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Abstract 

Sr-doped (0<x<0.2) ceramic samples of the lanthanum manganite oxides were obtained via sol-gel 

method to investigate the influence of doping on structural, magnetic end electronic responses, and their 

correlations. Synthesized samples of non-stoichiometric compositions are rhombohedral single-phase. 

After annealing the formation of a phase-separated system as a mixture of orthorhombic phases was 

found. The R-3c and PnmaI, PnmaII* and PnmaII phases have been studied using Mössbauer 

spectroscopy, XRD, SEM analysis and magnetic measurements. The magnetic temperature-concentration 

phase diagram of La1–xSrxMnO3+δ (x = 0.05, 0.10, 0.20) was obtained. 

The Jahn-Teller effect or the orbital order breaking, as well as the competition between Mn3+–O2—Mn4+ 

double- and Mn3+–O2-–Mn3+ superexchange interaction was demonstrated under the effect of cation 

doping compound and interstitial oxygen value (δ). The relaxation character of the Mössbauer spectra and 

the type of magnetization dependences revealed nanosized magnetic clusters with fluctuation of their 

magnetic moment in all perovskite phases. Results are interpreted in terms of matrix – clusters: regions of 

sample with ferromagnetic type of ordering (cluster) exist in antiferromagnetically or ferromagnetically 

(with different exchange parameter) ordered matrix. Exchange interaction frustrations of the cluster with 

the matrix can lead to relaxation behavior of the magnetic moment of the cluster. The clusters size vary 

from about 3.9 to 5.7 nm. All samples are characterized by the presence of particles agglometates with a 

typical size about 0.4-0.8 μm; for annealed samples additional non-conducting regions with 80-220 nm in 

size were found. It is shown that the annealing time significantly affects the production of materials with 

determined properties and be useful in the applied field in technological processes.  

 

 

Keywords: perovskites, doped lanthanum manganites, Mössbauer spectroscopy, phase separation, 
magnetic properties, superparamagnetism.  
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1. Introduction 

Alkaline-earth metal-doped perovskites La1–xAxMnO3+δ (A = Ca2+, Sr2+ or Ba2+) are of great interest in the 

physics of strongly correlated systems with considerable fundamental and technological interest. They 

belong to the class of mixed valence manganites ceramics [1,2]. These materials have wide range of 

unique properties like colossal magneto-resistance (CMR) [3,4], high electrical conductivity [5], 

electrocatalytic properties [6], etc. Manganite materials are prospective in technological applications such 

as elements for solid oxide fuel cells [7], magnetic refrigeration [8], information recording devices and 

solid-state drives [9], the creation of digital microcircuits with magneto-optical converters on their basis 

[10], creation of temperature stabilizing (TS) coatings [11] and for magnetic hyperthermia [12,13].  

Mn3+/Mn4+ ratio depends on the cations doping and δ value. In these compounds, there is a strong 

correlation between the lattice, magnetic and electronic subsystems; therefore, changes in the structure 

lead to significant changes in the physical properties (transport, magnetic). Varying the type and the 

content of the doping element leads to significant changes: the system passes through a chain of phase 

transitions with various types of ordering.  

The fact that the starting compound LaMnO3 with Mn at single valence state behaves as 

antiferromagnetic insulator at low temperatures, could be explained by super-exchange mechanism 

existing between two Mn ions with same valence state based on Kanamori-Goodenough rules [14]. It was 

found that partial oxidation of Mn3+ to Mn4+ and formation of oxygen vacancies are observed when La is 

replaced by a divalent element A [15,16]. La1–xAxMnO3 with 0.10≤x≤0.21 becomes a ferromagnetic 

insulator, and with 0.21≤x≤ 0.40 - ferromagnetic metal [17]. Ferromagnetic behavior was explained by 

double exchange mechanism existing between two Mn ions with different valence states [3,14]. When x> 

0.5 the system again becomes an antiferromagnetic insulator [18].  

Different synthesis conditions implement to obtain several structural modifications of La1–xAxMnO3+δ: the 

rhombohedral R-3c phase, monoclinic P1121 /a phase, and three orthorhombic PnmaI (O), PnmaII (O′), 

PnmaII* (O'' or O*) phases [19–25]. The presence of PnmaII* phase, like an intermediate phase in 

LaMnO3+δ phase transition PnmaI → PnmaII* → PnmaII, was confirmed by both X-ray diffraction and 

Mössbauer spectroscopy [25]. 
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Doped lanthanum manganites have distorted perovskite structure which primarily depends on the nature 

and concentration of the dopant. Mn3 + - Jahn-Teller ion degenerates orbital state of electrons. Due to the 

Jahn-Teller effect, orbital ordering occurs (the electronic subsystem has short and long ordered bonds). 

Orbital ordering leads to severe lattice distortion. As a result, a strong correlation arises between the 

lattice and electronic subsystems [26]. Thus, Jahn-Teller effect leads to a strongly distorted lattice and a 

decrease in the lattice symmetry (PnmaII phase). Mn4+ is not a Jahn-Teller ion, its appearance leads to the 

destruction of orbital ordering and the transition to a more symmetrical environment (transition to the 

highly symmetric phase PnmaI through the intermediate PnmaII*). The most outstanding structural and 

magnetic transitions are observed in the range of doping concentrations at x <0.20 [27]. However, such 

studies are very rare in the literature. Our previous investigations of stoichiometric La1-xSrxMnO3 

containing low amounts of dopants, carried out at room temperature, revealed structural phase separation 

correlated with the Jahn-Teller effect [28]. For La1-xCaxMnO3+δ low temperature investigations revealed 

new properties of these manganite phases and cluster formation[29]. 

