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Abstract

In this study, the BiyLa; ,MnOs;_ 5 solid solutions (x from 0 to 0.65) were synthesized using sol-gel combustion method
with citric acid as a fuel and complexing agent. It was shown that changes in chemical composition of the materials lead
to the evolution of crystal structure, morphology, and magnetic properties. The thermal behavior of precursor gel was
investigated by thermogravimetric and differential scanning calorimetry (TG-DSC) measurements. X-ray diffraction
(XRD) analysis demonstrated that all samples were monophasic. The Rietveld analysis showed that the structure can be
indexed by trigonal or cubic unit cell depending on Bi*" content. Scanning electron microscopy (SEM) was used to
evaluate morphological features of the synthesized materials and revealed that Bi*" ions significantly promote growth of
the grains. The sol-gel-derived BiyLa;_MnOj,5 specimens were also characterized by FT-IR spectroscopy and
magnetization measurements, which showed a clear correlation between magnetic properties and crystal structure of the
materials.
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Magnetization versus magnetic field curves for Bi,La, ,MnO,,; solid solutions
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Highlights

e Bi,La;_,MnOj,; solid solutions (x from 0O to 0.65) were synthesized by the sol-gel combustion method.
e The suggested synthetic approach does not require addition of external solvent.
e Structural, morphological and magnetic properties depend on the chemical composition of compounds.
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1 Introduction

Multiferroic materials that exhibit two or more “ferroic” (fer-
romagnetism, ferroelasticity, and ferroelectricity) properties at
once recently were deeply investigated [1-4]. These materials
offer new areas of applications, such as AC/DC magnetic field
sensors, microwave resonators, and new data storage media
[5, 6]. LaMnO; perovskite is a material, which exhibits
interesting magnetic, ferromagnetic, magnetocaloric, and
electrical properties [7—10]. By substituting La>" with similar
jonic radius and isovalent Bi*", the multiferroic BiMnOs
perovskite was obtained showing the possibility of coexistence
of both ferromagnetism and ferroelectricity [11, 12].

The crystal structure of stoichiometric LaMnQO; at room
temperature is orthorhombic. This material is anti-
ferromagnetic insulator with good electrical conductivity and
chemical stability at high temperatures [13, 14]. Depending on
the synthesis temperature, duration of heating, and atmo-
sphere, the oxygen content in the LaMnOj perovskite structure
can differ [15-18]. The excess of oxygen is usually explained
as cationic vacancies. The LaMnOj;,5 material has orthor-
hombic structure when 0<6<0.06, and becomes rhombohe-
dral when 0.10<6<0.18. Between the 0.06 and 0.10 regions,
the sample with 6 = 0.07 exhibits reflections of both phases in
the X-ray diffraction (XRD) patterns [17]. The crystal structure
of BiMnO; at room temperature is monoclinic [19, 20].
BiMnO; shows ferromagnetism below 100K [21] and
LaMnO; exhibits antiferromagnetism at 160K [13]. The
Mn-O plane in BiMnO; and LaMnOj; demonstrates similar
electron bonding state and spin arrangement. The different
ferroelectric ordering is caused by different degree of electron
localization on the La—O and Bi—O planes [22].

Despite LaMnOj; could be easily synthesized using differ-
ent synthetic approaches, the synthesis of monophasic
BiMnOs; at ambient conditions is very problematic. However,
the substitution of Bi*™ by La’" ions can lead to smaller
distortions and lower synthesis temperatures during the pre-
paration of Bi-rich Bi,La;_,MnOj solid solutions [22]. Quite a
few articles have been reported regarding the Bi,La; (MnO;
system prepared by solid state reaction [23-27] or by pulsed
laser deposition [28]. The maximum substitution level of 0.65
at ambient conditions was observed [25]. The higher amount
of Bi*" resulted in the formation of Bi,O3 impurity phase [27].
It is interesting to note, that the transition to ferromagnetic
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insulating state was observed for the samples with x = 0.2 and
0.25 [27]. There is no clear correlation between amount of Bi*t
and changes in crystal structure. The transition from rhombo-
hedral to pseudocubic cell was observed at x=0.5 [27].
However, the transition from orthorhombic to cubic structure
when x = 0.3 [23] or from rhombohedral to trigonal structure
for x = 0.4 [25] were also reported. Besides, different magnetic
and transport properties of Bi,La; ,MnO; solid solutions
with different amount of Bi*" ions were determined as well
[23-27].

