e 0 g) superexchange interactions. The latter involve 3d metals exchanges between empty (Mn 4+ ) and half filled (Ni 2+ ) eg orbitals that are mediated by oxygen atoms, following the Goodenough-Kanamori-Anderson rules [28][29][START_REF] Anderson | Theory of magnetic exchange interactions: exchange in insulators and semiconductors[END_REF] . Their strength and nature (negative, positive) are determined by the length and the angle of the M-O-M'(Ni 2+ -O-Mn 4+ ) bond. The anomaly at TR = 5 K is more probably attributed to the ordering of Dy 3+ magnetic moments with Dy 3+ -O-Dy 3+ exchange interactions. Finally, the magnetic transition taking place at TR-d = 46 K may originate from a partial polarization of Dy 3+ moments thanks to 3d-4f exchange interactions. The present TR and TC values are well consistent with those previously reported (TR = 6 K and TC = 101 K) in Ref. 10. In contrast, our obtained TR-d is much larger than that reported by Jia et al (19.5 K) [10]. The reason behind that marked deviation remains unclear which requires further investigations.

The 0.1 T-ZFC reciprocal magnetic susceptibility (1/χ) as a function of temperature is reported in Figure 1-b. As shown, the linear feature of 1/χ at high temperatures above TC reveals that the 1/χ (T) curve follows the Curie-Weiss law χ = C/(T-TѲ), where C is the Curie-Weiss constant. By fitting the experimental 1/χ with ideal Curie-Weiss curve, the effective magnetic moment and the paramagnetic Curie-Weiss temperature (Tϴ) were found to be 16.8 µB and -24 K, respectively. The deduced effective magnetic moment is in perfect agreement with the theoretically expected value given by

B eff eff eff eff Mn Ni Dy      525 . 16 )) ( ( )) ( ( )) * 2 ( ( 2 4 2 2 2 3       
. The effective magnetic moments of Dy 3+ (10,65 µB), Ni 2+ (3,873 µB) and Mn 4+ (5,59 µB) were taken from Ref. 34 which are calculated assuming a spin-orbit coupling. In this paper, we assume that the magnetic moments are mainly determined by the oxidation state of Mn and Dy ions. This seems to be confirmed by the experimental and calculated effective magnetic moments. However, the superexchange interactions between B-site cations and oxygen ions as well as the LS-coupling in lanthanides should be also considered. On the other hand, the negative value of Tϴ clearly indicates dominant antiferromagnetic interactions in the Dy2NiMnO6 double perovskite. This markedly contrasts with Jia et al study 10 in which a positive value of Tϴ (38 K) was reported, suggesting ferromagnetic interactions. In fact, as demonstrated for the Nd2NiMnO6 compound 31 , the strong ferromagnetic (ferrimagnetic) interaction involving the Ni-O-Mn bond would polarize the Dy 3+ magnetic sublattice via a negative 3d-4f exchange interactions. The new established interactions lead to a canted antiferromagnetic arrangement of Dy 3+ magnetic moments with respect to the Ni 2+ and Mn 4+ ferromagnetic-sublattices. A similar behaviour was recently observed in other R2NiMnO6 double perovskites 32,33 . This may explain the relatively low magnetic moment of Dy2NiMnO6 even under high magnetic fields as found at low temperatures. For example, at 6 K, the obtained magnetization in the magnetic field of 7 T is 13.2 µB being only about 50 % of the expected saturation magnetization which is approximately 25.5 µB, considering contributions from both Ni 2+ -O-Mn 4+ (̴ 5.5 µB) 15 and Dy (10 µB) [START_REF] Du Trémolet De Lachaisserie | Magnétisme, fondements[END_REF] magnetic moments. However, grain boundary effects would also contribute for this loss in terms of the saturation magnetization 5 .

