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We report the observation of superparamgnetic behavior induced by the substitution La>* by Ba" at A-sites and
Fet3 by Ti*" at B-sites. Bag 19sLag784Tio.006F€0.803-5 was synthesized via solid state reaction. The Rietveld re-
finements revealed an orthorhombic (Pbnm). The low-mag STEM results showed that the particles were found to
exhibit square like shape and formed in single crystal with high degree of crystallinity. The particle size ranges of
50—300 nm. Element mapping demonstrates a complementary distribution between Ba and La, while homog-

enous distribution is found for Fe and O. The optical band gap determined from UV-vis analysis is equal to 1.93
eV which is smaller than the reported one for LaFeO3 and BaTiOs. The hysteresis loops at 300 K and 10 K show
superparamagnetic behavior, which deviate extremely from the antiferromagnetic nature of LaFeOs perovskite.
The temperature dependent magnetization demonstrates that the material kept a net magnetization of 12.29
(emu/g) at very low temperature.

1. Introduction

Superparamgnetism is a phenomenon that appears when the size of
magnetic materials particles is less than 150 nm [1]. The magnetic
response of the material to the magnetic field results in a steep S-like
shape hysteresis loop. Magnetic nanoparticles are regarded as
single-domain particles, thus the total magnetic moment of the nano-
particle is considered as one giant magnetic moment [1]. Since the start
of the 21st Century, magnetic nano-materials have been the topic of
variety of research due to their suitable properties for a broad range of
applications such as biomedicine, magnetic ferrofluid catalysis and data
storage [2-4], etc. Among the most studied magnetic nanomaterials,
Fe304 is an important class of half metallic materials, their utilization in
the field of biomedicine has been the topic of several studies [2].
However, because of their ability to get oxidized easily due to the nature
of its structure, and to the requirement of optimizing several parameters
[5], introducing new type of materials will overcome this problem.
Several researches are focused now on producing magnetic nano-
materials based on perovskite structure. Owing to their flexible structure
and their ability to accommodate a wide range of periodic table ele-
ments, perovskite materials are considered as a suitable target for

physical property development [6,7]. This class of materials is described
with the general formula (ABO3), where A is a rare or alkaline earth
element and B is a transition metal cation. One great feature of these
types of materials is their extremely thermodynamically stable atomic
arrangement. The orthoferrite perovskite family AFeOs (A = La, Lu, Er,
Sm, etc.) are reported to be weak ferromagnetic showing bewildering
magneto-optical properties [8,9]. In particular, lanthanum iron oxide
LaFeOs is one of the most studied perovskite-type material, it crystallizes
in an orthorhombically distorted structure with Pbnm space group (no.
62) showing multiferroicity in a single phase [10,11]. LaFeOs is found to
be a G-type antiferromagnetic material with high Neel temperature
Tn=480 °C, and shows a ferroelectric transition around 200 °C [10,12].
The origin of antiferromagnetic in LaFeOs is due to the Fe®* anti-parallel
spin interaction nature between two sub-lattices (superexchange re-
actions) which results in a small net magnetization [13,14], it should be
noted that this property can be shaped depending on the nature of (A-Fe)
exchange interaction, the stoichiometry, oxygen vacancies and tem-
perature. Recently more attention is paid to decreasing the particle size
of LaFeQOj3 in order to improve the magnetic property at room temper-
ature [15,16]. The magnetization of the sample increases with
decreasing particle size and a shift of Curie temperature is observed (T.)
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[17,18]. At present, various type of substitution have been investigated,
in the reported work LaFe; 4Zn,O3 (0 < x < 0,3), the substitution of Fe
by Zn has shown a weak ferromagnetic response of all doped samples
[19]. In another work where Fe was substituted by Mn, LaFe; yMnyOs3,
the coercivity has decreased from 632 to 190 Oe, reporting an
enhancement of the magnetic moment and a control over the coercive
field from the antiferromagnetic LaFeO3 [20]. The creation of ions of
mixed valency was investigated in LaFeO3 doped Ag and was found to
increase the susceptibility at a specific temperature [21]. In A-site sub-
stitution of La by Al in Lag 5Alj sFeOs, the magnetization and the sus-
ceptibility have both considerably enhanced [22]. Change in the
magnetic property of LaFeOs at the nano-scale was also studied, and it
was found that LaFeO3 nanoparticles with an average diameter of 16 nm
exhibit superparamagnetic behavior and with increasing the grain size,
the particles exhibit the exchange bias properties at around 22 nm [17,
18]. It should be noted that the superparamgnetism Phenomenon in
Materials is generally due the reduced size of particles. On the Other
hand BaTiO3 perovskite is known to show high dielectric constant and
has been the topic of numerous works [23]. BaTiO3 has also been tested
for photocatalysts applications [24]. The synthesis of solid solutions
combining different elements produces multifunctional materials, as it
can also enhance or not a specific property of the hosting material. Up to
now, there was no work reporting substitution inducing a super-
paramagnetic response in LaFeOs. In the same aim of enhancing LaFeO3
magnetic property, we report in this work the structural, morphology,
optical and magnetic properties of the prepared Bag 19sLlag.784Ti0.096-
Feg g0s3-svia the conventional solid state reaction method.

