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Abstract

:

Rare-earth chromites have been envisioned to replace gas-based refrigeration technology because of their promising magnetocaloric properties at low temperatures, especially in the liquid helium temperature range. Here, we report the low-temperature magnetic and magnetocaloric properties of Gd0.5Er0.5Cr1−xMnxO3 (x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5) rare-earth orthochromites. The Néel transition temperature (TN) was suppressed from 144 K for Gd0.5Er0.5CrO3 to 66 K for the Gd0.5Er0.5Cr0.5Mn0.5O3 compound. Furthermore, magnetization reversal was observed in the magnetization versus temperature behavior of the Gd0.5Er0.5Cr0.6Mn0.4O3 and Gd0.5Er0.5Cr0.5Mn0.5O3 compounds at 100 Oe applied magnetic field. The magnetic entropy change (−∆S) value varied from 16.74 J/kg-K to 7.46 J/kg-K, whereas the relative cooling power (RCP) ranged from 375.94 J/kg to 220.22 J/kg with a Mn ion concentration at 5 T field and around 7.5 K temperature. The experimental results were substantiated by a theoretical model. The present values of the magnetocaloric effect are higher than those of many undoped chromites, manganites and molecular magnets in the liquid helium temperature range.
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1. Introduction


Perovskite materials have been widely recognized for their diverse and intriguing properties, such as magnetic, electrical and photocatalytic, etc. [1,2,3,4]. As far as the magnetic properties of various perovskite materials are concerned, rare-earth orthochromites RCrO3 (R = rare-earth ion) exhibit interesting magnetic properties viz. exchange bias [5], spin reorientation [6], magnetization reversal [7,8,9] and magnetocaloric effect (MCE) [10,11,12,13]. It is now a well-established fact that there are three types of magnetic interactions, namely Cr3+-Cr3+, Cr3+-R3+ and R3+-R3+, in RCrO3 materials, which govern their distinct magnetic properties in different temperature ranges [5]. The interaction Cr3+-Cr3+ is responsible for the canted antiferromagnetic behavior below the Néel transition temperature, whereas the Cr3+-R3+ interaction gives rise to negative magnetization or magnetization reversal below a certain temperature, known as the compensation temperature, provided that the R3+ ion is magnetic. The negative magnetization occurs due to the antiparallel coupling between the Cr3+ moments and rare-earth ion moments [14]. Since the last decade, researchers have also been exploring these materials for their usefulness as a low-temperature refrigerant employing the magnetocaloric effect, which is measured in terms of magnetic entropy change and relative cooling power [10,11,12,13,15,16,17,18,19,20]. Magnetic refrigeration involving solid materials is a cooling technology that is more efficient, inexpensive, safer and more environmentally friendly than the conventional vapor-compression-based technology. It was reported that Gadolinium and Gadolinium-based compounds are important working materials for magnetic refrigeration. For example, Yin et al. reported 31.6 J/kg-K magnetic entropy change in GdCrO3 single crystal at 3 K under a 4.4 T applied magnetic field [18]. Shi et al. also reported a magnetic entropy change of 27.6 J/kg-K in Er0.33Gd0.67CrO3 at 5 K and 7 T [19]. The effect of Mn substitution at the Cr site in Gd0.5Er0.5CrO3 has not been explored yet. Therefore, it is worthwhile to investigate the magnetic and magnetocaloric properties of Mn-substituted Gd0.5Er0.5CrO3 compounds.



In the present work, we synthesized Gd0.5Er0.5Cr1−xMnxO3 ( x  = 0, 0.1, 0.2, 0.3, 0.4, 0.5) compounds and investigated the effect of Mn substitution on the magnetic and magnetocaloric properties. We also compared the experimental results with theoretical models.




2. Experimental Details


Gd0.5Er0.5Cr1−xMnxO3 (  x    = 0, 0.1, 0.2, 0.3, 0.4, 0.5) (abbreviated as GECMO) orthochromites were prepared by the solid-state reaction method. Stoichiometric amounts of high-purity Gd2O3 (99.99%, Sigma Aldrich, St. Louis, MO, USA), Er2O3 (99.99%, Sigma Aldrich, St. Louis, MO, USA), Cr2O3 (99.99%, Sigma Aldrich, St. Louis, MO, USA) and MnO2 (99.99%, Sigma Aldrich, St. Louis, MO, USA) were mixed and grounded. The mixed powders were calcined for 24 h at 800 °C and 1100 °C. Finally, the calcined powders were reground and pressed into uniform cylindrical pellets, which were sintered at 1450 °C for 48 h under ambient conditions. The samples were characterized for phase identification using an X-ray diffractometer (XRD; PANalytical-Empyrean, Almelo, The Netherlands) at room temperature using Cu-Kα radiation with wavelength 1.5404 Å at a step of 0.01° per second between 20° and 80°. Magnetic measurements were performed using a physical properties measurement system (PPMS DynaCool). Magnetization temperature data were collected between 2 K and 300 K in field-cooled (FC) and zero-field-cooled (ZFC) modes. The ramp rate was 4K/minute for both the modes. The magnetization–applied field (  M − H  ) isotherms were measured under  H  = ±8 T.