The characterization of magnetocaloric materials is usually carried out based on the entropy (ΔS) and adiabatic (ΔTad) temperature changes that can be simultaneously evaluated from specific heat data. However, as the calorimetric measurements are highly challenging, the MCE is frequently reported in terms of ΔS that can be easily determined from magnetic isotherms with the help of the well-known Maxwell relation 1 given by ∆𝑆 (𝑇, 0 -𝐻) = µ ∫ 𝑑𝐻 . In the absence of large hysteretic effects and leading to phase-separated states [START_REF] Balli | [END_REF] , this relation enables us a fast and efficient assessment of magnetocaloric materials. In addition, the above equation is also appropriate for the determination of ΔS in magnetic materials presenting second order magnetic phase transitions (SOMT) 1 .

The here studied compounds exhibit a negligible hysteresis effect as can be seen in magnetization loops reported for Dy2NiMnO6 in Figure 2, at two representative temperatures (for example). On the other hand, the positive slopes shown by Arrott plots (H/M vs M 2 ) (not shown here) 36 indicate that both La2-xDyxNiMnO6 (x = 0.5 and 2) compounds unveil a SOMT. At first, the magnetization method was utilized to evaluate the Dy2NiMnO6 entropy change which is plotted in Figure 3-a as a function of temperature for several magnetic fields. As shown, only the peaks associated with the Ni 2+ -O-Mn 4+ super-exchange interactions and the ordering of Dy 3+ magnetic moments can be clearly identified close to 100 and 5 K, respectively. The ΔS at TR is at least 5 times larger than that shown by Dy2NiMnO6 near its Curie point.

In the magnetic field change of 5 T, a maximum entropy change of 11 J/kg K can be obtained at 5 K and only 1.85 J/kg K at 100 K. This is partly due to the large change in the Dy 3+ ions magnetization as compared to Ni 2+ and Mn 4+ ions.

It is worth noting that our reported ΔS values significantly differ from those reported by Jia et al for a similar double perovskite 10 . For a magnetic field changing from 0 to 5 T, Jia et al have obtained maximum ΔS values of 9 J/kg K at 6.5 K and 3 J/kg K at 100 K. The observed deviation could be attributed to different reasons such as synthesis conditions, grains size of prepared samples and the presence of additional minor phases. It is also worthy to note that although the Gd2NiMnO6 compound contain a rare earth element (Gd) with lower magnetic moment (7 µB) [START_REF] Du Trémolet De Lachaisserie | Magnétisme, fondements[END_REF] , it was reported that its maximum entropy change (36 J/kg K under 7 T) in the temperature range around 6 K, intriguingly exceeds that of Dy2NiMnO6 at least by a factor of 3 13 . However, the physics behind this marked enhancement in the MCE remains not understood.

The isothermal entropy change indicates on the cooling energy that can be provided by magnetocaloric materials when subjected to an external magnetic field. However, the adiabatic temperature change is also of great interest since it determines the strength of heat exchanges in magnetic refrigerators. For the present Dy2NiMnO6 compound, the ΔTad was determined by combining magnetization and zero-field specific heat data reported in Figure 4. Because the R2M'MnO6 specific heat slightly depends on the applied magnetic field 16 , the adiabatic temperature change can be approached by
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The latter is shown in Figure 3-b as a function of temperature under a magnetic field change of 5 T. As shown, ΔTad exhibits two maximums of about 8 K around 5 K and only 1 K around 100 K, corresponding to the ordering of Dy 3+ and Ni-O-Mn magnetic couplings, respectively. The low value of ΔTad around 100 K is not only attributed to the moderate entropy change in this temperature range (Fig. 3-a), but also to the large value of the specific heat (Fig. 4) which is dominated by phonons contributions at high temperatures.

