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Abstract 

Structural analysis, magnetocaloric properties, and theoretical investigations of the 

magnetocaloric effect were carried out in the crystalline La0.7Ba0.15Ag0.15MnO3 manganite 

prepared using sol-gel route. The phase purity and structure of this sample were checked by 

X-ray diffraction technique and Rietveld analysis. From magnetic measurements, the 

ferromagnetic to paramagnetic (FM-PM) phase transition was observed around TC= 255 K. 

The maximum change in magnetic entropy (∆𝑆𝑀
𝑚𝑎𝑥) and relative cooling power (RCP) 

extracted from magnetic measurements were 3.48 J×kg-1×K-1 and 225 J×kg-1 at an applied 

magnetic field of 5 T. These magnetocaloric parameters offer to the sample the possible use in 

the magnetic refrigeration technology. The magnetic-entropy simulation by using different 

theories such as the Weiss molecular mean-field theory  and the Landau theory shows good 

correlation between the theoretical values of -∆SM(T) and the experimental ones estimated 

from Maxwell relation. 
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1. Introduction 

The magnetic refrigeration (MR) seems to be one of the very serious alternatives for 

replacing conventional refrigeration systems based on compression-expansion of gases [1]. 

This new technique, compared to the traditional techniques, has several advantages. It is more 

energy efficient, more compact and above all less harmful to the environment. The MR relies 

on the MCE (magnetocaloric effect), which is an intrinsic property of magnetic materials and 

results in an instantaneous and reversible variation of their temperature and entropy when they 

are subjected to a variation of magnetic field. This reversible effect is maximal at the FM-PM 

transition temperature (called the Curie temperature TC), and is the consequence of the 

decrease in magnetic entropy following the alignment of the electronic spins under the 

application of the magnetic field. However, the optimization of the magnetic refrigerator 

devices depends on a solid thermodynamic description of the magnetic material. Different 

theories are developed and presented in this case. For example, the mean-field theory has 

established direct relations between magnetic entropy change and magnetization [2, 3]. 

Moreover, the theory of critical exponents justifies the existence of a universal 

magnetocaloric behavior in materials presenting second order magnetic phase transitions [4, 

5]. The studies of critical exponents can supply valuable information about magnetic phase 

transitions. In addition, the Landau theory which is a mean field theory is used to the 

theoretical modeling of the MCE [6, 7]. The effect of the magnetoelastic coupling and 

electron condensation energy on the magnetic entropy change has been considered in this 

theory. 

Among materials having good MCE, the manganites with perovskite structure 

adopting Ln1-xMxMnO3 as general formula (Ln = trivalent rare earth element, and M = 

monovalent or divalent ion) represent a family of materials that was widely studied years ago 

for MR technology due to their rich properties [8-17]. Recently, these materials have been 
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widely studied due to their extremely high chemical stability over a wide range of 

compositions. This results in numerous modifications of their properties both on the 

fundamental scale and for potential applications. 

In this work, we have prepared manganite sample with La0.7Ba0.15Ag0.15MnO3 

composition using sol-gel method. This compound belongs to the family of lanthanum 

manganites and its silver-doped alloys, La1-xAgxMnO3, a subject of considerable renewed 

interest in the magnetic refrigeration technology [18-20]. We have successively studied the 

structural, and magnetocaloric properties for the La0.7Ba0.15Ag0.15MnO3 sample. We have also 

presented theoretical investigations of the magnetic entropy change for this sample using 

different theories, and the results were compared with the experimental ones. 

2. Synthesis and characterizations 

For the sol-gel synthesis of La0.7Ba0.15Ag0.15MnO3 manganite, the nitrates were 

selected as La(NO3)3.6H2O, Ba(NO3)2, AgNO3, and Mn(NO3)34H2O, all with high purity. 

These nitrates were mixed according to the stoichiometric ratio and dissolved in distilled 

water with heating at 90 °C, followed by the addition of citric acid and ethylene glycol. Then, 

amounts of ammonia have been added in order to maintain the pH of the solution to about 7. 