3. Results and Discussion


3.1. Structural Study


Figure 1 displays the Rietveld-refined XRD patterns of the sintered GECMO orthochromites. It is clear from the XRD patterns that there are no impurity peaks in these series of samples and the diffraction peaks are well matched with the pristine GdCrO3 compound (JCPDS Card No. 25-1056). The refinement was carried out by using Fullprof software with orthorhombic structure and Pnma space group. The calculated lattice parameters, unit cell volume ( V ), reliability factors, octahedral bond length (Cr–O), octahedral tilt angles, strain factor and Goldschmidt tolerance factor ( t ) of all compounds are presented in Table 1. It can be seen that there was an increase in the lattice constants  a  and  c , while the  b  value was reduced with increasing Mn3+ ion content. Their variation is shown in Figure 2a. Further, the lattice volume was also increased because of the larger ionic radius of the Mn3+ ion (0.645 Å) compared to that of the Cr3+ ion (0.615 Å) (Figure 2a). When the Mn3+ ion was substituted at the Cr3+ ion site, a strain developed in the lattice because of the different ionic radii, and, to ensure the stability of the crystal structure, the CrO6 octahedra rotated or tilted. The strain factor was calculated by  S  = 2( a   −   c )/( a  +  c ), which arises as a result of octahedral rotation/tilting [21]. The distortion in the perovskite structure is also represented by the octahedral bond length and tilt angles θ[101] and ϕ[010]. In the present study, the octahedral bond length Cr–O and tilt angles θ[101] and ϕ[010] were calculated by the Zhao formalism [22] as follows:


   Cr – O =         a b   4 c       ,    θ  [ 101 ]   =  cos  − 1      c a        and    ϕ  [ 010 ]   =  cos  − 1             2   c  b      











The octahedral bond length Cr–O increased in Mn-substituted compounds because the Mn3+ ion had a larger ionic radius than the Cr3+ ion. The rotation of the CrO6 octahedron occurred in both planes, i.e., in-plane (along a and c axis) and out-of-plane (along b axis). The tilt angle θ[101] was found to increase, while the rotational angle ϕ[010] decreased with an increase in the Mn3+ ion concentration (Figure 2b). In determining the stability of the perovskite structure, the Goldschmidt tolerance factor ( t ) plays a key role. In order to calculate the tolerance factor ( t ) for the present compounds, we used the formula  t  = < Gd/Er–O >/   2    < Cr/Mn–O >. The unity value of  t  corresponds to an ideal perovskite structure, while 0.75 ≤  t  ≤ 0.9 favors a distorted orthorhombic structure [23,24]. Further, it should also be noted that the classical consideration of ionic size alone cannot explain the structural characteristics. To obtain a more accurate understanding of the structural characteristics when Mn3+ ions replace Cr3+ ions, we performed a detailed structural analysis. Figure 3a presents the crystal structure of the GECO compound generated using VESTA software. It can be noticed that the structure is distorted from the ideal cubic structure (distortion shown in Figure 3b). This results in variation in the bond lengths. Figure 3c shows the Cr–O bond length variation in the Cr–O6 octahedron as a function of the Mn concentration. The difference among the three Cr–O bond lengths in all compounds can be correlated with the Jahn–Teller (JT) distortion of Mn3+ ions, along with a contribution from intrinsic structural distortion. The in-plane (orthorhombic-like) and out-of-plane (tetragonal-like) distortions evaluated by Q2 [=    l y     −     l x   ], and Q3 [= (2 ×     l z     −     l x     −     l y   )/   3   ], respectively, are shown in Figure 3d. Here,    l x   ,    l y    and    l z    denote the long and short Cr–O2 bond lengths mainly in the   a c   plane and the middle bond length Cr–O1 mainly along the  b  axis (out of plane), respectively. O1 and O2 stand for the apical and equatorial oxygen atoms. Here, the large and positive magnitude of Q2 is associated with the Jahn–Teller distortion and the low and negative value of Q3 indicates that an out-of-plane distortion along the  c  axis is competing with the JT distortion [25,26]. This implies that the lattice deformation is primarily confined to the   a c   plane. A higher value of Q2 in comparison to Q3 indicates a decrease in the  b  lattice parameter value and an increase in the  a  and  c  parameters, as shown in Figure 2a. The continuous variation in the in-plane and out-of-plane distortions with Mn substitution should have an impact on the magnetic properties.




3.2. Magnetic Study


The zero-field-cooled (ZFC) and field-cooled (FC) magnetization plots of the GECMO series as a function of temperature from 2 K to 300 K at 100 Oe applied magnetic field are shown in Figure 4a–f. Above TN (i.e., the Néel transition temperature), both the FC and ZFC curves possess almost identical magnetization, whereas the curves become bifurcated below TN. The canted antiferromagnetism of Cr3+ ions may be responsible for this bifurcation. The transition temperature for the pristine ( x  = 0) sample at 100 Oe magnetic field is ~144 K, which was evaluated by the first-order derivative of the magnetization temperature curve. The transition temperature decreased with an increase in Mn3+ ion content. The decrease in TN was due to the weakening of the AFM interaction between Cr3+ ions and the development of ferromagnetic double-exchange interaction Cr3+-Mn3+ via the O2- ion. It can be seen that, below TN, magnetization in both modes (ZFC and FC) increased to a certain value with the lowering of temperature. It attained the maximum value below 10 K, corresponding to the ordering of rare-earth Gd3+ and Er3+ ions, and after this, it started decreasing. The magnetization increased with Mn3+ ion doping for the samples with  x  = 0, 0.1, 0.2, 0.3 in FC mode, but it decreased in the case of the samples with higher Mn content. The magnetization in both modes (FC and ZFC) passed the zero magnetization and became negative for the two samples with  x  = 0.4 and 0.5. The temperature where the magnetization crosses the temperature axis ( M  = 0) is known as the compensation temperature (Tcomp). Further, in the case of the compound with  x  = 0.4, magnetization again started increasing below 10 K. This may have been due to the rotation of the net magnetic moment from one easy direction to the other. In the present study, it is likely that a higher concentration of manganese was responsible for the creation of a negative internal field that rotated the magnetization of Gd3+ and Er3+ ions in the opposite direction of the magnetization of Cr3+ ions. As we shall see later, the calculated value of the internal field was negative (i.e., opposite to magnetization of Cr3+ ions) for compounds with  x  = 0.4 and 0.5.