The present work is focused on the study of strontium-doped lanthanum manganite La1–xSrxMnO3+δ (x = 

0.05, 0.10, 0.20), synthesized by the sol-gel method. Compared to previous studies [28], we paid attention 

to the low-temperature region (particularly from 5 K), using a novel Mössbauer methodologies with 

theoretical modeling and calculations, the magnetic temperature-dependent approaches, and electronic 

comparison. This comprehensive study of La1–xSrxMnO3+δ in wide temperature range allowed to reveal 

the structural and magnetic phase transitions, effect of doping on structural, hyperfine and magnetic 

properties were analyzed. The correlations between Mössbauer parameters and magnetic response were 

established. The duration of annealing influence on the features of the structure, changes in the phase 

composition, as well as the thermal stability were also investigated.  
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2. Material and methods 

Non-stoichiometric La1–xSrxMnO3+δ (x = 0.05, 0.10, 0.20), labelled LS5-NS, LS10-NS, LS20-NS 

respectively, were prepared by the sol-gel method in the corresponding proportions [28]. LS5-NS sample 

was annealed for 8 hours to obtain transient state (LS5*). Stoichiometric La1–xSrxMnO3 (LS5-S, LS10-S, 

LS20-S) series was obtained by annealing under vacuum (10-3 Torr) at 650 °C for 10-15 hours [28].  

2% of isotopically-enriched 57Fe is added in all samples (La1–xSrxMn0.98
57Fe0.02O3+δ) for Mössbauer 

investigations using a 57Co (Rh) source on an MS-1104Em spectrometer at T = 300 K and 80 K and a 

WissEl spectrometer equipped with a Janis SHI-850 cryostat for analysis at T = 80 K and 5 K. It was 

described in [30] that 57Fe replace Mn3+ in the crystal structure as Fe3+, and does not introduce any 

distortion in the lattice (since the ionic radii of Fe3+ and Mn3+ are very similar and according to XRD the 

lattice parameters are not modified [30,31]. The spectra were processed using the SpectrRelax program 

[32].  

Magnetostatic measurements were investigated by LakeShore 7407 vibrating sample magnetometer in the 

100-400 K temperature range in fields up to 1280 kA/m (16 kOe). The temperature dependence of the 

magnetization in ZFC-FC mode (heating in a nonzero field after cooling in a zero magnetic field (ZFC - 

Zero-Field Cooled) and cooling in a non-zero field (FC - Field Cooling)) was obtained in an external 

magnetic field of 2.4 kA/m (30 Oe) and 8 kA/m (100 Oe) and in the temperature range of 100-400 K.  

Alternating current (AC) magnetic susceptibility was investigated using AGICO Kappabridges MFK1-A 

instrument in the temperature range of 70-275 K in 200 A/m (2.5 Oe). The antiferromagnet-paramagnet 

phase transition temperature - the Neel temperature– was defined as an inflection point on temperature 

curve. This point is equivalent to a point of a minimum of derivative on temperature min(dχ/dT). Curie-

Weiss temperature  TC was determined by linear extrapolation from the 1/χ vs. temperature experimental 

plot [33]. 

Scanning electron microscopy investigations were carried out using Carl Zeiss Supra 40 at the 

Educational and Methodological Center for Lithography and Microscopy, Lomonosov Moscow State 

University. The processing of the obtained images (mean value and standard deviation of investigated 

samples size distribution, calculated from SEM images) made in the program ImageJ.  

 

 



6 
 

3. Results and discussion  

3.1. Crystal features and SEM analysis 

The dependence of the Mn4+ ions concentration on the Sr content in La���
�� Sr�


�Mn

��Mn��


�� O���

�  using 

the data of iodometric titration [31] and electroneutrality was plotted in Fig.1. The yellow circles indicate 

the coordinates of the states corresponding to the R-3c phase, the green circles – the orthorhombic phases 

(sp. gr. Pnma), the semitransparent circles indicate the hypothetical coordinates of the states for the 

phases of  initial LS5-NS, LS10-NS, LS20-NS samples and LS5* sample. Blue triangles indicate data 

taken from the literature [19,20,34–37]. The areas of Mn4+ ions concentration within which phases (R-3c, 

PnmaI, PnmaII) for LaMnO3 realized are highlighted from [38,39]. Doping, in general, shifts the 

boundaries of the concentration range of certain structural modification (phases) existence, however, it is 

clear that in edge cases the coordinates of the states for each of the phases fit under the boundary 

conditions. For non-stoichiometric samples the δ value decreases with Sr concentration increasing. 

Apparently, there is also a decrease in the concentration of Mn4+ ions (dashed circles indicate possible 

positions for samples LS5-NS and LS10-NS on the graph), to a critical value equal to 0.2, at which the 

oxygen stoichiometry δ=0 is reached (LS20-NS and LS20-S). For stoichiometric samples the amount of 

Mn4+ ions equals to x, and changes linearly. 

 

The XRD lattice parameters, volume of unit cell of all investigated samples are given in Table 1 [28]. The 

results for the synthesized single-phase samples LMS-NS show rhombohedral symmetry – R-3c space 

group for all samples. After vacuum annealing in LS5-S and LS10-S samples orthorhombic phases of the 

Pnma space group were detected. The PnmaI phase is considered to be higher symmetric than PnmaII. 

