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In this research work, BiosLaos-xAl:FeOs (x=0.2, 0.4, 0.6 & 0.8) (BLAFO) nanoparticles were prepared
through hydrothermal technique. The trigonal phases were detected in the X-ray diffraction patterns.
Secondary phases related to aluminum titanate and rutile were found. The FESEM and HRTEM images
revealed the formation of nanorods-like structures due to the nucleation process. The dielectric properties
expressed the space charge polarization and Debye-type relaxations in the frequency-dependent dielectric
constant plots. Similarly, the dielectric versus frequency plots showed multiple relaxations. The magnetic
hysteresis curves showed a decreasing trend in magnetization and magnetic moment. The LAS plots were
shown to indicate the saturation magnetization. The ferroelectric hysteresis loops revealed the banana shape

for all the samples.
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1. INTRODUCTION

Multiferroic perovskite has predominant applications
in science and technology, such as ferroelectric memory,
charge storage, relaxor devices, etc. [1]. The dielectric,
ferroelectric, and magnetic cations must be located
among these multiferroic perovskites. For instance,
BiFeOs consists of a multiferroic cation as Bis* and a
magnetic cation as Fes*. In the same fashion, the BIMnO3
and PbVO3 show a multiferroic nature.

Several scientists worked on doped bismuth ferrite
reporting the phase transition, pressure-based phase
transition, photocatalytic, optical band gap, microwave
properties, electrochemical activity, and dielectric behavior
of BiLaFeOs, multiferroic nature of BiLaFeTiOs
nanoparticles, ferroelectric transitions of BiLaFeCoOs,
multiferroic behavior of BiLLaCeOs, and magnetoelectric
coupling nature of BiSrNiOs [1-10]. These reports were
given by synthesizing and characterizing the BiLaFeOs and
their co-doped materials. The literature survey showed that
dopant/substituents like La, Co, Ce, Fe, Ti, Sr, Ni, Mn, V,
etc., were added to bismuth ferrite. In this work, the authors
selected the aluminum element as the substituent in the
BiLaFeOs perovskite system. Then, the chemical formula is
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PACS numbers: 78.67.Bf, 77.84. —s, 61.46. — w,
68.37.Hk, 78.20.Ci, 87.50.cm

confirmed as Bioz2Laos-AlFeOs (x=0.2, 0.4, 0.6 & 0.8)
(BLAFO). The hydro-thermal process is selected at low
operating temperatures to synthesize these nanoparticles. It
possesses a few significant benefits like easy preparation,
less time-consuming, low operating temperatures,
inexpensive, good crystallinity, high homogeneity, etc.

2. EXPERIMENTAL
2.1 The Chemicals and Materials

For the synthesis of BiosLaos-xAl:FeOs (x = 0.2, 0.4, 0.6
& 0.8) (BLAFO) (Fig. 1) nanoparticles, the hydrothermal
method is preferred. As a part of this, the raw materials
were considered to be La(NOs)ssH20 (99.8 % purity,
Sigma-Aldrich), AI(NOs)s9H20 (99.8% purity, Sigma-
Aldrich), Bi(NOs)35H20 (99.8 % purity, Sigma-Aldrich),
and Fe(NOs3)39H20 (99.9 % purity, Sigma-Aldrich). The
details of the preparation method can be seen in [2].

2.2 Characterization Methods

Samples are shown in Fig. 1. The characterization is
carried out by XRD, TEM, SEM, UV-visible spectrometer,
Vibrating sample magnetometer VSM, P-E loop (Marain
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India Ltd.), and LCR controller (HIOKI 3532-50,
42 Hz— 5 MHz) to study the structural, morphological,
optical band gap, magnetic, ferroelectric, and dielectric
properties, respectively.

Fig. 1 — The photos of prepared BLAFO samples

3. RESULTS AND DISCUSSIONS
3.1 Structural Characterization

The XRD patterns (Fig.2) of BiozLaos-xAl:FeOs
(x=0.2, 0.4, 0.6 & 0.8) (BLAFO) nanoparticles showed
high crystallinity nature about the trigonal phases along
with secondary phases related to aluminum titanate, and
rutile. The primary phases agree with the standard
JCPDS: 86-1518. Usually, the secondary phases can be
created due to two factors.
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Fig. 2 — XRD patterns of BLAFO nanoparticles

