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ABSTRACT: A systematic study of the magnetic and magnetocaloric properties 

around the ferromagnetic-paramagnetic phase transition temperature have been carried 

out on La0.7Ca0.3Mn1-xNixO3 (x = 0, 0.02, 0.07, 0.10) compounds synthesized by ball 

milling from oxides and pure Ni. The order of the transition, analyzed by the Banerjee’s 

criterion and the field dependence of the magnetic entropy change, was found to be of 

second order for all the studied compositions. The existence of small traces of 𝛽-MnO2 

phase and the distortions produced during the milling process may induce a competition 

character of the ferromagnetic and the antiferromagnetic interactions at low fields and 

motivate the existence of a distribution of Curie temperatures. Once the 

antiferromagnetic contributions are avoided, the parameters of the distribution, the 

average Curie temperature 𝑇𝐶
̅̅ ̅ and the broadening of the distribution ∆𝑇𝐶, have been 

obtained from the analysis of the approach to saturation curves and the magnetocaloric 

effect.  

KEYWORDS: LCMO manganites, ball milling, Curie temperature distribution, 

magnetocaloric effect 

 

1. INTRODUCTION 

The magnetic refrigeration at temperatures close to room temperature, taking advantage 

of the magnetocaloric effect (MCE), has been considered for future developments in 

cost-effective new technologies due to its possibilities for saving energy and mitigating 

environmental problems [1]. In this frame, perovskite manganites with a general 

formula RE1-xAxMnO3 (RE is a trivalent rare earth element and A is a divalent or a 
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monovalent alkaline element) have attracted considerable attention thanks to their 

interesting magnetic and electronic properties in addition to their technological potential 

applications [1-3]. Among the studied lanthanum manganites, La1-xCaxMnO3 (LCMO) 

compounds have received particular attention because of their very rich physical 

phenomenology. For example, they can exhibit a first-order magnetic phase transition 

(FOPT) when x=0.3 and can offer giant MCE tunable around room temperature [3]. The 

properties of these compounds are strongly dependent on both coupling between the 

trivalent (Mn3+) and tetravalent (Mn4+) ions [4] and electron-phonon coupling arising 

from the Jahn-Teller effect [5]. 

The influence of the Mn substitution by other transition metals on the crystal structure 

and magnetic properties of La1-xCaxMnO3 compounds is very interesting in order to 

optimize their properties and, particularly, to tune the Curie temperature [6-9]. In these 

manganites, the substitution of La3+ by Ca2+ generates Mn4+
 ions which 

ferromagnetically couple to neighbor Mn3+ ions, via double-exchange interactions [10]. 

For Ni doped La1-xCaxMnO3 compounds, it has been pointed out that the Mn 

substitution by a small amount of Ni could change the magnetic and transport properties 

without changing significantly their crystal structure [6-9]. Basically, increasing Ni-

doping content reduces the Curie temperature of the ferromagnetic-paramagnetic phase 

transition due to weakened double-exchange interactions.  

Although there is a significant number of studies on Ni doped lanthanum manganites, 

there is a lack of information related to the effect of the use of high-energy ball milling 

for synthesizing these compounds. In fact, the properties of these compounds vary with 

the production method. In this context, several works can be found in the literature 

studying the effect of production methods on microstructural, electrical and magnetic 

properties of different perovskite compositions [11-13]. Although the solid state 
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reaction method is the most used to obtain manganites, ball milling technique from 

simple oxides has been successfully used to synthesize manganites with perovskite 

structure [12, 14, 15]. During the milling, the powders are continuously exposed to 

different phenomena, such as fracture and cold welding, which define the 

microstructure of the final products, affecting the magnetic properties of the samples 

produced by this technique. For example, in the case of MCE, a general decrease in the 

peak value of the magnetic entropy change as well as a large broadening of its thermal 

dependence have been reported [12, 16]. This is generally associated to the existence of 

a non-negligible distribution of transition temperatures [16-18]. In doped systems, the 

