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Abstract: In this study, the aqueous sol-gel method was employed for the synthesis of (1−x)SrTiO3-

xBiMnO3 solid solutions. Powder X-ray diffraction analysis confirmed the formation of single-phase 

perovskites with a cubic structure up to x = 0.3. A further increase of the BiMnO3 content led to the 

formation of a negligible amount of neighboring Mn3O4 impurity, along with the major perovskite 

phase. Infrared (FT-IR) analysis of the synthesized specimens showed gradual spectral change 

associated with the superposition effect of Mn-O and Ti-O bond lengths. By introducing BiMnO3 

into the SrTiO3 crystal structure, the size of the grains increased drastically, which was confirmed 

by means of scanning electron microscopy. Magnetization studies revealed that all solid solutions 

containing the BiMnO3 component can be characterized as paramagnetic materials. It was observed 

that magnetization values clearly correlate with the chemical composition of powders, and the 

gradual increase of the BiMnO3 content resulted in noticeably higher magnetization values. 
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1. Introduction 

Multiferroics are considered a multifunctional class of compounds, in which at least two ferroic 

orders (ferroelastic, ferromagnetic, or ferroelectric) exist simultaneously. In this type of material, the 

manipulation of magnetic properties is possible via the application of an external electric field and 

controllability of ferroic features can be achieved via the application of an external magnetic field 

[1,2]. The strong magnetoelectric coupling makes multiferroics useful in different kinds of 

technological fields, including gyrators [3], magnetic sensors [4], memory devices [5], etc. All 

multiferroic ceramics can be divided into two main groups: Single-phase compounds and 

composites. By combining phases responsible for ferroelectric and magnetic properties separately, 

the electrical, magnetic, and magnetoelectric characteristics can be improved in comparison with 

single-phase materials [6,7]. 

One of the most studied single-phase multiferroics is BiMnO3 (BMO) [8]. In the form of a thin 

film, this material has shown good ferroelectric properties, with remnant polarization of 23 μC/cm2 

at 5 K [9] and 16 μC/cm2 at room temperature [10]. Moreover, BMO is ferromagnetic at low 

temperatures in bulk (TC = 105 K) [11] and thin film forms [12]. This perovskite-type material is 

considered metastable since heating at ambient pressure leads to its decomposition and the formation 

of Bi2Mn4O10 and Bi12MnO20 phases [13]. Furthermore, for the preparation of BMO, a high pressure is 
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required [13,14], but even with the applied pressure, the formation of monophasic perovskite phase 

remains a challenging task. 

SrTiO3 (STO) is a well-known perovskite-type material, which can be applied in different 

technological fields, such as thermoelectrics [15], photocatalysis for water splitting [16], piezoelectrics 

[17], superconductors [18], solid oxide fuel cells [19], etc. This material is considered to be quantum 

paraelectric, since the ferroelectric ordering in the lower tetragonal symmetry is suppressed by 

quantum fluctuations [20]. Transition to the ferroelectric phase in this compound can be induced by 

different methods, including 16O substitution by an 18O isotope [21], cation substitution [22], or the 

application of intense terahertz electric field excitation [23]. The hydrothermal method [24], 

polymerized complex method [25], solid-state reaction [26], spray-drying [27], and molten salt [28] 

are a few of the synthetic approaches that have been previously employed for the synthesis of STO. 

To the best of our knowledge, there is only one article regarding powdered (1−x)STO-xBMO 

solid solutions investigating compositions in the range of 30–70 mol% BMO [29]. It was observed that 

solid solutions prepared by the solid-state reaction method and having 60 and 70 mol% of BMO 

exhibited high room-temperature dielectric loss. However, the authors did not show the XRD 

patterns of their synthesized compounds. Therefore, there is no evidence of the formation of single-

phase solid solution in such a broad compositional range. Taking into account the hardly achievable 

stabilization of materials containing 70 mol% of BMO, those results do not seem reliable. 

Additionally, perovskite BMO thin films can be synthesized on STO substrates [30]. Furthermore, 

solid solutions containing both STO and multiferroic perovskite, such as BiFeO3 [31], can be prepared. 