Figure 5a–d demonstrate the zero-field-cooled and field-cooled magnetization as a function of temperature from 2 K to 300 K for the compound with  x  = 0.5 at 500 Oe, 1 kOe, 2.5 kOe and 5 kOe applied magnetic field. Here, we observed that, for a higher magnetic field, negative magnetization disappeared. This means that the applied field of these values dominated the internal field, so the overall magnetization became positive because of the flipping of the magnetization of Gd3+/Er3+ ions in the direction of the applied field.



Further, the FC magnetization data of the compounds, in which negative magnetization appeared, were fitted using the following equation [27]:


  M =   M Cr     +   C   H +  H I        T − θ      



(1)







In Equation (1), M is the total magnetization, MCr is the magnetization of canted Cr3+ ions, C is the Curie constant, HI is the internal field due to Cr3+ ions, H is the applied field and θ is the Weiss temperature. The fitting is shown by a solid red line in Figure 6a,b. The obtained parameters are listed in Table 2. We found negative values of internal field (HI) for these compounds, which support the notion that induced magnetization occurred in the opposite direction to the applied field.



Figure 7a–f express the inverse of magnetic susceptibility (   χ  − 1    ) versus temperature (T) plots of GECMO compounds measured at 100 Oe applied magnetic field. In the high-temperature region, the inverse of magnetic susceptibility obeys the Curie–Weiss law  χ  = C/(T-θ), where C is the Curie constant and  θ  is the Weiss temperature. The solid red line shows the fitted curve using the Curie–Weiss law in the paramagnetic region above the transition temperature. The experimental value of the effective magnetic moment was calculated in the unit of Bohr magneton (   μ B   ) using the fitted Curie constant (C) value by the following equation [28]:


    μ  eff   e x p .     =     3  K  B     C  N      =   8 c     



(2)




where N is the Avogadro number and  k B is the Boltzmann constant. The theoretical effective magnetic moment value was also estimated using the free ionic moments of Gd3+ (7.9    μ B   ), Er3+ (9.59     μ B   ), Cr3+ (3.87    μ B   ) and Mn3+ (4.90    μ B   ) by the following equation:


   μ  eff   T h .   =     0.5        μ  eff   G d      2  +   0.5        μ  eff   E r      2  +   1 − x        μ  eff   C r      2  + x      μ  eff   M n      2     



(3)







The value of fitted parameters (C and θ) and effective magnetic moment (calculated and experimental) are summarized in Table 3 for all compounds. Here, a negative value of θ suggests that the interaction is antiferromagnetic [29]. It is quite satisfactory that both the values of effective magnetic moment (calculated and experimental) match fairly well with each other.



As is apparent from Figure 7a–f, the 1/χ versus  T  data fit well with the Curie–Weiss law above the transition temperature (   T N   ) and it deviates close to    T N    as there is an abrupt drop in 1/χ with temperature reduction. The reason for this is that our samples were in a canted antiferromagnetic state instead of simple antiferromagnetic. Such a deviation from the Curie–Weiss behavior can be accounted for by the antisymmetric exchange (DM) interaction [30]. Thus, the susceptibility was fitted by the modified Curie–Weiss law obtained from the DM interaction:


   χ =   C ′     T −  θ ′            T −  T 0        T −  T N  C  r ’        ,     



(4)




where    T  0       and    T N  C  r ’      are the fitted parameters, which can be calculated by the formula given by Moriya [30]:


    T  0       =   2  J  e     Z S   S + 1     3  k B    ,   



(5)






   T N  C r   =  T  0         1 +        D e    2    J e       2      1 / 2    



(6)




where Z is the coordination number of Cr3+ ions, S is the spin quantum number of Cr3+ ions, and Je and De are the strength of symmetric and antisymmetric exchange interactions between Cr3+ and Cr3+ ions, respectively. The data fitted using Equation (4) are shown as the insets of Figure 7. The fitted parameters C ’ , θ ’ , T0 and    T N  C  r ’      are summarized in Table 3. The non-zero values of    D e    imply the presence of a DM interaction in these compounds.




3.3. Magnetocaloric Study


With the aim of exploring the efficiency of the materials for magnetic refrigeration applications, the isothermal magnetization   M − H   curves of the GECMO samples were obtained in the first quadrant with an applied field of up to 8 T. Figure 8a–f show the   M − H   curves obtained from 5 K to 170 K with an interval of 5 K for GECMO samples. There are two criteria that are used to characterize the magnetocaloric effect: the first is the magnetic entropy change (∆S) and the other is the relative cooling power (RCP). The magnetic entropy change was calculated by using the following Maxwell’s relation [31]:


  ∆ S  ( T )  ∆ H  =   ∫    H I     H F        ∂ M   T ,       H    H    d H   



(7)