As reported above, the Dy2NiMnO6 compound unveils significant MCE levels at temperatures below 100 K. However, for potential room-temperature tasks, it is necessary to shift these thermal effects toward 300 K. Fortunately, it was shown that in R2NiMnO6-double perovskites, the Curie temperature increases almost linearly with the atomic radius of the rare earth element (rR3+) to attain the room temperature region for the largest R 3+ ions 24,25 . This is associated to modifications in the superexchange angle of the Ni-O-Mn bond. As the latter increases to a larger value with increasing the lanthanide size, the resulting ferromagnetic interactions are enhanced and accordingly the Curie temperature, following the Goodenough-Kanamori-Anderson rules 28-30, 24, 25 . Keeping in mind this linear relationship between TC and rR3+, the compound Dy2NiMnO6 was doped with lanthanum following the La1.5Dy0.5NiMnO6 formula. This enables us to partly enhance the Ni-O-Mn ferromagnetic interactions while taking advantage of the remaining magnetic interactions arising from the Dy 3+ sublattice. Consequently, the number of magnetic phase transitions would be increased leading to a large working magnetocaloric temperature range. In Figure 5-a, we report the FC and ZFC-temperature dependence of magnetization for the La1.5Dy0.5NiMnO6 compound under a low magnetic field of 0.1 T. As shown, the modified Dy2NiMnO6 unveils pronounced magnetic transitions close to 255 and 130 K. The observed high TC at 255 K indicates the presence of the partial atomically ordered Ni 2+ /Mn 4+ resulting in the ferromagnetic Ni 2+ (t 6 2g e 2 g)-O (2p)-Mn 4+ (t 3 2g e 0 g) super-exchange interactions. The low transition temperature phase around 130 K is more probably attributed to the trivalent oxidation state Ni 3+ /Mn 3+ , suggesting an incomplete ordering of Ni and Mn atoms 14 . As can be observed, the magnetic phase transition involving the Dy 3+ ions, is not clearly visible from the thermomagnetic curve reported in Figure 5-a. This is mainly due to the weak polarization of Dy 3+ magnetic moments under low magnetic fields (0.1 T). However, the ordering of Dy 3+ magnetic sublattice can be clearly observed under sufficiently high magnetic fields (not shown here). The Curie-Weiss paramagnetic temperature is found to be 217 K indicating dominant and strong ferromagnetic interactions in the La1.5Dy0.5NiMnO6 compound, which markedly contrast to the present studied Dy2NiMnO6. Assuming an equal contribution of Ni 2+ /Mn 4+ and Ni 3+ /Mn 3+ oxidation states, the La1.5Dy0.5NiMnO6 theoretical effective magnetic moment was obtained to be 9.97 µB, being in very good agreement with the experimental value (9.87 µB) deduced from the reciprocal magnetic susceptibility (Fig. 5-b). Once again, the effective magnetic moments of Ni 3+ (3,872 µB) and Mn 3+ (4,899 µB) were taken from Ref. 34 assuming a spin orbit interplay. The reduction of La1.5Dy0.5NiMnO6 effective magnetic moment mainly arises from the dilution of the Dy 3+ magnetic sublattice.

It is worth noting that in addition to structural parameters, the superexchange couplings can be also affected by the crystal field. For the Ni 2+ /Mn 4+ oxidation state, the Hund's interplay between t2g and eg states of Mn results in a parallel alignment of electronic spins. In addition, the t2g states of Ni are fully occupied. As a result of the Hund's coupling, the remaining two electrons occupy the eg states with a parallel configuration. The latter contribute to the superexchange coupling via O-p state leading to a preferred spin-up Ni eg electrons configuration. Such situation explains the high ordering temperature ferromagnetic interactions for Ni 2+ /Mn 4+ oxidation state 37 . However, for the Ni 3+ /Mn 3+ oxidation state, the established superexchange coupling would have result in antiferromagnetic ordering. This is not the case because of the strong crystal field splitting on Mn ions 37 . For more details about the electronic structure of La2NiMnO6-based double perovskites, we refer the interested reader to our recently published work in Gauvin Ndiaye et al 37 .

