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Abstract 

This work aims to investigate the intrinsic exchange bias (EB) of the LaMnO3 and LaFeO3 

compounds. The magnetisation dependant temperature shows an anomalous behaviour that is 

coherent with the coexistence of the ferromagnetic (FM) and the AFM phases. The existence 

of the FM component is confirmed by the thermal variation of the magnetisation reciprocal, as 

the specimen describes a Curie-Weis behaviour above 160K with a Curie temperature of 110K. 

In addition, the magnetic hysteresis loops at low temperatures correspond to a FM-like 

behaviour. The spin coupling between the FM-AFM phases leads to the EB effect in LaMnO3 

and LaFeO3 single phase compounds, where they achieve maximum EB values of -1124Oe 

and 2343 Oe, respectively. The EB effect suppresses with the partial substitution of La3+ by 

Ba2+ due to the dominance of the FM phase and the absence of the FM/AFM coupling as a 

result of the decrease in the AFM component. Also, the magnetocaloric effect of the pristine 

and doped LaBaMnO3 was investigated. Where the LaMnO3 shows magnetic entropy change 

(ΔS) of 0.42J/kg.K with an adiabatic temperature change (ΔTad) of 0.1k. These values are 

improved in the doped composite to 1.3J/kg.K and 0.4K due to the dominant FM.  
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earth alloys and compounds.  
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The exposure of a ferromagnetic (FM) system to a cyclic magnetic field leads to energy 

storage in this system because of the irreversible domain rotation [1]. In a pure FM system, the 

hysteresis loop (HL) is symmetric around the origin, which is interesting for several 

applications such as data storage [2]. In some inhomogeneous/multilayered FM-AFM systems, 

the HLs were found to be asymmetric, especially when the system is cooled down in an external 

applied magnetic field. This asymmetry appears as a shift in the magnetic hysteresis loops 

along the magnetic field axis and this shift is known as the exchange bias (EB) [3]. This effect 

occurs due to the FM-AFM coupling and it is interesting for spin dependant technological 

applications such as read/write spintronic heads [4] and magnetic sensors [5]. EB has been 

observed for the first time in multi-layered structures such as Fe-Fe3O4 [6], and then in 

heterostructure and artificial interface systems such as LaNiO3-LaMnO3 superlattices [7]. 

However, the magnetic inhomogeneity of these systems is not repetitive as it is sensitive to the 

chemical composition [8]. Recently, the EB has been observed in some single phase materials 

such as Sr2YbRuO6 and the effect was attributed to the Dzyaloshinsky– Moria [9].  Similarly, 

the intrinsic EB effect has been observed in some single phase manganites such as NdMnO3 

[9] and Pr0.33Ca0.67MnO3 [10] and has been attributed to the phase separation phenomenon [10]. 

For example, the FM/AFM phase separation in Pr0.33Ca0.67MnO3 compound can be tuned via 

controlling the doping ratio that shows AFM ordering, however, there are induced small 

inclusions of FM nanodomains that couples with the AFM main phase [10].  

Manganites have shown also a high magnetocaloric effect (MCE), where it shows a 

high magnetic entropy change under the effect of an applied magnetic field. This is besides the 

environmental friendly effects such as chemical stability, low cost and nontoxic effects. These 

outstanding features have drawn the attention in investigating manganities as magnetic 

refrigerant materials as an alternative to the Gd based alloys, which are the benchmark in 

magnetic refrigeration technology [11]. For instance, the bulk LaCaMnO shows a magnetic 
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entropy change (ΔS) of 7J/kg.K, which is larger than the pure Gd [11]. Accordingly, the aim 

of this work is to investigate the intrinsic EB effect and the magnetocaloric effect of the 

LaMnO3, LaFeO3 compounds and their Ba2+ doped compounds for magnetic spin based 

applications and magnetic refrigeration technology.      

2. Experimental 

The LaMnO3 (LMO), LaFeO3 (LFO), La0.8Ba0.2MnO3 (LBMO) and La0.8Ba0.2FeO3 

(LBFO) composites were synthesised by the sol-gel method. Stoichiometric solutions of 

LaN3O9.6H2O, Ba(OOCCH3)2, Mn(OOCCH3)2 .4H2O and Fe(NO3)2 were mixed, then citric 

acid was added to the mixture with volume ratio of 1:1. The colloid was dried, ground and 

heated two times at 600ºC for 8 hours to ensure the complete evaporate of the organic 

complexes. The powder was pelletised and sintered at 1200 ºC for 24 hours, then left to cool 

down gradually to room temperature. The crystal structure was examined at room temperature 

via the x-ray diffraction technique using Philips X’pert Pro MPD diffractometer with CuKα 

radiation (λ=1.54Å). The structural analysis was performed via Rietveld refinement method 

using the FULLPROF software. The magnetic properties were carried out using a physical 

properties measurement system (PPMS) quantum design. The magnetisation dependent 

temperature was measured at 100Oe applied magnetic field, the field cooling hysteresis loops 

were measured using 2T applied magnetic field and the isothermal magnetisation curves were 

measured up to 3T applied magnetic field. The direct adiabatic temperature change was 

measured as reported in [12].      

