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Abstract 

Magnetocaloric and critical phenomenon investigations were carried out in the crystalline 

La0.8Ba0.2MnO3 samples prepared through solid state reaction technique. X-ray diffraction 

(XRD) pattern and its Rietveld refinement using Rietica software confirmed the crystalline phase 

purity of rhombohedral structure with space group . From magnetic measurements, the 

Ferromagnetic to paramagnetic (FM-PM) phase transition was observed at TC ~ 285K. The 

maximum change in magnetic entropy ( ) and relative cooling power (RCP) extracted from 

magnetic measurements were 3.02 J/kg K and 142.00 J/kg at an applied magnetic field (H) of 

4T. Griffiths phase (GP) with a susceptibility exponent λ = 0.44 was also detected in temperature 

range of TC < T < TG. Critical exponential analysis indicated the 3D-Ising model like magnetic 

phase transition at TC. Critical exponent’s reliability was confirmed using models such as 

universal scaling equations of state and Widom scaling relation. Magnetic entropy change 

follows the law ΔSM = (H)n for n = 0.46. 
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1. Introduction 

Search for the refrigeration based on magnetocaloric effect (MCE) at room temperature has 

gained renewed interest of researchers for the last few decades. The magnetic refrigeration (MR) 

has high energy efficiency with low harmful impact to the environment as compared to 

conventional gas refrigeration techniques. Since materials with large values of isothermal change 

in magnetic entropy (SM) and adiabatic change in temperature (Tad) are most suitable for 

MCE. Thus there is greater demand for the synthesis and characterization of such magnetic 

materials for MR in a wide temperature range with TC in the vicinity of room temperature. The 

recent scientific search concentrates for the synthesis of new materials with low effective cost 

having high MCE over a wide temperature range in the close vicinity of room temperature. The 

perovskite manganites R1-xAxMnO3 (R= rare earth trivalent element and A= divalent alkaline 

earth element) showed large MCE with different doping (x) concentrations at A site emphasizing 

their huge potential for application in refrigerant technology [1, 2]. These doped manganites are 

more suitable for MR technology than Gd metal and Gd based alloys systems as they have some 

advantages like large resistivity, greater chemical stability and small eddy current.  

The existence of ferromagnetic clusters along with paramagnetic phase above TC results 

in the mixed phase known as GP. As mentioned above, the GP exist within the temperature range 

TC < T< TG violating the Currie-Weiss law. The formation of ferromagnetic clusters concerned 

with quenched disorder and improved by the resentment between coexisting phases [3]. The 

mixed magnetic behavior (paramagnetic and ferromagnetic phases) of this sample for 

temperature range TC < T < TG may exist due to Jahn–Teller distortion and grain-size effects [4]. 

The increase in the applied magnetic field reduces the ferromagnetic cluster extent in GP region 

and hence increased the net magnetization [5]. The Ba doped La1-xBaxMnO3 samples possess GP 

and show critical behavior analogous to any of 3D-Heisenberg or 3D-Ising models [6]. 

The FM-PM phase transition in manganites requires the correct order of phase transition 

and exact universality class. The order of the magnetic phase transition around TC is specified by 

the critical exponents β (which correlate the spontaneous magnetization (MS) with temperature 

for T > TC at H = 0), γ (which correlate the inverse of susceptibility χ-1 with temperature for T > 

TC) and δ (which correlate the critical magnetization with H at TC) as expressed by scaling 

hypothesis [7].  



The reported values of  for samples LaMnO3, La0.9Ba0.1MnO3, La2/3Ba1/3MnO3 and 

La0.7Ba0.3MnO3 are 0.451 Jkg-1K-1 (at H=6T), 0.665 Jkg-1K-1 (at H=4T), 2.77 Jkg-1K-1 (at 

H=1T) and 1.6 Jkg-1K-1 (at H=1T) respectively. Similarly the reported values of RCP for 

LaMnO3 and La0.9Ba0.1MnO3 samples are 54.293J/kg and 28.83J/kg [8-12]. Already, the 

magnetic and magnetocaloric properties of rhombohedral La0.8Ba0.2MnO3 sample were reported 

by C,-m, Heo et al.(2010) [13] for low field up to 0.7T and G. Tomozlis and G. Litsardakis [14] 

up to 2T but these studies were not enough for the complete description of GP and critical 

behavior analysis in  La0.8Ba0.2MnO3 sample for large H (4T). Therefore, the complete 

structural, magnetic, magneto-caloric properties along with critical phenomenon studies and 

specific heat change up to H 4T are required to further elaborate the magnetic refrigeration 

properties in this system possessing GP. The bulk La0.8Ba0.2MnO3 material is expected to show 