After some time of heating (approximately 4 h), a viscous gel is observed. This gel was dried 

for 12 h at 250 °C, and the resulting precursor was ground in an agate mortar. The obtained 

powder was undergone two cycles of (grinding→ pelleting→ sintering) at 600 °C and 800 °C 

for 24 h, respectively. The resulting powder was sintered, in a final step, at 1000 °C for 24 h. 

The phase purity of the synthesized sample was inspected via X-ray diffraction (XRD) 

technique, using Cu-Kα radiation (λ= 1.5406 Å). “Fullprof” program is used to perform the 

Rietveld refinement of structural parameters. “Quantum design” physical properties 

measurement system (PPMS) is used to measure both M(T) and M(µ0H, T) data: M(T) curve 

was measured at ZFC (zero field cooling) at a weak magnetic field (µ0H = 0.05 T) in 150 K ≤ 
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T ≤ 350 K temperature range, and the M(µ0H, T) isotherm measurements were taken near TC 

vs temperature in 0 T ≤ µ0H ≤ 5 T magnetic field interval. 

3. Results and discussions 

3.1. XRD analysis 

The XRD pattern for La0.7Ba0.15Ag0.15MnO3 manganite is shown in Fig. 1a. The 

pattern shows a pure perovskite phase with no detectable secondary phases. The sample 

crystallized in the rhombohedral crystal structure having space group 𝑅3𝑐 and space group 

number 167. The observed broadening of the diffraction peaks seems consistent with 

nanometric crystallite size. The structural parameters were calculated from Rietveld 

refinement of the obtained XRD pattern (Fig. 1b), and they are represented in Table 1. The 

obtained cell parameters are a= b= 5.5216 (1) Å, c= 13.4259 (3), 𝛼 = 90 °, 𝛽 = 90 ° and 𝛾 = 

120 °. The unit cell volume is V= 354.487 (8) Å3. These lattice parameters are higher than 

those presented for the rhombohedral La0.85Ag0.15MnO3 in Refs. [21, 22]. Obviously the Ba 

for La substitution causes the increase of lattice parameters in La0.85Ag0.15MnO3 sample. This 

is in agreement with the smaller ionic radius of La (rLa
3+ = 1.032 Å) compared to that for Ba 

(rBa
2+ = 1.35 Å) [23]. The crystallite size was calculated using the full-width at half maximum 

(FWHM) of the most intense peak (1 1 0) by Scherrer’s formula [24]: 

𝑡 =  
0.9 

𝛽 cos (𝜃)
            (1) 

where, β is the full width at half maximum of the peak at 2θ, θ is the corresponding Bragg 

angle, and λ is the wavelength. The measured crystallite size is about 46 nm. All the other 

structural parameters including site symmetry, Wyckoff positions, isotropic Debye-Waller 

factors, atomic positions, bond length, bond angle, and agreement factors are also presented in 

Table 1. 
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3.2. Magnetocaloric properties 

Fig. 2a presents the M(T) curve taken at µ0H= 0.05 T for La0.7Ba0.15Ag0.15MnO3 

manganite. By representing the dM/dT curve (inset of Fig. 2a), the Curie temperature of the 

FM–PM phase transition was determined as TC = 255 K. To understand the magnetic order in 

the sample, the magnetization M(µ0H, T) isotherms are presented in Fig. 2b. As illustrated in 

this figure, the M(µ0H, T) isotherms gradually decrease with increasing temperature. In 

addition, with the increase of µ0H values, the magnetization increases non-linearly in the low 

temperature range with a tendency to saturation reflecting a ferromagnetic behavior, and 

varies linearly at high T values sign of paramagnetic behavior. Fig. 2c, shows the Arrott plots 

(M2 vs µ0H/M) which show positive slopes [25]. These positive slopes of M2 vs µ0H/M 

confirm the second-order magnetic phase-transition for La0.7Ba0.15Ag0.15MnO3 manganite 

[26]. The magnetic entropy (−∆𝑆𝑀) was given from M(µ0H, T) data by the following 

Maxwell relations [1]: 

