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Abstract: This study investigated the effect of barium (Ba) substitution for lanthanum (La) on the magnetic properties of 
the half-doped perovskite manganite compound La0.5Ba0.5MnO3 (LBMO). The LBMO sample was prepared via the sol-
gel method and sintered in air at 1000°C for 24 hours. Scanning electron microscopy (SEM)-energy dispersive X-ray 
spectroscopy (EDS) analysis revealed random formation of BaMnO3 nanorods on the LBMO surface. The LBMO 
perovskite exhibited a particle size distribution of approximately 60 nm, while the BaMnO3 nanorods possessed widths 
ranging from 100-250 nm and lengths between 5-20 μm. X-ray diffraction (XRD) analysis found that the main perovskite 
compound (LBMO) exhibits a cubic crystal structure (a = 3.9108 Å), while the nanorods (BaMnO3) possess a hexagonal 
crystal structure (a = 5.6454 Å, c = 4.8224 Å). The Curie temperature (TC) was determined to be approximately 323 K, 
close to room temperature, zero field cooling (ZFC) and field cooling (FC) curves to elucidate the magnetic properties. 
Furthermore, magnetization measurements yielded a magnetic entropy change (ΔSM) of 0.62 J/kgK at 1 T and 2.25 
J/kgK at 6 T. 
Keywords: Half-doped perovskite manganites, BaMnO3, nanorods, Curie temperature 

Yarı-Katkılı La0.5Ba0.5MnO3 Perovskit Nanoparçacıklarının Yapısal, 
Morfolojik ve Manyetik Özelliklerinin İncelenmesi 
Öz: Bu çalışma La0.5Ba0.5MnO3 (LBMO) yarı katkılı perovskit manganit bileşiğinde lantan (La) yerine baryum (Ba) yer 
değişiminin manyetik özellikleri üzerindeki etkisi araştırıldı. Numune sol-jel yöntemi kullanılarak hazırlandı ve 
1000°C'de 24 saat ısıl işleme tabi tutuldu. Taramalı elektron mikroskobu (SEM)-enerji dağılım spektroskopi (EDS) analizi 
LBMO yüzeyinde rastgele BaMnO3 nano çubuk oluşumunu ortaya çıkardı. LBMO perovskit bileşiğinin parçacık boyutu 
dağılımının yaklaşık 60 nm olduğu bulundu. Ayrıca, analizler sonucunda BaMnO3 nano çubukların genişliği 100-250 nm 
ve uzunluğu 5-20 μm aralığında değiştiği gözlendi. X-ışını kırınımı (XRD) analizi, ana perovskit bileşiğinin (LBMO) 
kübik kristal yapıda (a= 3.9108 Å) olup, nano çubukların ise altıgen (a=5.6454 Å, c=4.8224 Å) kristal yapıya sahip olduğu 
gösterildi. Manyetik özelliklerin ortaya konabilmesi için sıfır alan soğutma (ZFC) ve alan altında soğutma (FC) 
eğrilerinden yararlanarak Curie sıcaklığını oda sıcaklığına yakın (TC) 323 K olduğu tespit edildi. Mıknatıslanma ölçümleri 
verileri kullanılarak hesaplanan manyetik entropi değişiminin (−ΔSM), 1 T'de 0,62 J/kgK ve 6 T'de 2,25 J/kgK olduğu 
bulundu. 

Anahtar kelimeler: Yarı katkılı perovskit manganitler, BaMnO3, nanoçubuklar, Curie sıcaklığı. 
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1. Introduction 

Perovskite oxides are a class of materials with the general formula ABO3, where A3+ and B2+ 
are metal cations and O2- is oxygen. These materials have attracted significant attention in recent 
years due to their diverse and intriguing electronic, magnetic, and structural properties. One of the 
most promising members of this family is La1-xAxMnO3 (A=Ca2+, Sr2+, Ba2+,...etc.), a half-doped 
perovskite manganite La0.5Ba0.5MnO3 (LBMO) with a Curie temperature close to room temperature 
[1]−[3]. Previous studies have selected half-doped perovskites of this type for the creation of 
dielectric ferromagnets with high-frequency properties and self-magnetization. Additionally, they are 
being investigated due to their high magnetoresistance and manyetocaloric properties. The nature of 
perovskite manganites is not fully understood [4]. This makes LBMO a promising candidate for a 
wide range of applications, including spintronic devices, magnetic sensors, catalytic materials, and 
other electronic devices [5-8]. Differences in the cations of the perovskite compound as a result of Ba 
substitution for La have also been reported in literature studies. One of the key factors that influences 
the properties of 𝐿𝐿𝐿𝐿0.5