2. Experimental
2.1. Sample preparation

The perovskite sample Bag 19gL.ag 784Tio.096F€0.803-5 was synthesized
via the conventional solid state reaction method. The starting materials,
BaCOs, LagOs, TiO2 and FeyO3 of 99.9 % purity were well mixed and
ground in an agate mortar and heated in air, in alumina crucible, at
progressively higher temperature (600 °C, 800 °C, 1000 °C) overnight
with periodic intermediate regrinding. The chemical reaction is:

0.2 BaCO3 + 0.4 Fe;O3 + 0.4 LayO3 4+ 0.1TiO, — (0.99)
Bay,198L.a0.784Tio.006Fe0 803-5 + (0.01) BaLagTisO17 + 0.2CO}

The obtained product Bag j9glag 784Tig 096Fe0.803-5 was character-
ized by X-ray diffraction, low quantities of impurity BaLayTi4O12 was
observed in the patterns. For UV-vis measurements of the diffuse
reflectance, 0.5 g of the resulting powder was used and was pressed into
pellet in the presence of a binder poly(vinylalcohol) (PVA) using a steel
die of 1 mm diameter in an hydraulic press under a pressure of 6 t. The
pellet of 0.5 mm thickness and 1 mm diameter was sintered in air at 900
°C for 8 h.

2.2. XRD measurements

At room temperature, the X-ray powder diffraction data were
collected on a D2 PHASER diffractometer, with the bragg-brentano ge-
ometry (CuKa radiation, A = 1.5406 [o\) at 30 KV and 10 mA. The pattern
was scanned in steps of 0.01 (26) in the range 15 < 20 <105°, time step
= 0.3 s/step.

The full pattern refinements were performed by means of the Riet-
veld method using the Fullprof program [25] integrated in Winplotr
software [26]. The Rietveld refinement of the observed XRD data was
initiated with scale parameter, the background of the X-ray diffraction
pattern is fitted with a fifth order polynomial. Successively, other profile
parameters are added. The peak shape was adjusted with a pseudo-voigt
profile function. The parameters positions and isotropic atomic
displacement of individual atoms were further refined.
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2.3. UV-vis measurements

Using a PerkinElmer UV/VIS/NIR spectrometer Lambda 1050, the
UV-vis diffuse reflectance spectra were recorded at room temperature in
the range of 250—800 nm, a homemade support was used to hold the
sample during the measurements.

2.4. Magnetic measurements

Magnetization measurements were carried out using a super-
conducting quantum interference device (SQUID) magnetometer MPMS
(Magnetic Property Measurement System). The hysteresis loop ((M-H))
was taken at 300 K and 10 K with magnetic field cycling between -80
KOe and +80 KOe. Under field cooled (FC) and zero field cooled (ZFC)
condition, the temperature dependent magnetic moments profile was
measured in the temperature range of 5 K-350 K under an applied
magnetic field of 500 Oe.

2.5. Morphology and atomic structure

The STEM-ABF and HAADF measurements were done using an
aberration-corrected JEOL ARM200CF equipped with a 200 keV cold-
field emission gun, annular bright field (ABF) and high angle annular
dark field (HAADF) detectors, and an energy dispersive spectrometer
(EDS). 22 mrad probe convergence angle was used for all the images and
spectra.

