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Abstract

(LaggCap2)1—xBiyFeOs3 (x = 0.0, 0.1, and 0.2) compounds were prepared by the sol-gel method, using the citric acid
route. Structural and microstructural characteristics of the samples were studied by X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and Raman spectroscopy. Mossbauer spectroscopy
was also used for magnetic characterization and structural confirmation of X-ray data. Refinement of XRD patterns indicated
that the compounds crystallize in an orthorhombic structure, Pnma space group. The SEM measurements showed that
the morphology of the samples is characterized by the existence of large agglomerates, while TEM confirmed the fine
particle size. Raman spectra revealed that, when increasing temperature, the level of oxygen species adsorbed at the surface
of the particles increases progressively. Room temperature Mossbauer spectroscopy data revealed the existence of two
octahedral magnetic sites in the structure of the compounds, which is compatible with XRD data, and a small percentage of
a paramagnetic phase in the samples, which increases with Bi-content.

Keywords Perovskite-type oxides - Bismuth-substituted materials - Gas sensing capability - Magneto-electro coupling

1 Introduction Tc = 1100 K (Curie temperature) multifunctional material
that shows a magnetic ordering at Ty = 640 K (Néel
Recently, there has been a growing interest in the study  temperature) [3-7]. Bismuth ferrite is indeed one of
of layered perovskites of general formula ABO3 (A, B =  the most interesting multiferroic materials, thanks to its
metals), which show a broad range of attractive physical  excellent properties for technological applications (sensors,
properties, leading to a wide variety of applications [1,2].In  ultrafast optoelectronic devices, multistate memory devices,
this context, researchers have been particularly interested to etc. [8-10]).
the study of bismuth ferrite, BiFeOs3, which is a ferroelectric Mossbauer spectroscopy has been used very successfully
to investigate this type of materials. For example, investi-
gation of doped LaFeO3 by this technique has yielded par-
ticularly interesting results, one of which is the finding that
La;_,Sr,FeOs shows an isomeric shift between the Fe3t
and Fe*t characteristic regions, which has been taken as an
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of compounds with general formula Lag gCag>—,Pb,FeO3
(0.0 < x < 0.2) using Mossbauer spectroscopy [14], con-
cluding on the presence of Fe’T tetrahedral sites, which
increase in number with the lead content.

In order to contribute to the exploration of the structural
and physical properties of those mixed perovskite-like
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materials, in the present work, we investigated the effect
degree of substitution of lanthanum and calcium by bismuth
on the structural, morphological, and optical properties
of compounds belonging to the (LapgCag2)i—.Bi,FeO3
(x =0.0,0.1, and 0.2) series. These materials were prepared
by the sol-gel method, and Mdssbauer spectroscopy was
chosen in the present work as one of the main techniques
to use in the investigation of the studied materials,
together with Raman spectroscopy, X-ray diffraction, and
microscopy techniques.

2 Experimental
2.1 Synthesis

The (Lao.gcao.z)l_xBixFeO3 (x = 0.0, 0.1, and 0.2)
compounds were synthesized by the sol-gel method [15],
using lanthanum nitrate, bismuth nitrate, calcium nitrate,
ferric nitrate, and citric acid, according to the following
reaction equation:

0.8(1 — x) La(NO3)3 + 0.2(1 — x) Ca(NO3)>
+x Bi(NO3)2+Fe(NO3)3 — (LaggCag2)1—BiFeO3

In a first step, the precursors La(NOs3)3,Ca(NO3),,
Bi(NOj3),, and Fe(NO3)3; were mixed in ion-free water. All
precursors used were nitrates with 99.9% purity. After that,
citric acid and ethylene glycol were added under constant
stirring at room temperature for 5 h, to improve the con-
sistency and consequent formation of the gel. The obtained
mixture was then heated at 170 °C until a black powder was
formed. This powder was pressed into thin pellets of ca.
12 mm in diameter and ca. 1.5 mm in thickness and sub-
mitted to heat treatments at different temperatures (600 and
700 °C for 12 h; 800 °C for 72 h), interrupted by grind-
ing cycles. Finally, the powder was sintered at 900 °C for
72 h and slowly cooled to room temperature. This method
was chosen because it is known to yield samples with a high
degree of purity [10].