3+𝐵𝐵𝐿𝐿0.5
2+𝑀𝑀𝑀𝑀0.5

3+𝑀𝑀𝑀𝑀0.5
4+𝑂𝑂32− is the ratio of La3+ to Ba2+ cations. For this compound, 

the ionic radius incompatibility and the presence of complex valences cause the manganite structure 
to exhibit a complex phase diagram and contain multiple phases together [9]. Ba2+ substitution for 
La3+ leads to a number of changes in the manganese atoms (Mn3+, Mn4+), including increased carrier 
concentration, reduced lattice distortion, and enhanced ferromagnetism. And then TC of these 
perovskite compounds exhibits a strong dependence on the Mn³⁺/Mn⁴⁺ ratio [10]. In addition, the 
atomic radius of the Ba2+ atom is quite larger than La3+, so Ba2+ substitution can also cause the 
formation of 𝐵𝐵𝐿𝐿2+𝑀𝑀𝑀𝑀4+𝑂𝑂32− through a process known as self-assemble. Literature reports suggest 
that upon approaching designated doping rates, the manganese ions in the 50% Ba-substituted 
perovskite compound exhibit changes in their valence state. This phenomenon is further reinforced 
by the application of high-temperature heat treatment under atmospheric conditions, leading to 
valence fluctuations in manganese ions (Mn2+, Mn3+, Mn4+,…etc.) exceeding a 47% doping 
contribution rate[9]−[12]. In the case of LBMO, the second phase is BaMnO3 (BMO), which forms 
during the sol-gel synthesis process [13].  The sol-gel method is widely used for producing bulk 
perovskite manganite compounds due to its cost-effectiveness, ease of synthesis, and ability to 
produce homogeneous samples, as well as for allowing adjustments in transition temperatures through 
various element doping rates. The hydrothermal synthesis method is frequently used in the literature 
for the production of LBMO and BMO perovskite nanorods or nanocrystals [14]. However, it is 
reported that this synthesis method suffers from limitations, particularly in controlling particle size 
and shape, as well as achieving a homogeneous distribution due to the emergence of undesirable 
impurities during production [15]−[18]. In this study, the structural, morphological and magnetic 
properties of the LBMO compound produced by the sol-gel method were comprehensively examined. 
The formation of nanorods on LBMO can have a significant impact on the magnetic properties of the 
material. It is known that materials reduced to nano size have different chemical and physical 
properties than their bulk counterparts [17]. Today, it is reported in the literature that perovskite 
manganites, which are very difficult to produce at nanoscale, exhibit different magnetic and electrical 
properties and that obtaining magnetic nanosensors has become difficult due to the inability to 
provide a stable electronic balance in these compounds [19]. BaMnO3 nanorods on the compound 
surface exhibit antiferromagnetic properties by creating new magnetic interactions [20]. In addition, 
the nanorods can also be used to tailor the magnetic properties of LBMO for specific applications. 
Although it has been understood late that the antiferromagnetic properties occurring in perovskite 
manganite materials can be used, compounds such as perovskite (BaMnO3−LaMnO3−LaFeO3) can 
be used in spintronic devices, solid oxide fuel cells (SOFC), energy storage, electrodes, dielectric 
materials and drug delivery [13], [17], [21]. We believe that our study will provide new insights into 
the relationship between Ba substitution and the formation of BaMnO3 nanorods in LBMO. Our 
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findings will also be valuable for the development of LBMO-based materials with tailored magnetic 
properties for particular applications.  
 

