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We have reported the results of structural, magnetic, and magnetocaloric characterizations as well as the critical behaviors of the polycrystalline Nd0.67Pb0.33Mn0.9Al0.1O3 manganites. These samples, denoted as S900 and S1100, were prepared using the sol-gel method and sintered separately at 900 °C and 1100°C, respectively. XRD analysis shows good crystallization for the samples in the 𝑅3𝑐 rhombohedral structure. From M(T) curves, second order ferromagnetic-paramagnetic (FM-PM) phase transitions appear at the Curie temperatures (TC) around 130 K and 155 K for S900 and S1100, respectively. The estimated values of magnetic entropy change (-ΔSm) at µ0H= 5 T were found to be 3.23 and 4.41 J/kg.K for S900 and S1100, respectively. The corresponding values of relative cooling power (RCP) are equal to 242 and 245 J/kg. These values are relatively higher, making our samples promising candidates for magnetic refrigeration technology. We found that the critical exponents (β, γ and δ) agree well with those of the mean-field and the 3D-Heisenberg models for S900 and S1100, respectively.

Introduction

The environmental issue occupies a central place in international debates. Global warming in its scale and complexity raises several questions about the future of our planet.

One of the means proposed to slow down this process is the reduction of the production of greenhouse gases, which means changing our lifestyle and the advent of more environmentally friendly technologies. As demand grows stronger, the refrigeration and air conditioning industries are trying to renew themselves to meet new environmental standards.

Indeed, the operation of current refrigerators has not changed significantly since the early twentieth century and is based on the well-known principle of compression and repeated expansion of gas circulating around an isolated compartment. Since the Montreal Protocol, CFC (chlorofluorocarbon) gases, partly responsible for the destruction of the ozone layer, have been replaced by HCFCs (hydrochlorofluorocarbons) and HFCs (hydrofluorocarbons). However, they contribute to the greenhouse effect. Traditional production of cold has reached its limits; and today, the need to find new, less polluting refrigeration systems is becoming crucial. Research in this field is therefore exploring new ways to remove these harmful gases from our environment. One of the most promising alternatives is so-called "magnetic" refrigeration based on the magnetocaloric effect (MCE) [1].

It is only recently, thanks to advances in materials science and system design, that the magnetocaloric effect is envisaged for applications at room temperature. Gadolinium is the only element to have a strong magnetocaloric effect near room temperature. However, its high price and its poor resistance to aqueous corrosion do not make it possible to compete with conventional refrigeration systems. As a result, current research has focused mainly on two For example, a large magnetic entropy change was found near room temperature for some manganite systems [18,19].

The subject of this work is the search for new magneto-cooling manganites with a large work area. It is therefore directly in line with this environmental and economic challenge, which aims to replace conventional refrigeration systems in the near future. Our objective is to identify manganites having Nd0.67Pb0.33Mn0.9Al0.1O3 compositions synthesized using sol-gel method. We report the influences of sintering temperature on their structural, magnetic, magnetocaloric, and critical behaviors.

Experimental

To prepare Nd0.67Pb0.33Mn0.9Al0.1O3 manganites, we have used the sol-gel method. This method is based on the use of citric acid as a complexing agent and ethylene glycol as polymerization agent. To synthesize our samples, we have used stoichiometric proportions of [Nd(NO3)3.6H2O], [Pb(NO3)2], [Mn(NO3)3.4H2O] and [Al(NO3)3.9H2O] nitrates. These nitrates were firstly dissolved in distilled water, and the solution was subjected to thermal stirring at 90 °C. Thereafter, we have carefully added amounts of ammonia in order to adjust the pH of the solution to about 7. After a certain time (about 4 h), a viscous liquid (gel) is formed. This gel has been dried at 200 °C (for 6 h) in an oven in order to eliminate the residual solvent. The obtained precursor is then finely ground and the resulting powder undergoes to some cycles of grinding, pelleting and sintering. Finally, the powder was divided into two portions and then ground to sinter for 24 h at 900 ° C and 1100 °C, separately. As an abbreviation, throughout this manuscript, we refer to the Nd0.67Pb0.33Mn0.9Al0.1O3 samples sintered at 900 ° C and 1100 ° C, as S900 and S1100 respectively. X-ray Diffraction (XRD) pattern has been registered using "Panalytical X'Pert Pro System" two-circle automatic diffractometer operating at copper wavelength (λ=1.5406 Å) with a filter of Nickel to eliminate the Kβ ray. The measurement was made in Bragg Brentano geometry in a divergent beam, with 0.017 ° step and 18s counting time per step in angular range of 10 ≤ 2θ ≤ 100°. Rietveld method using FullProf software was used for structural parameters determination [20]. To record the magnetization measurements, a linear extraction magnetometer was used. Two types of magnetic measurements were made: (i) M(T) curve was measured at FC (field cooling) modes under a weak magnetic field (μ0H= 0.05 T) in the temperature range of 5 K ≤ T ≤ 250 K; and (ii) to access the variation of the magnetic entropy change and critical behavior for the samples, the M(μ0H, T) isothermal magnetizations were taken as a function of temperature near TC in 0 T ≤ μ0H ≤ 5 T magnetic field interval.