GP and MCE as well. The MCE in this material will provide feedback for it use in MR 

application. The studies like the present one will help us to discover the most suitable system 

having large magnetic entropy and real magnetic refrigerant qualities in the vicinity of room 

temperature. The system is also considered as the potential candidate for magnetic sensors 

applications. The doping concentrations of alkaline earth atoms at R-site results in the mixed 

valence state of Mn (Mn3+ and Mn4+) which transform the material from ferromagnetic/metallic 

to paramagnetic/insulating phase. Such transformation tuned the MCE in these materials around 

room temperature due to variation in doping concentration. It has been already observed that the 

doping concentration impact on the critical behavior and magnetic phase transition (FM-PM) 

temperature in manganites [15, 16]. The mean field (β ≈ 0.5), the tri-critical mean field (β ≈ 

0.25), the 3D-Heisenberg (β ≈ 0.365) and the 3D-Ising (β ≈ 0.325) models are employed to 

estimate the critical behavior and magnetic phase transition (FM-PM) in present compound. 

 

2. Experimental details 

The La0.8Ba0.2MnO3 polycrystalline sample was synthesized by solid-state reaction 

technique. The compounds La2O3, BaCO3, and MnO2 were mixed stoichiometrically in acetone. 

The homogeneous mixture was obtained after grinding the dry solution in an agate mortar for 

two hours. This dried homogeneous mixture was initially calcined at 800oC for 10 hours in a 

tube furnace. To get the single phase product, the calcined materials were once more grounded, 



palletized and sintered at 1200oC for 24 hours. Room temperature XRD spectra (XRD, Rigaku 

D/Max-1200X, Tokyo, Japan) verified the single-phase polycrystalline structure of 

La0.8Ba0.2MnO3 sample. The refinement of the XRD pattern was performed through Rietica 

software which confirmed the crystalline phase purity with rhombohedral structure having  

space group. The structural and thermal atomic parameters were also obtained from this 

refinement. M-T measurements were carried out at both zero field (ZFC) and 0.01T (FC), and 

the isothermal M-H measurements for 0  H  4 T. Isotherm measurements were carried out in 

the temperature range of 250-300K with a step of 3K around TC. All magnetic measurements 

were carried out by using Physical Property Measurement System installed at Central Diagnostic 

Laboratory (CDL), PINSTECH, Islamabad. The |ΔSM| and the MCE were determined from these 

MH isothermal data through Maxwell relations and were reconfirmed through  different 

phenomenological models [17]. 

 

3 Results with discussions 

3.1 Structural Studies 

The refined XRD pattern of La0.8Ba0.2MnO3 sample at 300K is shown in figure 1. The 

sharp and distinct peaks without any impurity traces showed the rhombohedral crystalline 

structure with  space group. The Rietveld refinement using Rietica software provided the 

quantitative and qualitative study of crystalline structure. The refined XRD pattern displayed a 

good match between the measured and simulated profiles with outstanding goodness of fit χ2 

=1.94. The refined unit cell parameters are a = 5.5503 (2) Å and c =13.4770 (9)Å. In the refined 

XRD pattern shown in figure 1, the black dots, the red solid line and the green solid line are used 

to represent the experimental date, simulated data and the difference between them respectively. 

The blue vertical lines indicate the Bragg’s peak position for  space group. The unit cell 

parameters like bond angles, bond distances and their positions obtained from refinement are 

listed in table 1. 

3.1. Magnetic and the magnetocaloric studies  

The temperature dependent ZFC and FC magnetizations (MT) plots for La0.8Ba0.2MnO3 

sample are shown in figure 2a. Both MT plots showed the FM-PM magnetic phase transition at 

TC. The inset of figure 2a represents the accurate value of TC as precisely determined from the 

dM/dT vs. T plot. The maximum of the negative peak in dM/dT vs. T plot represents the TC with 



a value of 285K. This temperature is in close vicinity of room temperature thus signifying the 

role of this system in the magnetic refrigeration technology. Moreover, it can be  noticed that 

both MT plots (ZFC and FC) overlap with each other above TC temperatures, fulfilling the 

criteria for paramagnetism. The bifurcation below TC, indicates the presence of multi-domain 

magnetic state in the system [18].  