Annealing in vacuum for 8 hours leads to structural transition from R-3c phase into PnmaI (LS5* 

sample), which, upon further 10-15 hours of vacuum annealing, transforms into PnmaII* (LS5-S and 

LS10-S samples). The distorted structures are transformed from orthorhombic to rhombohedral with 

increasing Sr concentration in a mixture of stoichiometric low-doping lanthanum manganites since their 

patterns are very close to each other. There are no changes for the case of LS20-S sample compared to 

LS20-NS. 

The unit cell volume after vacuum annealing changes by about 30% that indicates the removal of 

interstitial oxygen. The slight differences in unit cell parameters are caused by difference in the ionic 
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radii. Ionic radius of Sr is approximately the same as for La, this means that aliovalent doping Sr2+ for 

La3+ does not add any distortions to the lattice, accompanied by partial Mn oxidation to Mn4+ (Mn3+ = 

0.645 Å, Mn4+ = 0.53 Å) and decreasing in Mn-O-Mn bond angle. Aliovalent doping is also attributed to 

the appearance of oxygen holes, according to electrical properties and interactions, associated with the 

transition of a delocalized electron from the p-level of O to the d-level of Mn (Mn3+ in the high-spin 

configuration) [15,16,40]. 

XRD analysis does not reveal the presence of small particles – the lines are narrow. For average particle 

size estimation scanning electron microscopic investigations were carried out as shown in Fig.2. All 

images are obtained in secondary electrons. Samples are characterized by the presence of particle 

agglomerates with the minimum size about 100 nm, while their typical size is about 0.4-0.8 μm (Table 2). 

It can be noted that for LS5-S sample, the formation of agglomerates dense packing is observed − the 

particles are located close to each other. With an increase in Sr concentration to x=0.20 all particles are 

far from each other. The size of the agglomerates in both LMS-NS and LMS-S samples is practically the 

same; however, with an increase in Sr concentration, a decrease in the size is observed. 

It should be noted that all samples exhibit high crystallinity “aspect” at high magnifications. The absence 

of compositional contrast in the images indicates a similar elemental composition in the samples. Samples 

of non-stoichiometric composition are characterized by the presence of a conducting phase, in contrast to 

a sample of stoichiometric composition, where light and dark areas can be distinguished. The images for 

the stoichiometric sample show “charging effects” (bright white areas), demonstrate the presence of non-

conductive phases. The characteristic size of such white "non-conductive" areas is about 80-220 nm and 

such observations may indicate the presence of phase separation. 

 

3.2. 57Fe Mössbauer spectroscopy analysis 

The Mössbauer spectra of doped lanthanum manganites of non-stoichiometric composition at 300 K and 

80 K are presented in Fig. 3, obtained parameters phase are given in Table 3. The LS5-NS [41] and LS10-

NS spectra at 300 K were fitted using the distribution of quadrupole splitting. The LS20-NS spectrum 

was also fitted using quadrupole splitting distribution with adding the relaxation type sextet with 55 kOe 

hyperfine magnetic field, the intensity of which is 30.6 ± 2.4%.  
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Each doublet corresponds to the R-3c phase with the parameters characterized trivalent iron atoms in a 

high-spin state in an octahedral oxygen environment. The δmax values are approximately the same for all 

three experimental spectra. The ∆max values corresponding to the rhombohedral phase decrease with an 

increase in Sr content, the minimum value reached for LS20-NS (∆max = 0.230 mm/s), is due to the 

decrease of interstitial oxygen value in accordance with Fig. 1. The distribution of full width at middle 

height (FWHM) becomes smaller with Sr content increase, indicating an increase in the symmetry of the 

environment of Fe57 ions and a decrease in the nearest environment distortion. Such changes lead to a 

decrease in the electric field gradient in the region where the Fe nucleus is located, due to the spatial 

redistribution of the charge of the surrounding atoms.  

The appearance of a relaxation sextet in the LS20-NS sample could be due to the partial transition state of 

the sample – the Curie temperature. Similar features are encountered in the investigations of analogous 

compounds samples. According to literature, it is due to lattice distortions [42], where Fe ions are located 

in a defect structure or at the grain boundary (presence of Fe atoms with different numbers of Fe-Mn 

neighbors). Rojo et al. suppose that it can be seen as a superposition of two ferromagnetic phases with 

different TC. [43] The presence of both ferromagnetic and paramagnetic or relaxed contributions was also 

showed in [44]. Others demonstrated two components in the manganite: ferromagnetic metal and 

paramagnetic insulator [45]. We suppose that in our case at x=0.20 the rhombohedral phase of perovskite 

consists of different size clusters with possibility of a small magnetic contribution of fine particles 

(relaxation sextet) where Fe3+ positions are with small hyperfine field, and small clusters have fast 

fluctuations of their magnetic moment. In previous works devoted to Ca-doped manganite oxides 

[41,46,47] we discovered formation of superparamagnetic clusters at 80 K inspired by [48] observations, 

where authors detected spontaneous formation of localized magnetic clusters using SANS measurements. 

Here, when the temperature is lowered from 300 K to 80 K the appearance of broad lines in Mössbauer 

spectra, accompanied by the transformation of paramagnetic doublet into magnetically ordered sextet 

with a relaxation character. Processing 80 K Mössbauer spectra was carried out by hyperfine magnetic 

field distribution using the model of many-state superparamagnetic relaxation [49], parameters are 

presented in Table 3. Within the framework of this model, the process of relaxation between different 

values of the projection of the spin onto the axis of the easiest magnetization is described, while the rate 

of jump of the projection of the spin is described by hyperfine parameter - the relaxation frequency ln(R). 
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We suppose, that the relaxation character of the spectra is due to the presence of small magnetic clusters 

of different sizes which behave like superparamagnetic particles. Thus, in our case, the model describes 

the oscillations of the magnetic moment not of one particle, but of clusters. Using many-state 

superparamagnetic relaxation model, it is possible to obtain the properties of the clusters calculated from 

relaxation parameter α which is the ratio of the magnetic-anisotropy energy to the thermal-oscillation 

energy: � = �����
���  (Keff is effective magnetic anisotropy constant, V – the cluster volume, kB – the 

Boltzmann constant, T – the temperature). As Sr amount increases, the calculated relaxation parameter α 

increases too. The hyperfine magnetic field at nucleus also increases whereas the distribution of width at 

half height decreases. We assume that this is due to a decrease in δ and Mn4+ content. The value of ln(R) 

is approximately the same for the three samples and equals to 20. 