3. Results and discussion
3.1. Structure determination and description

The X-ray diffraction analysis at room temperature confirms the
formation of the desired crystalline structure. The patterns of the pre-
pared compound Bag 19glag784Tip.006Fe0.803s indicate a perovskite
structure. Reflections of Bag19glag 7g4Tio.096F€0.803-5 perovskite pat-
terns were indexed by means of the computer program Dicvol [26] on
the basis of an orthorhombic simple perovskite unit cell with the space
group Pbnm (no. 62). The first 15 peak positions, with a maximal ab-
solute error of 0.03° (20), were used as input data. The characteristic
peaks for Bag 19gLag.784Tip.096F€0.803-5 is located at 20 = 32.17° and it
corresponds to (200), (112) and (020) planes of the crystal structure.
The Rietveld Refinement analysis was carried out using FullProf pro-
gram coupled with Wintplotr software. The initial structure used for the
refinement is based on the model of LaFeOs reported in [27]. At 25.96°,
29.54° and 31.22° appears to be part of BaLasTi4O2 impurities. Fig. 1
displays the observed and calculated X-ray diffraction patterns. Along
with the secondary phase, refinement with this model yields to satis-
factory agreement factors with reliability factors of R, = 5.04, Rwp, =
7.38 and y 2 = 2.29. The refinement results of the structural and
instrumental parameters of Bag 9glag 784Tig 096Fe.803-5 simple perov-
skite are summarized in Table 1.

3.2. Morphology and atomic structure

Fig. 2(a, d) displays the low-mag STEM images of a few perovskite
Bag 198Lag.784Tig.006Fe0.803.5 particles, where the particle size is seen to
be in the range of 50—300 nm featuring certain degree of particle ag-
gregation. Additionally, the as-synthesized particles are formed in
squared like shapes as presented in Fig. 2(a, d). The compositional an-
alyses in Fig. 2(b, e) showed that La:Fe:Ba ratio is close to the chemical
formula of the composition (i.e. 4:1:1), while Ti was hardly detected due
to its limited amount in the sample. The elemental mapping results show
that while Fe and O are uniformly distributed within a single particle, Ba
and La are not as uniform but exhibit a certain degree of local in-
homogeneity, which interestingly demonstrated mutually complemen-
tary distribution. The EELS analysis in Fig. 2(c) further confirmed that
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Fig. 1. Final Rietveld Refinement plots of Orthorhombic Bag ;9gl.ag 784Tio.006F€0.803.5, perovskites samples. The observed data and calculated profile are indicated by
circles and solid trace respectively. The lowest trace shows the difference between the observed and calculated model. The vertical bars indicate the calculated bragg

reflections positions.

Table 1
Refined structural parameters for Bag 19gLag 784Ti0.006F€0.803-5.
atom X y Z B(A?) occupancy
Ba —0.0093 (7) 0.0233(4) 1/4 0.72(2) 0.198
La —0.0093(7) 0.0233(4) 1/4 0.72(2) 0.784
Ti 0 1/2 0 0.94(5) 0.096
Fe 0 1/2 0 0.94(5) 0.8
o1 0.068(7) 0.486(3) 1/2 0.99(1) 1.0
02 —0.322(4) 0.237(5) 0.020(4) 0.99(1) 1.766

Space group: Pbnm (orthorhombic)

Cell parameters

a=5.5619 (5) (A) b = 5.5557 (4) (A) ¢ = 7.8553 (1) (A) a=p=y = 90°

Cell Volume: 242.733(3) (A)*

Caglioti parameters: U = 0.0757 (7) V = —0.0292 (6) W = 0.0119 (1)
Reliability Factors %% 1.65; Rp: 4.76; Rwp: 6.26; Rexp: 4.87; Ry: 7.17

Wavelength (A): Akal = 1.5406, 20range (°): 15-105, Step scan increment (°20),
Program: FULLPROF.

there is a very limited quantity of Ti while Fe, Ba, La and O are present in
the sample with strong signals. The ABF and HAADF images in Fig. 2(f)
demonstrate the atomic structure of a single particle, indicating its
single-crystalline property with a high degree of crystallinity.

3.3. Optical measurement and band gap determination

Fig. 3(b) illustrates the UV-vis absorbance spectrum of
Bag 19gLag.784Tip.006F€0.803.5. The new synthesized perovskite shows a
strong absorbance response in the ultraviolet (~ 250—400 nm) and the
visible light region (~ 400—800 nm). The optical response in the visible
light region makes the sample an interesting candidate as visible light
photocatalyst. To estimate the optical band gap energy of
Bag 19gLag.784Tig.006Fe0.803.5, Kubelka-Munk theory was used to analyze
the reflectance spectra which was converted in accordance with the

following equation: F(R) = o= (1—-R)? /ZR (eq.1), where R is the

reflectance, F(R) is the Kubelka-Munk function, a is the absorption co-
efficient which is proportional to F(R) and s is the scattering factor, in
some cases S is approximately equal to unity or it is a constant [28,29].
The optical band gap or the energy dependence near absorption edge
can be determined according to tauc’s plot equation [30]: ahv =
A(hv — E;)" where A is an energy-independent constant related to the
effective mass of electrons and holes and Eq is the optical band gap.
Hence eq.1 can be written as: F(R)hv = A(hv — E,)". The exponent n
depends on the inter-band transition mechanism and it is a characteristic