Figure 9a–f display the magnetic entropy change calculated from Equation (7) as a function of temperature under various applied field strengths. It can be noticed that the value of  − ∆S increased rapidly with a decrease in temperature. The maximum value of  − ∆S is 26.78 J Kg−1K−1 at 7.5 K and at 8 T applied field for the  x  = 0 compound. This is comparable to the Er0.33Gd0.67CrO3 compound [19] and higher than other compounds such as DyCrO3, HoCrO3, ErCrO3, etc., and dysprosium acetate tetrahydrate [32]. Furthermore, with the Mn doping in the pristine compound, the value of  − ∆S decreased. RCP was evaluated by the following equation


  RCP =   ∫    T 1     T 2    Δ S    T    Δ H   d T  



(8)




where  T 1 and  T 2 are the lower and higher temperature of the refrigeration cycle ( T 1 = 7.5 K and  T 2 = 172.5 K in this study), respectively. A greater RCP value generally denotes a better magnetocaloric compound because of its high cooling efficiency. As displayed in the inset of Figure 9a–f, the value of RCP increased with the increase in applied field. The values of   −  ∆S and RCP for the GECMO series are listed in Table 4 for different applied magnetic field values.



To gain a better understanding of the magnetocaloric effect, we further explored the magnetic entropy change ( − ∆S) in view of the magneto-elastic coupling and electron interaction according to the Landau theory of phase transition [33,34]. According to this, the Gibbs free energy can be defined as:


  G   T , M   =  1 2  A  M 2  +  1 4  B  M 4  +  1 6  C  M 6  − M H  



(9)




where  A ,  B  and  C  are the temperature-dependent parameters (Landau coefficients). At equilibrium, energy should be minimized, i.e.,     ∂ G   ∂ M     = 0, and Equation (9) gives


   H    M   =    A    + B  M 2  + C  M 4   



(10)







The Landau coefficients were calculated from the Arrott’s plots (  H / M   vs.  M 2) by the best fit method. Magnetic entropy change was obtained by differentiating Gibbs free energy with respect to temperature:


  Δ  S M    T , H   = −  1 2    ∂ A   ∂ T    M 2  −  1 4    ∂ B   ∂ T    M 4  −  1 6    ∂ C   ∂ T    M 6   



(11)







The magnetic entropy change calculated by Landau theory was compared with that calculated by Maxwell’s thermodynamic relations under 5 T magnetic field and the comparison is shown in Figure 10a–f. The variation in the Landau coefficients is also shown in the inset of each plot. It can be seen from the plots that the magnetic entropy change versus temperature behavior is the same according to different models.





4. Conclusions


In this paper, we studied Gd0.5Er0.5Cr1−xMnxO3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) compounds for their low-temperature magnetic and magnetocaloric properties. The   M – T   measurements indicate that the transition temperature for the pristine sample was ~144 K, which decreased with Mn substitution. We also observed negative magnetization at lower magnetic fields in compounds with  x  = 0.4 and 0.5 Mn concentrations. The existence of the magnetization reversal offers the characteristic switching of magnetization. The magnetocaloric parameters such as magnetic entropy change ( − ∆S) varied from 16.74 J/kg-K to 7.46 J/kg-K and relative cooling power (RCP) from 375.94 J/kg to 220.22 J/kg with Mn concentration under a 5 T field change. These values are significant for these materials to be useful as low-temperature magnetic refrigerants, especially below 10 K.
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Figure 1. Rietveld-refined XRD patterns of the GECMO series. 






Figure 1. Rietveld-refined XRD patterns of the GECMO series.



[image: Crystals 12 00263 g001]







[image: Crystals 12 00263 g002 550] 





Figure 2. (a) Lattice parameters, volume, (b) strain parameter and tilt angle variation as a function of Mn concentration. 
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Figure 3. (a) Crystal structure of Gd0.5Er0.5CrO3 compound obtained from the VESTA software;    l x   ,    l y    and    l z    denote the long and short Cr –  O2 bond lengths mainly in the   a c   plane and the middle length Cr –  O1 mainly along the  b  axis (out of plane), respectively. (b) Q2 and Q3 represent the orthogonal-like and tetragonal-like distortions, respectively. (c) Bond lengths and (d) octahedral distortion variation as a function of Mn concentration. 
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Figure 4. (a–f): ZFC and FC magnetization curves of GECMO series measured under 100 Oe magnetic field. 
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Figure 5. (a–d): ZFC and FC magnetization curves of  x  = 0.5 compound measured under 500 Oe, 1 kOe, 2.5 kOe and 5 kOe magnetic field. 






Figure 5. (a–d): ZFC and FC magnetization curves of  x  = 0.5 compound measured under 500 Oe, 1 kOe, 2.5 kOe and 5 kOe magnetic field.
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Figure 6. (a,b): The FC magnetization curves fitted to Equation (1) for compounds with  x  = 0.4 and  x  = 0.5 measured under 100 Oe magnetic field. 






Figure 6. (a,b): The FC magnetization curves fitted to Equation (1) for compounds with  x  = 0.4 and  x  = 0.5 measured under 100 Oe magnetic field.