Samples of stoichiometric composition obtained after vacuum annealing are presented in the model of the 

phase-separated system. The processing of 300 K Mössbauer spectra of LS5-S [41], LS5*, LS10-S 

samples was carried out in two ways: 1) by extracting the distribution of quadrupole splittings, and further 

model interpretation of the distribution; 2) model fitting by three or two quadrupole doublets. LS20-S 

spectra was also proceed in two steps as well: using the same model like for LS20-NS, and fitting by a 

combination of quadrupole doublet and a relaxation type sextet. Mössbauer spectra and their 

corresponding distributions p(∆) are shown in Fig. 4,5. The p(∆) distributions for LS5-S and LS10-S 

samples have a noticeable character, which indicates the formation of phase-separated state consisting of 

orthorhombic phases. According to our previous investigations [47], the peak in p(Δ) with the maximum 

value of Δ corresponds to a local environment of the PnmaII phase (with the maximum lattice distortions 

associated with the Jahn-Teller effect). In the other hand, the peak with a minimum value of Δ – could be 

assigned to the PnmaI phase with minimal distortion of the environment. Finally, the peak with 

intermediate value is associated with the PnmaII* phase. Thus, for LS5-S sample the shape of the 

distribution is rather wide, with two visible peaks at ∆ ~ 0.58 mm/s and ∆ ~ 0.87 mm/s, corresponding to 

PnmaII* and PnmaII phases respectively. In LS5* two distribution main peaks are observed with 

significant overlapping. They correspond to the phases PnmaI (∆ ~ 0.33 mm/s) and PnmaII* (∆ ~ 0.52 

mm/s). This means that after 8 hours annealing, a phase transition from the R-3c phase into a mixture of 

PnmaI and PnmaII* phases occurs, PnmaII phase is not formed due to the excess of oxygen presence. 
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The distribution of the LS10-S sample most clearly demonstrates phase separation − three different peaks 

are clearly visible: peak at ∆ ~ 0.23 mm/s for PnmaI phase, ∆ ~ 0.50 mm/s for PnmaII* phase and small 

one ∆ ~ 0.95 mm/s for PnmaII. The LS20-S distribution is presented with one distinct peak, 

corresponding to R-3c phase (∆ ~ 0.23 mm/s). As in the case of the LS20-NS sample, in addition to p(∆) 

distribution, there is a relaxation type sextet with a 62 kOe hyperfine magnetic field. It can be argued that 

with 20% Sr content the formation of orthorhombic phases does not occur and regardless of annealing, 

the LS20-S sample is structurally almost the same as LS20-NS. Such fitting allowed the identification of 

the phase presence based on the values of the quadrupole splitting of the peaks. To obtain quantitative 

information about the contributions of each phase, the fitting of the distributions presented in the form of 

a spectrum was carried out. In Table 4 obtained parameters are presented: the quadrupole splitting Δ, and 

the relative intensity of each phase I. The second way for spectrum processing is model fitting by the 

combination of three or two quadrupole doublets Fig. 4 (a,b,c), Fig. 5 (j). The parameters obtained 

practically coincide with those obtained by the first way. This supports the correctness of applying both 

models. 

Measurements of annealed samples at 80 K were carried out. Fit the spectra of LS5-S sample by a 

magnetic field distribution in Hamilton model and one relaxation subspectrum in many-state 

superparamagnetic relaxation model were used, LS10-S – magnetic field distribution in Hamilton model 

and two relaxation sextets were used. Hamilton model is used when the energy of the quadrupole 

interaction is sufficiently high compare to the energy of the magnetic interaction, and, accordingly, in a 

situation where there is a violation of the equidistance in the arrangement of the spectrum components in 

the Doppler velocity scale. In our case, the reason for using Hamiltonian model was the presence of a 

large value of the quadrupole splitting for the PnmaII phase spectrum. Fitting the spectra of LS5* sample 

by two relaxation subspectra in many-state superparamagnetic relaxation model were used. The LS20-S 

spectrum was processed by extracting the distribution of the hyperfine magnetic field using the model of 

many state superparamagnetic relaxation.  

The parameters of all subspectra are given in Table 4. As shown above, in the LS5-S, the PnmaII* phase 

prevails, the PnmaII phase is almost suppressed. It can be assumed that in the low-temperature spectrum 

for this sample, the sextet with maximum intensity corresponds to the PnmaII* phase. For LS5* the 

contributions of the orthorhombic phases PnmaII* and PnmaI are almost the same. For the LS10-S 
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sample the predominant phase is PnmaI. Above 10% of Sr, all orthorhombic phases disappear.  