presence of the doping atom can also lead to compositional disordering and thus to 

enhancement of the distribution of transition temperatures. Recently, a procedure to 

obtain the average Curie temperature and the broadening of such distributions from the 

analysis of the approach to the saturation curves and MCE has been reported, 

successfully applied to amorphous metals and intermetallics [18, 19]. In this study, this 

procedure has been applied to a series of LCMO doped with nickel, La0.7Ca0.3Mn1-

xNixO3 (x=0, 0.02, 0.07, 0.10), produced by high-energy ball milling. The magnetic 

behavior has been analyzed and the results have been compared with those of samples 

synthetized by other methods. 

 

2. EXPERIMENTAL 

La0.7Ca0.3Mn1-xNixO3 (x=0, 0.02, 0.07, 0.10) samples were synthesized via mechanical 

milling at room temperature in air using a Fritsch Pulverisette 4 Vario-Planetary Mill 

with hardened steel balls and stainless steel vials. MnO2, La2O3, CaO and Ni powders 

were used as precursor materials. The ball to powder weight ratio was 10:1. The vial 

frequency Ω = 250 rpm was used for samples with x=0 and x=0.10 until 70 h of milling. 
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For larger times of milling, Ω = 350 rpm was used to speed up the process. In the case 

of the samples with x=0.02 and 0.07, taking into account the acquired knowledge on the 

previous samples, Ω = 350 rpm was used during all the milling process. In order to 

make the different milling easily comparable, an equivalent time approach, 𝑡𝑒𝑞 =

𝑡 (
Ω

Ω0
)

3

 [20], was used for scaling the ball milling processes in planetary mills, where 

Ω0 is a reference frequency and Ω the milling frequency of the experiment. In this study 

the highest frequency used in our experiments has been used as reference frequency, i.e. 

Ω0= 350 rpm. The maximum equivalent time of milling was 155.5 h. To prevent the 

overheating of the vials, the experiments were carried out by alternating 30 min of 

milling with 30 min at rest.  

The structure of the synthesized samples was investigated via X-ray diffraction (XRD), 

with a Cu-Kα radiation source (λ=1.5406 Å) in a Bruker D8 I diffractometer. Rietveld 

refinements were performed by TOPAS software (Version 6). 

The magnetic properties were measured as a function of the temperature, using a 

Lakeshore 7407 vibrating sample magnetometer and a maximum applied field of 𝜇0𝐻= 

1.5 T. The saturation magnetization at zero field, 𝑀𝑆, and paramagnetic susceptibility, 

𝜒𝑝, were obtained by fitting the experimental high-field magnetization curve to the law 

of approach to saturation [21]. The magnetic entropy change ∆𝑆𝑀 was calculated from 

isothermal magnetization curves, using the Magnetocaloric Effect Analysis Program 

[22] available from Lakeshore Cryotronics, Inc. 

 

3. RESULTS and DISCUSSION 
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Figure 1a shows the XRD patterns taken at room temperature for the undoped alloy 

after the indicated equivalent milling times, ranging from 0 to 155.5 h. The pattern of 

the powder milled during 0.4 h shows the peaks corresponding to the starting oxides: 

La2O3, MnO2 and CaO. The low intensity of the peaks of the latter oxide is in 

agreement with the development of the intermediate La2CaO4 phase. The intensity of 

the peaks of the starting oxides decreases with the increase of milling time and, after 

𝑡𝑒𝑞=6.6 h, only peaks ascribed to the MnO2 phase can be observed. After 𝑡𝑒𝑞=10.2 h, 

peaks ascribed to La0.7Ca0.3MnO3 (LCMO) phase are detected, and their intensity 

progressively increases with the increase of 𝑡𝑒𝑞. At larger equivalent milling times, the 

intensity of the peaks belonging to original MnO2 phase decreases, although small 

traces can be found even after 𝑡𝑒𝑞=155.5 h along with the peaks of the target LCMO 

phase. Similar results have been obtained for all the Ni content studied alloys. Figure 1b 

shows the XRD diffraction patterns of the studied samples at 𝑡𝑒𝑞=155.5 h, the 

maximum milling time analyzed in this study. A final value of crystal size ~15 nm for 

the LCMO phase is achieved for all the studied compounds. 

