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Abstract

BiFeO; (BFO) is extensively researched due to its lead-free composition, high ordering temperature, remark-
able polarization and useful electric and magnetic switching mechanism for data storage devices. On the other
hand, the superexchange ordered system of LaMnO; (LMO) is well-suited for fuel cells. This study examines
the structural, magnetic and impedance properties of xLaMnO ;—(1-x)BiFeO; solid solutions (x = 0.05, 0.10
and 0.20) prepared using the solid state reaction method and sintering. X-ray diffraction technique confirmed
single phase material with the hexagonal structure and R3c symmetry. The vibrating sample magnetometer
showed the change from antiferromagnetic behaviour of BFO to weak ferromagnetic behaviour of BFO/LMO
ceramics and maximum remnant magnetization of 0.206 emu/g for x = 0.10. The superexchange interactions are
responsible for this magnetic behaviour. Impedance analysis was used to investigate the dielectric relaxation
and the negative temperature coefficient of resistance.
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I. Introduction density information retention with quick electrical
copying and quick magnetic retrieving [2].

BiFeO; (BFO) has garnered significant attention in
research due to its lead-free composition, high Curie
temperature and remarkable polarization properties [3].
The general magnetic moment and the magnetoelec-
tric interaction are nevertheless decreased by its anti-
ferromagnetic arrangement with a cycloidal spin struc-
ture. Researchers have explored various alternative ap-
proaches, including solid solutions, multiphase compos-
ites and atomically engineered superlattices comprising
ferroic constituents to tackle this challenge. The objec-
tive of these strategies is to enhance magnetoelectric
performance [4]. In ferroelectric or multiferroic sub-
stances, it is feasible to get a better response by us-
ing a composition-driven morphotropic phase boundary
[5,6]. Ji et al. [7] have studied the influence of sintering
temperature on microstructure, electrical and magnetic
properties of BiFeO,-BaTiO, solid solution ceramics.
Fan et al. [8] studied the dielectric relaxation charac-

Memory-based data storage systems mostly use elec-
tric or magnetic swapping methods. However, the mi-
gration of charge carriers induced by the current-
induced magnetization flipping mechanism results in
Joule heating and higher power consumption. In con-
trast, the ability to charge or the method used in electric
field switching can considerably minimize the loss of
energy by a considerable amount [1].

In a perfect world, controlling the electromag-
netic field can greatly decrease changing power while
enhancing non-volatile performance. Magnetic field-
coupled polarization or electric field-coupled magne-
tization is both possible in multiferroic compounds.
These materials can therefore provide low-power, high-
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teristics of solid solution in BiFeO,/BaTiO; system ob-
tained by the microwave sintering method. Similarly,
Chen et al. [9] reported the dielectric and ferroelectric
properties of BiFeO, modified with BaTiO,;-BiYbO,
based solid solution ceramics. Gian et al. [10] inves-
tigated the effects of (BijsLi,5)TiO; addition on mi-
crostructure, electrical properties and thermal stability
of BiFeO,-BaTiO, piezoelectric ceramics. In addition,
Ao et al. [11] prepared solid solution with composition
Bi, ,¢La, 4¢Sm, ,Fe, ¢sTi; ;05 (BiFeO, co-doped at A
and B sites) by solid-state method and confirmed its fer-
romagnetic behaviour.

By combining polar BFO with superexchange
ordered ReMnO; (Re = Rare earth) in a phase-
separated composite, the researcher increased the
magnetic moment [12]. The bulk contact between
the two antiferromagnetic entities was credited for
the increased magnetic moment. This interface theory
was supported by spectroscopic methods like neu-
tron diffraction [13]. Rare earth manganites, char-
acterized by their interconnected charge, spin and
orbital degrees of freedom, exhibit intriguing phe-
nomena [9]. In a study conducted by Yu et al. [14],
atomic-scale junctions were employed to demon-
strate the suppression of bulk polarization by uti-
lizing ferromagnetic La,,Sr, ;MnO; in conjunction
with a multiferroic BFO surface. Similar to this, al-
tering the Mn cations in LajCa,sMnO; by me-
chanical bonding can affect the canted moments of
BFO [15]. According to the conditions during setup,
the manganite species itself exhibit a variety of be-
haviours. While bulk La,-Sr,;MnO; maintains its
rhombohedral structure despite undergoing a metal-
insulator change, the same material when present as
a nanomaterial goes through this transition and de-
velops an orthorhombic pattern [16,17]. This nano-
material system offers a promising matrix for in-
creasing the multiferroic characteristics of BFO. This
is evident through its structured magnetic core, dis-
ordered shell and elevated electrical resistance. Al-
though there are several researchers who have been
studying the BFO/LMO system, their structure, mag-
netic and impedance properties have not been ex-
plored in deep. Thus, the basic and preliminary stud-
ies of BFO/LMO material about its structure, mi-
crostructure, magnetic and dielectric properties are
very important, which are missing in the literature.
The main focus of our work is to investigate these
preliminary characteristics of BFO/LMO ceramics
over wide range of compositions.