2. Materials and Methods 
The LBMO sample was synthesized using the sol-gel method and utilization of consumables 

of high purity was employed, including 99.9% La2O3 (Sigma-Aldrich), 98.5% Mn(NO3)2x4H2O 
(Merck), 99% Ba(NO3)2 (Merck). To initiate the synthesis, the consumables were dissolved in a 
solution containing HCl and NHO3. The resulting solution was mixed using a magnetic heater stirrer 
at a temperature of 150oC. Subsequently, ethylene glycol and citric acid were added to the mixture, 
and the temperature was raised to 300oC, resulting in gelation. After the gelation process was 
completed, the organic compounds were eliminated by subjecting the gel to burn at 600oC for 12 
hours. The resulting powder compound was then ground in an agar mortar for 6 hours to ensure 
homogeneity and optimized distribution. To prepare the sample for analysis, approximately 1 gram 
of the powder was accurately weighed and pressed into a mold with a diameter of 13 mm and a 
thickness of 2 mm, applying a pressure of 3 bar. The bulk sample was subsequently heat treatment 
(controlled with a temperature increase of 5.5 oC per minute) in a 1000 oC furnace for 24 hours to 
enhance its crystallinity and stability. The crystal structure of the synthesized samples was formed 
during heat treatment [28]. To investigate the crystallographic characteristics of the samples, X-ray 
diffraction (XRD) measurements were conducted using the Rigaku SmartLab X-ray diffractometer. 
The samples were placed in the diffractometer and scanned at room temperature, covering an angular 
range between 20 to 100 degrees with a precise step size of 0.01 degrees. Surface analysis of samples 
subjected to 24 hours heat treatment at 1000°C which was using Jeol 7600F Scanning Electron 
Microscope (SEM). This advanced SEM allows for high-resolution imaging of sample surfaces at 
different magnifications and also offers chemical composition analysis through Energy Dispersive 
X-ray Spectroscopy (EDS). This SEM analysis was performed using electrons focused under an 
acceleration voltage of about 20 keV. The Physical Property Measurement System (PPMS) Quantum 
Design DynaCool-9 served as a pivotal tool in conducting an exhaustive exploration into the 
distinctive magnetic properties inherent to the samples under scrutiny. These analyses were executed 
using the PPMS in conjunction with a closed-cycle helium cryostat, ensuring an environment of 
controlled thermal stability. This advanced apparatus operates within a controlled temperature range 
spanning from 1.8 K to 400 K, thus facilitating meticulous analyses across a substantial thermal 
spectrum. Furthermore, this configuration affords the precise application of magnetic fields, spanning 
from 0 T to 6 T, thereby creating an ideal environment for a comprehensive investigation into the 
magnetic behaviors of materials under investigation.  

 
3. Results and Discussions 
3.1. XRD Analysis 
X-ray diffraction (XRD) analysis was employed to determine the crystal structure of the 

synthesized material. Rietveld refinement, a comprehensive technique for analyzing XRD data, was 
utilized. As shown in Figure 1, the FullProf program was used for Rietveld analysis, and the obtained 
XRD data were compared with simulated diffraction patterns based on established crystallographic 
information [22]. This analysis provided valuable insights into the crystallographic properties, lattice 
parameters, and symmetry of the samples. In the Rietveld analyses conducted in previous studies, a 
very common occurrence observed during x = 0.5 doping of the Ba element is the formation of the 
BMO phase along with the LBMO main phase. The addition of Ba to the structure alters the electrical 
charge balance, resulting in changes in the Mn−O−Mn bond angle and length due to radius 
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incompatibility, leading to the emergence of BMO impurities in the perovskite structure. The XRD 
results presented in Table 1 revealed that the main phase, the LBMO perovskite compound, exhibited 
a cubic crystal structure (Pm3m space group) [9], [17], [21]. Conversely, the BaMnO3 nanorods, 
identified as the second phase, adopted a hexagonal crystal structure and space group P63/mmc [4], 
[18], [23]. The small peak marked with * in the XRD pattern between 28.65° and 29.43° was 
attributed to La2O3 [24]−[27]. In the XRD analysis, trace amounts of La elements, which could not 
incorporate into the main structure, were detected as impurities in the form of the La2O3 compound.  