Figure 2b represents the dc magnetic susceptibility χ-1 versus T plot with a curve fitting 

for GP. The χ-1 vs. T graph shows a downward trend which violates the Curie–Weiss law 

criterion during TC < T < TG, where TG = 295K. The downward trend indicates the presence of 

the GP and can be described to the power law, χ-1 ∞ (T-TC)(1-λ). The value of susceptibility 

exponent λ should be less than unity [6]. The power law fitting with the χ-1 (T) data yielded λ = 

0.44. The presence of GP is the sign of the existence of ferromagnetic clusters [19]. The dχ-1 / dT 

versus T plot (inset of figure 2b) showed a maximum peak at TG. 

Subsequent to the magnetic studies, we have measured the MH loops in an applied field 

up to  ± 6T and in the temperature range from 5  300K with a step of 50K, while MH isotherms 

were measured in the temperature range 250  300K in a step of 3K for this system. The MH 

hysteresis loops indicated the pure ferromagnetic phase in the temperature range of 5 270K and 

then the saturation begins to shift towards the higher magnetic field with the increase in 

temperature, pointing the disorder in magnetic moments. This behavior is also an indication for 

the SM in the system. The saturation in the MH loop almost vanished for the temperature above 

TC, indicating the paramagnetic behavior. Figure 3a shows the MH hysteresis loops under H 

up to ± 6 T in the temperature range of 5 ~ 300K with a step of 50K. All the loops possess small 

remanence and coercivity (inset of figure 4a). The negligible small magnetic hysteresis loss is 

the sign of the soft ferromagnetic nature of the system, which is also a requirement for magnetic 

refrigeration application [20]. 

Figure 3b shows the MH isotherms for temperature range 250 300K in steps of 3K 

under varying magnetic field (H) from 0  4T. The MH isotherms showed the large increase in 

magnetization for low fields region and then saturated at high fields, as required for 

ferromagnetic material. By using the Maxwell formulas based on the thermodynamic theory, the 

ΔSM (a significant thermodynamic parameter attributed to the disorder in magnetic moments) 

can be found from the MH isotherms, and is mathematically approximated as [17]: 



1 

For numerical data between 0 and μoH, equation 1 can be numerically estimated as: 

2 

The temperature dependent magnetic entropy change (ΔSM vs. T plots) is shown in figure 

3c. It is observed that the maximum entropy change ( ) displays a peak at TC. The  

increases with the increase in H and slightly shifts towards the higher temperature region. The 

maximum value of  is 3.02J kg-1 K-1 at an applied magnetic field of 4 T. The relative 

variations in δTFWHM, ∆SM and RCP with respect to H are shown in table 2. [2]. The cooling 

efficiency of the refrigeration material can be estimated by RCP, which can be found by the 

relation expressed as; 

3 

Here  is the full width at half maximum of  vs. T plot representing the 

magnitude of heat transported between the low and high temperature regions of an ideal 

refrigeration reversible cycle. The found values of RCP in the H up to 4T with the step size of 

0.5T are given in Table 2. From these results, it can be concluded that the system fit best for the 

magnetic refrigeration technology in a broader temperature range. 

3.2. Critical behavior 

The Arrott plots, M1/β vs. (H/M) 1/γ, using mean field theory (β = 0.5 and γ = 1) explored 

the order of FMPM phase transition, and are shown in Figure 4a. According to the Banerjee 

criterion [21], the positive slope of all H/M vs. M2 plots represents the second order magnetic 

phase transition while the negative slope of these plots represents the first order magnetic phase 

transition. Similarly, if the H/M vs. M2 plot for TC is linear and passes through the origin, and the 

H/M vs. M2 plots for temperatures other than TC are parallel to it at higher fields, then the 

transition is exactly according to the mean field theory [7]. From figure 4a, although the slopes 

are positive for all H/M vs. M2 plots indicating the second-order magnetic phase transition but 

these plots not straight line and parallel to each other, hence do not fulfill the criteria of the mean 

field theory.  



The complete study of magnetic phase transition is obtained by deeply analyzing the 

critical exponential phenomena. Usually, the influence of charge, lattice and orbital degree of 

freedom dormant in the ferromagnetic region and dominate the macroscopic magnetization. The 

critical parameters are determined by considering this macroscopic magnetization. In this 

system, the critical behavior requires an adequate model for accurate exponent’s β and γ, which 

gives a set of parallel and linear plots. To seek such a model, we use the modified Arrott-plots 

(M1/β vs. (H/M) 1/γ) obtained from the so-called Arrott–Noakes equation of state [22]: 

                                                                                    4 

where a and b are constants. 