By the analogy with previous work [41], we assume that at low temperature the magnetic hyperfine field 

decreases in the series Hn(PnmaI) > Hn(PnmaII*) > Hn(PnmaII). As for the non-stoichiometric samples, 

the relaxation components are connected with the presence of magnetic clusters. Here, it can be noted 

that, in comparison with samples of non-stoichiometric composition, the calculated values of the 

relaxation frequency are lower in samples of stoichiometric composition. However, the relaxation 

frequency in all samples is rather small, which may indicate that the clusters are actually still in a blocked 

state. To confirm, in addition, LS5-S spectrum was measured at the T= 5 K, and it showed a sextet (Fig. 

6, Table 4). Consequently, the blocking temperature Tb for magnetic clusters is above 5 K.  

Thus, it can be argued that, after annealing, the system is distinguished by an unusual phase transition, 

where one rhombohedral phase passes into a mixture of three or two orthorhombic phases, that is, phase 

separation occurs. As the Sr concentration in the samples increases, the PnmaII phase transfers to the 

PnmaI phase through the intermediate orthorhombic PnmaII* phase.  

3.3. Magnetic measurements 

3.3.1 Magnetic susceptibility 

Figure 7 shows the temperature dependences of the AC magnetic susceptibility and its inverted values 

measured for all investigated samples in the range 70-275 К. Single-phase LS-NS and LS-20S samples 

demonstrate temperature paramagnetic to ferromagnetic phase transition in the range of 170-270K. From 

the intersection of the straight line approximating the linear portion of the inverse dependence 1/χ, Curie 

temperature was determined for each sample under investigation. TC increases gradually with Sr doping 

content (Table 5). The slope of the linear approximation of the inverse magnetic susceptibility above Tc 

also decreases with higher doping content. As the slope angle equals the inverted Curie constant, which is 

proportional to the magnetic moments per atom and taking into account the higher magnetic moments of 

Mn3+ (2 μВ) compared to Mn4+ (1.5 μВ), change in Mn3+/Mn4+ ratio with doping could explain the 

increase in the slope of the susceptibility in paramagnetic region. It should be noted that at x=0.2 we 

observe approximately the same Curie temperature for both LS20-NS and LS20-S samples. It means that 
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regardless of the interstitial oxygen, at x =0.2, the limiting volume value is reached for obtaining 

stoichiometry in the sample.   

Temperature dependence of magnetic susceptibility of LS5-S, LS5* and LS10-S samples has peaks due to 

AFM – PM transition. For pure antiferromagnetic phase as in the case of LS5-S the peak is narrow. LS5* 

sample demonstrates broad peak of the magnetic susceptibility which can be attributed to the AFM-PM 

transition of the PnmaII* phase and FM-PM transition of the PnmaI phase. The peak widening can be 

caused by local lattice distortions. The inverse susceptibility dependence for this sample also has the 

linearly increasing portion, indicating the presence of the ferromagnetic phase (PnmaI) with TC =150 K. 

The contribution of ferromagnetic phase disappears with further annealing of the sample with 5% of Sr 

doping. The peculiarity of the inverse susceptibility dependence above Neel temperature (the upward 

curvature) described in [50] was caused by the contribution of superparamagnetic clusters to the magnetic 

response of the sample, that supports the considered model of magnetic structure of the samples. The 

sample LS10-S behaves similar to the LS5* sample, demonstrating the contributions of AFM and FM 

phases, however, two characteristic peaks for the Neel temperature are observed in the LS10-S sample. 

Neel temperature for the stoichiometric samples is approximately the same, and not dependent of Sr 

content. The values obtained are also similar to the temperatures obtained for the pure LaMnO3 [51,52]. 

3.3.2 Magnetostatic properties and magnetization temperature sweep 

For the understanding of the effect of doping and annealing on the response of Sr doped manganites, 

magnetostatic properties were investigated (Fig. 8). For the non-stoichiometric samples hysteresis loops 

measured at 100K have shape typical for ferromagnets. Saturation magnetization slightly increases with 

increasing Sr content. Such dependence can be caused by the slight decrease of Mn4+ amount in the 

samples with doping. The same reason explained the behavior of the Tc and the slope of the paramagnetic 

region of inverse susceptibility with doping. With temperature increase the transformation of magnetic 

response was observed. At 300K LS5-NS sample demonstrates paramagnetic behavior. On the 

magnetization curve for the sample LS10-NS there is a weak kink inherent to low ferromagnetic 

contribution. For the sample LS20-NS hysteresis was observed even at room temperature. These results 

are consistent with the results of Mössbauer investigations. For the sample with 20% Sr content the 
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spectra contained the relaxation type sextet. The relative contribution of the residual ferromagnetic 

component in the sample with 10% Sr was much lower and was not distinguished in the Mössbauer 

spectra. As the values of Curie temperatures obtained from the inverse susceptibility dependences for 

these samples are close to room temperature, the residual magnetic ordering can be observed. It should 

also be noted, that in the doped manganite samples the appearance of superparamagnetic clusters above 

room temperature was previously reported [41]. Magnetization curves for all samples measured at 400K 

demonstrate paramagnetic behavior. Annealed LS20-S sample shows the same features as the non-

stoichiometric sample with the same Sr content. It was discussed above, that the results of X-ray 

diffraction, Mössbauer investigations and susceptibility measurements also show similarity of these two 

samples. 

Hysteresis loop for the LS5* sample measured at 100K is characterized by large contribution of the 

ferromagnetic phase and larger value of coercivity (100 Oe) than LS5-NS (20 Oe), which can be 

attributed to stronger anisotropy of the powder. The additional anisotropy can be explained by the 

exchange interaction between ferromagnetic and antiferromagnetic phases. At higher temperatures the 

sample demonstrates linear magnetization dependence. As was described in the previous section, Neel 

and Curie temperatures for AFM and FM phases of this samples are 120 K and 150 K, respectively. 

