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Abstract: Nd0.6Sr0.4MnO3 sample was fabricated by a solid-state reaction method and its magnetic, 

magnetocaloric properties were investigated. The Curie temperature, TC, at which a ferromagnetic-

paramagnetic transition occurred was found to be of about 270 K. An analysis using the Banejee’s 

criterion of the experiment results for magnetization as a function of temperature and magnetic field 

and the universal curves of the normalized entropy change versus reduced temperature indicated that 

the sample undergo the second-order magnetic phase transition. Furthermore, the maximum 

magnetic entropy change that occurred near TC, measured at a magnetic field span of 50 kOe was 

found to be of about 6.0 J/kg.K, corresponding to a relative cooling power of 250 J/kg. These values 

are comparable to those of other manganites. 
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1. Introduction 

Hole-doped perovskite manganites with a chemical formula of R1-xAxMnO3 (R = La, Nd, Pr; A = 

Ca, Ba, Sr) have received a lot of attention due to their intriguing physical properties, and their 

applicability in the magnetic refrigeration technology based upon the magnetocaloric effect (MCE) [1-

4]. This effect is associated with the temperature change of the suitable magnetic material under an 

applied magnetic field. Particularly, if the magnetic field is applied adiabatically, the temperature of the 

materials increases, and if the magnetic field is removed, the temperature decreases. Additionally, this 

effect is often expected to get maximum value at magnetic phase transition. It is well known that the 
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properties of perovskite manganites is directly related to ferromagnetic (FM) or anti-ferromagnetic 

(AFM) ordering, charge ordering and orbital ordering [5-7]. The strength of FM and AFM interactions 

is associated with the double-exchange pair of Mn3+ - Mn4+ and super-exchange pair of Mn3+ - Mn3+ and 

Mn4+ - Mn4+, respectively, depends on Mn3+ and Mn4+ concentrations and the structure parameters. The 

FM interaction becomes strongest when the concentration ratio of Mn3+/Mn4+ is about 7/3, corresponding 

to an A-doping content x ≈ 0.3. Accordingly, the giant MCE and colossal magnetoresistance effects are 

usually obtained in the region 0.2 ≤ x≤ 0.4 for most R1-xAxMnO3 systems [8].  

The strength of double-exchange interactions in Nd-based manganites is usually weaker in 

comparation with La-based manganites, their magnetic properites are more interesting and complicated 

due to a larger lattice distortion would happen for smaller Nd ion. It is well known that the parent 

compound NdMnO3 is an insulating antiferromagnet with TN ≈ 78 K [9] , with a small partial substitution 

0<x< 0.1 of Sr for Mn, the system becomes ferromagnetic but still insulating [1] while a ferromagnetic 

metallic phase appears in the region 0.2≤ x ≤ 0.4. Venkatesh et. al [10] showed that a tricritical point 

was observed in the Nd1-xSrxMnO3 (x = 0.3, 0.33, and 0.4) at x = 0.33 which separates the first-order 

transition in compound with x = 0.3 and second-order transition in compound with x = 0.4. Additionally, 

the complicated behavior at low fields in which the order of the transition could not be fixed and a 

second-order-like behavior at high fields was observed in Nd0.7Sr0.3MnO3[11]. The complex 

ferromagnetic state in this compound due to a competition between the double exchange mechanism 

and correlations arising from coupled spin and lattice degrees of freedom. The MCE in this compound 

was also studied in two ways  indirectly by estimating the isothermal change in entropy, ΔSm, and 

directly by measuring the field indiced adiabatic temperature change. However, up to now, the effect of 

Sr doping on magnetic and MC properties in Nd0.6Sr0.4MnO3 have  been studied  not much. To get more 

insight into these problems, we prepared Nd0.6Sr0.4MnO3 samples and carried out the magnetization 

measurements versus temperature and magnetic field. By combining the Banejee’s criterion and the 

universal curves of the normalized entropy change versus reduced temperature, we assessed the 

magnetic order existing in this compound. We also studied the MCE by estimating ΔSm from the 

magnetization data in different applied magnetic field.  

2. Experimental details 

Polycrystalline Nd0.6Sr0.4MnO3 was prepared by a conventional solid-state reaction. High-purity 

(99.9%) powdered precursors of Nd2O3, SrCO3 and MnO2 with a specific composition, were well mixed, 

carefully ground, and then annealed at 900oC in air for 12h. The annealed samples were re-ground, 

pressed into pellets and calcinated at 1100oC in air for 24h. This process was done for serval times and 

finally the pellets were sintered in air at 1300oC for 10h. The single phase in an orthorhombic structure 

of the final sample was checked by an X-ray diffractometer using Cu-Kα radiation over the 2Ɵ range of 

20 ÷ 70o. The dependence of magnetization on temperature and applied magnetic field was measured by 

using a superconducting quantum interference device up to 50 kOe in the temperature range of 5 ÷ 300 K. 