The isothermal modified Arrott-plots (MAP), M1/β vs. (H/M) 1/γ, are plotted for our 

system in the temperature range from 250 to 300K with values of β and γ obtained from different 

models; the mean field model (Fig. 4a), tri-critical mean field model (Fig. 4b),  3D-Heisenberg 

model (Fig. 4c) and 3D-Ising model (Fig. 4d) [7, 22-24]. 

To estimate the suitable model for our system, we have used the relative slope versus 

temperature (RS vs. T) plots for each model. The RS is defined as the ratio of slope of MAP at 

any temperature T to the slope of MAP at TC (RS = S (T)/S (TC)). Figure 5 represents the RS vs. 

T plots for each model in the vicinity of TC. The RS value for each temperature must approach 

unity for a most suitable model and the MAPs for such model must have parallel lines [25].  In 

our case the RS values are close to unity for 3D-Ising model in the measured temperature range 

around Tc. Hence the obtained values of exponent’s β and γ for this sample system are in 

accordance with the 3d-ising model. 

The critical exponents are defined as follows: 

5 

Where “t” is the reduced temperature ( ), and the constants Mo, Ho/Mo, and D are the 

critical amplitudes. 

Following the usual practice, the data points for the spontaneous magnetization (MS) at 

temperatures below TC and the inverse susceptibility  at temperatures above TC are 

obtained from the intercept of the linear extrapolated lines of the H/M vs. M2 plots from the high 



field-region with M2 and H/M axes, respectively (figure 4a). The spontaneous magnetization 

versus inverse susceptibility (MS (T) vs. ) plots are shown in figure 6a. The fitting of MS 

(T) data with equation 5a gives the value of exponent β and the fitting of  data with 

equation 5b gives the value of exponent γ. The obtained values of β, γ and TC are listed in Table 

3. 

Moreover, the exponent’s β and γ and the critical temperature TC can also be obtained by using 

the Kouvel–Fisher (KF) method. The KF method provides alternative logical expressions of the 

power law defined as [26]: 

6 

7 

Using equation 6 and equation 7,  vs. T and  vs. T plots (figure 6b) give straight 

lines. The slopes of these lines are equal to the inverse of exponent’s β and γ while their intercept 

with temperature axes give the exact value of TC. The obtained values of β, γ, and TC with KF 

method are in agreement with those determined previously and are within limit of experimental 

error.  

Figure 7a shows that the M1/β vs. (H/M) 1/γ is linear and passes through the origin at TC, and the 

M1/β vs. (H/M) 1/γ plots for other temperature around TC are parallel to it in the high field region, 

using experimentally found values of β and γ for this sample. Moreover, the value of δ is 4.80 

obtained from the fitting of the MH plot at TC as shown in figure 7b.  

The exponent δ was also estimated using Widom scaling relation [27]: 

8 

The obtained value of critical exponent δ4.83 using Widom scaling relation is similar to the 

value obtained from the fitting of MH isotherm at TC. It is important to note that the Widom 

scaling relation is the best technique to ensure the reliability of these exponents.  

The scaling hypothesis is another tool to check the reliability of critical exponents which 

intimates that the isothermal magnetization (M) is a function of t and μoH in the critical region 

[28] as; 

9 



Where f+ and f- are the analytical functions for temperatures T > TC and T < TC, respectively. 

Using equation 9,  vs.  plots for different temperatures around TC fall into two 

universal groups: one for T > TC (t > 0) and the other for T < TC (t < 0), shown in figure 8a, 

confirms the authenticity of critical exponents β and γ along with TC. The inset of figure 8a 

represents the data on a logarithmic scale.  

The critical exponent’s values along with those theoretically reported and predicted ones using 

different standard models are tabulated in table 3. The found values of critical exponents are 

listed in the table 3 which confirmed that the values of these exponents are approaches to the 

predicted values of 3D-Ising model. These values are slightly different from the one reported in 

[25]. This difference in the values of exponent’s can be attributed to the different synthesis route 

and  calcination temperature adopted, which results in the excess of oxygen concentration, hence 

the rhombohedral single phase structure is formed instead of orthorhombic crystalline structure 

[13, 29-34].  

The variation in the magnetic entropy change with an applied magnetic field is estimated by the 

power law [35]: 

10 

where power n is the function of both T and μoH and is used to relate the magnetic order [36]. 

The exponent “n” is usually obtained by the relation; 

11 

The found value of n is 0.46 at TC, which is smaller than the predicted value of n = 2/3 

determined by mean field theory. This is also an evidence for our system under investigation that 

lies within the limit of 3D- Ising like behavior.  