[image: Crystals 12 00263 g006]







[image: Crystals 12 00263 g007a 550][image: Crystals 12 00263 g007b 550] 





Figure 7. (a–f): Inverse magnetic susceptibility versus temperature plots of GECMO series measured at 100 Oe applied magnetic field. Open circles represent the experimental data points whereas solid lines of plot display the fitting to the Curie–Weiss law. Insets represent the fitting of inverse magnetic susceptibility versus temperature using Equation (4). 
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Figure 8. (a–f): Isothermal magnetization M–H curves of the GECMO series. 
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Figure 9. (a–f): The temperature dependence of magnetic entropy change ( − ∆S) and relative cooling power (inset) of GECMO series in magnetic fields up to 8 T. 
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Figure 10. (a–f): Temperature dependence of magnetic entropy change ( − ∆S) of GECMO series calculated using Landau theory and Maxwell’s relation. Insets show the variation in Landau coefficients. 
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Table 1. Lattice parameters, unit cell volume ( V  ), reliability factors, octahedral bond length, tilt angles, strain factor and Goldschmidt tolerance factor ( t  ) of GECMO series.
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	    x = 0    
	    x = 0.1    
	    x = 0.2    
	    x = 0.3    
	    x = 0.4    
	    x = 0.5    





	  a    (Å)
	5.5220
	5.5335
	5.5530
	5.5835
	5.6072
	5.6372



	 b (Å)
	7.5648
	7.5541
	7.5439
	7.5376
	7.5183
	7.5029



	 c (Å)
	5.2691
	5.2709
	5.2721
	5.2767
	5.2740
	5.2744



	 V (Å3)
	220.109
	220.330
	220.860
	222.081
	222.340
	223.085



	χ2 (%)
	3.29
	2.48
	2.08
	1.94
	2.62
	2.03



	 R P (%)
	19
	16.7
	16.1
	16.7
	19.5
	19.2



	 R WP (%)
	14.9
	12.6
	11.4
	11.7
	13.6
	12.8



	Cr–O (Å)
	1.982
	1.9825
	1.9864
	1.9925
	1.9983
	2.0047



	 θ (ο)
	17.40
	17.71
	18.29
	19.06
	19.84
	20.65



	ϕ (ο)
	9.922
	9.32
	8.75
	8.06
	7.22
	6.19



	  S  
	0.0468
	0.0486
	0.0518
	0.0564
	0.0612
	0.0665



	  t  
	0.8523
	0.8510
	0.8497
	0.8484
	0.8472
	0.8459
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Table 2. List of fitting parameters for negative magnetization of   M – T   curves in FC mode as shown in Figure 6a,b.
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	Compound
	External Field (Oe)
	    H I    

(Oe)
	   θ   

(K)





	 x  = 0.4
	100
	−301.81
	−24.43



	 x  = 0.5
	100
	−360.70
	−24.59
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Table 3. Magnetic parameters: Curie constant C (emu-K/Oe-mole), Weiss temperature θ (K), experimental and theoretical effective magnetic moment obtained from Curie–Weiss fitting, and    T N  C  r ’      (K), θ    ’   (K), C    ’   (emu-K/Oe-mole), fitting parameter T0 (K) and symmetric and antisymmetric exchange constant obtained from modified Curie–Weiss fitting of inverse susceptibility vs. temperature data.






Table 3. Magnetic parameters: Curie constant C (emu-K/Oe-mole), Weiss temperature θ (K), experimental and theoretical effective magnetic moment obtained from Curie–Weiss fitting, and    T N  C  r ’      (K), θ    ’   (K), C    ’   (emu-K/Oe-mole), fitting parameter T0 (K) and symmetric and antisymmetric exchange constant obtained from modified Curie–Weiss fitting of inverse susceptibility vs. temperature data.





	Compound
	  x   = 0
	  x   = 0.1
	  x   = 0.2
	  x   = 0.3
	  x   = 0.4
	  x   = 0.5





	θ (K)
	−26.59
	−28.57
	−26.29
	−24.39
	−23.73
	−21.48



	C(emu-K/Oe-mole)
	10.99
	11.80
	11.56
	11.59
	11.76
	11.70



	   μ  eff   e x p .    (μB)
	9.38
	9.72
	9.62
	9.63
	9.70
	9.68



	   μ  eff   T h .    (μB)
	9.60
	9.65
	9.69
	9. 74
	9.79
	9.83



	   T N  C  r ’     (K)
	144.28
	132.77
	119.10
	103.91
	86.02
	68.01



	T0 (K)
	143.03
	131.33
	117.13
	102.68
	84.23
	66.71



	θ ’  (K)
	−53.42
	−48.98
	−51.07
	−36.70
	−36.8
	−28.34



	C    ’  (emu-K/Oe-mole)
	11.91
	12.50
	12.41
	12.00
	12.19
	11.91



	Je/  k  B
	9.54
	8.76
	7.81
	6.85
	5.62
	4.53



	De/  k  B
	2.53
	2.60
	2.88
	2.13
	2.33
	1.80
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Table 4. Magnetic entropy change (  −   ∆S) and relative cooling power (RCP) at different applied magnetic fields for the Gd0.5Er0.5Cr1−xMnxO3 series.
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Compound

	
    x = 0    

	
    x = 0.1    

	
    x = 0.2    

	
    x = 0.3    

	
    x = 0.4    

	
   x      = 0.5   






	
HMax.

(T)

	
   −   ∆SMax.

(J/kg-K)

	
RCP

(J/kg)

	
   −   ∆SMax.

(J/kg-K)

	
RCP

(J/kg)

	
   −   ∆SMax.

(J/kg-K)

	
RCP

(J/kg)

	
   −   ∆SMax.

(J/kg-K)

	
RCP

(J/kg)

	
   −   ∆SMax.

(J/kg-K)

	
RCP

(J/kg)

	
   −   ∆SMax.