In this study, we present an investigation of structure,
magnetic characteristics and impedance properties of a
solid solution comprising BFO and LMO, wherein the
composition was systematically varied. The solid solu-
tion combines the FM ordering of LMO and the AFM
ordering of BFO materials. We used a few techniques
to confirm the phase purity, magnetic properties and
impedance behaviour.
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II. Experimental

The traditional solid-state reaction method was em-
ployed to synthesize powders with following composi-
tion xLaMnO;—(1-x)BiFeO;, where x = 0.05, 0.10 and
0.20. The following high-purity raw materials were used
in stoichiometric proportions: La,O5, Bi,O,, Fe,0, and
Mn, O, (obtained from Sigma Aldrich, with a purity of
99.9%). The powders were mixed for 1h using a mor-
tar and pestle. Subsequently, the combined powder was
placed in a bottle with zirconia balls and propanol, and
subjected to 24 h of ball milling. The resulting dried
powder was then calcined at 1200 °C for 12 h in a high-
temperature furnace. Following the calcination process,
the calcined powder was mixed with 2 wt.% of PVA
binder. Pellets with a diameter of 10 mm and thickness
of 1 mm were formed from the prepared powder using
a hydraulic press with pressure 1000 t/square inch for
Smin. These pellets were then subjected to sintering
process at 1400 °C for 2 h. The effect of processing pa-
rameters done at preliminary stage of the experiments
has driven us to the selected temperature and time pe-
riod.

XRD data of the sintered samples were collected on
Rigaku Miniflex-II in the range of 20° to 80°, with a
step size of 0.02° and a speed of 2 °/min with the help
of 40kV and 40 mA supply. The microstructural anal-
ysis has been done using field mission scanning elec-
tron microscope (FESEM, Plus JEOL 7610F). Magnetic
hysteresis loops were obtained at room temperature us-
ing a vibrating sample magnetometer (VSM 100, Cryo-
genic). Furthermore, the impedance spectroscopy (Mi-
crotest 6632) was utilized to determine the real (Z’) and
imaginary (Z’”) components of impedance.

II1. Results and discussion

3.1. X-ray diffraction

Figure 1 displays XRD spectra of the xLaMnO,—
(1-x)BiFeO, samples, where x = 0.05, 0.10 and 0.20.
The crystalline character of the sintered ceramics is con-
firmed by the sharp and high-intensity peaks. It is well
known that there are structural similarities of LMO and
BFO compounds with close 26 values of the characteris-
tic XRD reflections. However, the data from all the sam-
ples were precisely correlated with reference card num-
ber 98-004-1043 from the EXPERT High Score Soft-
ware [18]. Theoretical and practical data were very well
matched, demonstrating the hexagonal R3¢ symmetry.
The fact that all of the peaks match the measured heights
shows that the formed solid solutions crystallized into
only one phase. Table 1 lists the many parameters that
were determined by the Pawley matching. Similar peaks
have been observed for all the samples which illustrate
the BFO single-phase nature. Moreover, the value of
lattice parameters increases which indicates increase in
volume. This expansion is due to the presence of larger
ions at A (La’* = 1.06A and Bi** = 1.03A) and B
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Figure 1. XRD spectra of xLaMnO;—(1-x)BiFeO; ceramics with different LMO content: a) 0.05, b) 0.10 and c) 0.20
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Figure 2. FESEM images of xLaMnO;—(1-x)BiFeO; ceramics with different LMO content: a) 0.05, b) 0.10 and c¢) 0.20

(Mn** = 0.065 A and Fe** = 0.064 A) position as com-
pared to base ions of BiFeOj.

3.2. Microstructure

FESEM micrographs (Fig. 2) clearly show that the
grain growth is reduced when the content of LMO in-
creases. This may be due to the doping (i.e. substituting
Bi** with La** and Fe** with Mn>") and the presence
of those larger ions at grain boundaries, which hinders
the growth of grains. The estimated values of the aver-
age grain size and experimental density of the sintered
specimens are given in Fig. 3 and Table 1, respectively.
It is obvious that xLaMnO,—(1-x)BiFeO; ceramics with
a larger grain size will also have a higher density. There-

fore, the addition of LMO slows down the sintering pro-
cess of BFO ceramics.