Sol-gel combustion method is simple, time- and cost-
effective synthetic approach providing high homogeneity and
stoichiometry control of the products. Different fuels and fuel
to oxidant ratios can be used in order to obtain nano-sized
powders with controllable morphological features [29, 30].
Previously this method was successfully utilized for the
synthesis of high-quality single [31, 32] and mixed-metal
oxide materials [33-35] with magnetic and electrical proper-
ties. Different bi- and tri-metallic manganites with magnetic
properties were also prepared by sol-gel combustion using
glycine—nitrate method [36-38]. However, in all these reports
starting materials were dissolved in a certain amount of sol-
vent, which leads to more time-consuming synthetic proce-
dure. The remarkable feature of our proposed synthesis
method is that no external solvent was used. All precursor salts
were dissolved in water released from starting crystal hydrates,
which led to the synthesis in minimal volume and, conse-
quently, reduced synthesis time.

In this study, the monophasic Bi,La; ,MnO;, 5 compounds
(x=10.0-0.65) were prepared for the first time by simple
environmentally friendly aqueous sol-gel combustion synth-
esis route using citric acid as complexing agent and fuel
without addition of external solvent. The structural, magnetic,
and morphological properties of BisLa;_MnOj;. 5 solid solu-
tions depending on the substitutional level of Bi*" are also
discussed in this study.

2 Experimental
2.1 Synthesis

For the preparation of Bi,La;_(MnO;,s samples by sol-gel
combustion synthesis route lanthanum(III) nitrate hexahydrate
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(La(NO»);-6H,0, Alfa Aesar, 99.9%), manganese(I) nitrate
tetrahydrate (Mn(NO3),-4H,0, Alfa Aesar, 99.9%), bismuth
() nitrate pentahydrate (Bi(NOs);-5H,0O, Roth, 98%), and
citric acid monohydrate (C¢gHgO7-H,O, Chempur, 99.9%) were
used as starting materials. Citric acid monohydrate was used as
a complexing agent and fuel for the self-burning reaction. The
appropriate amounts of metal nitrates and citric acid mono-
hydrate (the ratio between metal nitrates and citric acid
monohydrate was 1:0.83 [39]) were mixed in a beaker at 80 °C
until crystalline water was released and clear solution was
formed. The obtained mixture was stirred for 1 h, afterwards
the sol was transformed into transparent gel by slow eva-
poration of water at 100 °C. In this stage of sol-gel processing,
the temperature of the hot plate was increased to 250 °C and
spontaneous ignition process took place. Finally, the ashes
were collected and annealed in a furnace for 6 h at 1000 °C in
air atmosphere with a heating rate of 5 °C/min.

2.2 Characterization

The thermal decomposition of precursor gel was investi-
gated by thermogravimetric and differential scanning
calorimetry (TG-DSC) analysis using PerkinElmer STA
6000 Simultaneous Thermal Analyzer. A total of 5-10 mg
of dried sample was heated from 30 °C to 900 °C at 10 °C/
min heating rate in a dry flowing air (20 mL/min). XRD
analysis of obtained products were performed with Miniflex
II diffractometer (Rigaku) using a primary beam Cu K,
radiation (1=1.541838 A). The 20 angle of the dif-
fractometer was set in the range from 10° to 80° in steps of
0.02°, with the measuring time of 0.4s per step. The
obtained diffraction data were refined by the Rietveld
method using the Fullprof suite. PerkinElmer FT-IR spec-
trometer was used for FT-IR analysis of compounds. All
spectra were recorded at ambient temperature in the range
of 4000-400cm~'. The morphology of samples was
examined using a scanning electron microscope (SEM)
Hitachi SU-70. The vibrating sample magnetometer was
applied for the magnetization measurements. The com-
pounds were encapsulated into a plastic straw and placed
into the magnetometer. The lock-in amplifier SR510 was
used for measurement of the signal from the sense coils
generated by vibrating sample. The gauss/teslameter FH-54
was used to measure the magnetic field strength between the
poles of the laboratory magnet, which was supplied by the
power source SM 330-AR-22.