(J/kg-K)

	
RCP

(J/kg)




	
1

	
3.34

	
75.18

	
3.25

	
77.19

	
2.87

	
70.15

	
2.94

	
65.52

	
2.10

	
58.73

	
1.49

	
44.04




	
2

	
6.69

	
150.37

	
6.51

	
154.38

	
5.74

	
140.30

	
5.88

	
131.04

	
4.20

	
117.46

	
2.98

	
88.09




	
3

	
10.04

	
225.56

	
9.77

	
231.57

	
8.62

	
210.46

	
8.82

	
196.56

	
6.31

	
176.20

	
4.47

	
132.13




	
4

	
13.39

	
300.75

	
13.02

	
308.76

	
11.49

	
280.61

	
11.76

	
262.08

	
8.41

	
234.93

	
5.96

	
176.18




	
5

	
16.74

	
375.94

	
16.28

	
385.95

	
14.36

	
350.76

	
14.70

	
327.61

	
10.52

	
293.67

	
7.46

	
220.22




	
6

	
20.09

	
451.13

	
19.54

	
463.14

	
17.24

	
420.92

	
17.64

	
393.13

	
12.62

	
352.40

	
8.95

	
264.27




	
7

	
23.44

	
526.32

	
22.79

	
540.33

	
20.11

	
491.07

	
20.58

	
458.65

	
14.72

	
411.13

	
10.44

	
308.32




	
8

	
26.78

	
601.51

	
26.05

	
617.52

	
22.99

	
561.23

	
23.53

	
524.17

	
16.83

	
469.87

	
11.93

	
352.36

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
M(emu/g)

M(emu/g)

L

S

0 s 10 150 20 20
T(K)

0 S0 M0 1s0 200 250 30
T(K)





media/file4.png
. i /W L
< 5.2716 - @/@ lg ]
“s2693f o—— | e 4f
°< [ =
- 7.520 6
= - 211 F
7.488 ‘ 1 . ] . ] . ] \ I , | . 20 _
< 5.610 19
N I 18 |
5525 F . ; . . . . . . . . 17k - , . . . . .
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 04 0.5

Mn Concentration (x) Mn Concentration (x)





media/file30.png
—AS (J/kg-K)

10

(e) x=04

A (Oe-glemu)x10’
[\°] w =

—
T

o
[

O 1 1 1 1 1
0 30 60 90 120 150 180
T X)
0.6F o C 't

o

'S 0.4

X

Y 0.2} ]

E R ®e o
w; 4

éf—O.Z 3

] ®

30

60 90 120 150 180
¥

S
@

B (Oe-g>/emud)
[y
)

—AS (J/kg-K)

30 60

120 150

180

® x=0.5

A (Oe-g/emu)xl()3

1-...

B (Oe-g/emu’)

+1-0.8

C (Oe-gS/emudix10™>

N

A‘AAAA

N

2 120 150 180
T X

A A A A AAA A A, A

Lo
""""r‘r‘—p\

PRI

90
T (K)

120

150 180





media/file18.png
L

I/XN(kOe g/emu;

=

(e)

X5
=
¥
B
Y4tk
Q
=<
A
R
- 2L
0 L L L
50 100 150 200
T (K)
] a5 0 . . .

300

n
=

100

150 200

T (K)

250

300

1/y (kOe g/emu)

= =
F———————

[\
r——r—r—

(H

.
|

0.5

1/y (kOi g/emu;

~
T

0 100

U.O

150 200 250 300

T (K)
e a1 . .

50

100

150 200
T (K)

250

300





media/file26.png
120 140 160 180

20 40 60 80 100

([l
(2
{11
ptl
|
(L
it
i

i
I

11T
LT
{11

T (K)

100 120 140 160 180

(K)

OI-3Y/r) SV-

D -
N
T
(LT
1 Ll o LT - m
m .m. e NP AIN
Aw v NP eIn
/) dDA 1=
\&
af =
& I
o |
~ P 4
o
_
] ] | )
& e, &
—

K
m o
- 0 ) -
m il 0
. il -1 \O
g & |~
T m _:,____ 0
] — m i) - 4
m ~ i 1
|~ - il
= g s
1 [ —
=
o Al -
1 T
= [T - m
4 1 —
K LT -
| PN
L ! 1l o i m
m m e L
ngNpesn
(3w/r) dOd muNpesY
[T LT ] - m
NP ALy
- NP AP
= e =
& 1=
Ol
~
4 &
(@
[ 1 | =]
W, & W, &
o

(>1-3v/r)

SV-

T

T (K)





media/file27.jpg
3

¥

—aS (Ike-K)






media/file3.jpg
@

e

4—/«/

o 66
Ssm
& 495,

®

/

W o1 0z 03 s
Mn Coneentration (x)

s

W 1 02 03 04 05
Mn Concentration (x)






media/file22.png
M (emu/g)

M (emu/g)

0 20 40 60 80

M (emu/g)






media/file20.jpg





media/file19.jpg





media/file7.jpg
5
cH
El
£ 3
E‘iz
1
o
R0 00 150 200 350 300 0 30 100_150 200 250 300
T (K) T(K
12,
=%
il o
Eog\ x=02 = 818 x=03
S £ i
= ER
: ©| =: @
0| 0
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (K) T (K)
i x=05
Ll
0 50 100 150 200 250 300 0 50 100 150 200 250 300

T (K) T (K)





media/file28.jpg
o) sv-





media/file14.png





media/file6.png
Octahedron distortion (A) Bond length (A)

.Gd/Er Ocr 001002

2.04

2.00

1.96

1.92
0.08

0.04

0.00

-0.04

_(¢)