Moreover, at T = TC, the power n becomes field independent and is related to the critical 

exponents β and γ as defined in [37], 

12 

By comparing this equation with the Widom relation (δ = 1 + γ/β), we get, 

13 

From equation 13, the obtained value of n is 0.48, approaches to the value obtained from power 

law at TC.  



The range of exchange interaction (J(r)) is also used to estimate the universality class during PM-

FM phase transition, where r stands for the range of interacting spins. From the normalization 

group analysis, the mathematical relation for J(r) is; J(r) =1/rd+, where d represents the 

material’s dimension and  is used for deviation of the interaction. The value of d is taken as 3 

for bulk material. For three dimensional bulk material, the range of exchange interaction can be 

expressed as; J(r)=1/r3+ with 3/2≤≤2. Usually, mean field theory valid only for  < 1/2 with r-

4.5. Similarly, in the case of 3D-Heisenberg model, the value of  is greater than 2 and in the 3D-

Ising model and tri-critical mean field model,  lies in the intermediate range ½ <  <2. The 

correlation length exponent  is related with γ and  for a three-dimensional system as, ν = γ/σ. 

The scaling equalities α = 2 − νd, β = (2 − α − γ )/2 and δ = 1 + (γ /β) along with ν = γ/σ are used 

to find the value of σ [38, 39]. The obtained value of σ for our system is ~1.97. Hence, the 

obtained value of  lies between 0 < σ < 2, which clarify the 3D-Ising model like a transition in 

the system under investigation. 

 

4. Conclusions 

Single-phase La0.8Ba0.2MnO3 manganite samples with rhombohedral structure were 

successfully prepared by solid state reaction technique. PM-FM phase transition was observed at 

TC ~285K through M-T measurements. M-H isotherms for 250K  T  300K explored the 

second-order magnetic phase transition similar to the 3D-Ising model. The  and RCP are 

3.02 J/kg K and 142.00 J/kg, respectively, at 4 Tesla. The χ-1 vs. T plot deviates from Curie–

Weiss law for TC < T < TG, signifying the existence of GP with a susceptibility exponent λ = 

0.44 and TG =295K. The critical phenomenon investigated by employing models like Modified 

Arrott plots, Kouvel Fisher method and critical isotherms analysis. The consistency of critical 

exponent’s was confirmed by the universal scaling equations of state and the Widom scaling 

relation. Similarly, the applied magnetic field dependent change in magnetic entropy (∆SM) 

verified the exponential power law ΔSM = (H) n with n = 0.46 at TC. 
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Figures

Figure 1

Re�ned XRD pattern of La0.8Ba0.2MnO3 sample measured at room temperature.

Figure 2



(a) Zero �eld cooled (ZFC) and �eld cooled (FC) M-T patterns ( For μoH= 0T and 0.01T) and (b) the χ-1 vs.
T plot shows TC =285K along with the plot �tting which gives the value of =0.49. The inset of (a)
represents the derivative of M-T (ZFC) pattern with negative peak at TC while the inset of (b) shows
positive peak at TG =294K.

Figure 3

(a) M-H loops for 5K  T  300K with a step of 5K (b) shows M-H isotherms for the temperature range 250-
300K with the step of 3K while (c) and (d) shows temperature dependent ΔSM and ΔCp plots for different
values of μoH in the vicinity of TC.



Figure 4

represents the Modi�ed Arrot (μoH/M)1/γ vs. M1/β ) plots for 250K<T<300K using Mean Field (a), tri-
critical mean-Field (b), 3D-Heisenberg (c) and 3D-Ising (d) models.



Figure 5

represents the RS vs. T plots for different Models. The 3D-Ising model gives almost straight line and is
close to RS =1.

Figure 6



(a) represents the �tting of MS and χ-1 vs. T plots obtained from MAP. The �tting of these plots give
values of β and γ (b) shows the linear �ts for Kouvel-Fisher (KF) plots to con�rm the values of β and γ.

Figure 7

(a) shows MAPs for β =0.29 and γ=1.21 obtained and (b) shows the �tted M-H plot at TC which gives the
value of critical exponent δ.

Figure 8

(a) shows the M/tβ vs. μoH/t β+γ plots around TC and (b) represents the n vs. T plot in full temperature
range. The inset of (a) is the ln (M/tβ) vs. ln (μoH/t β+γ ) plot at different temperatures around TC fall into



two universal groups: one for T > TC and the other for T < TC.