One is due to the incomplete reaction, and the other is
the compound's high ionic radii difference of cations.
Herein, the reaction is completed successfully. The ionic
radii of cations can be considered as La*3: 0.136 nm, Bi*3:
0.096 nm, Al*3: 0.039 nm, Fe*3: 0.0645 nm [11]. It is
understood from the ionic radii that the ionic radii
difference is greater than 15 %. Hence, the secondary
phases will be formed according to the Hume-Rothery
rule [12, 13]. However, upon substituting the aluminum,
the high ionic radii difference leads to fluctuation in the
structure. This implies that an unstable structure will be
formed. Hence, the aluminum cations will form secondary
phases related to aluminum titanate. The average
crystallite size was determined using the Scherrer
equation: D=0.9 1/ S Cos 6, where ‘f is the full-width
half maxima, and ‘@ is the angle of diffraction [14], and
the results were found to be increasing from 86.4 to
31.5 nm as a function of composition from x=0.2 to 0.8.
This trend can be ascertained due to the increasing
internal microstrain during the hydrothermal reaction.
The lattice  constants were  decreased from
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0.5624 — 0.5600 nm (@ =5b) and 1.3968 —1.3914 nm (c)
owing to the low ionic radii of the substituted element. A
constant c¢/a ratio was obtained for all the samples, about
2.483. Further, the unit cell volume (V=a2c) was
decreased from 0.441 — 0.436 nm? with an increase in ‘x’.
The theoretical density was calculated using the formula
p=ZxMx WINxV (for trigonal Z=1, where Z -
effective number of atoms per unit cell, M.W is the
molecular weight of the composition, N is the Avogadro’s
number (6.023 x 1023), and V'is the unit cell volume). The
results were mentioned in Table 1, and it was observed
that the values were decreased from 0.760 — 0.514 g/c.c.,
with 4’. This kind of low densities were common in as
synthesized nanoparticles as they were not processed for
any calcination or sintering. Moreover, it was known that
the bulk materials show high density due to less porous
structure, whereas the nanomaterials will have high
dislocation density, indicating low density. In the current
work, the molecular weight was decreased from 202.379
to 135.224 g/mol., as a function of ‘x’. This could be the
reason for the decrease in density. The surface area S of
x=0.2 — 0.8 samples increased from 91.30 to 370.19 m?/g.
This happens due to the decrease in crystallite size.

Table 1 - Structural analysis of BLAFO nanoparticles

X 0.2 0.4 0.6 0.8

D (nm) 86.4 60.2 42.8 31.5
a=>b(nm) | 0.5624 0.5614 0.5608 0.56

¢ (nm) 1.3968 1.3945 1.3927 1.3914
c/a ratio 2.483 2.483 2.483 2.484
Mw 202.379 | 179.994 157.609 135.224
(g/mol)

Veel (nm)3 | 0.441 0.439 0.438 0.436
o (g/lem?) 0.760 0.679 0.597 0.514
Pave (nm) 121.33 104.9 82.1 71.1
Gavg (nm) 152.33 137.48 119.24 102.81
S (m?/g) 91.30 146.57 234.64 370.19

It was familiar that surface morphology can be under-
stood using FESEM and HRTEM. The FESEM images
are shown in Fig. 3.

Fig. 3 - FESEM images of BLAFO nanoparticles
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The images evidenced that all samples contain
nanosphere grains, including the nanorods-like
structures. This can happen due to the nucleation
process, wherein the nanospheres are deformed owing to
predominant vibrations. These vibrations or fluctuations
will be set up to the morphological species. It was seen
that the nanorods were larger in number at low
aluminum content. The nanorods came down with
increased aluminum content, and subsequently, the
nanospheres were increased. This established that the
vibrations were reduced upon increasing the aluminum
content. The average grain size was determined using the
linear intercept method, wherein the formula
Gavg=1.5 L/ MN (where L indicates the test line length,
M indicates the magnification, and N indicates the
number of grains intersecting the test line) was used. The
average grain size values were noted to be decreased
from 152.33 to 102.81 nm with ‘x.” Similarly, the HRTEM
(Fig. 4) images showed the nanospheres and nanorods-
like species in the morphology. The nanorods were
reduced, and nanospheres were increased with Al-content
increase. The HRTEM results agreed with the FESEM
results. The average particle size was calculated and
noticed to be decreasing from 121.33 to 71.1 nm as a
function of ‘¢’ From the obtained data on average
crystallite size, grain size, and particle size, it was clear
that the grain size is bigger than all. That means the
grains contain particles, and the particles contain
crystallites. Hence, the diameters of grains, particles, and
crystallites de-creased in the nanosamples.

x=0.4 .’