3.3. Magnetic property

The magnetization response to an applied magnetic
field at room temperature was examined and the results
are depicted in Fig. 4. The observed magnetization be-
haviour of the BFO sample is characteristic of G-type
antiferromagnetic (AFM) structures, where neighbour-
ing Fe** atoms exhibit anti-parallel spin orientations
[19]. A very small value of remnant magnetization of
0.037 emu/g was observed for the sample with x = 0.05.
It is obvious from Fig. 4 that the antiferromagnetic be-
haviour of the BFO [19] has changed into weak fer-

Table 1. Parameters obtained from Pawley fitting

Sample - LMO content a [10%] c [10\] cla \% [10\3] Experimental density [g/cm3]
x=0.05 5.565 13.857 2.490 429.14 5.85
x=0.10 5.568 13.861 2.489 429.72 5.80
x=0.20 5.570 13.872 2.490 430.37 5.67
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Figure 3. Grain size distribution of xLaMnO;—(1-x)BiFeO; ceramics with different LMO content: a) 0.05, b) 0.10 and c) 0.20
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Figure 4. Magnetization versus magnetic field profile for
xLaMnO;-(1-x)BiFeO,

romagnetic behaviour in the solid solution containing
5Smol% LMO, with a slight opening of the hysteresis
loop and discernible coercivity. The coercive field and
remnant magnetization increase with an increase in Mn
doping at the Fe position for the sample with x = 0.10.
This is probably caused by the contribution of ferro-
magnetic superposition from LMO which strengthen the
superexchange interaction between magnetic ion and
oxygen [20-22]. The magnetic dilution of Fe®" ions
into Fe>* jons could be an explanation for the decrease
in magnetization values caused by further doping [20—
22,24]. A magnetic field of 1.5 T does not cause the loop
to become saturated. The values of remnant magnetiza-
tion and maximum magnetization are listed in Table 2.

Table 2. Values of remnant magnetization M, and maximum
magnetization M, for samples with different LMO content

Sample M, M,
[emu/g] [emu/g]
x=0.05 0.037 0.157
x=0.10 0.206 0.533
x =0.20 0.047 0.274

3.4. Impedance spectroscopy

Figure 5 demonstrates how the real part of impedance
(Z") varies with respect to frequency throughout a wide
temperature range, i.e. from 50 to 250 °C. The graph
shows that Z’ exhibits a high magnitude in the lower
temperature range and a decreasing trend as frequency
rises. The negative temperature coefficient of resistance
is characteristic for this kind of behaviour [25,26].

The real part of impedance (Z’) decreases as tem-
perature and frequency rise, potentially pointing to an
increase in conductivity [27-30]. The reduction in the
barrier characteristics of the ceramics is shown by the
fact that Z’ converges in the high-frequency region in
all temperature ranges [27,31]. With an increase in dop-
ing concentration from x = 0.05 to 0.20, the value of
impedance decreases which in turn leads to an increase
in conductivity. This rise in conductivity is clearly due
to the increase in the availability of free charge carriers
which improves the flow oxygen vacancies created by
the mismatch in the ionic size of the parent and doping
ions at A and B sites.

Figure 6 shows how the imaginary portion of
impedance (Z’") behaves in relation to frequency at var-
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Figure 5. Z’ versus frequency of xLaMnO;—(1-x)BiFeO; ceramics with different LMO content: a) 0.05, b) 0.10 and c) 0.20

310



A.S. Lather et al. / Processing and Application of Ceramics 18 [3] (2024) 307-313

6 3
2.0x10 . 50°C b) | " S°C IO e
@ | 2 Jooec 4x10°4 (®) | 7 Tooec 5 (©)
a 4 150°C 4 150°C] R
1.5x10°4 v 200°C i v 200°C] 1K
o 250°C 3x10°4 o 250°C] 2104 /DS
1 ~
& 1.0x10 . c
= = 2x10° =
H N = ?
N 5.0x10° N N B
X 1x10°
0.04 ol 1 E=—————
10° 10° 10* 10° 10° 10 10° 10* 10° 10° 10° 10° 10° 10° 10°
Freqency (Hz) Freqency (Hz) Freqency (Hz)