 
Figure 1. Observed and calculated XRD data and Rietveld refinement for La0.5Ba0.5MnO3−BaMnO3 

Table 1. X-ray analysis of sample La0.5Ba0.5MnO3−BaMnO3 unit cell parameters for Rietveld refinements 
 La0.5Ba0.5MnO3 BaMnO3 

Crystal Structure Cubic Hexagonal 
Space Group Pm3m P63/mmc  
a(Å) 3.9108 5.6954 
b(Å) 3.9108 5.6954 
c(Å) 3.9108 4.8224 
V(Å)3 59.8115 135.4692 
Mn-O-Mn (o) 180  - 
Mn-O1 (Å) 1.95538 - 
GoF 1.3 1.3 
Phase Fract (%) 80.25 19.75 
Rp 13.9 13.9 
Rwp 17.9 17.9 
Re 12.1 12.1 
X2 2.4 2.4 

 
3.1.2. SEM-EDS Analysis 

 
Figure 2 presents SEM images of the LBMO sample surface at various magnifications. In the 
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SEM image (Figure 2a) taken at 15 kX magnification, two different structures stand out. The main 
phase exhibits a granular structure, while the second phase was formed in the form of rod-like 
structures. These randomly distributed rod-like structures were investigated in detail by SEM. On the 
other hand, in figure 2 g and h, in order to better understand and investigate rod-like structures, a 
single nanorod was isolated onto the adhesive carbon conductive tape surface for structural analysis 
using SEM techniques. The graph in Figure 2 a shows the result obtained in the ImageJ program used 
to calculate the particle distribution analysis revealed that the average particle size for the main phase 
was 59.83 nm (~60 nm). To gain a better understanding of the nanorods formed on the surface and to 
determine their formation within the main structure, SEM images were captured at various 
magnifications from different regions of the sample surface (Figure 2-b,c,d,e,f ). In the SEM image 
taken at 30 kX magnification in Figure 2e, it is observed that the main structure is distributed 
homogeneously and the particle size is almost equal everywhere, while the other phase (BMO) grows 
randomly and moving away the structure. It is also observed that these structures are not uniform and 
their thickness and length vary from place to place. Figure 2f depicts an SEM image with 
magnification values of up to 140 kX, revealing a homogeneous distribution of particles in the main 
structure. Additionally, another phase (BMO) with regular cross-sections and a smooth surface is 
observed. These SEM images (Figure 2: a-f , respectively) revealed a distinct structure formed outside 
the main LBMO. The smooth morphology of the rod-like structures and the underlying granular 
LBMO matrix suggest a random distribution throughout the sample surface. The SEM images in 
Figure 2g and h illustrate the presence of a nanorod structure with smooth cross-sections, distinct 
from the main structure. In Figure 2h, the underlying surface is the adhesive carbon conductive tape. 

In Figure 3, an attempt was made to select the largest area by going to the 5 kX value of the 
sample at low magnification. For EDS analysis, area and point scans were made for approximately 
12 different regions. The EDS detector collected characteristic X-rays and provides elemental 
composition (by weight percentage) data in the table in Figure 3. The random distribution of the rods 
on the surface in the region taken for SEM−EDS analysis is noteworthy. Overall, the average 
composition value of the compound La0.5Ba0.5MnO3 confirms that the desired stoichiometry has been 
achieved. In particular, the purple colored areas in the table (spectrums 7 and 10) correspond to 
regions on rod-like structures and exhibit lower La content and higher Ba content compared to the 
average composition. The XRD analysis suggests that the absence of trace amounts of La element in 
these two regions is attributed to the formation of the La2O3 phase and its subsequent removal from 
the structure. Consequently, the x-ray reflections collected from the nanorods on the surface are more 
pronounced, leading to the detection of an excess of Ba content with EDS detector. 
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Figure 2. Magnifications of SEM images, a,b) 15kX c) 20kX d) 25kX e) 30kX c) 140kX La0.5Ba0.5MnO3 and g) 

130kX, h) 140kX is BaMnO3 nanorod. 
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To accurately determine the composition of these nano-sized structures, EDS analysis was 
conducted on a single nanorod extracted from the surface (Figure 2g). As shown in Figure 3, EDS 
analysis of the isolated nanorod was taken from four different regions, confirming that this 
nanostructure is BaMnO3 as a result of the EDS. This finding supports the two-phase structure 
observed in the XRD analysis and correlates the presence of rod-like structures observed in the SEM 
images with the BaMnO3 phase. Therefore, BaMnO3 nanorods can be defined as impurities formed 
independently on the surface of the LBMO perovskite manganite. Particle size analysis revealed that 
these nanorods had a thickness range of 100 to 250 nm and a length of 5 to 20 μm. This comprehensive 
analysis of SEM and EDS results revealed the homogeneity of the sample, both in terms of phase 
distribution and adherence to the desired stoichiometric ratio. 