2.2 Apparatus

The phase purity, homogeneity, lattice structure, and cell
parameters of the synthesized compounds were checked
by X-ray diffraction (XRD) analysis, using a Burker
8D Advance X-ray powder diffractometer, with CuKy
radiation (A = 1.5406 A), in 6-20 Bragg-Brentano
geometry. The acquisition was in the 26 range of 10-100°,
with a step of 0.02° and an acquisition time for each step
of 1 s. The XRD data were also used for obtaining the
lattice parameters by means of Rietveld analysis, using the
FULLPROF program.
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Magnetic measurements were done in a vibrating sample
magnetometer (VSM) with a cryogen-free Dynacool PPMS,
operating at a vibration frequency of 40 Hz and amplitude
of 2 mm in the central area of the coils. The samples were
in a rod-shaped sample holder made of Perspex.

Differential scanning calorimetry (DSC) was performed
using a PerkinElmer STA6000 system, with a step of
20 °C min~!.

Raman spectra were obtained for the different samples,
in the wavenumber range 50-1500 cm™', using a Raman
micro-system (Horiba LabRam HR Evolution), equipped
with a Synapse CCD detector, a high-stability BXFM open-
space confocal microscope, and a 600 g mm~™' grating,
with 532 nm excitation. The laser power at the sample was
approximately 17 mW, and the exposure time 30 s. A 50x
objective lens was used. The final spectra are the mean of
60 scans for every sample.

Mossbauer spectra were recorded at room temperature
by a constant acceleration-type spectrometer (WissEL) in
transmission geometry, using the °’Fe as isotope and a
source of 3’Co (energy of 14.4 keV) in a matrix of Rh with
an activity of about 20 mCi. The spectra were fitted by a set
of Lorentzian lines determined by the least squares method,
applying the NORMOS program distributed by WissEL
GmbH. Isomer shifts are given, as usually, relatively to «-Fe
measured at room temperature.

Microstructures were observed by a TESCAN VEGA3
SBH scanning electron microscope, operating at 20 kV and
equipped with an EDS detector BurkerXFlagh 410M, which
allowed the detection of the characteristic X-rays emitted
by the sample and, consequently, the identification of its
chemical elements. For the analysis, a small amount of
the powder of the compounds was deposited on a carbon
tape.

The transmission electron microscopy (TEM) allowed
the observation of the particles morphology and determina-
tion of their average size. Moreover, this technique provided
information on the crystalline phases of the materials by
obtaining electron diffraction patterns. TEM images were
taken with a FEI Tecnai G2 with an acceleration voltage of
200 kV, in bright field and electronic diffraction modes. For
the analysis, the carbon grids were immersed in dilute sus-
pensions of the powders and, after, the solvent evaporation
the grids were placed in the microscope. For the treatment
of the obtained images and to obtain the size of the particles,
we used the Image]J software.

X-ray fluorescence (XRF) analysis was done to confirm
the chemical elements present in the samples. A Hitachi
SEA6000VX benchtop high-sensitivity analyzer was used
equipped with an X-ray tube with a tungsten target,
operating at potentials of 15 and 50 kV and a current
of 1000 mA, and a 3 mm-wide primary-beam collimator.
The SEA6000VX measurement geometry is fixed, with
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its energy-dispersive Vortex Si semiconductor detector
positioned at a scattering angle of 135° and a distance of
19 mm from the specimen, with no additional slits to restrict
its acceptance angle.