On the other hand, BMO can be partially stabilized in a solid solution form with PbTiO3 [32] or 

LaMnO3 [33]. To the best of our knowledge, there are no studies reporting on the application of the 

sol-gel synthesis of STO-BMO solid solutions. 

In the present work, we developed an aqueous sol-gel synthetic approach to prepare 

(1−x)SrTiO3-xBiMnO3 ((1−x)STO-xBMO) solid solutions for the very first time. The maximal 

substitution level, structural, morphological, and magnetic properties were investigated for all 

synthesized materials. 

2. Experiment 

2.1. Synthesis 

For the synthesis of (1−x)STO-xBMO solid solutions, strontium nitrate (Sr(NO3)2, ≥99.0%, Sigma-

Aldrich, Darmstadt, Germany), titanium (IV) isopropoxide (C12H28O4Ti, ≥97%, Sigma-Aldrich, 

Darmstadt, Germany), bismuth (III) nitrate pentahydrate (Bi(NO3)3∙5H2O, 98%, Roth, Karlsruhe, 

Germany), and manganese (II) nitrate tetrahydrate (Mn(NO3)2∙4H2O, 99.9%, Alfa Aesar, Kandel, 

Germany) were used as precursors. For the typical synthesis of 1 g of solid solution with a 0.9STO-

0.1BMO composition, 6.418 g of citric acid monohydrate (C6H8O7∙H2O, 99.9%, Chempur, Piekary 

Slaskie, Poland) was firstly dissolved in 20 mL of distilled water (the ratio between total metal ions 

and citric acid was 1:3). Then, 1.360 mL of titanium isopropoxide was added and the hot plate 

temperature was adjusted to 90 °C. After mixing, a clear and transparent solution was obtained. In 

the next stage, 0.128 g of Mn(NO3)2∙4H2O and 0.970 g of Sr(NO3)2 were added to the above solution. 

Prior to the addition of bismuth (III) nitrate (0.2471 g), the pH value of the reaction mixture was 

adjusted to 1 by adding nitric acid (HNO3, 65%). This was done in order to avoid the formation of 

insoluble bismuth oxynitrate BiONO3 precipitates. After that, 5.960 mL of ethylene glycol (C2H6O2, 

Sigma-Aldrich, ≥99.5%) was added to the transparent solution (the ratio between total metal ions and 

ethylene glycol was 1:10) and the mixture was homogenized at 90 °C for 1.5 h. For the formation of 

precursor gel, the evaporation of water was performed at 150 °C. The obtained gel was dried for 12 

h at 180 °C, and the resulting powder was ground in a mortar and annealed at 1000 °C for 5 h in air 

atmosphere with a heating rate of 5 °C/min. For the synthesis of solid solutions of other chemical 

compositions, the required amount of starting materials was recalculated according to the 

stoichiometry of the final product. 
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2.2. Characterization 

Thermogravimetric and differential scanning calorimetry (TG-DSC) analysis using an STA 6000 

Simultaneous Thermal Analyzer (Perkin Elmer, Waltham, MA, USA) was applied to investigate the 

thermal decomposition of precursor gels. A typical amount of 5–10 mg of dried sample was heated 

from 30 to 900 °C at a 10 °C/min heating rate in dry flowing air (20 mL/min). A MiniFlex II 

diffractometer (Rigaku, The Woodlands, TX, USA) working in Bragg–Brentano (Θ/2Θ) geometry was 

used for powder X-ray diffraction analysis (XRD). The data were obtained within a 2Θ range from 20 

to 80°, with a scanning speed of 5°/min and a step width of 0.02°. Lattice parameters were refined by 

the Rietvield method using the FullProf suite. Infrared (FT-IR) spectra were obtained in the range of 

4000–400 cm−1 employing an ALPHA ATR (Bruker, Billerica, Ma, USA) spectrometer. The 

morphological features of the synthesized products were examined with an SU-70 field-emission 

scanning electron microscope (FE-SEM, Hitachi, Tokyo, Japan). ImageJ software (LOCI, WI, USA) 

was used to estimate the particle size distribution from SEM images. For magnetic measurements, 

powdered sample (100 mg) was placed in a plastic straw with a 5 mm diameter with a sample height 

of approximately 5 mm and embedded between foam plugs. The dependence of the magnetization 

of samples on the strength of the magnetic field was recorded using a magnetometer consisting of an 

SR510 lock-in amplifier (Stanford Research Systems, Gainesville, GA, USA), an FH-54 

Gauss/Teslameter (Magnet Physics, Cologne, Germany), and a laboratory magnet supplied by an SM 

330-AR-22 power source (Delta Elektronika, Eindhoven, The Netherlands). 