(
𝜕𝑆

𝜕µ0𝐻
)

𝑇

= (
𝜕𝑀

𝜕𝑇
)

µ0𝐻
          (2) 

(
𝜕𝑆

𝜕𝑀
)

𝑇
= − (

𝜕µ0𝐻

𝜕𝑇
)

𝑀
          (3) 

Using Eq. (2), the −∆𝑆𝑀 values can be estimated as: 

∆𝑆𝑀(𝑇, ∆µ0𝐻) = ∫ (
𝜕𝑀

𝜕𝑇
)

µ0𝐻
𝑑µ0𝐻

µ0𝐻

0
        (4) 

The obtained −∆𝑆𝑀 values for different applied fields are represented in Fig. 2d. As shown in 

this figure, the −∆𝑆𝑀(𝑇) variation reaches a maximum peak near the order temperature (TC) 

as | ∆𝑆𝑀
𝑚𝑎𝑥| =  3.48 𝐽 × 𝑘𝑔−1 × 𝐾−1 at µ0H= 5 T. The relative cooling power (RCP) at 

different applied fields is estimated by multiplying the width at half height and the maximum 

value of magnetic entropy change according the following relation [1]: 

𝑅𝐶𝑃 = |∆𝑆𝑀
𝑚𝑎𝑥| × 𝛿𝑇𝐹𝑊𝐻𝑀         (5) 
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The RCP value is equal to 225 J kg-1 at µ0H = 5 T. The RCP and | ∆𝑆𝑀
𝑚𝑎𝑥| values at μ0H = 5 T 

for the present sample besides those of some Gd based materials [27], and other manganite 

samples [11-17] are compared in Table 2. We noted that the maximum entropy change for 

La0.7Ba0.15Ag0.15MnO3 sample, which is about 37 % of that of pure Gd, is larger than the 

| ∆𝑆𝑀
𝑚𝑎𝑥| values reported for some manganites considered for magnetic refrigeration 

technology [11, 13, 16], and much smaller than the pseudo binary alloy Gd5Si2Ge2 [21]. 

However the sample exhibits a large relative cooling power which is about 55 % of that of 

Gd. Consequently, the present sample can be used as an active magnetic refrigerator in a 

relatively wide range of temperatures nearing 255 K with a relatively large entropy change. 

3.3. Spontaneous magnetization 

In the ferromagnetic state (below TC), each ferromagnetic material acquires a 

spontaneous magnetization. The (−∆𝑆𝑀) expression is given vs the spontaneous 

magnetization (𝑀𝑠𝑝𝑜𝑛𝑡) as follows [28, 29]: 

−∆𝑆𝑀(𝜎) =
3𝐽

𝐽+1
𝑁𝑘𝐵(𝜎2 + 𝜎𝑠𝑝𝑜𝑛𝑡

2) =
3𝐽

𝑀0(𝐽+1)
𝑁𝑘𝐵(𝑀2 + 𝑀𝑠𝑝𝑜𝑛𝑡

2)   (6) 

where 𝜎𝑠𝑝𝑜𝑛𝑡 =
𝑀𝑠𝑝𝑜𝑛𝑡

𝑀0
 is the reduced spontaneous magnetization, J is the angular spin value, 

N is the number of spins, kB is the Boltzmann constant, and M0 is the saturation 

magnetization. To estimate the spontaneous magnetization for La0.7Ba0.15Ag0.15MnO3 

compound, we adjusted linearly the Arrott plots (
µ0𝐻

M
  𝑣𝑠 M2) in Fig. 3a, and the 

(−∆𝑆𝑀 𝑣𝑠 𝑀2) curves in Fig. 3b for 𝑇 < 𝑇𝐶. These two figures show that all the curves obey 

the same regularity and have practically constant slopes in the temperature range below TC. 