3 Results and Discussion

3.1 X-Ray Diffraction, X-Ray Fluorescence, Scanning
Electron Microscopy, and Transmission Electron
Microscopy

The room temperature X-ray diffraction patterns for the
studied (LaggCag2);—xBiyFeOs (x = 0.0, 0.1, and 0.2)
compounds are shown in Fig. 1. These data show that these
compounds exhibit a single perovskite phase, at least within
the detection limits of the instrument. Good crystallinity is
observed since the peaks of the diffractograms are narrow
and intense.

The performed Rietveld refinements of the XRD patterns
revealed that the studied compounds crystallize in an
orthorhombic structure, belonging to the Pnma space group.
Table 1 shows the obtained structural parameters.

The average crystallite sizes (Dsc) (see Table 1) were also
estimated from the XRD patterns, using the Scherer formula
[16]:

0.9 x A
DSC = o A
B x cos6
where A is the used wavelength, 6 is the Bragg angle for
the most intense peak, and $ is the half height width of this
peak.
Figure 2a shows the variation of the lattice parameters as
a function of ion radii. The mean ion radii of the cations
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Fig. 1 Room temperature XRD patterns for (LaggCag2)1—,Bi,FeOs
(x = 0.0, 0.1, and 0.2) compounds

Table 1 Lattice parameters (a, b, ¢, V), mean ion radii (<ra>) and
crystallite size obtained from the refinement of the XRD patterns for

(LaggCag2)1—xBiyFeO3 (x = 0.0, 0.1, and 0.2) compounds

x 0.0 0.1 0.2
Space group Pnma Pnma Pnma
<ra>(A) 1.084 1.095 1.107
a(A) 5.549 (0) 5.550 (6) 5.556 (3)
b(A) 7.849 (0) 7.849 (9) 7.851 (2)
c(A) 5.551 (2) 5.554 (3) 5.555 (6)
Unit cell volume V (A3)  60.44 60.50 60.59

Dy (nm) 53.20 55.67 58.66

occupying the A-site, <rp>, were determined from the
following relationship:

<ra>= 08x(1 —x)rLa3+ 4+0.2x (1 —x)rCaz+ X rpas
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Fig. 2 Variation of the unit cell parameters (a—c) as a function of the
ion radii of the cations occupying the A-site (a), the unit cell volume
(V) (b), and the mean crystallite size (Dg) as a function of bismuth
content in the samples (c). The line is a guide to the eyes
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The substitution of the larger calcium ion (ré;l|r = 1.18 A)
and lanthanum ion (rﬁ;|r = 1.216 A) by the smaller bismuth
ion (r]:;;r = 1.03 A) induced a decrease of the average ion
radii <ra>, but unit cell parameters and unit cell volume
increase (Fig. 2b). There are several factors responsible for
the differences in the values of cell parameters and cell
volume that are difficult to establish. In this case, <ra>is
not the only parameter with influence in the structure.
This was observed in other perovskites and attributed to an
increase of the angles between the sites [17].

The surface morphology of the studied materials was
estimated by scanning electron microscopy (SEM). Figure 3
shows the obtained room temperature SEM micrographs
of the (Lao,8Ca0,2)1_xBixFeO3 (x = 0.0, 0.1, and 0.2)
compounds. These figures show the presence of a large
distribution of grain and illustrate a sample with less voids
and densified; also, it can be seen that all particles are
in spherical form. The TEM images have been used to
investigate the distribution of the particle size and evaluate
the degree of agglomeration of crystallites. Figure 4a—c
proves examples of the images and selected area electron
diffraction (SAED) patterns/particle size distribution of the
(LapgCap2)1—xBi FeOs (x = 0.0, 0.1, and 0.2) compounds,
respectively. Manual statistical particle size counting was
executed on TEM images using Image-J software.

The size of particles is distributed accordingly to a
Lorentzian law, for samples x = 0.0 and 0.1. The particle
size distribution is random for the x = 0.2 sample. If we
compare these values by those of the sizes of crystallites
determined by the Scherer formula relating to X-ray
diffraction diagrams, we find that these are the largest, being
the particle size of about four times the crystallite size,
suggesting that each grain observed is formed by several
crystallites. This has also been observed in the case of many

other materials [18]. The estimated average particle sizes are
of the order of 284.1+ 56.8, 291.8 = 55.6, and 272.8 +
89.4 nm, respectively (see Table 1).