Cr-0, (1,)

___k

/

Y —

"

*

R ‘\Cr-O (l )
z_yk el e —_—
v ‘ N W " Cr-0. (1
l 1 * 1 l 1 l 1 l ’ ( .X) l
| M
| "— \/
Orthorhmbic-like (Q2)

L T ook )

0.0 0.1 0.2 0.3 0.4 0.5






media/file15.jpg
H=

(o3 30w %t

5 I
il 3
o
H
g 2
> N e e
G 50m £t RS0 T

=" habdaon T

0
T (K)

150

00






nav.xhtml


  crystals-12-00263


  
    		
      crystals-12-00263
    


  




  





media/file11.png
-6

(a)
0 50 100 150 200 250 300
T (K)

M(emu/g)

4

) ,

5 ¥

N E
AE &

A B -

i 2=

[y = N
2 C

o 4 2=

-~ ==
& =
J <,
05 =)

(b)

0 50 100T 150 200 250 300





media/file24.jpg
A8 (/kg-K)

o
TK)






media/file29.png
25+ s oA RS L& 25 S >
= 4+ B .\ /.. A I o® ‘
(a) x=0 e MU L (b) x=01 .. R
A3t ’10’... \ E % JOJ”.‘::)\’ g
n _ g loa, 23t Vi {04 §
20 H=5T gnz- ...J‘A ° & 20 %2_0“"".““ R .*"“-0.0%“
g —4&—Landau theory S ,...::;:-’ \/-’. 0.0 & — 8 “...-“ loss
, —A— Maxwell relation | o - <A e los
on 15 - 0 30 60 9 120 150 180 5'13 15 ol .. 0 '
LY 0 30 60 90 120 150 180
T (X Y
; 1.OF ' = T &)
N 2.5 ]
- X '
VL 0.0 [aasassssanna, 1 N S 15
<T g A R \ < 10 .ﬁ)j 1.0
@ID-O.S \ - | 5 3.2
S 1ol A ] ', 0.0 [assassnasnnans,,
5t o 1.0 \ 1‘& 5 é_(l)z MA.MA‘Y“ [
L5} oL
0 30 60 90 120 150 180 ASp
T(K) 0 20 40 60 80 100 120 140 160
"""A A.A A A A 2 Ai A :AididrAAAA.A.A T(K)
0_ ool W w . w o w o o 0 ""A"A"AA“‘ A L AAA A DA A A A
| L | | | | 1 1 1 . 1 , 1
0 30 60 T9(()K) 120 150 180 0 30 60 T (%g) 120 150 18(
20 T : - : : — 0.8
oA f\ o® (d) X = 0°3 ! +1]§ I o.... 0.6 5
© x=02 03 el is} ST P
x =0. o[- Y e o %5 :
-8l ;o : : 2 104,
: - 2 22 #143 p
15 S2t IO 02 3 & o \ 02 3
o [} — < o0 0%® [+
9 @1 . \ = x <1} \Om“oo'O‘o 0.0
< '3:° ..o'...“ 3 10.
o8 1 0 . s s s s
I 0O 1 1 1 1 1 - -
(@) % 30 60 90 1o 10 180" o 10 0 30 60 T%?() 120150 180
x 10 0.1 T( . . é 01 i C:- T T
5 vl A 3 L —
~— - 0.0% AAA\AM"A = 0.1} o'.\.f
X X
‘D "’i\ 0.1 \A‘ ‘D 16; 02+
< 5 \A‘\ < £ -03f
I 5 B I{i?" -0.2 by / | 5 B "EIAD 0.4}
) A\A [ S sl
V.03 | | A | | © o6l | | | | | 1
0 30 60 90 120 150 180 30 60 90 120 150 180
0 "A’\A WWW A.A.A.A.A.A.A T (I<)
0 - T TS EEERA A AL A AL A
1 | | 1 1 | | | | |
0 30 60 120 150 180

60





media/file2.png
Intensity (arb. units)

- lobs
—I¢al

— Iobs-Ical

Bragpesky y

LAA

0.5

X

I
h

[
A,

A

o . . i - ey
[ e ! L1 1 1 1 1 11 1 1Y 1 1
— |
v L
I I | . | |
x=0.4
{ s AR M A Lk A P e
| 11 I I |'| ] A 1 Fonn [ um I me | {1 1 1 O T A T
N 1 I+ 1 ] ] . 1 ]
x=0.3
i B T WU V' W WY U —
I 11 | Inrm [ I T | 1 mwmunn | 111 1 O e T MLt
J-r 'I' r _AVJ. P, Iy vy
I I | . | |
8
x=0.2
A i A AR Avﬂ M w A - N g
| 1] I I lll Il I 1 T | 00 W wme e mee e e e e e e
i * I et i : 7 : i : I :
x=0.1
A M A A A A
| ] | I T T | | (i R 1 1 T 1 e T MV RV Y VUYL T e V(TN
An, A AR A AN '
I - I 1 1 1 .
8 - Py —_ —_—
o Sk Na —_— 4 =4 o 0
= o~ ~h = _ = e N
= = S5 e 3. 8§ 3I S5 -~
&
R S I = N S = — oo o« “ @ e
— S - e QA ~ - " -r —
=5 T < S == Q @
AR A A PN S S

1 110t (10 Ty
fn, -~ S
i v

| I ll [ A 11T 1 VRN AU ART T Y R VTV
A M A
nia'ulThle
l l | L | |

40

50 60
20 (degree)