3. Results and discussion 

Figure 1(a) shows temperature dependences of zero-field-cooled (ZFC) and field-cooled (FC) 

magnetization, MZFC/FC(T), at such a small H as 100 Oe for Nd0.6Sr0.4MnO3 sample. For the MZFC(T) 

curve, M increases with the increase of T, and reaches a maximum at 250 K. This phenomenon is 

explained due to the  existence of FM/AFM clusters and/or magnetic inhomogeneity [1]. Munoz et al. 

[9] have indicated the coexistence of FM and AFM interactions in polycrystalline NdMnO3. 
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Additionally, with further increasing of temperature, above 250 K, the magnetization was rapidly 

decreased due to the FM-PM phase transition, where magnetic moments became disorder under the 

impact of thermal energy. The Curie temperature, TC, determined from the minima of the first derivative 

of MZFC(T)/dT versus T curve (not shown here) is about 270 K. Similar behavior of MZFC(T) and TC 

values  were found in the previous works  [1, 10, 12]. Additionally, it is notable that the large difference 

between MZFC(T) and MFC(T) was observed. In figure 1(b), this difference, ΔM, is plotted with respect 

to T for this sample at H = 100 Oe. It is well known that ΔM is small and independent on temperature 

for good ferromagnets. The large ΔM implies a FM order and a rather high coercivity comparing to the 

applied field below TC. When applied field is smaller than the magnetic anisotropy which locked the 

magnetic moment of the Mn ions in the random direction, ΔM is becoms larger. Moreover, the magnetic 

anisotropy was strong at temperature below TC, ΔM increased as T decreased. This behavior is clearly 

seen in Fig. 1(b). This result indicates that our sample was highly anisotropic and the applied field of 

100 Oe was not strong enough to align the magnetic moments, resulting in a larger ΔM at low T.  

 

Figure 1. (a) MZFC(T) and MFC(T) curves for Nd0.6Sr0.4MnO3 measured at H = 100 Oe.  

(b) MFC – MZFC with respect to T for Nd0.6Sr0.4MnO3. 

To understand the Sr-doping influence on magnetic and magnetocaloric properties of 

Nd0.6Sr0.4MnO3, series of isothermal magnetization curves, M(H), were recorded at temperatures around 

TC in the interval of 2K. Figure 2(a) shows the typical curves of M(H) data for this sample. Clearly, like 

M(T) data, at a given H, M decreased with increasing temperature. In the FM-PM phase transition region, 

M increased with H increasing up to a magnetic field as large as 50 kOe. This probably is due to the 

coexistence of the FM and PM phase and magnetic inhomogeneities. This behavior was also observed  

for  other manganite compounds [1, 13-16].  As temperature increased, the nonlinear M(H) curves in 

FM region become linear that is the characteristic property of the PM state. The nature of FM-PM phase 

transition can be clearly observed in the Arrott plots [17], the M2 dependence of H/M curves  are shown 

in Fig. 2(b). At high H values, the plots near TC exhibit series of parallel straight lines, the straight line 

at T = TC did not pass through the origin of ordinates. According to the mean-field theory applied for 

the long-range FM order, the existence of short-range FM order in our sample can be suggested.  
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In order to check the nature of magnetic transition we have used the Banerjee’s criterion [18]. By 

plotting M2 vs. H/M in the magnetic phase transition region, the slope of the resulting curves indicates 

whether a magnetic transition is of first or second order. From a thermodynamic point of view, one can 

deduce following, if some of the M2 vs. H/M curves near TC have negative slope, the magnetic transition 

in the sample is a first-order magnetic transition. Otherwise, the entire slope is positive, the magnetic 

transition is a second-order magnetic transition (SOMT). The result shown in Fig. 2(b) indicates that the 

slope of the Arrott-plot curves near TC is positive, this means that the existence of SOMT in our sample 

can be considered according to the Banerjee’s criterion.       

 

Figure 2. (a)–(b) M(H) curves and (c)–(d) Arrott plots (M2 vs. H/M) for Nd0.6Sr0.4MnO3.  

To evaluate the MCE in the sample, we assessed the magnetic entropy change ΔSm, which can be 

calculated by using Maxwell’s relation in the H range of 0 to Hmax [19] 

                                          𝑆𝑚(𝑇, 𝐻) = − ∫
𝐻𝑚𝑎𝑥

0
(

𝜕𝑀

𝜕𝑇
)

𝐻
𝑑𝐻                                                (1) 

Obviously, the slope of (
𝜕𝑀

𝜕𝑇
)

𝐻
 contribute the value of ΔSm, indicating that an abrupt magnetic 

transition leading to large ΔSm and this value reach maximum around TC where magnetization decays 

most rapidly[20]. For magnetization measurements with small, discrete field and temperature intervals, 

ΔSm could be numerically calculated using the following equation 

                                         |𝑆𝑚| = ∑
𝑀𝑖−𝑀𝑖+1

𝑇𝑖−𝑇𝑖+1
𝐻𝑖                                                                    (2) 

Where Mi and Mi+1 are magnetization values measured in a magnetic field H at temperature Ti and 

Ti+1, respectively. Figure 3(a) show the dependence of -ΔSm on temperature, -ΔSm(T), for different field 

variations at interval of 5 kOe. Clearly, at a specific temperature, -ΔSm increases with increasing ΔH 

from 5 kOe to 50 kOe. As expected from Eq (1), ΔSm was maximized, denoted as  

| ΔSmax|, near TC and increased with ΔH. Additionaly, |ΔSmax| point shifts gradually towards high 

temperature with increasing ΔH. The |ΔSmax| value measured at ΔH = 50 kOe was the largest which is 
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6.0 J/kg.K at T ≈ 270 K. The |ΔSmax| value measured at ΔH = 50 kOe for this sample is comparable to 

those of La0.7Ca0.2Ba0.1MnO3[15], La0.87Sr0.13MnO3[21], and La0.7Sr0.3Mn0.9Cu0.1O3 [22].  