The SAED patterns of the compounds, composed by
circles and/or small dots, confirm their crystallinity, in
agreement with the diffractograms obtained by XRD.

Both XRF and EDS analyses confirmed the presence
of all expected elements, lanthanum (La) bismuth (Bi),
calcium (Ca), iron (Fe), which confirms that they are all
non-volatile and that during synthesis, there was no loss of
any integrated element (see Figs. 5 and 6).

3.2 Magnetic (VSM) and Calorimetry (DSC) Results

Figure 7 shows the temperature dependence of magnetiza-
tion (M-T curve), measured under a field of 500 Oe and
in the temperature range of 1.8-300 K in the ZFC and FC
modes.

As one can see, the insertion of bismuth ions widely
affect the magnetization. Without bismuth, the ZFC magne-
tization curve shows two clear maxima at T, 1 = 13 K and
Tmax2 = 106 K, and FC curves deviate significantly from
the ZFC ones below Tinax2.

This transition temperature is in the range of 7y = 100-
110 K, reported elsewhere [19-22]. The second maximum
temperature can be attributed to ferromagnetic phase that
coexists with the main antiferromagnetic one, or the
antiferromagnetic state is frustrated.

One can see that the insertion of 10% of bismuth ions
increases the temperature of the first maximum in the ZFC
curve (Tmax1 = 60 K) with the appearance of a maxi-
mum in the FC curve at the same temperature. This first
transition temperature disappeared totally when introduc-
ing 20% of bismuth. As it is known, when substituted 20%

Fig.3 SEM micrographs of (LaggCag2)1—,BiyFeO3 (x = 0.0, 0.1, and 0.2) compounds
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Fig.4 a—c TEM images and SAED/particle size distributions (insets)
of (Lag gCap2)1—BiyFeO3 (x = 0.0, 0.1, and 0.2) compounds

of Lanthanum with calcium ions there is a competition
between ferromagnetism and antiferromagnetism between
Fe3t —Fe?t (FM) and Fe3T —Fe2t (AFM). When introduc-
ing Bi** ions, the percentage of Fe3T ions increases which
increases the Fe3* —Fe?t interaction and automatically the
enhancement of the magnetization, as one can see in Fig. 7.

The magnetic field dependence of the specific magneti-
zation (M—H curve) obtained from VSM measurements for
(Lag.gCap2)1—,Bi,FeO3 nanoparticles measured at 2 K and
room temperature (RT) with magnetic field (H) in the range
of 9 Tesla are shown in Fig. 8.

All the samples exhibit weak ferromagnetic behavior
(unsaturated curves) and increase of magnetization (M)
with increased content of bismuth concentration. The
sample with x = 0.2 shows the highest M value of
0.166 emu g~ !

One can see in the hysteresis loops recorded at 2 K
the existence of weak ferromagnetism contribution, but the
antiferromagnetic one dominates the magnetization in all
compounds. The insertion of bismuth ions act to decrease
the coercivity (H.) and the remanent magnetization (M;).

In these types of perovskites, a ferroparamagnetic
transition is expected between 600 and 700 K [14]. This
transition is shown for our samples by DSC measurements
in Fig. 9. The transitions are observed by the derivative of
heat flow and are about 392-393 °C.