Figure 6. Z" versus frequency of xLaMnO;—(1-x)BiFeO; ceramics with different LMO content: a) 0.05, b) 0.10 and c) 0.20

ious temperatures. The trend of Z” diminishing with
temperature and the frequency increase points to a loss
of resistive characteristics. The broadening of peaks
with rising temperature serves as evidence for the ex-
istence of temperature-dependent electrical relaxation
processes in the samples. The Z” curves merge in the
high frequency region, indicating that space charge po-
larization has vanished [26,32]. Additionally, the pres-
ence of twin relaxation peaks in Z” is caused by the
coexistence of immobile species at lower temperatures
and defect/vacancies at higher temperatures [26,32].
Figure 7 shows the Z” vs. Z’' profile (the Nyquist
plots) and frequency domain fitting results at differ-
ent temperatures ranging from 50 to 250 °C. The pres-
ence of a semicircle with its centre below the real axis
indicates the non-Debye behaviour, which can be ex-
plained by various parameters such as atomic defect dis-
tribution, grain orientation, grain boundaries and stress-
strain mechanisms [26]. Moreover, the material demon-
strates a negative temperature coefficient of resistance
(NTCR) behaviour, where the semicircle radius de-
creases as the temperature rises. Similar behaviour has
been found in many researches on BFO and LMO based
perovskites. The impedance curves, predominantly in-
fluenced by grain and grain boundary conduction, are
typically simulated using the Z-VIEW software with a
perfect analogue circuit [30,33]. The network consists
of several components [34,35], i.e. equivalent circuit in
the inset of Fig. 7a. The grain circuit is composed of
parallel resistance (R;) and capacitance (C;), while the
grain boundaries consist of parallel R, and C, pair. The

, Ry R,
= + (D
1+ (WiRIC1)? 1+ (wR,Cr)?
” (1)|R2C1 (1)2R2C2

"1+ @RIC? 1+ (02R:C,)

Here (w;RC1) and (w2R,C>) represent the frequency,
resistance and capacitance of the grain and grain bound-
aries, respectively. While the circular arc sections on
the Z axis are used to determine resistance, the follow-
ing formulas are used to compute capacitance from the
maxima of the respective semicircles:

1
C| = 3
IToR (3)
1
C, = 4
2=k 4

Values of fit parameters for grain (R;C;) and grain
boundary (R,C,) are given in Table 3. R, becomes
greater than R; with increasing temperature, implying
that the conducting component in the samples is pass-
ing through the grains. Moreover, the excessive linear
behaviour for the doped samples having higher doping
concentration indicates the lesser contribution of resis-
tance from the grain boundary. The net resistance com-
ponent is reduced due to the increased number of oxy-
gen vacancies caused by doping concentration.

In comparison with similar systems, we have found
that Dy doped BFO shows single relaxation mechanism

equation for an equivalent circuit is Z* = Z’ + iZ”,  through bulk grains only [36], and Ca”* doped BFO has
where: very poor impedance of ~1€2 [37]. In the similar temper-
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Figure 7. Z"" vs. Z’ profile (Nyquist plots) for ceramics with different LMO content: a) 0.05, b) 0.10 and c) 0.20
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Table 3. Values of fit parameters for grain (R;C) and grain boundary (R,C>)

Temperature x=0.05 x=0.10 x=0.20

[°C] Ry x10° C, Ryx10° C, R x10° C; Ryx10® C, R x10° C; R,x10° C,
[Q] [nF] [Q] [nF] [Q] [nF] [@] [nF] [Q] [nF] [Q] [nF]

50 2573 0.012 1.541 0292 0.129 0.019 0.005 0.057 0.005 0.060 0.000 48.8

100 1.085 0.013 1.801 0.120 0.108 0.021 0.007 0.050 0.005 0.069 0.001 21.9

150 0.343 0.013 2220 0.077 0.070 0.027 0.174 0.034 0.001 0.071 0.018 10.7

200 0.251 0.035 3.097 0.042 0.029 0.028 0.175 0.029 0.001 0.085 0.023 3.33

250 0.060 0.072 4.032 0.028 0.006 0.043 0239 0.042 0.001 0.101 0.100 1.9

ature range that we selected, the Ba’" and Gd** doped
BFO have similar trend of impedance values with bulk
behaviour only [38]. Moreover, our results show simi-
larity with LMO modified barium titanate in terms of
impedance values, but have single semicircle [39]. Fur-
thermore, the Sr substitution in LMO showed little ef-
fect on impedance spectra of the base sample in contrast
to our case [40].

IV. Conclusions

The solid-state reaction was employed to prepare
perovskite xLaMnO,;—(1-x)BiFeO; (x = 0.05, 0.10 and
0.20) powders. The sintered ceramics have single
hexagonal phase and grain growth is reduced when
the content of LMO increases. The anti-ferromagnetic
behaviour of BFO was slowly converted into a ferro-
magnetic one with the addition of LMO. The value
of remnant magnetization increases from 0.037 emu/g
for x = 0.05 to 0.206emu/g for x = 0.10. At various
temperatures and frequencies, conductivity values ex-
hibited an upward trend with more doping. All sam-
ples had the non-Debye relaxation behaviour, accord-
ing to impedance spectroscopy. The study established
the involvement of grain and grain boundary in con-
duction phenomenon. With rise in temperature in all the
samples, the grain boundary resistance increases which
makes conduction through grains possible.
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