Figure 2 shows the temperature dependence of magnetization taken at 0.1 T for 

La0.7Ca0.3Mn1-xNixO3 (x=0, 0.02, 0.07, 0.10) samples at 𝑡𝑒𝑞=155.5 h. A decrease of the 

magnetization is observed due to the Curie transition of the samples. Curie temperature 

𝑇𝐶 can be roughly determined by identifying the temperature at which the temperature 

derivative of the magnetization 
𝑑𝑀

𝑑𝑇
 shows a minimum, 𝑇𝑖𝑛𝑓 (see inset Fig. 2). However, 

the obtained value of 𝑇𝑖𝑛𝑓 is field dependent and the temperature range at which 
𝑑𝑀

𝑑𝑇
 

curves deviate from zero is large. The latter characteristic is consistent with the 

existence of a distribution of Curie temperatures, typical of compounds produced by 

mechanical milling [12, 16]. For that reason, a more realistic value of Curie temperature 
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will be obtained below after a detailed analysis assuming the presence of a Gaussian 

Curie temperatures distribution. 

The Banerjee’s criterion has been used to determine the order of the magnetic phase 

transition. Following this criterion, if the plot 𝐻 𝑀⁄  vs. 𝑀2 has a positive slope, the 

magnetic transition corresponds to a second-order transition, while if a negative slope is 

found, the system experiences a first-order transition. The results of this analysis for the 

undoped sample at 𝑡𝑒𝑞=155.5 h are shown in Figure 3. It can be seen that all the curves 

present a positive slope, indicating the second order character of its magnetic transition. 

Similar results have been obtained for the samples with x=0.02, 0.07 and 0.10 (not 

shown). Although attending to Banerjee’s criterion our samples present a second-order 

phase transition, it has to be noted that most mixed-valence manganites are associated 

with first-order magnetic transition [1]. However, the character of the transition is very 

sensitive to the production process. In fact, it has been found in La0.7Ca0.3MnO3 

compounds that the type of magnetic phase transition changes from first to second-order 

with the decrease in the particle size [23]. Similar effects concerning the change from 

first to second-order as the mean grain size decreases has also been observed in other 

systems [24, 25]. Furthermore, changes in the character of the magnetic phase transition 

from first to second-order have been reported in Ni-Fe-Ga based magnetic shape 

memory alloys via mechanical treatments [26]. 

Isothermal magnetization curves were recorded to evaluate the magnetic entropy change 

in the studied samples around the transition temperature of each system. Figure 4 shows 

the magnetic entropy change from zero field up to 1.5 T as a function of temperature for 

the studied samples at 𝑡𝑒𝑞=155.5 h. Although there is no monotonous behavior of ∆𝑆𝑀 

with Ni content (the maximum entropy changes observed are -0.89, -0.77, -0.70 

and -0.95 Jkg-1K-1 at 1.5 T for x=0, 0.02, 0.07 and 0.10, respectively), it has been 
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reported that ∆𝑆𝑀 values decrease with Ni doping [8]. The milling process could lead to 

a stronger disorder in the structure of the sample with higher Ni content, altering the 

magnetic interactions of the compounds, and that could explain the change in the 

tendency. In fact, values for x=0, 0.02 and 0.07 are in good agreement with those found 

in the literature for the same compounds produced by auto-combustion method [8] and 

the undoped sample synthesized by sol-gel method [23]. It is worth noticing that, in 

both cases, the mean size of the particles was similar (about 20 and 50 nm, for the 

samples produced by auto-combustion and sol-gel method, respectively). In fact, 

significant differences in ∆𝑆𝑀 values, even larger than an order of magnitude, can be 

found in the same compound for different particle size [23]. Generally, a decrease of the 

crystal size in manganite compounds leads to a decrease of the MCE response due to the 

change from first to second-order transition.  