3.3 Raman Spectroscopy Results

The Raman spectra of the samples shown in Fig. 10 were
found to be sensitive to the sample history, in particular
to the level of adsorbed oxygen species, as noticed by the
observation of the characteristic band at ca. 775 cm™! in
some of the samples. For the Lag gCag,FeO3 parent sample
(x = 0.00), the peak characteristics of the LaFeOs reported
in the literature dominate the spectrum: observed at 150,
174, 255, 288, 410, 430, and 652 cm~! in the studied
sample, matching well the previously reported values (145,
170, 255, 285, 400, 430, and 640 cm ™! [18, 23, 24]). Other
bands were observed at 98, 131, 1121, and 1315 cm™!,
which may also be due to LaFeOsz or result from the
presence of calcium in the sample. Besides, this sample
exhibits the above-mentioned intense band at 775 cm™!
due to adsorbed oxygen species at the surface of the
nanoparticles. The sample with the smallest amount of Bi-
dopant (x = 0.1) has a room temperature Raman spectrum
similar to that of the LaggCag>FeO3 sample (x = 0.0) with
the following major differences:

i. The sample is practically free of adsorbed oxygen
species, as seen by the small intensity of the band at
775 cm™! in its Raman spectrum;

@ Springer
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Fig.5 EDS spectra of
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Fig.6 XRF spectra of
(Lag.gCaq2)1-xBixFeOs3
(x =0.0,0.1, and 0.2)
compounds
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Fig.7 Field cooled (FC) and zero field cooled (ZFC) curves measured
at 500 Oe for (LaggCagpz);—xBiyFeO3 (x = 0.0, 0.1, and 0.2)
compounds

ii. Inthe Raman spectrum of the x = 0.1 sample, the bands
that act as indicators of the presence of the Bi-dopant,
at ca. 554 and 1096 cm ™! are already clearly observed.

The sample with the highest amount of Bi-dopant (x = 0.2)
shows a different Raman spectrum profile. The bands due to
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Fig. 8 Magnetic field dependence of the specific magnetization (M—
H curves) obtained for (LaggCag,);—BiyFeO3 (x = 0.0, 0.1, and
0.2) compounds measured at 2 K and room temperature (RT)

LaFeOs appear broadened (this is clearly seen in the whole
spectral range investigated, but particularly noticeable in
the low-frequency region, between 50 and 200 cm™',
which appear much less well resolved in the spectrum of

this sample), while the bands indicating the presence of
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the Bi-dopant (at ca. 554 and 1096 cm™ ') dominate the
spectrum.

The temperature dependence of the Raman spectrum for
x = 0.1 found that, with the temperature enhancement,
the level of oxygen species adsorbed at the surface of the
nanoparticles increases progressively (Fig. 11). Preliminary
temperature variation studies on the sample with x = 0.15
point to the same tendency also for this sample, thus
suggesting this behavior is a general trend for all samples.
Finally, the spectra get below and above the ferromagnetic
to paramagnetic phase transition temperatures (ca. 387 °C)
for x = 0.1 appear to be distinctive, in particular in what
concerns the strong intensity reduction of the bands at ca.
410/430 and 1315 cm™!, which appear to be good indicators
of the phase transition in the studied materials.

3.4 Mossbauer Spectroscopy Results

Mossbauer spectra of the samples were registered, in order
to confirm the valence state of the iron ions and to study
their environment.

The Mossbauer spectra of (LaggCap2)i—, BiFeOs
(x = 0.0, 0.1 and 0.2) samples, obtained at room temperature

x=0.20
x=0.10
o 3 x=0.00
;;‘\..\_ .
g" \/V\\/v" R o
- /" h -
200 400 600 800 1000 1200 1400

Raman shift/ cm-1

Fig.10 Room temperature Raman spectra of (LaggCag2)|—xBiyFeO3
(x = 0.0, 0.1, and 0.2) compounds

150 200 250

L L . . ) 3
300 350 400 450 500 550 600

Temperature (°C)

are shown in Fig. 12. The solid lines represent the fit of a
set of Lorentzians to the experimental data. The hyperfine
parameters obtained from the fit to spectra are illustrated in
Table 2.

The Mossbauer spectra prove well-resolved peaks, being
clear that the insertion of Bi** ions does not significantly
change the shape of the Mossbauer spectra. All spectra were
fitted with two octahedral Fe3* sextets (QS < 0) and a small
percentage of a doublet that can be due to the presence of
some iron in a paramagnetic phase or to an iron-containing
impurity phase, although impurities were not found by X-
ray diffraction. The percentage of the doublet increases
with increasing of Bi-content, being 1.6% for x = 0.0 and
8.3% for x = 0.20. This latter sample has also a random
distribution of particle size, as seen by TEM. A great part of
the particles of this sample has a size inferior to the average
size (272.8 = 89.4 nm).