 

 

 
Figure 3. EDS analysis % Weight for La0.5Ba0.5MnO3 perovskite naoparticles and BaMnO3 nanorod. 

 

3.1.3. Magnetic Properties 
 

The investigation encompassed magnetization measurements as functions of both temperature 
and magnetic field, denoted as M(T) and M(H) respectively. These analyses were executed using the 
Quantum Design Physical Properties Measurement System (PPMS) in conjunction with a closed-
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cycle helium cryostat, ensuring an environment of controlled thermal stability. Figure 4a showcases 
M(T) measurements conducted under various conditions, including zero field cooling (ZFC) and field 
cooling (FC) at a magnetic field strength of 50 Oe (5 mT). This extensive procedure covered a 
temperature range from 5 K to 400 K. Based on both XRD and SEM−EDS data, it is evident that two 
distinct phases are formed in the structure upon Ba doping. This observation has also influenced 
magnetic measurements. Spin-glass interactions may arise due to the presence of antiferromagnetic 
regions (BMO) within a compound (LBMO) predominantly exhibiting ferromagnetic properties. 
Furthermore, the significant gap between the ZFC and FC curves at lower temperatures supports this 
interaction. By analyzing the FC curve in Figure 4a, the TC value was determined to be 323K, 
corresponding to the peak of the dM/dT curve [19], [20], [29]. 

To evaluate the effect of the paramagnetic phase using the Curie–Weiss law in equation (1), 
we examined the slope of the reverse susceptibility (1/χ) as a function of temperature using the FC 
curve (Fig. 4b). The red line in the graph represents the Curie-Weiss fit, while the θCW value represents 
the paramagnetic Curie-Weiss temperature value (where C in the equation is the Curie constant). If 
θCW is greater than TC, it indicates the presence of magnetic inhomogeneity [12], [30]. Furthermore, 
M(H) measurements Figure 4c were executed meticulously for the sample. This process involved 
intervals of 4 K, encompassing temperatures both above and below the TC value. The magnetic field 
strength extended up to 6 T, thereby encapsulating a substantial range of magnetic conditions. The 
intricate assessment of the magnetic entropy change (−ΔSM) values necessitated the utilization of data 
derived from the M(H) measurements (Figure 4c). Central to this analysis was Maxwell’s 
thermodynamic equation (2) and if the system is in thermodynamic equilibrium, this formula turns 
into an integral (3), (4) this equation played a pivotal role in the precise calculation of the magnetic 
entropy change values. For simplicity, the integral expression (2) was approximated using a 
summation, wherein the derivative within the integral was discretized using finite differences [31], 
[32]. These calculations were based on discrete magnetization values acquired at distinct temperatures 
and applied magnetic fields, as outlined in the following expression (5) Here, (−ΔSM) represents the 
magnetic entropy change at temperature Ti. The values of Mi and Mi+1 correspond to the experimental 
magnetization at temperatures Ti and Ti+1, respectively, under the influence of the magnetic field Hi, 
employing this comprehensive methodology, the precise quantification of −ΔSM values was achieved 
(Figure 4d). −ΔSM was observed to be 0.62 J/kgK at a magnetic field of 1 T and 2.25 J/kgK at a 
magnetic field of 6 T, as determined from the M(H) curves. The wide maximum value distribution of 
−ΔSM around the TC in LBMO is a desirable property for electronic applications. Future studies will 
investigate whether the TC is increased or decreased by the formation of BaMnO3 nanorods. This 
approach provided invaluable insights into the magnetic characteristics of the examined materials, 
thus enriching our understanding of their potential applications within novel magnetic cooling 
prototype. 
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Figure 4. a) M(T) curves of the compounds obtained using ZFC and FC, insets: dM/dT (T) curve b) 1/χ (T) curve 

and c) M(H) curves of the compounds at 1T to 6 T for both below and above TC, d) Temperature dependences of -∆SM 
at several magnetic field changes for La0.5Ba0.5MnO3. 