of the transition type: n = 1/2, 2, 3/2 and 3 respectively for direct
allowed transitions, indirect allowed transition, direct forbidden tran-
sitions and indirect forbidden transitions. In the case of the indirect
forbidden transitions n = 3, which was the best choice for this case,
(F(R)hv) 3 versus hv should give a straight line near the absorption edge.
The intersection of the straight line fitting with hv where the absorption
is equal to zero F(R) — O gives the value of Eg as an example shown in the
inset in Fig. 3(a). The estimated band gap of the sample is equal to 1.93
eV. Such results suggest good conductivity properties of this material
and make it good candidate for solid oxide fuel cell cathode, as it can
cause also high photo-catalytic activity. The small band gap value ob-
tained can be explained as follow: both structural parameters and the
composition are factors that have an influence on the optical band gap
value. The band gap in perovskite materials is B-O-B dependent, it is
reported that samples with a bond angle close to 180° tend to have a
smaller band gap [31,32], in our case Fe3*/Ti**-0;-Fe3*/Ti*" and
Fe3t/Ti*-0,-Fe3t /Ti*" are equal to 154.04° and 167.523° respec-
tively. Moreover, the conduction band is constituted by elements at the
B-site of the perovskite structure, while O2p are responsible for the
valence band. Thus, having Ti** / Fe>* at the B-site may induce a shift of
the conduction band resulting in a shrink of the optical band gap [33].

3.4. Magnetic measurements

The magnetization variation curve as function of the applied mag-
netic field M (H) recorded at 300 K and 10 K are illustrated in Fig. 4(a)
and (b) respectively. The (M-H) hysteresis loop reflects the magnetic
response of the prepared perovskite Bag 19gl.ag 784Tig.096Fe0.803-0 to the
external applied field, and gives information about the magnetic type
behavior. At 300 K, the sample shows a steep and very narrow hysteresis
in the form of an S like shape and reaches a maximum of My/pg = 0.49
known as the magnetization saturation, which was evaluated according
to the law of approach to saturation by the extrapolation of the
magnetization versus 1/H to 1/H — 0 [30]. The very negligible values of
the coercivity H. = 17 Oe, and the remanence M;/pg = 0.78 indicate a
superparamagnetic behavior at 300 K [34]. The very low value of
squareness factor SQ = Mr/Ms = 1.59 and the steep initial slope in the
magnetization curve are feature suggesting the presence of
pseudo-single domain and confirming the superparamagnetic behavior
[35]. In fact, many factors can alter the M (H) hysteresis loop curve such
as the crystallite size distributions, anisotropy and the interaction of
identical particles. Therefore, experimentally the absence of the hys-
teresis loop resulting in a very small coercivity (few Oersted) and
negligible remanence M;~0 were found for ferro/ferromagnetic
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troscopy) and the ABF and HAADF atomic structure study (f) of the perovskite sample Bag 19gLag.784Tio.096F€0.803-5.
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Fig. 4. M-H curve measured in the range of the magnetic field +£60 kOe at 300 K (Fig. 3(a)) and 10 K (Fig. 3(b)) of Bag.198Lao.784Ti0.006F€0.803.5.

nanoparticles below certain size which in turn can behave as super-
paramagnetic nanoparticles and show a very narrow hysteresis loop
[35]. Despite the very low coercivity value (equal or close to zero)
superparamagnetic system is known to have high heating efficiency. At
10 K, the magnetic response of the perovskite material
Bag 19gLag.784Tip.006Fe0.803-5 to the applied field shows higher magne-
tization saturation value of My/ppg = 1.45. Other distinct features are the
coercivity and the remanences which are systematically higher than
those measured at 300 K due to the thermal fluctuations of the magnetic
moments at higher temperatures [36]. The coercivity and remanence
show values of H. = 267.55 Oe and M,/pg = 0.94, respectively and a
squareness factor equal to SQ = 0.33. These observations related to the
hysteresis loop demonstrate that the material behavior in its funda-
mental state is a superparamagnetic. The squareness coefficient was
found to be smaller than the theoretical value SQ = 0.5 which indicates
that particles are single-domain [35]. To study the temperature depen-
dent  magnetization = M(T) for the  prepared sample
Ba().193]_.30_784Tio_096Feo.803_5, Zero Field Cooling (ZFC) and Field Cool-
ing (FC) measurements were performed between 5 K and 300 K at a fixed
magnetic field of 500 Oe, Fig. 5(a). In spite the fact that M (H) mea-
surement at 300 K are sufficient to conclude the magnetic behavior of
the material; the ZFC and FC magnetization versus temperature M (T)
give additional information on magnetic behavior such as Curie tem-
perature (T.) and the blocking temperature which is a characteristic of
the equilibrium between the thermal energy (KgTg) and the anisotropy
energy barrier E;= K¢V where Kg, Kefr and V represent the Boltzmann
constant, anisotropy energy density and the particle volume respec-
tively. At ZFC mode when the sample is cooled down from 300 K to very
low temperature 5k the magnetization increases to reach a maximum
corresponding to the blocking temperature Tg = 151.43 K followed by a
continuous decrease while that of FC decreases while increasing the
temperature from 5 K to 300 K. Following the behavior of the