In recent studies, the field dependence of the magnetic entropy change has been shown 

to be more sensitive than the Banerjee’s criterion to determine the order of the magnetic 

transition [27]. This field dependence, assuming a zero starting field, can be expressed 

as: 

 |∆𝑆𝑀(𝑇, 𝐻)| = 𝑎(𝑇)𝐻𝑛(𝑇,𝐻) (1) 

For single phase systems with a second-order phase transition, exponent 𝑛 is field 

independent in three regions: well below the Curie temperature (𝑛=1), well above the 

transition (𝑛=2) and at Curie temperature, where 𝑛 is related with the critical exponents 

[28]. Moreover, more recently it has been reported that the exponent 𝑛 presents a 

maximum of 𝑛>2 for temperatures above transition only for first-order thermomagnetic 

phase transitions [27]. Inset of Figure 4 shows the temperature dependence of the 

exponent 𝑛 characterizing the field dependence of ∆𝑆𝑀. The obtained values agree with 
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those expected for systems that present a second-order magnetic transition and the 

conclusions derived from the Banerjee’s criterion (see Fig.3). 

𝑀(𝑇) and magnetic entropy change ∆𝑆𝑀(𝑇) curves show a broad transition instead of 

the sharper and better defined transition expected for a theoretically pure system. 

Indeed, the typical compositional inhomogeneities of the samples produced by ball 

milling could lead to a distribution of some characteristic parameters. The knowledge of 

the parameters characterizing those distributions helps to obtain a more realistic 

description of the behavior of the samples. Recently, we have proposed a method to 

obtain the parameters of a distribution of Curie temperatures using the differences 

between the inflection point 𝑇𝑖𝑛𝑓 of the saturation magnetization at zero field curves 

𝑀𝑆(𝑇), the peak temperature of the paramagnetic susceptibility 𝑇𝑝𝑘
𝜒

 and the peak 

temperature of the maximum entropy change 𝑇𝑝𝑘
𝑀𝐶𝐸 [18, 19]. Furthermore, it has been 

found that the estimated critical exponents of polycrystalline La0.7Ca0.3Mn1-xNixO3 (x=0, 

0.02, 0.07 and 0.10) are in agreement with the mean-field model [29]. In this case, the 

average Curie temperature 𝑇𝐶
̅̅ ̅ and the broadening of the distribution Δ𝑇𝐶 can be 

obtained combining the three following equations (in fact, only two of them should be 

needed) [18,19]: 

 𝑇𝑖𝑛𝑓 − 𝑇𝐶
̅̅ ̅ = −0.732(6)Δ𝑇𝐶, (2) 

 𝑇𝑝𝑘
𝜒

 − 𝑇𝐶
̅̅ ̅ = 0.502(23)Δ𝑇𝐶 − 0.0039(7)Δ𝑇𝐶

2, (3) 

 𝑇𝑝𝑘
𝑀𝐶𝐸 − 𝑇𝐶

̅̅ ̅ = −0.658(8)Δ𝑇𝐶. (4) 

The law of approach to saturation has been used to obtain the values of the 𝑀𝑆 and the 

paramagnetic susceptibility 𝜒𝑝 [21]: 

 𝑀 = 𝑀𝑆  (1 −
𝑎

𝐻
−

𝑏

𝐻2
) + 𝜒𝑝𝐻. (5) 
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Figure 5 shows the 𝑀𝑆(𝑇) and 𝜒𝑝(𝑇) values from fitting the experimental 

magnetization at high field (𝜇0𝐻> 1 T) for the studied alloys at 𝑡𝑒𝑞=155.5 h. 𝑀𝑆(𝑇) 

continuously decreases with the increasing temperature due to the progressive change 

from the ferromagnetic to paramagnetic behavior of the samples. The difference 

between the peak temperatures of 𝜒𝑝 and 𝑑𝑀𝑆/𝑑𝑇 is, in mean field approach, an 

evidence of the presence of a distribution of transition temperatures (see equations 2 and 

3). 