3. Results and discussion 

3.1 Structure 

The XRD patterns in Fig.1a show a polycrystalline structure with high homogeneity for 

all samples. The analysis of these patterns shows the Pnma orthorhombic structure for the 

pristine LMO and LFO compounds, in agreement with the literature [1,13,14]. The 

orthorhombic distortion was reported in these pristine compounds due to the rich content of 
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Mn3+ and Fe3+, which are active ions for Jahn-Teller orthorhombic distortion [15]. The partial 

substitution of La3+ by Ba2+ in LMO and LFO decreases the orthorhombic distortion by 

inducing the mixed valence state (Mn3+/Mn4+) and (Fe3+/Fe4+), respectively (the ratio of Mn3+ 

and Fe3+ decreases) [16]. This improves the crystal symmetry in the LBMO composite that 

shows a structural transformation to the R3c rhombohedral structure, in agreement with 

previous works [17]. Nevertheless, the LBFO shows the same Pnma orthorhombic of the 

pristine compound in agreement with the previously reported results of the LaCaFeO3 [34]. In 

spite of the same orthorhombic structure of the LFO and LBFO compounds, but the LBFO 

shows less distortion due to the presence of the Fe4+ that is a non-active ion for Jahn-Teller 

effect [18].  Rietveld refinement profile is presented in Fig.1b for the LMO as an example with 

the refinement goodness of fitting 2.18.  

3.2 Magnetic properties 

3.2.1 Magnetisation 

Fig.2 shows the magnetisation dependent temperature curves, M(T), for the pristine and 

doped composites. The pristine LMO compound in Fig.2a shows an antiferromagnetic (AFM) 

behaviour with Neel temperature (TN) value of ≈120K. The TN value is similar to previously 

published works [19,20] and close to reported by Aruta et al. (130K) [21]. The TN value is 

lower than the benchmark value in the bulk LMO compound (140K) [20]. This deviation was 

reported previously in [19,20,22,23] and has been attributed to the change in oxygen level 

(LaMnO3±δ) during the heat treatment process that induces a FM component from the canted 

spin states that act against the main AFM nature of the compound [20]. On the other hand, the 

LFO in Fig.2b compound doesn’t show any magnetic transition in the measured temperature 

range due to the high TN value that approaches 740K [24,25]. These results of the bulk samples 

are quite different from those obtained in the nanosize compounds due to La vacancies and the 

core-shell structure [26]. Fig.2a,b shows a hysteresis and discontinuity in the ZFC-FC M(T) 

curves of the pristine LMO and LFO compounds. This bifurcation in the ZFC-FC curves was 
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observed in NdMnO3 [27] and reports the presence of a FM component in both pristine 

compounds [28]. The thermal variation of M reciprocal in Fig.2c confirms the existence of this 

FM component in the LMO compound, where the M-1 changes linearly with T above 160K, 

suggesting a Curie-weiss behaviour [29] with estimated θp value of 110K that means the 

existence of a FM behaviour below this temperature. More evidence for the FM component in 

LMO and LFO compounds is provided by the magnetic hysteresis loops (HL) measurements 

below 110K in Fig.3 that shows a FM like HL. It is worth to mention that the M-1 vs T curve 

for the LFO compound couldn’t be assessed due to the limited M(T) measurement below the 

TN. Nevertheless, the HL in Fig.3b can confirm the presence of the FM component in the same 

manner of the LMO. The observed negative magnetic moment of LFO in Fig.2b indicates that 

the La3+ has AFM coupling with Fe3+ in the measured temperature range, however, it has been 

reported that strong magnetic fields can flip the La3+ spins, giving rise the positive moment 

[27,9]. Accordingly, the FM and AFM ordering are coexist in both LMO and LFO compounds 

below a certain temperature and the magnetic state can be described as a competition between 

the FM and the AFM interaction. The LMO and LFO have been reported as A-type 

antiferromagnetic oxides, so, the FM component is more likely to occur due to the spin canting 

effect [9]. 