3 Results and discussion
The BiyLa;_(MnOj;,.s compounds (x=0.0-0.65) were

synthesized by heating the appropriate La—Bi—-Mn-O pre-
cursor gel. The thermal decomposition behavior of Bi
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Fig. 1 TG-DSC curves of Bi(0.6)-La(0.4)-Mn-O dried gel

(0.6)-La(0.4)-Mn-O dried gel was investigated using TG-
DSC measurements in order to determine the decomposition
steps and possible final annealing temperature (Fig. 1). The
first mass loss (about 15%) in the TG curve was observed in
the temperature range of 30—-160 °C and could be attributed
to the removal of residual water. The small endotherm in the
DSC curve peaked at about 110 °C also indicates this pro-
cess. It can be seen that thermal decomposition of Bi
(0.6)-La(0.4)-Mn-O gel occurs in one main step, which can
be associated with combustion reaction. Sharp exothermic
peak can be observed at 164 °C in the DSC curve con-
firming that combustion reaction occurs during thermal
degradation of the gel. With further increasing of tem-
perature the mass is nearly constant. After the reaction the
total weight of the sample decreased at about 92%.

Figure 2 represents the XRD patterns of sol-gel-derived
BisLa; MnOs;,5 compounds. It is evident that all synthe-
sized compounds are monophasic and no even traces of
impurity phases are present at higher Bi*" concentrations,
as was reported previously [23, 25, 27]. The Rietveld
refinement of the XRD data confirmed the formation of
trigonal perovskite structure with hexagonal setting R3c,
which was previously reported [9, 40]. The same space
group and crystallographic structure were observed for the
samples with x = 0.1-0.3. As the amount of Bi*" increased,
the shift of all diffraction peaks to lower 20 values region
was observed. Moreover, the intensity of less intense dif-
fraction lines (204), (300), (217), (218), (321), and (330)
monotonically decreases, until these peaks completely
vanish at x =0.4. From this point the perovskite structure
can be indexed by cubic cell with Pm3m space group. The
diffraction peaks (200), (201), and (301) start to split when
Bi*" concentration is reached 0.65. This should indicate
another structural change, but the sample can still be fitted
according to the cubic cell. Taking into account that
BiMnOs; is monoclinic, it is expected that symmetry should
be further divergent from cubic with further increasing Bi**
amount from 0.65 to 1.0.
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All refined lattice parameters and Mn—O bond lengths for
the synthesized samples are presented in Table 1. It is
clearly seen that Mn—O bond length, cell parameters and
cell volume are slightly different for the samples with dif-
ferent substitutional level of bismuth. These changes prob-
ably are caused by slightly different ionic radius of Bi*"
(1.17 A) and La*" (1.16 A) in eightfold coordination [41].
The parameter a decreases as x increases until x =0.2. The
similar trend was also observed in ref. [23]. The value of
parameter a abruptly increases when x reaches 0.3. The
observed increase in parameter ¢ in trigonal structure is
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Fig. 2 XRD patterns of Bi,La; _ ,MnOs, 5 powders obtained at 1000 °C

Table 1 Lattice parameters of Bi\La; _ ,MnOj; , 5 samples

x a (A) b (A) c Q) Vv (A% Mn-O (A)
0 55158 (8) 5.5158(8) 13.3234 (2) 351.05(5) 1.9524
0.1 5.5124 (4) 55124 (4) 13.3584 (2) 351.53 (9) 1.9600
0.2 5.5120 (6) 5.5120 (6) 13.3760 (8) 351.95 (5) 1.9607
03 55164 (8) 5.5164 (8) 13.408 (8) 353.38 (3) 1.9566
0.4 3.8960 (9) 3.8960 (9) 3.8960 (9) 59.14 (1) 1.9480
0.5 3.8998 (6) 3.8998 (6) 3.8998 (6) 59.31 (2) 1.9499
0.6 3.9010 (7) 3.9010 (7) 3.9010 (7) 59.36 (8)  1.9505
0.65 3.9070 (8) 3.9070 (8) 3.9070 (8) 59.64 (3) 1.9535
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nearly linear. In the cubic cell the increase of parameter a
also can be seen. By comparing the determined cell
volumes of cubic and trigonal cells we can conclude that
volume in trigonal cell is about six times larger than in
cubic cell. In addition, the cell volume increases almost
linearly with increasing amount of Bi*" in both types of
cells.