The parameters of the Curie temperature distribution, 𝑇𝐶
̅̅ ̅ and Δ𝑇𝐶, can be obtained by 

combining Eqs. 2, 3 and 4 and the experimental results of Fig. 4 and 5. Using Eqs. 2 and 

3, 𝑇𝐶
̅̅ ̅ = 139, 134, 139 and 154 K for x=0, 0.02, 0.07, 0.10, respectively, and Δ𝑇𝐶 =12 K, 

independently of the composition (see Table 1). However, comparison of Eqs. 2 and 4 

yields 𝑇𝑖𝑛𝑓<𝑇𝑝𝑘
 𝑀𝐶𝐸, while the experimental values show that 𝑇𝑝𝑘

𝑀𝐶𝐸<𝑇𝑖𝑛𝑓. In fact, 

magnetic entropy change is obtained as: 

 ∆𝑆𝑀(𝑇) = 𝜇0 ∫
𝑑𝑀

𝑑𝑇
|

𝐻

𝐻𝑚𝑎𝑥

𝐻𝑚𝑖𝑛
𝑑𝐻, (6) 

where ∆𝑆𝑀(𝑇) is obtained as the sum of 𝑑𝑀/𝑑𝑇 at a fixed 𝐻 and the highest term in 

each sum corresponds to the peak value of 
𝑑𝑀

𝑑𝑇
|

𝐻
. In particular, 𝑇𝑖𝑛𝑓 corresponds to the 

temperature at which the temperature variation of the magnetization at zero field is 

maximum (maximum 
𝑑𝑀

𝑑𝑇
|

𝐻=0
). However, as 𝑇𝑝𝑘

𝑀𝐶𝐸<𝑇𝑖𝑛𝑓, this demands that 
𝑑𝑀

𝑑𝑇
|

𝐻
 for 

𝐻 > 0 must be found at temperatures below 𝑇𝑖𝑛𝑓 (i.e. the magnetic field shifts the 

inflection point to lower temperatures). This atypical result has also been found in Sr 

doped La0.7Ca0.3MnO3 compounds produced by high-energy ball milling, where the 

substitution of Ca2+ by Sr2+ increases the differences between 𝑇𝑝𝑘
𝑀𝐶𝐸 and 𝑇𝑖𝑛𝑓 [30].  
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To elucidate the reason why this is observed, the field dependence of the 𝑑𝑀/𝑑𝑇 curves 

has been studied. It is worth mentioning that whereas 𝑇𝑖𝑛𝑓 was obtained after an 

extrapolation of high field behavior of the magnetization curves, ∆𝑆𝑀 shown in Figure 4 

takes into account magnetization curves from zero field to 1.5 T. Figure 6 shows, as an 

example, the temperature dependence of magnetization at different magnetic fields 

displayed for the undoped studied manganite at 𝑡𝑒𝑞=155.5 h along with the 𝑀𝑆(𝑇) curve 

obtained from the fitting of the law of approach to saturation. Inset shows the inflection 

point as a function of the applied magnetic field, 𝑇𝑖𝑛𝑓
𝐻 (𝐻), along with 𝑇𝑖𝑛𝑓 from 

approach to saturation (indicated in red at zero field). It can be observed that the 

inflection temperature of the 𝑀𝑆(𝑇) curve, 𝑇𝑖𝑛𝑓, is higher than the inflection 

temperatures obtained for fields below 1 T. Similar results can be found for the doped 

samples studied here. To explore the evolution of the inflection point as a function of 

the field in the frame of Weiss model, 𝑇𝑖𝑛𝑓
𝐻 (𝐻), simulations of the Brillouin function 

have been performed assuming a Gaussian distribution of Curie temperatures with 

Δ𝑇𝐶=12 K and 𝑇𝐶
̅̅ ̅=140 K. The plot of the simulated 𝑇𝑖𝑛𝑓

𝑊𝑒𝑖𝑠𝑠(𝐻) is also shown in the 

inset of figure 6, where it can be seen that 𝑇𝑖𝑛𝑓 from the approach to saturation analysis 

is in agreement with the simulated curves in the frame of Weiss model. This confirms 

that the results obtained from the approach to saturation analysis are consistent and 

avoid the atypical effects observed at low magnetic fields.  