200 nm

Fig. 2 - HRTEM images of BLAFO nanoparticles

The frequency dependence of dielectric parameters such
as dielectric constant (¢'), and dielectric loss (") is discussed
as a function of Al-content. For this & —log w, and &£’ log w
plots were drawn as shown in Figs. 5 (a-b), respectively.

The dielectric constant of x=0.2 —0.8 samples was
observed to be high in magnitude at low frequencies. This
is attributed to the inhomogeneous dielectric structure.
According to Koop’s double layer theory, it was under-
stood that polycrystalline materials contain two layers,
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Fig.5-(a) &—logw plots of BLAFO nanoparticles,

(b) &’ —log @ plots of BLAFO nanoparticles

such as grain and grain boundary. The grains are usually
low resistive or high conductive, and grain boundaries
are high resistive or conductive. In the present case, the
high value of dielectric parameters is obtained due to
grain boundary contribution. At low applied electric field
frequency, the charge carriers can be piled up at the
grain boundary interface [15-17]. Herein, the energy of
the grain boundary is greater than the energy of carriers.
Hence, the probability of tunneling charge -carriers
through grain boundaries is very low. Therefore, the
polarizations increased due to the accumulation of
carriers. We refer to this polarization as space charge or
electrode or Maxwell-Wagner polarization. The carriers
will receive the excess energy once the input electric field
frequency is increased. Hence, the energy of carriers will
be now greater than the energy of grain boundary.
Therefore, the carriers can break the grain boundary and
enter the grain portion. Then, the resistance will
automatically come down, increasing conductivity. At
megahertz frequency, the x = 0.2 — 0.8 samples expressed
the Debye relaxations with changing relaxation
frequencies. These were changed between 6.845 to 7.102.
With the increase of Al-content, the dielectric constant
was increased. The x=0.8 content showed a high
dielectric constant of about 6.15. The dielectric loss
versus frequency plots offered high dielectric loss values
at low frequencies, which gradually decreased with the
in-crease in frequency. This occurs due to the dispersion
of dielectric behavior. However, the plots offered two
consecutive Debye relaxations at around 5.5 and 7.5. The
dielectric loss values were increased with ‘¢’, and the high
magnitude was found at x = 0.8. This value is about 15.2
(Table 2). This result confirmed that the x = 0.8 sample,
due to its high dielectric constant and high dielectric loss,
can be suitable for dielectric absorber applications.

Table 2 — Data on dielectric parameters of BLAFO nanoparticles

x | 0.2 | 0.4 | 0.6 | 0.8
8!

8MHz | 1.88 | 4.92 | 4.10 | 6.15
8/,

8MHz | 1.97 | 6.7 [ 5.49 | 15.2
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Similarly, the frequency variation of ac-electrical
conductivity was depicted in Fig. 6.
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Fig. 6 — logou — log w plots of BLAFO nanoparticles

It was found that the ac-conductivity was increased with
frequency. This occurs owing to the hopping of the
conduction mechanism. The frequency-independent region
is found for the applied log @ values of 5.5 to 6.0. This region
indicates the dc-conducting region. The dc-conductivity
values were identified by extrapolating the frequency-
independent portion of the plots toward the Y-axis.

The magnetic permeability of x=0.2 - 0.8 samples
was studied with frequency (Fig. 7).
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Fig. 7 — 11— log o plots of BLAFO nanoparticles

All samples' initial permeability (ur= L/ Lo) showed a
constant trend up to log w=6.0. Above this frequency, the
samples showed an abrupt increase in permeability to
maximum values. The peak positions of permeability
values increased from log w=6.5—6.75. After these
positions, the sudden drop off of the permeability was
noticed. This trend follows Snoke’s law, wherein the
maximum value will be obtained at the peak position, and
minimum values will be found above the peak position.

At the peak position, the input magnetic field frequency
of toroidal samples matches the frequency of the oscillating
magnetic dipoles. Then, the resonance will take place,
inducing the magnetic permeability. The compositional
dependence of permeability suggested that the permeability
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values were decreased upon increasing the Al-content in the
perovskite system. Moreover, the sudden and sharp drop off
of the samples indicated the high homogeneity nature of the
samples. In Fig. 8, the M-H loops were shown, and the trend
was almost un-saturated. Hence, the maximum
magnetization could be determined.