Fig. 3c shows a good agreement between 𝑀𝑠𝑝𝑜𝑛𝑡 values obtained according to the mean field 

theory and those calculated from Arrott plots. The good correlation between the both methods 

confirms the validity of the mean field theory for estimation of the spontaneous 

magnetization. According to the scaling method [30], the critical exponent (β) is associated to 
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𝑀𝑠𝑝𝑜𝑛𝑡 and the reduced temperature 휀 =
𝑇−𝑇𝐶

𝑇𝐶
 in the FM region (𝑇 < 𝑇𝐶) by the following 

relation: 

𝑀𝑠𝑝𝑜𝑛𝑡 ≈ 𝑙𝑜𝑔(𝑀0)  +  𝛽𝑙𝑜𝑔(−휀)         (7) 

Using this relation, a linear adjustment of log(Mspont) vs log(-휀) curve was carried out as 

shown in Fig. 3d. Here, we used the 𝑀𝑠𝑝𝑜𝑛𝑡 values estimated from −∆𝑆𝑀 vs 𝑀2 curves. The 

obtained β value (β= 0.49) is close to that of the mean field model (β = 0.5). This confirms the 

utility of the mean field theory in the case of our system. 

3.4. Landau theory 

According to the Landau's theory, the Gibbs free energy development to order six is 

given by [25]: 

𝐹(𝑇, 𝑀) ≅ 𝐹0 +
1

2
𝐴(𝑇)𝑀2 +

1

4
𝐵(𝑇)𝑀4 +

1

6
𝐶(𝑇)𝑀6 + ⋯ − 𝑀𝐻,    (8) 

here the Landau coefficients 𝐴(𝑇), 𝐵(𝑇), and 𝐶(𝑇) represent the magnetoelastic coupling and 

electrons interaction, and they are temperature-dependent parameters [31]. The examination 

of the free-energy expression demonstrates that the parameter A(T) is always positive and 

would get a minimum value at the Curie temperature corresponding to a maximum of the 

susceptibility. On the other hand, the order of the magnetic transition is governed by the sign 

of B(T) at the transition: a first-order transition takes place if B(T) < 0 while a second order 

occurs when B(T) ≥ 0 [32]. Besides, C(T) is positive at TC but in other cases, it is negative or 

positive. By adjusting the Arrott curves (Fig. 4a), the three Landau coefficients are 

determined using the equation of the state given at the equilibrium condition (
𝑑𝐹(𝑇,𝑀)

𝑑𝑀
= 0 ): 

µ0𝐻

𝑀
= 𝐴(𝑇) + 𝐵(𝑇)𝑀4 + 𝐶(𝑇)𝑀6.        (9) 

Figs. 4(b-d) show the variations of A, B, and C coefficients vs T. From Fig. 4c, it is clear that 

B(T) is positive at TC confirming the second-order nature of the FM-PM transition. By 

deriving A, B and C vs T, the −∆𝑆𝑀(𝑇) can be estimated as follows: 
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−∆𝑆𝑀(𝑇) =
1

2
𝐴′𝑀2 +

1

4
𝐵′𝑀4 +

1

6
𝐶′𝑀6       (10) 

where 𝐴′ =
𝜕𝐴

𝜕𝑇
, 𝐵′ =

𝜕𝐵

𝜕𝑇
 and 𝐶′ =

𝜕𝐶

𝜕𝑇
. Fig. 5 shows a good agreement between −∆𝑆𝑀 (𝑇) 

curves obtained on the basis of Landau theory (red lines) and the experimental ones calculated 

using the Maxwell relation. Our results estimated by Landau theory, by pushing the 

development of the Gibbs function to order six, correlate better with the experimental ones 

than in the case of some other manganites [33-36] where the development of the Gibbs free 

energy was limited to order four. 