Results and discussion

The obtained XRD diffractograms for S900 and S1100 are shown in Fig. 1. The compounds are good crystallized and the majority phase is a perovskite whose diffraction peaks are indexed in 𝑅3𝑐 rhombohedral symmetry. With increasing the sintering temperature, a shift from the position of the most intense peak (104) to the low diffraction angles (2θ) was observed. This is an indication of the change of the lattice parameters with sintering temperature. The structural refinement for the samples is illustrated in Fig. 2, and the refined structural parameters are listed in Table 1. With increasing the sintering temperature, it is shown that the lattice constants and the unit cell volume of S900 and S1100 increase monotonously; however the dMn,Al-O distances decrease. This behavior agrees well with that found in other previous works [21 -23]. The average crystallite size is estimated using Scherer formula as [24]:

𝐷 = 0.9  𝛽 cos (𝜃) (1)
where  is the employed X-ray wavelength,  is the diffraction angle for the most intense peak, and Fig. 3 shows the M(T) data taken at FC mode under magnetic field of μ0H= 0.05 T for S900 and S1100. The M(T) measurement shows a FM-PM phase transition towards the Curie temperature (TC) which is identified as the minimum of dM/dT curve (inset of Fig. 3). The FM-PM phase transitions occur at 130 K for S900 and 155 K for S1100. In addition, the magnetization amplitude in the FM-region is higher for S1100 than that of S900. This increase in both M and TC values is related to the increase of crystallite size. Indeed, according to the core/surface morphology, the arrangement of the spins on the surface is smaller than that of the core. Surface is considered as magnetically dead layer, with random disorder. Therefore, as the crystallite size increases with sintering temperature, this nonmagnetic surface layer decreases and, therefore, the core / shell thickness ratio increases. This leads to the elimination of surface effects (broken exchange bonds, spin-canting) and, consequently, an improvement of the M and TC values has been observed [11].

 = √  𝑥 2 -
To estimate the isothermal variation of magnetic entropy (ΔSm) we used the isothermal magnetizations curves M(H, μ0H) performed at temperatures around TC as shown in Fig. 4.

With similar behavior to M(T) curve, the M(μ0H, T) isotherms gradually decrease with increasing temperature. In addition, when μ0H increases, the M values increase non-linearly in the low temperature range, and vary linearly at high temperature. The ΔSm values were calculated by the application of the following Maxwell relation [1]:

∆𝑆 𝑚 (𝑇, ∆𝜇 0 𝐻) = ∫ ( 𝜕𝑀 𝜕𝑀 ) 𝐻 𝑑𝐻 𝜇 0 𝐻 0 ( 2 
)
where μ0H is the applied magnetic field. The results obtained for applied fields of 1 to 5 T are shown in Fig. 5 for S900 and S1100. As expected for a ferromagnetic material, the magnetic entropy variations are negative and reach a minimum peak near the order temperatures. The 

ΔSm
𝑅𝐶𝑃 = |∆𝑆 𝑀 𝑚𝑎𝑥 | × 𝛿𝑇 𝐹𝑊𝐻𝑀 (3) 
For Δμ0H = 5 T, the RCP values are estimated respectively as 242 and 245 J.Kg -1 for S900 and S1100. These values are significantly higher. This allows us to conclude that our samples can be considered as potential candidates in the cooling power technology. In addition, the μ0H/M) given in Fig. 6 would present around TC as straight lines and the isotherm at T= TC should pass through the origin. From Fig. 6, these two conditions are more accurate for S900

and have not reached for S1100. This reveals that the mean field model is the suitable one to describe the critical behaviour of S900. As a result, to estimate the critical β and γ exponents for S1100 we used so-called modified Arrott plots (MAPs) by building the M 1/ vs. (μ0H/M) 1/ plots using the following three models [32, 33]:

(i) 3D-Heisenberg model ( = 0.365,  = 1.336 and δ = 4.8).