The observed octahedral Fe** sites are in conformity
with XRD results, and the existence of magnetic sextuplets
in all spectra confirms the magnetic behavior of the samples
at room temperature. The obtained hyperfine parameters
(Table 2) are in agreement with the parameters obtained for
the family of perovskites of the system Ba—Bi—-Fe-O [25]
and for BiSrFeO and BiCaFeO perovskites [26].

x=0.10
Temperature /°C

A7 425,200, . 400, 450

200 400 600 800 1000 1200 1400
Raman shil’t/cm-1

Fig. 11 Temperature variation Raman spectra for x = 0.1 sample
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Fig. 12 Room temperature
Mossbauer spectra of
(Lap.gCap2)1-xBixFeOs3

(x =0.0,0.1, and 0.2)
compounds and fitted curves
describing the experimental data
(S1 and S2, magnetic
sub-spectra; D, doublet)
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Table 2 Mossbauer parameters resulting from the fits to data shown in Fig. 11

Sample IS (mms™!) QS (mm s7h H (T) FWHM (mm s~ ') Percent Site

x=0.0 0.38 (1) —0.07 (1) 53.7(1) 0.28 (1) 64.6 Sextet 1 Fe3t oct
0.36 (1) —0.06 (1) 52.6 (1) 0.54 (1) 33.8 Sextet 2 Fe3 T oct
0.33 (1) 0.39 (1) - 0.45 (1) 1.6 Doublet Fet

x=0.1 0.38 (1) —0.06 (1) 53.6 (1) 0.28 (1) 68.5 Sextet 1 Fe3t oct
0.38 (1) —0.07 (1) 52.4(1) 0.54 (1) 29.4 Sextet 2 Fe3t oct
0.30 (1) 0.39 (1) - 0.51 (1) 2.1 Doublet Fet

x=02 0.38 (1) —0.07 (1) 52.9(1) 0.27 (1) 52.0 Sextet 1 Fe3t oct
0.37 (1) —0.09 (1) 514 (1) 0.56 (1) 39.7 Sextet 2 Fe3 T oct
0.20 (2) 0.42 (1) - 0.68 (1) 8.3 Doublet Fe3t

Mossbauer parameters: isomer shift (IS), quadrupole splitting (QS), hyperfine magnetic field (H), and full-line width at half maximum (FWHM).

Isomer shifts are given relatively to a-Fe

4 Conclusion

In the present research work, we have successfully synthesized,
using the sol-gel method, a series of (LaggCap2)1—xBi, FeO3
(x = 0.0, 0.1, and 0.2). The nature of the phases of these
samples was investigated by XRD, EDX, XRF, SEM, TEM,
Raman, and Mossbauer spectroscopies. Rietveld refinement
of XRD data showed that all compounds crystallized in an
orthorhombic structure within the Pnma space group.
Mossbauer measurements indicated the existence of two
octahedral Fe3T magnetic sites in the structure, in accor-
dance with XRD results. TEM images confirmed the crys-
tallinity of compounds and showed particle sizes about
200 nm. The Raman spectra, of the different materials, were
recorded and assigned, and some structure-sensitive band
markers were identified. In addition, the temperature depen-
dence of the Raman spectra revealed that the level of oxygen
species adsorbed at the surface of the particles increases
with temperature and showed also that the spectra obtained
below and above the ferromagnetic to paramagnetic phase
transition temperature (ca. 387 °C, for the sample with
x = 0.1) appear to be distinctive, in particular in what
concerns the strong intensity reduction of the bands at ca.
410/430 and 1315 cm™!, which then appear to be good
indicators of the phase transition in the studied materials.
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