3.5. Mean-field approach 

The magnetization (M), for a ferromagnetic material, can be adjusted according to the 

Brillouin function BJ(x) as [37]: 

𝑀 = 𝑓(
µ0𝐻+𝐻𝑒𝑥𝑐ℎ

𝑇
) = 𝑀0𝐵𝐽(𝑥)        (11) 

where T is the temperature, µ0H is the applied magnetic field, Hexch= λM is the exchange field 

(λ is the mean-field exchange parameter), and 𝐵𝐽(𝑥) function can be expressed as: 

𝐵𝐽(𝑥) =
2𝐽+1

2𝐽
coth (

2𝐽+1

2𝐽
𝑥) −

1

2𝐽
 coth (

𝑥

2𝐽
) with 𝑥 =

𝐽𝑔𝜇𝐵

𝑘𝐵
(

µ0𝐻+𝐻𝑒𝑥𝑐ℎ

𝑇
)   (12) 

with J= spin momentum, g= gyromagnetic factor, µB= Bohr magneton, kB= Boltzmann 

constant. By applying the reciprocal function of 𝑓 on the first member of Eq. (11), we can 

obtain: 

µ0𝐻

𝑇
= 𝑓−1(𝑀) −

𝐻𝑒𝑥𝑐ℎ

𝑇
= 𝑓−1(𝑀) −

𝑀

𝑇
.       (13) 

Using Fig 2b, we plotted in Fig 6a the variation of µ0H/T vs. 1/T at constant M step (5 

Am2×kg-1). It's clear that the obtained iso-magnetization curves have a linear trend. Linear 

adjustments are then made on the linear parts of the iso-magnetization curves (red solid lines) 

giving the Hexch values. In Fig. 6b we present the Hexch vs M curve which has been adjusted 

using the following relation [38, 39]: 

𝐻𝑒𝑥𝑐ℎ = 1𝑀 + 3𝑀3          (14) 
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The adjustment shows negligible value of 3 parameter (3 = −0.0001 (T × Am−2 × kg)3), 

so the Hexch expression can be approximated as 𝐻𝑒𝑥𝑐ℎ = 𝑀, with   = 1 = 1.098 T ×

Am−2 × kg. 

The next step of this theory is to construct the M vs (
µ0𝐻+𝐻𝑒𝑥𝑐ℎ

𝑇
) curves which are shown in 

Fig. 7 (black symbols). As observed, all these curves overlap in a single curve which has been 

adjusted using the Brillouin function as illustrated in Eq. (11). This adjustment represented by 

red line in Fig. 7 allows finding the values of J, g and M0 respectively as 2.03, 2.04 and 65 

Am2×kg-1. These values can be compared with the theoretical ones. In this case, the 

theoretical values of J and g are estimated by respecting the Hund rules [40]. As the orbital 

moment (L) is blocked for the transition metal ions [40], only the contributions of 𝑀𝑛3+ and 

𝑀𝑛4+ are considered for 𝐿𝑎0.7
3+𝐵𝑎0.15

2+ 𝐴𝑔0.15
2+ 𝑀𝑛0.55

3+ 𝑀𝑛0.45
4+ 𝑂3

2− sample, giving J = g =2. It is 

clear that the experimental values of J and g match well with the theoretical ones. Thereafter, 

the adjusted values of M0, J and g were injected into Eq. (11) in order to generate the 

theoretical M(µ0H, T) isotherms represented by solid red lines in Fig. 8a which correlate well 

with the experimental isotherms indicated by black symbols. This confirms the utility of the 

mean field approach in the present study. On another side, according to the Bean-Rodbell 

model, the reduced magnetization (𝜎) is expressed as a function of the Brillouin function as 

[41, 42]: 

𝜎(𝑌) = 𝐵𝐽(𝑌),          (15) 

With 

𝑌 =
1

𝑇
[3𝑇0 (

𝐽

𝐽+1
) 𝜎 +

𝑔𝐽𝜇𝐵

𝑘𝐵
µ0𝐻 +

9

5

(2𝐽+1)4−1

[2(𝐽+1)]4 𝑇0𝜂𝜎3]     (16) 

where T0 is the transition temperature, and 𝜂 is a parameter which can also checks the phase-

transition order. Indeed, if 𝜂 < 1 a second order transition takes place; however a first order 

transition appears when 𝜂 > 1. Then, to model M vs T under different magnetic field by the 
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Bean-Rodbell model, we replace x in Eq. (11), by Y in Eq. (16). A simulation of the 

experimental M(T) curves is established for 𝜂 = 0.07 and T0 = 255 K (see Fig. 8b). Seeing 

that 𝜂 < 1, the present sample presents a FM-PM phase transition of second-order type. The 

simulation of the curves of −∆𝑆𝑀(𝑇) is achieved using the following relation: 