 The partial substitution of La3+ by Ba2+ in LBMO drives the AFM to a strong FM with 

FM-PM transition at 281K near the room temperature, as seen in Fig. 2a. In contrast, the partial 

substitution of La3+ by Ba2+ in LBFO has a smaller effect on the magnetic properties than in 

the LBMO (see Fig.2b). Where the improvement only is in the positive magnetisation value 

without any magnetic transition, in agreement with the results of La1-xNaxFeO3 [30], which 

may locate above the measured temperature range. The change in the magnetic properties due 

to the introduction of Ba2+ refers to the changes in two important factors the structural 

properties and the magnetic interactions [31]. The pristine LMO and LFO compounds are rich 
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in Mn3+ and Fe3+, respectively, which are active ions for Jahn-Teller orthorhombic distortion 

[32].  This results in charge ordering effect that leads to A-type AFM structure [32], and the 

only allowed electron transfer occurs via the dominant AFM super exchange Mn3+-O-Mn3+ and 

Fe3+-O-Fe3+ interactions [33]. The partial substitution of La3+ by Ba2+ induces a mixed valence 

state in both LBMO and LBFO (Mn3+/Mn4+ and Fe3+/Fe4+), which increases the FM double 

exchange interactions (DE) Mn3+-O-Mn4+ and Fe3+-O-Fe4+ [33]. The FM DE interactions are 

responsible for the FM-PM transition in LBMO and the promotion magnetisation promotion 

in LBFO. In spite of the existence of the mixed valence state in both LBMO and LBFO, but 

the magnetic properties of the LBMO are more pronounced than the LBFO. This is attributed 

to the structural properties, where the electron transfer between the Mn-O-Mn in the 

rhombohedral structure (LBMO) is easier than in the Fe-O-Fe bonds of orthorhombic structure 

(LBFO) [15].  

3.2.2 Exchange bias effect 

The magnetic hysteresis loops (HL) at different temperatures for the LMO and LFO 

compounds were assessed in ZFC and FC (µ0H=2T) modes. Fig.3 shows the ZFC HL and the 

inset shows a magnified view for the magnetisation change around the origin. The coercivity 

(Hc) for both LMO and LFO compounds decreases monotonically with temperature elevation 

(See Fig.4a,b), for example, the Hc of the LMO compound decreases from 1974Oe at 60K to 

624Oe at 100K, while the Hc of the LFO decreases from 1223Oe at 60K to 1108Oe at 300K, 

in similar behaviour with the results in [34]. The temperature dependence of the Hc confirms 

the induced FM component as the pinned oriented magnetic domains are frustrated across the 

anisotropy barrier [35] due to the thermal agitation acquired during the temperature elevation 

[36]. Cooling down the temperature (below Tc) under the effect of an external magnetic field 

results in asymmetric HL around the magnetisation axis in comparison with the ZFC mode, 

revealing the exchange bias (EB) effect as seen in Fig.4c for the LMO compound. The 
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exchange bias effect was calculated according to the equation HE=Hc1+Hc2 [27], 

Hc1 and Hc2 are the coercive fields at the descending and the ascending branches of the 

magnetic HL, respectively. 

This shift in HL with magnetic field application is attributed to the stripe domain 

structure of the FM phase component during the FC process [38]. It is also can be explained in 

terms of the exchange spring effect [39], where the spins of the AFM phase are polarised by 

the FM spins, creating a planer domain wall [29]. Fig.4a,b also shows the temperature 

dependence of EB of the LMO and LFO compounds, respectively, where it increases with 

decreasing the temperature achieving maximum values of -1124Oe at 60K for the LMO and 

2343 Oe for the LFO at the same temperature. These values are comparable with NdMnO3 

(2400Oe) [9], the Sm0.5Ca0.5MnO3 (≈1200) [38] and NiMnIn ribbon (≈18Oe) [40]. The 

exchange bias dependence on temperature can be interpreted by the increase in the FM-AFM 

coupling with decreasing the temperature as a result of the induced ferromagnetic part [41].  

So, the EB effect and Hc are expected to vanish above 110K (the Tc) due to the depletion of 

the FM canted spins and the pure AFM (below TN). Introducing Ba2+ increases the 

ferromagnetism in the pristine compounds and decreases the AFM part, so the FM-AFM 

coupling decreases in a notable way in the doped compound as seen in Fig.4d.  

3.2.3 Magnetocaloric effect 

The isothermal magnetisation curves, M(H), of the LMO and LBMO composites are 

presented in Fig.5a,b The magnetic transition is clear from the M(H) behaviour above and 

below the transition temperature. Where the M(H) curves below the magnetic transition 

temperature increase sharply with the applied magnetic field then saturates at high fields 

(Ferromagnetic-like behaviour). Meanwhile above the magnetic transition temperature the 

magnetisation increases linearly with the applied magnetic field (paramagnetic-like behaviour). 