The presence of the disordered magnetic phase in addition to the ordered one in the double perovskite La1.5Dy0.5NiMnO6 is not a drawback to be avoided since it allows us to extend the magnetocaloric operating window over a large temperature range 14 . For example, in Figure 6-a we report the isothermal entropy change as a function of temperature for La1.5Dy0.5NiMnO6 under the magnetic field change of 7 T. As shown, ΔS remains practically constant over a wide temperature span going from room temperature region down to 50 K. This sort of behaviours is highly appreciated from a practical point of view, particularly in cases where the cooling process is achieved by using the Ericson cycle 1 . In such a cycle, the difference between the full entropy curves at zero and non-zero magnetic fields must be maintained unchanged between the cold and hot ends, being a necessary condition for reaching the theoretical limit of Carnot efficiency 1,[START_REF] Tishin | The Magnetocaloric Effect and Its Applications[END_REF] . On the other hand, aiming to generate a large temperature span between hot and cold sources, the most majority of magnetic cooling devices employs the active magnetic regeneration refrigeration (AMRR) method which is constituted of a cascade of Brayton cycles [START_REF] Tishin | The Magnetocaloric Effect and Its Applications[END_REF] . Usually, to meet the AMRR and Ericsson cycles requirements, several materials with distributed Curie temperatures in the considered temperature range are combined in an optimum way to form a multilayered-refrigerant 1,[START_REF] Balli | [END_REF] . This solution would involve additional costs and engineering difficulties, while the same task can be achieved by simply employing a single double perovskite material as demonstrated in Figure 6-a. By using the thin films approach, we have more recently demonstrated that a usually "table-top" like isothermal entropy change can be generated between 300 and 200 K through the control of ordered and disordered phases amounts in the La2NiMnO6 compound, via growth conditions 14 . In this paper, we report evidences showing that it is possible to obtain a similar behaviour using bulk forms. In addition, as reported in Figure 6-a, the doping of La2NiMnO6 by a relatively small amount of magnetic rare earths such as Dy allows to markedly extend the operating temperature range down to very low temperatures because of the Dy 3+ magnetic moments ordering close to 10 K. However, the exhibited moderate entropy change over this large temperature range particularly at high temperatures remains a serious obstacle behind the practical implementation of this kind of materials, opening the way for further investigations.

In Figure 6-b, the La1.5Dy0.5NiMnO6 adiabatic temperature change is plotted as a function of temperature under a magnetic field variation of 7 T. As shown, the ΔTad remains approximately constant over the temperature range between 50 and 300 K revealing an unusual behaviour when compared to that of standard magnetocaloric materials. This behaviour is due to the fact that the La1.5Dy0.5NiMnO6 specific heat almost linearly increases with temperature (Fig. 4) leading to a nearly constant T/Cp while the entropy change remains approximately unchanged for temperatures above 50 K. In the magnetic field change of 7 T, the La1.5Dy0.5NiMnO6 compound exhibits a maximum ΔTad of about 6.75 K at 6 K, while around 250 K only a temperature change of 0.5 K can be achieved under a similar magnetic field variation.

Looking at Figures 3 and6, it clearly seems that the La1.5Dy0.5NiMnO6 oxide cannot be directly implemented in functional devices because of its moderate MCEs. The latter are partly attributed to the grain boundary effects that are common features of polycrystalline manganites 5,16 . However, the La1.5Dy0.5NiMnO6 magnetocaloric properties can be markedly enhanced by increasing the grains size of its polycrystalline forms using optimum annealing conditions [40][41][42] . This increase in the grains volume/surface ratio would enable us to reduce the contribution from the magnetic disordered surface boundary 40,41 . Additionally, when considering the case in which the fully disordered magnetic moments of Dy, Ni and Mn atoms are completely oriented parallel to the applied magnetic field, the resulting entropy change is expected to reach the theoretical limit given by ∆SLimt= R*Ln(2J+1) = 40 J/kg K, where R is the universal gas constant and J is the effective angular momentum quantum number. For La1.5Dy0.5NiMnO6, the J value (5) was deduced from the magnetization saturation given by m0 = g*J*µB = ̴ 10 µB, with the Landé factor g assumed to be 2. However, the ΔS exhibited by La1.5Dy0.5NiMnO6 under 7 T (for example) in the temperature range between 50 and 255 K is only 2.5 % of the theoretical limit. This opens the way to further fundamental and experimental investigations of R2NiMnO6 double perovskite with the aim to fully taking advantage of their magnetocaloric potential. Also, some of the R2NiMnO6 double perovskites exhibit additional degrees of freedom such as electrical polarization enabling potential supplemental caloric effects under electric fields. Finally, the high chemical stability of these family of multiferroics as well as their insulating character make them potential candidates for application in magnetocaloric devices.