 −∆𝑆𝑀(𝑇)𝐻1⟶𝐻2
= ∫ (𝑓−1(𝑀) − (

𝜕(𝑇)

𝜕𝑇
)

𝑀
𝑀) 𝑑𝑀

𝑀|𝐻2

𝑀|𝐻1
     (17) 

Fig. 9 presents a comparison between the simulated −∆𝑆𝑀(𝑇) curves (red lines) obtained 

using the mean field theory combined with the Bean-Rodbell model, and the experimental 

ones deduced from the Maxwell relation (black symbols). This simulation of the magnetic 

entropy variation shows well correlation between the simulated curves and the experimental 

ones. These results are in good agreement with those presented in previous works [28, 31, 38, 

39], where the mean field theory combined with the Bean-Rodbell model was used to estimate 

the magnetic entropy change from the data on the temperature and field dependences of the 

magnetization. 

4. Conclusion 

In this work the La0.7Ba0.15Ag0.15MnO3 manganite sample was prepared by sol-gel 

route. XRD analysis shows that the compound is good crystallized and its majority phase is a 

perovskite with rhombohedral 𝑅3𝑐 structure. The M(T) measurement shows a second order 

FM-PM phase transition at TC= 255 K. From an application perspective, the sample can be 

used in the MR technology. An analysis of the spontaneous magnetization, Mspont(T), was also 

carried out using the (-∆SM vs M2) and (µ0H/M vs M2) data. The molecular mean-field, Bean 

Rodbell and Landau theories, were developed to model the magnetic entropy change for the 

sample. The theoretical results show good agreement with the experimental ones. 
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Table legends 

Table 1: Rietveld refinement of the structural parameters for La0.7Ba0.15Ag0.15MnO3 manganite. 

The numbers in parentheses are estimated standard deviations to the last significant digit. 

 

Sample La0.7Ba0.15Ag0.15MnO3 

Cell 

parameters 
a (Å) 5.5216 (1) 

c (Å) 13.4259 (3) 

V (Å3) 354.487 (1) 

Atoms La/Ba/Ag Wyckoff Positions 6a 

Site Symmetry 32 

Atomic Positions                     (x, y, z) (0, 0, ¼) 

Isotropic Debye-Waller factor     Biso (Å
2) 1.18 (3) 

Mn Wyckoff Positions 6b 

Site Symmetry -3 

Atomic Positions                      (x, y, z) (0, 0, 0) 

Isotropic Debye-Waller factor     Biso (Å
2) 0.20 (0) 

O Wyckoff Positions 18e 

Site Symmetry 2 

Atomic Positions                     (x, y, z) (0.5201 (2), 0, ¼) 

Isotropic Debye-Waller factor     Biso (Å
2) 2.04 (1) 

Structural 

parameters 
                      Bond length                                   dMn-O (Å) 1.9505 (6) 

                      Bond angle                                    θMn-O-Mn (°) 173.51 (3) 

                      Average grains size                       t (nm) 46 

Agreement 

factors 
Profile factor                                                       Rp (%) 1.43 

Weighted profile factor                                       Rwp (%) 2.01 

Structure factor                                                   RF(%) 3.15 

Goodness of fit                                                    χ2 (%) 2.53 
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Table 2: Magnetocaloric parameters at μ0H = 5 T for La0.7Ba0.15Ag0.15MnO3 manganite 

(present work) compared to several materials considered for magnetic refrigeration 

technology. 

 

Samples TC (K) μ0H (T) | ∆𝑺𝑴
𝒎𝒂𝒙| (J×Kg-1×K-1) RCP (J×Kg-1) Ref. 