The induced Arrott plots in Fig.5c,d were assessed to determine the nature of the magnetic 
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transition (first order or second order). Banerji has reported that the positive slope of Arrott 

plot curves around the magnetic transition temperature reveals a second order magnetic 

transition, while the negative slope represents a first order transition [42]. Based on these 

criteria, both LMO and LBMO show a second order magnetic transition due to the negative 

slope of Arrott plots.  

The magnetocaloric effect was determined by two direct and indirect methods. The 

indirect method was performed by calculating the magnetic entropy change (ΔS) from the 

M(H) curves, using Maxwell equation, meanwhile, the direct method was performed via the 

direct measurement of the adiabatic temperature change. First, ΔS was calculated from the 

M(H) curves using Maxwell equation ΔS(T,ΔH)=Σ(Mi-Mi+1)/(Ti-Ti+1) [43], Mi, Mi+1 are the 

magnetisation values at Ti and Ti+1 temperatures. The thermal variation of ΔS is presented in 

Fig.6a, the LMO compound shows a maximum ΔS (ΔSmax) of 0.42J/kg.K, which is about 25% 

from the value achieved by Biswas et al. at 5T [44] and larger than the La0.67Sr0.33MnO3 

nanoparticles (ΔSmax=0.32 J/kg.K) [45].  The ΔSmax of the LMO compound is improved in the 

doped composite LBMO to 1.3J/kg.K, which is quite close to the reported results in [46], and 

larger than the nano La0.4Ca0.6MnO3 (ΔSmax=0.13J/kg.K) [47]. The direct measurement of the 

adiabatic temperature change (ΔTad)  is presented in Fig.6b, where the pristine LMO shows a 

maximum value of 0.11K, which is improved to 0.4K in the LBMO doped composite. The 

small values of ΔS and ΔTad refer to the second order transition that weakens the MCE. It is 

worth to mention that the MCE of the LFO couldn’t be considered due to the high magnetic 

transition temperature that locates out of the measured range.      

4. Conclusion 

The LMO, LFO, LBMO and LBFO samples were prepared via the sol-gel method. The pristine 

LMO and LFO compounds show Pnma orthorhombic structure, however the partial 

substitution of La3+ by Ba2+ changes the crystal structure of the LBMO to the R3c 
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rhombohedral structure without any effect on the LBFO that kept the same orthorhombic 

symmetry. The M(T) curves show the AFM nature of both LMO and LFO, nevertheless, the 

observed hysteresis between the ZFC and FC curves reveals the coexistence of a FM 

component. The calculation showed that the FM component exists below 110K in the LMO 

compound, but it couldn’t be assessed in the LFO compound as it locates above the measured 

temperature range. The existence of the FM component was confirmed by the hysteresis loops 

measurements below 110K that show a FM-like behaviour. The FM-AFM spin coupling leads 

to the observed EB effect, where the LMO and the LFO show EB field of -1124 Oe and 2343 

Oe, respectively. The introduction of Ba2+ ions suppresses the EB effect in the LBMO due to 

the decrease in the FM/AFM coupling as a result of the FM dominant behaviour. For the MCE 

properties, the pristine LMO compound shows ΔSmax of 0.42J/kg.K and ΔTad value of 0.1k, 

meanwhile the LBMO doped composite shows ΔSmax value of 1.3J/kg.K and ΔTad value of 

0.4K as a result of the improvement in the ferromagnetism. 
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Fig.1: (a) XRD patterns of the LMO, LFO, LBMO and LBF compounds, (b) Rietveld refinement profile 

for the LMO compound with goodness of fitting (χ2)=2.18.  

 

 

 

 

(a) 

(b) 



16 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2: Thermal variation of (a) LMO and LBMO compounds, (b) LFO, LBFO compounds and (c) 

magnetisation reciprocal of LMO compound. 
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Fig.3: ZFC hysteresis loops at different temperatures for (a) LMO compound, (b)LFO compound. 
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Fig.4: (a,b) Coercivity and exchange bias dependency on temperature for the LMO and LFO compounds, 

respectively, (c) ZFC-FC hysteresis loop of the LMO around the origin, and (d) ZFC-FC hysteresis loop of 

the LBMO composite.  
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Fig.5:  

 

  

  

Fig.5: (a,b) the isothermal magnetisation curves of the LMO and LBMO compound, respectively, and (c,d) 

the relevant Arrott plots.  
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Fig.6:  

 

 

 

 

 

 

 

 

Fig.6: (a,b) ΔS and ΔTad dependent temperature of the LMO and LBMO composites at µ0H=2T.  
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