LS10-S sample shows similar response, which can be explained by the similar phase composition of the 

sample. The coercivity for the sample with 10% of Sr increases from 25 Oe to 170 Oe.  

Hysteresis loop of the LS5-S sample has the shape typical for samples with antiferromagnetic type of 

ordering with uncompensated magnetic moment. The coercivity of the sample is an order of magnitude 

larger – it exceeds 500 Oe. Saturation is not achieved in the investigated magnetic field range. The origin 

of uncompensated magnetic moment could lie in the formation of low-dimensional clusters with 

ferromagnetic ordering due to local lattice distortions. 

Temperature dependences of magnetization measured in ZFC-FC regime (Fig. 9) were used to determine 

the temperature, at which the energy of thermal fluctuations is comparable with the anisotropy energy 

(blocking temperature Tb). According to the type of temperature dependences behavior, there is a 

discrepancy between ZFC and FC, which indicates the presence of an uncompensated magnetic moment, 
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caused in general case by CAF and due to the presence of superparamagnetic phenomena [17,20,22–

24,34,53]. We suppose, that the formation of magnetic clusters or/and spin-canting at the surface of the 

particles can be responsible for such behavior in our samples. Exchange interaction frustrations of the 

cluster with the matrix can lead to relaxation behavior of the magnetic moment of the cluster.  

The effective anisotropy constant can be estimated using the shape of the magnetization curve. According 

to Akulov’s law [54], the saturation approximation region of M(H) dependence in the system of randomly 

oriented crystallites can be expressed as follows: 
����

��
= 1 − !
"����

��� #


. Here MS is saturation 

magnetization, a is symmetry parameter, describing the special distribution of easy magnetization axes, 

Keff is the effective anisotropy constant, H is magnetic field. To take the paramagnetic contribution into 

account additional linear term with B slope can be included. Thus, fitting the magnetization curve in the 

range of saturation approximation with the function $�%� =  ' + ) ∗ % − +
, ∗ �

�- with the use A = MS, B 

and С as fitting parameters, allows us to obtain the value of Keff from the C parameter. To increase fitting 

accuracy, A and B were determined from the linear approximation $�%� =  ' + ) ∗ % of the saturated 

region of magnetization curve and then were used as fixed parameters. The symmetry parameter a was 

taken equal to . =  �
√�0, which corresponded to systems of particles with uniaxial anisotropy with a 

random distribution of the easy magnetization axes. Thus, C corresponded to 1233

 , and the effective 

anisotropy constant was calculated as a square root of fitting parameter C.  

Using the anisotropy constant, which were determined from the magnetization curves by Akulov’s law 

approximation, one can determine the effective volume blocked under the Tb. In all the cases linear 

dimensions of the blocked region corresponded to the smaller volume, than the size of the particle, 

describing the regions of uncompensated magnetic moment (the contribution of ferromagnetic clusters 

and spin-canted regions). Results of calculation and analysis of the magnetic cluster size from Mössbauer 

and magnetic data shown in Table 5. The clusters size for rhombohedral phases don’t depend on Sr 

content, equals 5.7 nm. Cluster sizes for stoichiometric samples are less in orthorhombic phases in LS10-

S and LS5*and vary from 3.9 to 4.9 nm.  
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Figure 10 shows the magnetic phase diagram for La1-xSrxMnO3 (x =0.05, 0.10, 0.20), including the 

magnetic ordering temperatures of the studied system, as well as data obtained from literary sources 

[19,55–62]. It can be seen that the Neel temperatures ТN practically do not change with increasing 

concentration of Sr, which characterizes a fairly wide range of magnetic transitions. The Curie 

temperatures TC increase with increasing x (large value of dTC/dx determined). An increase in the 

concentration of the alloying element leads to an increase in the ferromagnetic order in the system. 

 

4. Conclusion 

New structural and magnetic properties of perovskite oxides La1–xSrxMnO3+δ (x = 0.05, 0.10, 0.20) are 

detected via the complementary data from Mossbauer spectroscopy, magnetization, magnetic 

susceptibility measurements and SEM techniques.  

The synthesized samples via sol-gel method are single-phase (R-3c). After annealing for 10-15 hours, all 

samples become stoichiometric (δ = 0), except the sample with x = 0.20 which retains its structure, they 

transform into a phase-separated system as a mixture of orthorhombic phases: (PnmaII*, PnmaII) for x = 

0.05 and (PnmaI, PnmaII*, PnmaII) for x = 0.10. Wherein the sample with x = 0.05 annealed in vacuum 

for 8 hours also becomes two-phase but with a different set of phases (PnmaI, PnmaII*) with properties 

close to those of the annealed sample with x = 0.10. This is due to the insufficient duration of annealing 

and as a consequence the presence of the excess oxygen in the sample (δ > 0), which leads to an increase 

in the concentration of Mn4+ ions. Taking into account the influence of annealing time can be useful in 

planning technological processes for creating materials with the required properties. 

The difference between studied structural modifications consists in different degrees of lattice distortion, 

Mn-O lengths of bonds, as well as the existence of different magnetic ordering. It can be concluded that 

for annealed samples, with increasing Sr content, the orbital order associated with the Jahn-Teller effect is 

rapidly destroyed. At x > 0.10, only the orthorhombic PnmaI phase is formed with a higher symmetry of 

the environment while only the rhombohedral phase is formed for x = 0.20.  
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With a small Sr doping for La, the Mn3+–O2-–Mn3+superexchange interactions dominate, which lead to an 

anisotropic antiferromagnetic interaction. As x increases, the Mn3+–O2-–Mn4+ double exchange 

interaction in the magnetic sublattice increase due to an increase in the Mn4+ content. Ferromagnetic 

ordering appears in samples with x > 0.1.  