Figure 3 represents FT-IR analysis data of fabricated
BiyLa; _MnOs; 5 samples. In perovskite-like ABO; struc-
ture, cations La*" and Bi*" occupy A sites and Mn*" ions B
sites. Six oxygen O*~ anions and one manganese cation are
forming MnOg octahedron. There are six possible vibration
modes for this octahedron (three of them are stretching and
three of them are vibrating modes) [42]. Only two modes
(one bending and one stretching) are infrared active, with
frequencies about 600 and 350 cm ™!, respectively [43]. The
FT-IR spectra presented in Fig. 3 clearly show the absorp-
tion bands at 560-575cm! attributable to the Mn-O
stretching vibration in MnQOg. However, no correlation
between the changes in Mn—O bond length and vibration
frequencies in FT-IR spectra was observed.

The morphology of the synthesized BisLa;_(MnOj. s
powders was examined using SEM. The SEM micrographs
of the representative BiyLa; MnO; 5 samples with x =0,
0.3, 0.6, and 0.65 are shown in Fig. 4. The LaMnOj,¢
solids are composed of the polyhedral particles varying in
size in the range of ~100-200 nm (Fig. 4a). These particles
form “dimers” or even ‘“oligomers” showing negligible
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Fig. 3 FT-IR spectra of BiyLa; 4MnOj3, s samples
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Fig. 4 SEM micrographs of
LaMnOs3,5 (a), BigsLag;MnOs, 5

(b), BigsLag4MnO; 5 (c), and
Big 6sLag 3sMnOs, 5 (d) samples

association and interaction between the grains. It is clearly
seen that partial substitution of lanthanum ions by bismuth
changes morphology of the powders. Two trends associated
with an introduction of bismuth into crystal lattice were
observed—first, increase in bismuth content promotes gra-
dual growth of the grains. The second trend is that the
particles in the bismuth containing compounds have lost the
strict shape and show high tendency for agglomeration. The
size of individual grains in BijgsL.ag 35MnOj3. 5 increased up
to 5-10 um (Fig. 4d).

The magnetization studies were also carried out for the
BiyLa;_MnO;,5 samples. The corresponding hysteresis
curves are represented in Fig. 5. For the LaMnO; 5 sample
the Curie transition from ferromagnetic to paramagnetic
phase occurs at 140-180 K interval [9, 27, 44]. The M-H
loops for the sol-gel-derived Bi,La; MnOj,5 samples
obtained at room temperature are linear, which correspond
with previous reported data and indicate the paramagnetic
state for all samples. Also, no saturation of magnetization
was observed at applied magnetic field. From Fig. 5, we can
clearly see that magnetization for trigonal structure is about
2-3 times higher than magnetization in cubic structure. It
seems that structural transition causes the change in mag-
netic properties of BiyLa;_,MnO;,5 as well. The magneti-
zation is clearly different determined for the Bij3Lag7MnO;., 5
and Bip4LaysMnO;.,5 samples. For trigonal cell magnetiza-
tion decreases with increasing amount of Bi*" negligibly,
with only exception for x = 0.1, which is a little higher than
for observed for the sample with x = 0.2 sample. There is no
clear dependence between magnetization and bismuth content
in highly doped BisLa;_(MnOj;,s samples (x from 0.4 to
0.65) with cubic crystal structure as well. The magnetization
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Fig. 5 Magnetization versus magnetic field curves for Bi,La; ,MnOs 5
samples

values vary insignificantly. Different amount of bismuth in
the crystal lattice, grain size or morphology of the powders do
not show any obvious trends.

4 Conclusions

The formation of monophasic solid solutions of
BiyLa; (MnOj,5 in the range of x=0.0-0.65 has been
demonstrated. These single-phase compounds were pre-
pared for the first time by simple, rapid, and environmen-
tally friendly sol-gel combustion method which does not
require an addition of external solvent. The TG-DSC mea-
surements of the Bi-La-Mn-O precursor gels showed that
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combustion reaction occurred during thermal degradation of
the gels. The results of XRD analysis showed that synthe-
sized Bi,La;xMnOj.5 powders with x=0.0-0.3 showed
trigonal crystal structure with space group R3c. With
increasing amount of bismuth, the transformation of crystal
cell to cubic Pm3m space group took place. The SEM
micrographs of sol-gel-derived Bi,La;,MnO;3,5 samples
showed that microstructure of the materials also depends on
chemical composition. The samples with higher Bi** con-
tent had obviously larger grains. The magnetization mea-
surements demonstrated that all samples were paramagnetic
and no saturation of magnetization at applied magnetic
fields was observed. The structural changes from trigonal to
cubic cell resulted in decrease of magnetization.
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