Weiss model was also used to simulate ∆𝑆𝑀(𝑇) curves obtained for different minimum 

magnetic field 𝐻𝑚𝑖𝑛 up to 1.5 T and assuming Δ𝑇𝐶=12 K and 𝑇𝐶
̅̅ ̅=140 K (Figure 7a). It 

can be observed that the maximum value of ∆𝑆𝑀(𝑇) continuously decreases with 𝐻𝑚𝑖𝑛 

but changes in 𝑇𝑝𝑘
𝑀𝐶𝐸 are 2 K in the showed range (see inset in Figure 7a). As 

mentioned above, the ∆𝑆𝑀 data showed in Figure 4 correspond to a field range from 
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zero field up to1.5 T, while 𝑀𝑆(𝑇) and 𝜒𝑝(𝑇) curves were obtained considering only the 

data for 𝜇0𝐻>1 T, where the saturation of the magnetization is achieved. Therefore, in 

order to avoid the deviations from the Weiss predictions found at low fields, the 

magnetic entropy change as a function of the temperature has been analyzed, for all 

studied samples, for 𝜇0𝐻𝑚𝑖𝑛=1 T and 𝜇0𝐻𝑚𝑎𝑥=1.5 T (Figure 7b), i.e. in the field range 

used for the approach to saturation used in the fitting. A clear shift of 𝑇𝑝𝑘
𝑀𝐶𝐸 to higher 

temperatures with respect to the results shown in Figure 4 can be observed and the 

predicted 𝑇𝑖𝑛𝑓<𝑇𝑝𝑘
𝑀𝐶𝐸 behavior is recovered.  

In order to be consistent with the field range used in the analysis of approach to 

saturation, the equation of 𝑇𝑝𝑘
𝑀𝐶𝐸 shown in Eq. 4, calculated for the field range 0<𝜇0𝐻<1 

T [18,19], has to be modified to a new equation defined for the field range 1<𝜇0𝐻<1.5 

T (R2=0.997): 

 𝑇𝑝𝑘
𝑀𝐶𝐸 − 𝑇𝐶

̅̅ ̅ = −0.620(12)Δ𝑇𝐶 + 1.8(3). (7) 

The obtained results using Eqs. 2 and 3 and Eqs. 3 and 7 have been collected in Table 1. 

A good agreement in both set of data can be observed once the contributions of low 

field are disregarded. Concerning Δ𝑇𝐶, a constant value 12±2 K has been obtained for 

all the studied compounds. The existence of a transition distribution has already been 

reported in manganites. For example, for La0.70-xEuxSr0.30MnO3 the existence of a 

chemical distribution has been reported because a partial substitution of Eu for La 

affects the magnetic and magnetocaloric properties of the compound [31]. In our 

samples, as Δ𝑇𝐶 shows no dependence on the Ni doping content, a chemical distribution 

can be discarded as responsible for the existence of the distribution of Curie 

temperatures. This distribution could be ascribed to the inhomogeneities and strains 

induced during the milling process, typical of the systems produced by this technique 
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[16] and which should be similar for all the samples studied in this work due to the 

equivalent milling conditions for all the compounds.  

Concerning 𝑇𝐶
̅̅ ̅, the calculated values are significantly lower than those reported in the 

literature for the same compositions produced via auto-combustion method [8] and sol-

gel method [9]. However, similar results have been found for La0.7Ca0.2Ba0.1MnO3 

manganite powders (𝑇𝐶 = 297 K and 230 K for samples synthesized using a solid state 

reaction and high energy ball milling method, respectively [12]). The Curie temperature 

of La0.78Dy0.02Ca0.2MnO3 compound produced by ball-milling is also lower than those 

produced by a solid-state route and sol-gel method [13]. Moreover, milling process can 

generate iron impurities from the milling media, affecting the magnetic properties of the 

materials. In this sense, it has been reported a decrease of the Curie temperature with 

increasing Fe-content in manganites [32, 33].  