(ii) 3D-Ising model ( = 0.325,  = 1.24 and δ = 4.82).

(iii) Tricritical mean-field model ( = 0.25,  = 1 and δ = 5).

These three models were used to draw the MAPs for S1100 sample, and the conditions that the isotherms are parallel around TC, and the TC-isotherm passes through origin are more accurate in the case of the 3D-Heisenberg model (see Fig. 7). From Fig. 6 (for S900) and Fig. 7 (for S1100), the linear extrapolation of the data by intersection with the M 1/β -axis determines the spontaneous magnetization Ms (below TC) and the linear extrapolation by intersection with (μ0H/M) 1/ -axis allows to determine the values of the inverse initial susceptibility χ0 -1 (above TC). Then, the data of Ms(T) and χ0 -1 (T) were respectively adjusted in vs. T curves for S900 and S1100 respectively. The linear adjustments of these plots using Eqs. ( 6) and ( 7) allowed us to determine the β and γ values which are very close to those found in Fig. 6 (for S900) and Fig. 7 (for S1100). Concerning the third exponent (δ), it is possible to obtain it directly by adjusting the critical isotherm (CI), M(TC, μ0H), according this relation:

𝑀 = 𝐷(𝜇 0 𝐻) 1/d (with ε = 0 and T = TC) (8)
As illustrated in Fig. 9, we found d = 3.25  0.013 and d = 4.69  0.017 for S900 and S1100

respectively. These values can be checked and confirmed form the β and γ values previously determined according to Widom relation given as [36]:

𝛿 = 1 + 𝛾 𝛽 (9) 
This equation gives (δ= 3.26 and δ= 4.772 respectively for S900 and S1100) and (δ= 3.27 and δ= 4.71 respectively for S900 and S1100) when the values of β and γ are taken respectively from Fig. 8 and9. These values correlate well with the δ values estimated from the CI. This result confirms the well estimation of the critical exponents of the present samples. In Table 2, we have compared the critical exponents for S900 and S1100, respectively (present work) with those of the theoretical models [START_REF] Kaul | [END_REF][START_REF] Fisher | [END_REF]. As shown in the table, the critical exponents are close to those of the mean-field and the 3D-Heisenberg models for S900 and S1100, respectively. In particular, by comparing the values found for our compounds, we can notice that the value of β decreases however the γ and δ values increase as the sintering temperature increases. A similar behavior was observed in other works [37,38].

On the other hand, the universality class of the magnetic phase transition depends on the exchange interaction range as shown by the equation of the exchange integral [34]:

𝐽(𝑟) = 1/𝑟 𝑑+𝜎 (10) 
where d designed the dimension of the system, and  represents the range of interaction. It has been demonstrated that the 3D-Heisenberg exponents ( = 0.365,  = 1.336, d = 4.8) are valid if 𝜎 ≥ 2, the mean-field exponents ( = 0. 5,  = 1 and d = 3) occur if  is less than 3/2, however for the intermediate range 3/2 <  < 2, the exponents belong to different universality classes which depends upon . In the case of our work, the values of (β, γ and d ) exponents are close to those of the mean-field and the 3D-Heisenberg models respectively for S900 and S1100. So the exchange interaction J(r) ranges as J(r) < r -5 for S900 (respectively J(r) decays slower than r -5 for S1100).

Conclusion

Nd0.67Pb0.33Mn0.9Al0.1O3 manganites have been prepared at 900°C and 1100°C. XRD measurements show that the compounds are good crystallized and their majority phases are perovskites whose diffraction peaks are well indexed in the 𝑅3𝑐 rhombohedral symmetry.

The M(T) measurements show second order FM-PM magnetic phase transitions at Curie temperature equal to 130 K and 155 K for S900 and S1100, respectively. The isothermal variations of magnetic entropy ΔSm were calculated from the experimental M(μ0H, T) isothermal magnetizations curves. The critical exponents are close to those of the mean-field theory for S900; however for S1100 they are close to the 3D-Heisenberg model. 