0.8

magnetization versus temperature, ZFC and FC above the blocking
temperature show a similar behavior, and below it, they significantly
split and take different trends, this irreversibility is a characteristic of the
blocking-unblocking process of the magnetic particles as the thermal
energy changes. At low temperature 5 K the material keeps a net
magnetization equal to M/pg = 4.12. This meaning that some of the
magnetic particles keep aligned leading to a non-zero net magnetization.
Below the blocking temperature the relaxation time of the magnetic
particles increases and the magnetic moments of the particles are
blocked, at Tp the thermal energy and the energy of aligned moments are
comparable, as the temperature arises above Ty it leads to a decrement
of the magnetization due to the disorientation of the aligned moment
caused by the thermal energy. When applying the external field at low
temperature, the randomly oriented moments begin to align in the di-
rection of the field, as the temperature increases the magnetization de-
creases due to the thermal fluctuation of the magnetic moments caused
by the thermal energy. Hence, the variation of the magnetization in ZFC
and FC process indicates a superparamagnetic behavior.

4. Conclusion

Bag 198L.a0.784Tio.006Fe0.803-5 solid solution was successfully synthe-
sized through the conventional solid state reaction method. The sub-
stitution as observed influences the structural, optical and magnetic
properties. Using the Rietveld refinement, the system was found to
crystalize in an orthorhombic system with Pbnm, the cell parameters and
bond angles were found to be different from those of LaFeOs. the low-
mag STEM images shows that the particles are formed in squared like
shapes with size ranging between 50—300 nm featuring certain degree
of aggregation. The Ti was hardly detected while that of La:Fe:Ba ration
is close to the chemical formula as demonstrated by the compositional
analysis. Uniformity of the elements was studied, the element mapping
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Fig. 5. M-T curve in temperature range of 4K-300 K measured at 500 Oe ofBag ;9gLag 784 Tio.006F€0.803.sperovskite sample (Fig. 4(a)). The projection of the unit cell
structure of the Bag j9glag 784Tio.006F€0.803.5 unit cell illustrating the typical polyhedral arrangement and the tilt pattern (Fig. 4(b)).
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results showed a local inhomogeneity for Ba and La while Fe and O were
uniformly distributed with a single particle. Despite the inhomogeneity
between Ba and La they demonstrated mutual complementary distri-
bution. The ABF and HAADF results demonstrated the atomic structure
of single particles with high degree of crystallinity which is in good
agreement with the XRD results. The band gap calculated using tauc plot
method was found to be 1.93 eV, in which, the prepared material ex-
hibits an indirect forbidden transition band gap type and the effect of the
substitution was reflected in a narrowed band gap. The effect of the
substitution in the G-canted type antifferomagnetic LaFeOs, has induced
superparamgnetism. At room temperature the hyseresis loop M(H) of
the prepared material show a nonlinear behavior of the magnetization
versus the applied field and shows a steep and narrow hysteresis loop
reaching a magnetization saturation of Mg/pg = 0.49, the small value of
H. =17 Oe, M;/pp = 0.78 emu/g and SQ = Mr/Ms = 1.59 are features of
a superparamagnetic behavior, which was also confirmed by the ZFC-FC
irreversibility behavior and the broad peak observed while increasing
the temperature, the blocking temperature is Tg = 151.43 K. At 5 K, the
material keeps a net magnetization equal to M/pg = 4.12 concluded
from the ZFC curve which was in agreement with the hysteresis loop
showing higher saturation magnetization My/pg = 1.45. The coercivity
and remanence show values of H. = 267.55 Oe and M,/ = 0.94. These
results demonstrate the great influence of a precisely percentage
implementation of BaTiO3 into LaFeOs, leading to a decrease in the
particle size and thus the observation of superparamagnetic feature.
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