For doped samples, it has been reported a decrease of 𝑇𝐶 as Ni content increases [7, 8, 

34, 35]. Generally, this decrease has been associated to an enhanced antiferromagnetic 

coupling between Ni2+-O-Ni2+, Mn4+-O-Mn4+ and Mn3+-O-Ni2+ with the increase of Ni2+ 

doping [36]. The double-exchange and superexchange interactions in manganites 

depend on the type and level of doping, the synthesizing technique and the processing 

method. The slight increase observed in 𝑇𝐶
̅̅ ̅ as Ni content increases could be explained 

by the modification in the strength of the ferro and antiferromagnetic interactions 

between Mn atoms and Mn and Ni atoms when added Ni atoms are introduced into the 

crystal structure. 

Finally, some words are needed to analyze the low field behavior of the studied samples 

which deviates from Weiss model predictions. These results suggest the competition of 

the antiferro and ferromagnetic contributions at low fields, that strongly affect the 
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magnetization and the magnetic entropy change curves. The presence of these 

antiferromagnetic interactions at low magnetic fields are disregarded in the analysis of 

the law of approach to saturation by using high enough magnetic fields. Furthermore, 

other source of antiferromagnetic interactions in the studied samples have been 

detected, traces of 𝛽-MnO2, which antiferromagnetic transition occurs at 92 K [37]. In 

fact, recent researches have shown that the magnetic moment of antiferromagnets can 

be controlled similarly to ferromagnets applying an external magnetic field that exceeds 

a certain value [38, 39]. Moreover, it has been shown that the balance between ferro and 

antiferromagnetic interactions in manganites can be tuned applying a pressure [40]. 

 

4. CONCLUSIONS 

The magnetic and magnetocaloric properties of nanocrystalline La0.7Ca0.3Mn1-xNixO3 (x 

= 0, 0.02, 0.07, 0.10) manganites produced by ball milling are experimentally studied. 

The formation of the perovskite structure has been verified using X-ray diffraction. The 

second order nature of the magnetic transition of the samples, analyzed by the 

Banerjee’s criterion and the field dependence of the magnetic entropy change, was 

ascribed to the nanometric mean size of the particles (~15 nm). 

The milling process enhances the integration of the oxide powders in the perovskite 

structure. However, some traces of the MnO2 phase were found. The antiferromagnetic 

character of this phase and the structural distortion of samples leads to a competing 

character of the ferromagnetic and antiferromagnetic interactions in the compounds at 

low fields.  

The structural distortion produced by ball milling induces the existence of a distribution 

of Curie temperatures, which parameters have been determined in the frame of the 
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Weiss model. Comparison of experimental and simulated data allows us to confirm the 

reliability of the parameters of the distribution obtained from the analysis of the high 

field behaviour (approach to saturation and MCE from minimum field of 1 T). A slight 

increase of the average Curie temperature is observed as the Ni content increases, while 

the broadening of the distribution is constant for all the studied compounds.  
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Figure 1. XRD patterns for La0.7Ca0.3Mn1-xNixO3 for a) x=0 after selected equivalent 

milling times (marks identify the diffraction maxima of the different phases) and b) 

x=0, x=0.02, x=0.07 and x=0.10 at 𝑡𝑒𝑞=155.5 h. 
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Figure 2. 𝑀(𝑇) at 0.1 T of the La0.7Ca0.3Mn1-xNixO3 (x=0, 0.02, 0.07 and 0.10) samples 

at 𝑡𝑒𝑞=155.5 h. Inset shows experimental data for 𝑑𝑀 𝑑𝑇⁄ .  
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Figure 3. Arrott plots for temperatures close to the transition for the undoped sample at 