In addition to the assessment based on ΔSm, in order to evaluate the MCE, the other parameter could 

be considered that is relative cooling power (RCP). This parameter can be calculated according to the 

magnitude of ΔSm and its full width at half maximum, as  

RCP =  |ΔSmax| × FWHM that is shown in [4]. Figure 3(b) shows the dependence of RCP on 

applied field H. Clearly, the RCP increased with H and under applied field of ΔH = 50 kOe, its value is 

250 J/kg. This value is large than those of  La0.67Sr0.33Mn0.9M0.1O3 with M  = Cr, Sn, Ti [23] and 

La0.67Ba0.33MnO3 [24].  

 

Figure 3. -ΔSm(T, H) and RCP curves at various ∆H values for Nd0.6Sr0.4MnO3. 

Within the framework of second order phase, the field dependence of the magnetic entropy change 

follows a power law of the filed ΔSm α Hn with an exponent, n, which depends on temperature and field. 

It can be locally calculated as 

                                                                    n =  
𝑑𝑙𝑛|∆𝑆𝑚|

𝑑𝑙𝑛𝐻
                                                                      (3) 

For temperature well below TC, n = 1; well above TC, n = 2 and at TC, n = 2/3 [25, 26].  

Figure 4(a) shows experimental data of n(T, H) which calculated from the – ΔSm(T, H). Its minimum 

n value at TC is changed from 0.8 (for ΔH = 5 kOe) to 0.55 (for ΔH = 50 kOe), which are much different 

from the mean-field-theory value n = 2/3. This can be due to the absence of long-range magnetic order 

and the existence of magnetic inhomogeneities in this sample.  

Recently, Franco et al.[26] have proposed a new criterion based on the entropy change curves to 

distinguish the order of magnetic transition by means of magnetic measurements.  According to them, 
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measured with different maximum applied magnetic fields after a scaling process. Therefore, it is natural 

to predict a breakdown of the universal curve for ferromagnets undergoing FOMT. The universal curve 

could be done by normalize all the ΔSm(T) curves with their respective peak entropy change, ΔS’(T,Hmax) 

= ΔSm(T,Hmax)/ ΔSpeak(Hmax) and then rescaling the temperature axis defining a new variable Ɵ, 

                                                   θ = {
−(𝑇 − 𝑇𝑐)/(𝑇𝑟1 − 𝑇𝑐)  𝑓𝑜𝑟 𝑇 ≤ 𝑇𝑐

(𝑇 − 𝑇𝑐)/(𝑇𝑟2 − 𝑇𝑐) 𝑓𝑜𝑟 𝑇 > 𝑇𝑐
                                        (4) 

The two reference temperatures Tr1 and Tr2 satisfy Tr1<TC<Tr2. According to previous report, by using 

two reference temperatures, it can be avoided the effect of a minority magnetic phase and the 

demagnetization factor leading to the breakdown of the ΔSm curve collapse. These reference 

temperatures can be selected for each curve from temperature corresponding to ΔSm(Tr, Hmax)/ 

ΔSpeak(Hmax) = a (0<a<1). The choice of a does not affect the actual construction of the universal curve. 

In this study, we choose value of a is 0.5. Figure 4(b) shows the universal curve constructions for the 

sample by plotting ΔS’ versus Ɵ. Clearly, all the experimental points collapse onto the master curve, which 

is consistent with the characteristics of SOMT. Additionally, the Arrott plot constructions confirm that our 

sample undergo SOMT. This result demonstrates the usefulness of using the universal curve, besides 

Banerjee’s criterion, in assessing the order of magnetic phase transition of perovskite manganites. 

 

Figure 4. n(T, H) and -ΔS’ curves at various ∆H values for Nd0.6Sr0.4MnO3.  

4. Conclusions 

The fabricated ceramic sample Nd0.6Sr0.4MnO3 was crystallized in an orthorhombic structure. 

Detailed analyses of M(T,H) and -ΔSm(T,H) data based on the Banerjee’s criterion and phenomenological 

method of constructing the universal entropy curve, demonstrated the existence of second-order magnetic 

phase transition in this sample. Additionally, we found large MC effect in this sample, particularly |ΔSmax| ≈ 

6.0 J/kg.K and RCP  ≈ 250 J/K at 270 K under an applied field of 50 kOe. Such features indicate a potential 

application of Nd0.6Sr0.4MnO3 in magnetic refrigeration close to room temperature.  
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