The saturation magnetization (Ms) was found using
the LAS plots (Fig. 9).
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Fig. 8 — M-H curves of BLAFO nanoparticles
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Fig. 9 — LAS plots of BLAFO nanoparticles

The results were reported in Table 3. The M; values
were increased from 12.56 to 20.89 emu/g as a function
of ‘x’. The retentivity M, was varying unsystematically.
Later, the squareness (M,/M;) values were computed
and found to be altering from 0.222 —0.076. This
evidenced that the M,/M; values were less than 0.5, as
we know that the multi-domain  magnetic
nanoparticles will indicate the squareness values as
less than half. That means the present BLAFO
nanoparticles can be multi-domain magnetic [18].
Later, the anisotropy constant Ki= H.M;s/0.96 and
magnetic moment np=MW.* Ms;/ 5585 [19] were
calculated and listed in Table 3.

The vresults ensured that the Ki varied from
9859 — 4689 erg/c.c., with 4’ unsystematically. Likewise,
the magnetic moment also varied from
0.455 — 0.505 uB/f.u., with an increase in ‘¢’. This behavior
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was attributed to the decrease of compositional molecular
weight as listed in Table 1. Further, the ferroelectric
hysteresis nature of x = 0.2 — 0.8 was analyzed using the P-
E loops (Fig. 10). It was observed from the P-E loops that
the ‘banana’ shape was predominant for x = 0.2 — 0.8.

Table 3 — Magnetic parameters of BLAFO nanoparticles

x 0.2 0.4 0.6 0.8
M
12.56 15.31 16.42 20.89
(emu/g)
M 2.34 3.41 2.12 1.59
(emu/g)
M,/ M 0.186 0.222 0.129 0.076
H. (Oe) 358.45 618.23 302.47 326.89
Ki (erg/c-c) | 4689.72 | 9859.48 | 5173.50 7113.26
ng (UB) 0.455 0.493 0.463 0.505
0.010 4
0.005
o 0.000-
E
S -0.005
-0.010
-0.015 -
-0.020 T 4 T T T
-2 -1 0 1 2
E (kV/cm)

Fig. 10 — P-E loops of BLAFO nanoparticles
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Crpyxkrypa, mopdoJiorisa Ta mysTU(EpPoiuHi BJIACTUBOCTI HAHOYACTHHOK
Bio2Laos-xAlcFeOs (x = 0.2, 0.4, 0.6 & 0.8)
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VY pawniift mocmimHUIBKIN pobori HaHOUacTHHKH Bio.oLaos - xAl.FeOs (x = 0.2, 0.4, 0.6 & 0.8) (BLAFO) 6ysm
OTPHUMAHI 3a J[JOIIOMOTOI TiApPOTepPMAaJIbHOI TexXHIKM. Ha peHTreHiBChKHX AudPaKTOrpaMax CIOCTEpPIrasIuch
TpUroHaJ bHI (hasu Ta BrOpuHHI asy, MOB'sS3aHl 3 HASBHICTIO TUTAHATY AJIOMIHIO 1 pyTmia. 300paskeHHS
FESEM i1 HRTEM mnokasanu yTBOpEHHS HAHOCTPHIKHEBUX CTPYKTYP BHACIIIOK IIPOIIECY 3APOIKEeHEHS.
JlieJIeKTpUYHI BJIACTHUBOCTI BUPAKAIOTH IIOJIAPHU3AII0 IIPOCTOPOBOTO 3apsany Ta penakcaiii tumy Jlebas Ha
YACTOTHO-3AJIEKHUX Trpadikax JieJeKTPUYHOI HpoHMKHOCTL. [lomiOHuM uwmHOM, Trpadikyd 3aJIesKHOCTL
IieJIeKTPUKA BiJ YaCTOTH TOKA3aJMd YHCJIeHH] pesaxcaiii. Kpusli MarmiTHOro ricrepesncy BKA3yIOTh Ha
TEHJEHI0 J0 3MEHIIeHHs HaMarHIYeHOCTI Ta MarHitHoro momenty. Ha 3anmesxnocrssx LAS maBemena
HaMarHiyeHicTh HacnueHHs. CerHeToeIeKTPHUYHI IIeTJII TiCTepe3nucy IJIA BCIX 3pasKiB MaioTh OpMY «OaHAHA».

Kmiouosi cnosa: Hamouacruuku, Mynstudepoik, Crpykrypa, Mikpockorris, JlieleKTpriHA TPOHUKHICTS.
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