𝑡𝑒𝑞=155.5 h 
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Figure 4. Magnetic entropy changes from zero field up to 1.5 T for La0.7Ca0.3Mn1-

xNixO3 samples (x=0, 0.02, 0.07 and 0.10) at 𝑡𝑒𝑞=155.5 h. Inset: Corresponding 

exponent 𝑛. Lines are a guide to the eye. 
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Figure 5. Temperature dependence of a) saturation magnetization and b) paramagnetic 

susceptibility curves from the law of approach to saturation for La0.7Ca0.3Mn1-xNixO3 

samples (x=0, 0.02, 0.07 and 0.10) at 𝑡𝑒𝑞=155.5 h. Inset of the upper panel shows 

experimental data for 𝑑𝑀𝑆 𝑑𝑇⁄ . 
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Figure 6. 𝑀(𝑇) of the undoped sample at 𝑡𝑒𝑞=155.5 h and the indicated magnetic fields. 

𝑀𝑆(𝑇) obtained from the law of approach to saturation is also displayed. Inset shows 

the inflection points 𝑇𝑖𝑛𝑓
𝐻 (𝐻) of the 𝑀(𝑇) curves as a function of the magnetic field 

(black squares) and the simulated curves in the frame of the Weiss model assuming a 

Gaussian distribution with Δ𝑇𝐶=12 K and 𝑇𝐶
̅̅ ̅=140 K. The red point at 0 T corresponds 

to the inflection point of the approach to saturation curve. 
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Figure 7. a) Simulated magnetic entropy change curves assuming a mean field approach 

based on the Brillouin function at different increment of magnetic field with ∆𝑇𝐶=12 K 

and 𝑇𝐶
̅̅ ̅=140 K. The minimum magnetic field 𝐻𝑚𝑖𝑛 has been modified and the maximum 

magnetic field 𝜇0𝐻𝑚𝑎𝑥=1.5 T has remained constant. Inset shows the 𝑇𝑝𝑘
𝑀𝐶𝐸 as a 

function of 𝐻𝑚𝑖𝑛. b) Experimental magnetic entropy change at 𝜇0∆𝐻=0.5 T (𝜇0𝐻𝑚𝑖𝑛=1 

T) for La0.7Ca0.3Mn1-xNixO3 (x=0, 0.02, 0.07 and 0.1) samples at 𝑡𝑒𝑞=155.5 h.  
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Table 1. Experimental values of temperatures corresponding to the peaks of 

paramagnetic susceptibility 𝑇𝑝𝑘
𝜒

, the maximum of the magnetic entropy change 𝑇𝑝𝑘
𝑀𝐶𝐸 

from 1 to 1.5 T and the inflection point 𝑇𝑖𝑛𝑓  of the magnetization along with the 

average value of the Curie temperature 𝑇𝐶
̅̅ ̅ and the width of the distribution ∆𝑇𝐶 

obtained by Eqs. 2 and 3 (superindex inf) and Eqs. 3 and 7 (superindex MCE) for 

different Ni content.  

Ni-doping 

level (x) 

𝑻𝒑𝒌
𝝌

  

(±3K) 

𝑻𝒊𝒏𝒇  

(±3K) 

𝑻𝒑𝒌
𝑴𝑪𝑬 

(𝝁𝟎𝑯𝒎𝒊𝒏=1 T)  

(±3K) 

𝑻𝑪
̅̅̅̅ 𝒊𝒏𝒇

 

(±3K) 

∆𝑻𝑪
𝒊𝒏𝒇

 

(±2K) 

𝑻𝑪
̅̅̅̅ 𝑴𝑪𝑬

 

(±3K) 

∆𝑻𝑪
𝑴𝑪𝑬

 

(±2K) 

0 145 130 133 139 12 139 12 

0.02 140 125 128 134 12 134 12 

0.07 145 130 133 139 12 139 12 

0.10 160.0 145 148 154 12 154 12 
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