3. Results and Discussion 

A thermogravimetric analysis of precursor gels of two different compositions was performed in 

order to determine the possible temperature of the formation of solid-solutions and to investigate the 

thermal decomposition behavior. TG-DTG-DSC curves of the gel corresponding to the final STO 

composition are depicted in Figure 1. It can be seen that thermal degradation of the Sr-Ti-O gel can 

be divided into three main steps. The first step can be associated with the loss of absorbed water, 

during which only an insignificant amount of the initial weight (2–3%) is lost. This process occurs in 

the range of approximately 100–150 °C. The second weight loss takes place at around 300 °C, and this 

step can be attributed to the decomposition of the organic framework of the gel. Finally, the last 

weight loss can be seen in the 450–500 °C temperature range. This step is accompanied by a strong 

exothermic peak, which is clearly seen from the DSC curve. The third stage can be ascribed to the 

combustion reaction between nitrates and residual organic parts of the gel. The residual mass remains 

constant at temperatures above 540 °C. The total weight loss calculated from the TG curve was 82%. 

 

Figure 1. TG-DTG-DSC curves of Sr-Ti-O gel. 
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For comparison, the thermal decomposition of the gel with the highest BMO content (0.5STO-

0.5BMO) was also studied (Figure 2). The degradation behavior is very similar to that of the gel of 

pristine STO, so it can also be considered a three-step process, and the final weight loss is 80%. The 

remarkable feature is that the final exothermic degradation step occurs at a slightly lower 

temperature and the residual mass remains constant at temperatures above approximately 480 °C. 

This difference can be associated with the enhanced content of nitrate ions, which appear in the gel 

with appropriate metal precursors, instead of titanium isopropoxide. 

 

Figure 2. TG-DTG-DSC curves of 0.5 (Sr-Ti-O)-0.5 (Bi-Mn-O) gel. 

Based on the results of the thermal analysis (TG curve), it can be suggested that the minimal 

annealing temperature for the formation of the mixed metal oxides is 460 °C. However, XRD analysis 

revealed that the preparation of (1−x)STO-xBMO solid solutions at such a low temperature was 

impossible, since the obtained powders were amorphous and at higher temperatures, polyphasic 

products were formed. Therefore, a 1000 °C temperature was required for the successful synthesis of 

highly crystalline materials. Figure 3 represents the XRD patterns of STO-BMO solid solutions. 

It is evident that after the thermal treatment, the pristine STO sample can be characterized as 

monophasic perovskite material and no traces of impurity phases can be detected. According to the 

position and intensity of the reflection peaks, the XRD profile matches standard XRD data of SrTiO3 

very well (COD #96-900-6865; space group Pm3m; lattice constant a = 3.90528 Å). By employing 

Rietvield refinement, the cell parameter a = 3.90341 ± 0.00004 Å was calculated and a cubic structure 

with the space group Pm3m for the pure STO sample was determined. These results are in good 

agreement with previously reported studies on thin film [34] and bulk [35] STO. The introduction of 

BMO into the STO structure did not result in any significant structural changes since there is no 

visible peak splitting or the appearance of extra peaks associated with anything other than perovskite 

phase. The samples with a higher BMO content (40 and 50 mol%) have a negligible amount of 

neighboring Mn3O4 phase (COD# 96-151-4241). The amount of secondary phase was determined from 

Rietvield refinement to be 5 and 6% for 0.6STO-0.4BMO and 0.5STO-0.5BMO samples, respectively. 