Anisotropy of ferromagnetic contribution caused by exchange anisotropy of interacting ferromagnetic and 

antiferromagnetic phases in the samples was revealed. At temperatures below magnetic ordering, all 

perovskite phases contain nanosized magnetic clusters. Frustration of the exchange interaction of the 

cluster with the matrix can lead to relaxation behavior of the magnetic moment of the cluster. 

The clusters size in R-3c phase is the same equals to 5.7 nm; their size is less in orthorhombic phases and 

vary from about 3.9 to 4.9 nm. All samples are characterized by the presence of particles agglomerates 

with a typical size about 0.4-0.8 μm; for annealed samples additional non-conducting regions with 80-220 

nm in size were found.  
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Figure Captions 

Fig. 1. Dependence of the Mn4+ ions concentration on the Sr content in the compound 
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Fig. 2. SEM pictures for all samples and histograms with agglomerate size distribution with Gauss fitting. 

Fig. 3.57Fe Mössbauer spectra of LSM-NS measured at room temperature and 80 K (with distributions) 

(a,d,g – LS5-NS, b,e,h – LS10-NS and c,f,i – LS20-NS respectively). 

Fig. 4. 57Fe Mössbauer spectra and distributions of LSM-S measured at room temperature and 80 K (a,d,g 

– LS5-S, b,e,h – LS10-S and c,f,i – LS20-S respectively). 

Fig. 5. 57Fe Mössbauer spectra and distribution of LS5* measured at room temperature (j,k) and 80 K (l). 

Fig. 6. 57Fe Mössbauer spectra of LS5-S measured at 5 K. 

Fig.7. Temperature dependences of the direct and inverse susceptibility for the samples a) LS5-NS, b) 

LS10-NS, c) LS20-NS, d) LS5-S and LS5*(blue), e) LS10-S, f) LS20-S. 

Fig.8. Hysteresis loops obtained at 400, RT, 100 K for all samples. 

Fig. 9. The temperature dependence of the magnetization (ZFC/FC measurements) for all samples. 

Fig. 10. Magnetic phase diagram for La1–xSrxMnO3 (x = 0.05, 0.10, 0.20). 
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Tables 

Table 1. The lattice parameters for the R-3c, PnmaI, PnmaII* phases of La1-xSrxMn0.98O3+δ (x = 0.05, 0.1, 

0.2) of non-stoichiometric and stoichiometric compositions [28].  

Sample Phase a, Å b, Å c, Å V, Å
3
 

Perovskite cell 

volume, Å
3
 

LaMnO3+δ R-3c 5.523(2) - 13.326(4) 352.1(3) 58.68(5) 

LaMnO3 PnmaII 5.709(2) 7.714(3) 5.531(4) 243.7(3) 60.92(5) 

LS5-NS R-3c 5.522(2) - 13.343(4) 352.4(3)  58.73(5)  

LS10-NS R-3c 5.522(2) - 13.347(4) 352.5(3) 58.75(5)  

LS20-NS R-3c 5.522(2) - 13.360(4) 352.5(3) 58.75(5) 

LS5-S PnmaII* 5.641(2) 7.723(3) 5.539(2) 241.3(3)  60.32(8) 

LS5* PnmaI 5.572(2) 7.763(3) 5.541(2) 239.7(3) 59.92(8) 

LS10-S PnmaI 5.576(2) 7.756(3) 5.541(2) 240.0(3) 60.00(8) 

LS20-S R-3c 5.522(2) - 13.360(4) 352.5(3) 58.75(5) 

 

Table 2. Mean value and standard deviation of investigated samples, calculated from SEM pictures. 

Sample LS5-NS LS10-NS LS20-NS LS5-S LS10-S LS20-S 

<d>, µm 0.837±0.015 0.580±0.010 0.440±0.009 0.885±0.014 0.628±0.011 0.442±0.010 

SD, µm 0.293 0.205 0.163 0.333 0.213 0.189 

 

Table 3. Hyperfine parameters of the 57Fe 300 K and 80 K Mössbauer spectra of non-stoichiometric 

samples. δ – is the isomer shift relative to α-Fe at room temperature, Δ – is the quadrupole splitting, 

FWHM – distribution full width at middle height, Hn – is the hyperfine magnetic field, α – is the 

parameter of the relaxation model. 

 

Sample Т = 300 К 

 δmax, mm/s ∆max, mm/s FWHM, mm/s 

LS5-NS 0.366±0.002 0.276±0.024 0.340±0.011 

LS10-NS 0.364±0.002 0.256±0.018 0.302±0.011 

LS20-NS 0.365±0.001 0.230±0.010 0.256±0.011 



27 
 

 

Table 4. Parameters of the 57Fe 300 K, 80 K and 5 K Mössbauer spectra of stoichiometric samples. δ – is 

the shift relative to α-Fe, Δ– is the quadrupole splitting, I – is the relative intensity of the subspectrum 

(contribution of each phase), Hn – is the hyperfine magnetic field, α – is the parameter of the relaxation 

model. The maximum spectral parameters are given in Hamilton model and for LS20-S. 