70 80





media/file23.jpg
-AS (J/kg-K)

ERC ]

rerony

R T T
TK)

—AS (J/kg-K)

werung

w0
TK)





media/file10.jpg
M(emu/g)
omLa e

050 100 150 200 250 300
T(K)

M(emu/g)

)

o wa o

050 100 150 200 250 300
T(K)





media/file5.jpg
Qcur Ocr 001002

—_— cr0,(y)

gj)/_'\'—’_’\;—/’

Orthorhmbic-like (Q2)

Tetragonalike (Q3)

hedron.

o0 0 0z 03 04 05





media/file1.jpg
Intensity (arb. units)

20

40 50 60 70 80

20 (degree)





media/file16.jpg
5
*
9

€

(nwag 20%) X/1

x=04

©

20w

i

I

100

TowaFaonf 1 =

TK)

TK)





media/file12.png
M(emu/g)
SEWHENA

(c)

0 50 100 150 200 250 300
T (K)

M(emu/g)

15

—
(P

L] L] L]
(e(osse e Ly
‘“&“«(:mn|||\|||||||Il"
I

(d)

0 50 100 150 200 250 300
T (K)





media/file9.jpg
@ =
4 ) =] ®
k. 0 4 050 100 150 200 250 300

50 100 150 200 250 300
T (K) T(K)





media/file0.png





media/file17.png
300

S0

200

100

?M_u\w d

52
o =
Ay 1
— -
Il T
o P I
(nima/3 20y) X1
_
)
-
o [ 1 o o o o 1 o o o o 1 o o o
\& -3 (| &
(nwd/3 30Y) X/1
-2®.
— 1257
I .
e g
* (wogoon "
N
-
=)
=) il
—
a1 . 2 o o 0 2 2 3 2 1 o
o o} - (@] &

o) X/1

50

S

W,

o

S

=

2)
<

OT

W

y—

S

=

y—

—

S

N

S

g

(g
~
A

OT

w

A

200 250 300

150

S0

] <

(nwa/3 503) X/1

(d)

300

T (K)

100
]

200

S0

R I~ N W

(w330 Y1~

200

50

a 2
[ ] T-
() z
[l
< : -
(nurd/3 20Y) X/1 1
~
&
| —
s a s leazssaslessasslsssasl el
@ >~ & WU T - >

S

re)

(o
=
A

OT

uw,

—

S

=

—

—

S

en

S

g

g\

-
e’

S

ST

o

—

=

o





media/file8.png
w

M(emu/g)

5 TSR

H =100 Oe

= T S
5\ o ZI C
2N
2
=
12, Y
=~
A\ - FC
)

1-
(a)
0 1 1 1 1 1 1
0 50 100 150 200 250 300
T (K)
=8
QD <
= 613 x=0.2
= |
3 4
= 2\ (©)
0 50 100 150 200 250 300
T (K)
-
=
é’l- x=0.4
(e)
O
0 50 100 150 200 250 300

T (K)

0

0

50 100 150 200 250 300
T (K)

x=0.5

()

0

50 100 150 200 250 300
T (K)





media/file25.png
100 120 140 160 180

,,,,,,

100 120 140 160 180

S o
) il
- w 1
L ({10
- AO—. Ji ]
- Tyl
I m 1A K
T i N’
1<° o
e i {gF
N = ] [
D
(31/r) dOY 94 ¢
[T mmmmw
LI LT
ayNpd i
A s pdt -
= SO evie -
o~ ¥
e
~— P =
o
[ [ 2 [ 2 [ o [ =)
\, w, & w, &
(o | o o
&
> o]
ol o
0
1 -
B 43
il ] 0 4 N
d ) &
- o~ i
S m\ i 9
1K il
= I —
g ,;3 - &)
i [ (il —(
6 ([Pl -
1 ipu 0
1< b - 0)
o B _ w—
h {17 - m
- 0 T
S [t
HOTT -
[T 8
[TLT]]
(LT
g P/ - m
LU LT
ZgRpdsn
iy apdin
< Vorr Oovie F
~ AP s
S 7
-~ M o < .
— < 1
~
- - -
[} — <
o [ [ [ [ [ 2
& \, & T ) & w, &
en o

(1-3Y/r) SV-

100 120 140 160 180

T (K)

80

0 20 40 60

400 |

(o]

(3w/r) dD

100 120 140 160 180

25

1
—
o

W — W =

100 120 140 160 180

T (K)

40 60 80

20

25

o
®
o
=)
&
i o
=)
—
o
1l = B
Q
1~ S
]2 & b
— -
1s e I
l Il
o w i
E i
- AO—. Al
9 A
do
(o] i
1 i
1° [T
D
DY
[
e
2y PN
LT
2 s npd iy
e —papddp
Vs P
o Il ‘e
-~ 4
[ [ o [ 2 [ o [
& \r, & \r, &
o\

(I1-3%/r) SV-





media/file21.png
40 60 80
H (kOe)

20

120} (¢)

1 [P EPE B _ 1 SN
=3 =3 =3 (= = <
[— [*e] = -+ o
—

(8/mud) Iy

H (kOe)

= = =] =] =)
o

120}

[ ]
=] o]
- =] =] o -
— —
(3/mumd) W
p: A W
y _
7] - =
=]
=
o
_—~
j<P]
g
1
o]
[\
o~
~
e’
[ 2 [ i
o] o] = = =] o] =]
[\ =] =] o - [\
— —

(B/nwd) W