Moreover, there was no considerable change in the peak position, despite the different amount of 

BMO in solid solutions. Similar results were observed in our previous work, where BMO did not 

cause any visible change in the XRD patterns when introduced into a BaTiO3 crystal structure [36]. 

Since Bi3+ is smaller than Sr2+ (1.17 Å versus 1.26 Å in VIII fold coordination) and Mn3+ is larger than 

Ti4+ (0.645 Å versus 0.605 Å in VI fold coordination) [37], it is believed that the mismatch in both A 

and B site elements compensate each other. The products obtained with a BMO content higher than 

50 mol% contained a noticeably higher amount of crystalline impurities. 
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Figure 3. XRD patterns of (1−x)SrTiO3 (STO)-xBiMnO3 (BMO) solid solutions annealed at 1000 °C. 

For further structural studies, FT-IR spectroscopy was performed for all samples. The FT-IR 

spectra of (1−x)STO-xBMO solid solutions are represented in Figure 4. It is known that the FT-IR 

spectral region of 600–100 cm−1 contains three types of vibrations for cubic SrTiO3 perovskite: Ti-O 

bond stretching vibration at 555 cm−1; Ti-O-Ti bending vibration at 185 cm−1; and Sr-TiO3 lattice mode 

at 100 cm−1 [38]. For our synthesized pristine STO sample, only one broad peak can be observed at 

554 cm−1, which can be attributed to Ti-O stretching vibration. With an increasing amount of BMO, 

the peak center gradually shifts to higher wavenumbers and reaches 622 cm−1 for the 0.5STO-0.5BMO 

sample. According to previous studies, the FT-IR spectrum of phase-pure BMO has two sharp peaks 

attributed to Mn-O stretching vibrations at 827 and 722 cm−1 [39]. The observed peak shift is the result 

of the superposition effect of Mn-O and Ti-O bond lengths. In pure STO, Ti4+ cations and 6 O2- anions 

form TiO6 octahedra. When introducing Mn3+ into the perovskite structure instead of Ti4+, Mn3+ 

cations can form MnO6 octahedra. This substitution causes the changes in the average M-O (where 

M is Ti4+ or Mn3+) distances in the octahedra. Furthermore, there are no absorption peaks belonging 

to the impurity phase of Mn3O4, which should be located at 631, 529, and 416 cm−1, confirming that 

the amount of this minor phase is negligible [40].  



Crystals 2020, 10, 1125 6 of 11 

 

 

Figure 4. FT-IR spectra of (1−x)STO-xBMO solid solutions annealed at 1000 °C. 

The morphology of synthesized (1−x)STO-xBMO solid solutions was examined using SEM. 

Figure 5 demonstrates the SEM micrographs of STO and representative STO-BMO powders of 

different compositions. It can be seen that STO powders are composed of mostly uniform and 

agglomerated nanosized particles, and the size of the particles varies in the range of approximately 

40-100 nm. The partial substitution of STO by BMO unequivocally stimulates the significant growth 

of grains. The sample containing 20 mol% of BMO displays clearly larger particles, and grains with a 

size of approximately 1–2 μm can be seen. On the other hand, some smaller particles of 0.25–0.6 μm 

can also be noticed in this sample. 

  

  

Figure 5. SEM micrographs of STO. (a) 0.8STO-0.2BMO, (b) 0.6STO-0.4BMO (c), and 0.5STO-0.5BMO 

(d) solid solutions annealed at 1000 °C. 
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A further increase in the percentage of the BMO component to 40 mol% resulted in further 

growth of the grains to 1.2–3 μm. Finally, the largest grains ranging from 1.4 to 5 μm were observed 

for the 0.5STO-0.5BMO sample. It is known that impurity phases in comparison with major phases 

can possess a completely different morphology and can be often observed in the grain boundary 

region [41]. In our case, for samples with a minor Mn3O4 phase (Figure 5c,d), we cannot see the 

formation of particles with obviously different shapes or sizes. 

Dependence of the magnetization on the applied magnetic field strength and chemical 

composition of the solid solutions was further investigated. Room temperature magnetization curves 

of all samples are represented in Figure 6.  