Sample Т = 300 К 

Fitting  p(∆) Distribution Model fitting 

  δmax, mm/s ∆, mm/s I,% δ, mm/s ∆, mm/s I,% 

LS5-S PnmaII* 0.376±0.002 0.580±0.002 62.7±0.9 0.378±0.001 0.542±0.002 54.3±1.1 

PnmaII 0.875±0.002 37.3±0.9 0.377±0.001 0.857±0.002 45.7±1.1 

LS5* PnmaI 0.375±0.001 0.328±0.004 54.3±2.9 0.375±0.001 0.306±0.002 56.1±1.2 

PnmaII* 0.518±0.007 45.7±2.9 0.377±0.001 0.554±0.003 43.9±1.2 

LS10-S PnmaI 0.373±0.001 0.226±0.001 58.5±1.4 0.373±0.001 0.225±0.002 60.9±1.5 

PnmaII* 0.508±0.006 39.7±1.3 0.373±0.001 0.498±0.007 32.0±1.1 

PnmaII 0.948±0.015 1.9±0.7 0.373±0.001 0.812±0.015 7.1±1.0 

LS20-S R-3c 0.367±0.001 0.228±0.001 67.6±2.0 0.367±0.001 0.228±0.001 74.7±0.6 

 R-3c relax 0.367±0.001 0.008±0.008 32.4±2.0  

(Hn = 62±1 kOe) 

0.367±0.001 0.008±0.009 25.3±0.6 

(Hn = 63±1 kOe) 

 

  Т = 80 К 

  δ, mm/s Hn, kOe α I,% 

LS5-S PnmaII* 0.557±0.026 424±3 2.7±0.6 57.1±4.0 

PnmaII 0.484±0.004 362±3 - 42.9±4.0 

LS5* PnmaI 0.502±0.007 483±1 7.4±0.6 54.4±2.4 

PnmaII* 0.476±0.015 454±2 3.8±0.4 45.6±2.4 

Sample Т = 80 К 

 δ, mm/s Hn max, kOe FWHM, kOe αmax 

LS5-NS 0.499±0.006 480±3 69.6±4.5 8.8±0.7 

LS10-NS 0.491±0.004 501±3 52.5±4.5 9.7±0.7 

LS20-NS 0.518±0.002 517±2 45.2±4.5 10.1±0.6 
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LS10-S PnmaI 0.503±0.009 492±1 3.4±0.5 55.5±2.4 

PnmaII* 0.493±0.013 455±2 3.5±0.3 35.9±2.6 

PnmaII 0.484±0.090 379±6 - 8.6±1.6 

LS20-S R-3c 0.498±0.002 523±3 9.3±0.5 100 

 

Т = 5 К 

LS5-S PnmaII* 0.528±0.017 484±2 60.0±6.0 

PnmaII 0.489±0.026 458±3 40.0±6.0 

 

Table 5. Curie temperatures TC and Néel temperatures TN, magnetic coercivity HC, magnetic saturation 

MS, Keff magnetic anisotropy constant, l – approximate clusters size. For LS5-S sample the saturation is 

not achieved, HC is given for particularistic loop. 

Sample TC, К TN, К HC, Oe MS, emu/g Keff , J/m3 l, nm 

LS5-NS 186±2 - 18±2 68±2 6.6*104±2.9*102 5.7 (R-3c) 

LS10-NS 226±2 - 23±2 74±2 7.0*104±3.8*102 5.7 (R-3c) 

LS20-NS 274±2 - 38±2 78±2 7.4*104±2.3*102 5.7 (R-3c) 

LS5-S - range from 122 to 

125 

553±2 - - - 

LS5* 150±1 121±1 103±2 50±2 8.7*104±4.7*102 4.9 (PnmaI) 

3.9 (PnmaII*) 

LS10-S 157±2 124±1 

134±1 

170±2 43±2 7.6*104±2.3*102 3.9 (PnmaI) 

3.9(PnmaII*) 

LS20-S 273±2 - 40±2 77±2 7.6*104±2.3*102 5.5 (R-3c) 
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Figures 
Fig.1. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 1. Dependence of the Mn4+ ions concentration on the Sr content in the compound 
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Fig.2. 
 

 
 
 
Fig. 2. SEM pictures for all samples and histograms with agglomerate size distribution with Gauss fitting. 
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Fig.3. 

 
 
 
Fig. 3.57Fe Mössbauer spectra of LSM-NS measured at room temperature and 80 K (with distributions) 

(a,d,g – LS5-NS, b,e,h – LS10-NS and c,f,i – LS20-NS respectively). 
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Fig.4. 
 

 
 
Fig. 4. 57Fe Mössbauer spectra and distributions of LSM-S measured at room temperature and 80 K (a,d,g 

– LS5-S, b,e,h – LS10-S and c,f,i – LS20-S respectively). 

 
Fig.5. 
 

 

Fig. 5. 57Fe Mössbauer spectra and distribution of LS5* measured at room temperature (j,k) and 80 K (l). 
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Fig.6. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 6. 57Fe Mössbauer spectra of LS5-S measured at 5 K. 
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Fig.7. 
 

 
 
 
Fig.7. Temperature dependences of the direct and inverse susceptibility for the samples a) LS5-NS, b) 

LS10-NS, c) LS20-NS, d) LS5-S and LS5*(blue), e) LS10-S, f) LS20-S. 
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Fig.8. 
 

  
a) Loops 400K 

  
b) Loops RT 

  
c) Loops 100K 

 
Fig.8. Hysteresis loops obtained at 400 (a), RT(b), 100 K(c) for all samples. 
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Fig. 9. 

  
ZFC-FC 

Fig. 9. The temperature dependence of the magnetization (ZFC/FC measurements) for all samples. 

 
 

 
Fig. 10. Magnetic phase diagram for La1–xSrxMnO3 (x = 0.05, 0.10, 0.20). 

 