 

4. Conclusions 
In this study, half-doped La0.5Ba0.5MnO3 perovskite manganite compound was successfully 

obtained using the sol-gel method. It was confirmed by SEM−EDS analysis that the main compound 
showed a homogeneous particle distribution and the presence of BMO nanorods, regardless of the 
main structure. XRD refinement revealed that the crystal structure of the synthesized material 
comprised two distinct phases: the main phase consisting of 80.25% LBMO and a secondary phase 
comprising 19.75% BMO nanorods. Additionally, it was determined that the trace amount of La 
element not incorporated into the main structure existed in the form of La2O3. Detailed SEM analysis 
revealed that the secondary phase was present in the form of nanorods randomly distributed on the 
surface, with varying lengths and widths. Furthermore, EDS analysis confirmed the composition of 
these nanorods, with the composition identified XRD analysis as BaMnO3. It is worth noting that 
each nanorod exhibits a uniform width along its entire length, a characteristic commonly observed in 
the hydrothermal production method, not seen in the sol-gel method [33]. Magnetization 
measurements revealed that the Curie transition temperature of the LBMO sample was determined to 
be 323 K. Literature reports have shown Curie transition temperature values for LBMO samples 
ranging from 270 K to 335 K [7]−[9], [33], [35]−[37]. The aim is to produce a material exhibiting a 
magnetic phase transition close to room temperature. Discrepancies in Curie temperatures among 
LBMO samples in the literature stem from variations in production methods, sintering temperature 
and sintering time. Moreover, it was observed that the formation of BMO nanorods on the surface of 
the LBMO sample obtained in this study resulted in the removal of a certain amount of Mn atoms. It 
is hypothesized that alterations in the bond angle and lengths (Mn−O−Mn) of Mn atoms departing 
from this structure, along with the reduction in Mn atoms, which serve as magnetic moment carriers, 
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contribute to raising the ferromagnetic to paramagnetic phase transition in LBMO above to room 
temperature [34]. The isothermal magnetic entropy change of the LBMO sample was calculated using 
magnetization measurements. The sample exhibited a magnetic entropy change (−ΔSM) of 0.62 
J/kgK and 2.25 J/kgK at applied fields of 1 T and 6 T, respectively. Examination of the −ΔSM graph 
reveals a very wide distribution around TC. This broad distribution is a desirable characteristic for 
magnetic cooling applications in perovskite materials. While the LBMO sample demonstrates a TC 
close to room temperature, making it a candidate for magnetic cooling materials, its relatively low 
entropy change suggests limitations in achieving high relative cooling power (RCP). The formation 
of BMO nanorods in LBMO was identified as another key factor affecting its magnetic properties. 
These nanorods can provide new magnetic interactions for nanosensors, field effect transistor (FET), 
ferroelectricity, energy storage, biosensors, dielectric materials and are thought to provide useful 
information in future studies [18]−[23]. Overall, this work adds new insights into the interaction 
between Ba substitution and the formation of BMO nanorods on LBMO. Additionally, our findings 
suggest that LBMO is a promising candidate for various applications, including spintronic devices, 
magnetic sensors, and other electronic devices. Moreover, the substitution of La with Ba in LBMO 
resulting in the formation of BaMnO3 nanorods as the second step is thought to be due to the effect 
of a relatively low sintering temperature and rapid cooling process on the composite. This is a new 
observation and may have important implications in the development of new materials with specific 
magnetic properties. Our findings indicate that LBMO is a promising candidate for a wide range of 
applications and that Ba substitution can be used to tailor the magnetic properties of LBMO to specific 
applications. 
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𝑑𝑑𝐻𝐻      (3) 

−∆SM(T, M) = ∫ �∂M
∂T
�
H

H
0 dH

         
(4)

     

−∆𝑆𝑆𝜕𝜕(𝐻𝐻,𝑇𝑇) = ∑ 𝜕𝜕İ−𝜕𝜕İ+1
𝑇𝑇İ+1−𝑇𝑇İ

𝑖𝑖 ∆𝐻𝐻𝑖𝑖       
(5)                     
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