 

 

Figure 6. Magnetization curves of (1−x)STO-xBMO solid solutions annealed at 1000 °C (a) and a 

comparison of calculated and experimental molar susceptibility values (b). 
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At room temperature, a pure STO compound is considered to be diamagnetic [42]. 

Ferromagnetism in pristine STO at room temperature was previously only observed in samples with 

oxygen-deficiency [43] or by induction with laser annealing [44]. From Figure 6, it can be clearly seen 

that all BMO-containing samples can be characterized by paramagnetic behavior. For paramagnets, 

magnetization is proportional to the applied magnetic field m = χH. According to Curie–Weiss law 

[45,46], the molar susceptibility of samples can be described as follows: 

� =
C

T− Tc
=

n
3kB

∙
μeff

2

T − Tc
 (1) 

The inclination of curves (Figure 6a) is defined by BMO molar contribution x, effective magnetic 

moment of Mn atom μeff, and Weiss temperature , which depend on the magnetic ordering type and 

temperature, and thus on the composition and structure of the samples. NA is the Avogadro number 

and 0  is the small temperature independent term. An increase of the amount of BMO in solid 

solutions results in a gradual increase in magnetization. On the other hand, the Mn3O4 phase is also 

known to be paramagnetic at room temperature [47,48]. This means that the Mn3O4 impurity phase 

can contribute to the paramagnetism of samples with a higher BMO content (40 and 50 mol%). The 

data in Figure 6b were compared with the dependences of Equation (1), assuming previously 

determined values of   126 K and μeff = 4.91μB for BMO [46]. The effective magnetic moment μ��� =

g�S(S + 1)μ� = 4.9μ�, where the gyromagnetic ratio g = 2 and spin S = 2, is characteristic of Mn3+. 

However, for BMO nanoparticles, lower values of μeff ≤ 4.32μB and  ≤ 70 K were obtained [49]. The 

smaller effective magnetic moment can be explained by the potential contribution of Mn4+. The Weiss 

temperature  is expected to decrease with a decrease in the amount of BMO in solid solution, as Mn 

is more diluted, decreasing the exchange interaction strength.  

Due to the contribution of Mn3O4, the susceptibility and amount of Mn in STO-BMO solutions 

were corrected. The molar contribution of Mn3O4 y = 0.05 and 0.06 for 0.6STO-0.4BMO and 

0.5STO-0.5BMO samples, respectively, adds to the total susceptibility of samples, according to � =

(1 − y)�������� + y������ , where ������  is the susceptibility of Mn3O4 [48] and �������� is that of 

STO-BMO solid solution. The molar contribution of Mn in STO-BMO solid solutions �������� 

decreases because of the formation of Mn3O4 as the amount of Mn in both phases is � =

(1 − y)�������� + 3y. The corrected values (red points in Figure 6b) fit the line obtained with μeff = 

4.9μB for Mn3+ in solid solutions relatively well, however, considering that a composition with smaller 

x should result in a lower . 

4. Conclusions 

In this work, (1−x)SrTiO3-xBiMnO3 ((1−x)STO-xBMO) solid solutions were synthesized for the 

first time, employing an aqueous sol-gel method. The single-phase perovskites were obtained in the 

compositional range of 0 to 30 mol% of BMO. The formation of a negligible amount of neighboring 

Mn3O4 impurity phase was observed for the samples with a higher amount of BMO. FT-IR analysis of 

synthesized specimens showed gradual spectral change associated with the superposition effect of Mn-O and 

Ti-O bond lengths with an increase of the BMO content in the solid solutions. The introduction of BMO 

into STO led to a considerable increase in the grain size. The magnetic properties of the samples were 

determined to be strongly dependent on the chemical composition of the samples. Paramagnetic 

behavior was observed for all BMO-containing samples and the magnetization values increased with 

an increase in the amount of BMO. It was demonstrated that the sol-gel synthetic approach is a suitable 

method for the successful preparation of BiMnO3-containing mixed metal oxides. This work can be 

considered as a starting point in the investigation of the structural and physical properties of STO-

BMO solid solutions. 
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