IV. Conclusions

To sum up, we have particularly studied the magnetocaloric features of (LaxDy1-x)2NiMnO6 double perovskites. In contrast to early studies, it was observed that the Dy2NiMnO6 compound unveils dominant antiferromagnetic interactions under low magnetic fields. Its magnetocaloric effect exhibits two pronounced peaks around 5 and 100 K, corresponding to the ordering of Dy 3+ and Ni 2+ -O-Mn 4+ magnetic couplings, respectively. Under a magnetic field changing from 0 to 5 T, the Dy2NiMnO6 adiabatic temperature change was found to reach a large maximum of about 10 K at very low temperature and only about 1 K around 100 K. The moderate value of ΔTad associated with the Ni 2+ -O-Mn 4+ ferromagnetic transition is mainly due to the low value of the Ni 2+ -O-Mn 4+ magnetization as well as the large value of the specific heat that is dominated by phonon contributions at high temperatures. On the other hand, the doping of Dy2NiMnO6 with large-size rare earth elements such as La enables us to markedly extend the operating magnetocaloric window from room-temperature range down to very low temperatures. More interestingly, the presence of ordered and disordered magnetic phases in (LaxDy1-x)2NiMnO6 allows to maintain constant the entropy change over a wide temperature range. For example, with the La1.5Dy0.5NiMnO6 compound, the isothermal entropy change remains approximately unchanged over an unusual temperature range going from 50 up to 250 K, which is highly appreciated from a practical point of view. Even the adiabatic temperature change exhibits a similar behaviour, which was not observed before by any known magnetocaloric materials. However, the magnetocaloric properties of (LaxDy1-x)2NiMnO6 compounds need to be markedly improved before their direct implementation in functional devices. This can be made possible by tailoring the grains size for example. Additionally, it is known that this family of materials usually unveils several electric and magnetic ordering parameters, opening the way for the creation of potential ''cooperative'' caloric effects. Finally, to approach their theoretical limit in terms of MCE, it is necessary to develop a high fundamental understanding of the coupling between the crystalline, magnetic and electronic structures in this sort of functional materials. 
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 1 Figure 1: (a) ZFC and FC thermomagnetic curves under a field of 0.1 T for Dy2NiMnO6. (b) its 0.1 T-ZFC reverse magnetic susceptibility as a function of temperature.
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 2 Figure 2: Hysteresis loops experienced by Dy2NiMnO6 at two representative temperatures, 2 and 100 K.
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 3 Figure 3: (a) Isothermal entropy change of Dy2NiMnO6 as a function of temperature under different magnetic field variations. (b) Associated adiabatic temperature change under a magnetic field variation of 5 T.
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 4 Figure 4: Zero-field specific heat as a function of temperature of both Dy2NiMnO6 and La1.5Dy0.5NiMnO6 compounds.
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 5 Figure 5: (a) ZFC and FC thermomagnetic curves under a field of 0.1 T for La1.5Dy0.5NiMnO6. (b) its 0.1 T-ZFC reverse magnetic susceptibility as a function of temperature.
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 6 Figure 6: (a) Isothermal entropy change of La1.5Dy0.5NiMnO6 as a function of temperature under a magnetic field change of 7 T. (b) Associated adiabatic temperature change under a magnetic field variation of 7 T.
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