La0.7Ba0.15Ag0.15MnO3 255 5 3.48 225 Present work 

Gd 293 5 9.5 410 [21] 

Gd5Si2Ge2 275 5 18.5 535 [21] 

La0.6Pr0.1Ba0.3MnO3 215 5 1.97 230 [5] 

La0.6Pr0.1Ba0.3Mn0.9Ni0.1O3 162 5 1.31 123 [5] 

Nd0.67Ba0.33MnO3 145 5 3.91 265 [6] 

Nd0.67Ba0.33Mn0.98Fe0.02O3 134 5 2.97 242 [6] 

La0.67Ba0.33Mn0.95Fe0.05O3  271 5 2.54 246 [7] 

Pr0.67Ba0.33Mn0.95Fe0.05O3 128 5 3.09 287 [7] 

La0.7Sr0.3Mn0.95Al0.05O3 332 5 4.4 - [8] 

Pr0.6Ca0.1Sr0.3Mn0.975Fe0.025O3 235 5 3.53 192 [9] 

La0.67Sr0.33Mn0.9Ni0.1O3 290 5 3 132 [10] 

La0.67Sr0.33Mn0.9Co0.1O3 328 5 5.00 200 [11] 
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Figure captions 

 

 

Fig. 1: (a) X-ray diffraction pattern for La0.7Ba0.15Ag0.15MnO3 manganite. All peaks are 

indexed in the hexagonal setting of the rhombohedral 𝑅3𝑐 symmetry. (b) Rietveld analysis of 

XRD pattern. The bottom line (green) represents the difference between the XRD data (red) 

and calculated fit (black), and the blue lines are Bragg positions. 
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Fig. 2: (a) Temperature dependence of magnetization and dM/dT vs T curve at µ0H= 0.05 T. 

(b) Magnetization isotherms. (c) Arrott plots around TC. (d) Magnetic entropy change vs T at 

various applied magnetic fields. 
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Fig. 3: (a) Linear fits (red lines) for 𝑇 < 𝑇𝐶 of Arrott plots (
μ0H

M
 𝑣𝑠 M2). (b) Linear fits (red 

lines) of −∆𝑆𝑀 vs 𝑀2 curves. (c) 𝑀𝑠𝑝𝑜𝑛𝑡 vs 𝑇 deduced from −∆𝑆𝑀 vs 𝑀2 curves (black 

symbols) and from the Arrott plots (
μ0H

M
 𝑣𝑠 M2) (red symbols). (d) Linear fit of 

𝑙𝑜𝑔 𝑀𝑠𝑝𝑜𝑛𝑡  𝑣𝑠  𝑙𝑜𝑔 (−휀) deduced from −∆𝑆𝑀 vs 𝑀2 curves. 
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Fig. 4: (a) Quadratic fit (red lines) of (
μ0H

M
 𝑣𝑠 M2). (b) Variation of Landau parameter A(T). 

(c) Variation of Landau parameter B(T). (d) Variation of Landau parameter C(T). 
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Fig. 5: Comparison between −ΔSM vs T under various applied magnetic fields estimated from 

Maxwell relation (black symbols) and Landau theory (red lines). 
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Fig. 6: (a) 
µ0𝐻

𝑇
  vs 

1

𝑇
 curves under constant magnetization (𝑀 = 5 Am2 × kg−1 ). (b) 𝐻𝑒𝑥𝑐ℎ vs 

𝑀 fitted by 1𝑀 + 3𝑀3 function. 
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Fig. 7: 𝑀 vs 
𝜇0𝐻+𝐻𝑒𝑥𝑐ℎ

𝑇
 scaling plots fitted using Brillouin function. 
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Fig. 8: (a) 𝑀 vs 𝐻 curves (black symbols) with the interpolation using the mean-field method 

(red lines). (b) 𝑀 vs 𝑇 curves (black symbols) with the interpolation using the Bean- Rodbell 

model (red lines). 
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Fig. 9: Comparison between −ΔSM vs T under various applied magnetic fields estimated from 

Maxwell relation (black symbols) and mean field model (red lines). 