Tables

  major families: gadolinium-based compounds such as Gd5(SixGe1-x)4 and manganese-based compounds such as MnFeP1-xAsx [2]. It is within this framework that studies on other materials with giant MCE have multiplied, being the subject of numerous studies, both fundamental [3-5] and applied [6-9]. The manganites materials represent one of the studied families due to their remarkable MCE [10-16]. The main advantage of this series of compounds is that their TC can be easily tuned to the room temperature by doping [17, 18].

  reaches the maximum values of 3.23 and 4.41 J/kg.K at Δμ0H = 5 T for S900 and S1100, respectively. This variation of magnetic entropy changes with sintering temperature was observed previously [27, 28]. The relative cooling power (RCP) of a material is defined as the integrated area under the ΔSm(T) curve with the temperatures corresponding to the half-height values of the magnetic entropy variation peak (δT) as bounds of integration. The RCP values at different applied fields are estimated according the following relation [1]:

In Fig. 6 ,

 6 obtained values are quite comparable to those of other manganite systems [10-16]. we have presented the M 2 vs. μ0H/M (called as the Arrott plots) [29] which show positive slopes near some temperatures around TC values. According to Banerjee's criterion [30], these positive slopes of M 2 vs. μ0H/M suggest that S900 and S1100 samples have the character of second-order phase transitions. In order to study the critical behavior for S900 and S1100 near their TC temperatures, we conducted an investigation of their critical exponents (β, γ and δ). Depending on the mean field theory [31], the Arrott curves (M 2 vs.
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 2 Fig. 2: Rietveld analysis of XRD patterns for S900 and S1100. The bottom line (blue) represents the difference between the XRD data (red) and calculated fit (black), and the green lines are Bragg positions.
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 3 Fig. 3: Temperature dependence of magnetization and graph of dM/dT vs. T under magnetic field of μ0H= 0.05 T for S900 and S1100.
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 5 Fig.5: Temperature dependence of the magnetic entropy change at various applied magnetic fields for S900 and S1100.
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 6 Fig.6: Arrott plots around TC for S900 and S1100.
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 7 Fig. 7: Modified Arrott plots (MAP): isotherms of M 1/β vs. (μ0H/M) 1/γ for S1100 according to the 3D-Heisenberg model (β= 0.365, γ= 1.336).
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 89 Fig.8: Spontaneous magnetization Ms(T) (left-axis) and the inverse initial susceptibility χ0 -1 (T)(right-axis) as a function of temperature for S900 and S1100. Red solid lines are the fits according to Eqs. (4) and (5), respectively.

  

  

  

  

Table 1 :

 1 Rietveld refinement of the structural parameters for S900 and S1100. The numbers in parentheses are estimated standard deviations to the last significant digit. Biso: the isotropic Debye-Waller factor; dMn, Al-O: bond length; θMn,Al-O-Mn,Al: bond angle; D: average crystallites size. Agreement factors of profile Rp, weighted profile Rwp and structure RF. χ 2 : the goodness of fit.

Table 2 :

 2 Estimated critical exponents for S900 and S1100 (present work) compared with those of the standard theoretical models.

	Table 1
	Samples

Table 2

 2 

	Material	Technique TC (K)	β	γ	δ	Ref.
	Mean-field model			0.5	1.0	3.0	[32]
	3D-Heisenberg model			0.365±0.003	1.336±0.004	4.80±0.04	[32]
	3D-Ising Model			0.325±0.002	1.24±0.002	4.82±0.02	[32]
	Tricritical mean-field model			0.25	1.0	5.0	[34]
	Nd0.67Pb0.33Mn0.9Al0.1O3 (900 °C)	Modified	128.88±0.12	0.495±0.002	-	-	Present work
		Arrott plots	130.07±0.004 -	1.120±0.004	-	
		Kouvel-	129.12±0.13	0.495±0.004	-	-	
		Fisher method	130.29±0.16	-	1.126±0.005	-	
		Critical	-	-	-	3.250±0.013	
		isotherm					
	Nd0.67Pb0.33Mn0.9Al0.1O3 (1100 °C)	Modified	156.20±0.16	0.387±0.007	-	-	Present work
		Arrott plots	154.91±0.12		1.345±0.005	-	
		Kouvel-	157.02±0.18	0.372±0.001	-	-	
		Fisher method	155.08±0.23	-	1.381±0.007	-	
		Critical	-	-	-	4.690±0.017	
		isotherm					

Fig.4: M (μ0H, T) curves for S900 and S1100.
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