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Abstract: In the present work, we have synthesized rare-earth ions (RE=Dy, Sm, La) modified Bis-
xRExTi2Fe0.7C0030125 (DBTFC, SBTFC, and LBTFC) multiferroic compounds by conventional solid-
state route. The analysis of x-ray diffraction by Rietveld refinement confirmed the formation of pol-
ycrystalline orthorhombic phase. The morphological features reveal non-uniform, randomly ori-
ented plate-like grain structure. The spectral features from Raman data suggests the formation of
Aurivillius phases whose modes match well with orthorhombic structure. Dielectric studies and
impedance measurements were carried out. Asymmetric complex impedance spectra suggest the
relaxation of charge carriers belonging to the non-Debye type and controlled by a thermally acti-
vated process. Temperature-dependent ac-conductivity data has shown a change of slope in the
vicinity of phase transition temperature of both magnetic and electrical coupling nature. Based on
the universal law, and its exponent nature, one can attribute that the conduction process is governed
by a small polaron hopping process and significant distortion of TiOs octahedra. The effect of rare
earth doping in the A-site and Fe?* and Co? ion concentration at the B-site has shown saturated
magnetic hysteresis loop loops indicating a competitive interaction of both ferroelectric and canted
antiferromagnetic spins. The magnetic order in the samples is attributed to double-exchange inter-
actions between adjacent Fe® - O - Fe¥, Co?”** - O - Co%*"?", and Co?"**- O - Fe* ions or DM interac-
tions among magnetic ions in the adjacent sub-lattices. As a result, enhanced magnetoelectric coef-
ficients of 42.4 mV/cm-Oe, 30.3 mV/cm-Oe, and 21.6 mV/cm-Oe for DBTFC, LBTFC, and SBTFC
respectively at lower magnetic fields, below 3 kOe. The strong coupling of the Aurivillius multifer-
roic compounds observed in this study is beneficial to future multiferroic one-to-many applications.

Keywords: Mmultiferroic; Aurivillius; Impedance spectra; Magnetoelectric; Dielectric studies,
Magnetic studies; Structural studies.

1. Introduction

Multiferroic compounds are a fascinating type of materials that have garnered re-
markable attention in the realm of materials science. Multiferroics exhibit two or more
orders of ferroelectric (FE), ferro-elastic, and magnetic (ferromagnetism (FM)/anti-ferro-
magnetism (AFM)) orders in the single phase. The present Aurivillius phase materials
have shown their potential usage in many novel applications, like memory storage de-
vices, sensors, transducers, and actuators. Multiferroics are promising materials, drawing
researchers, due to their potential applications that exploit the coupling between ferroe-
lectric and magnetic orders [1,2]. The most fascinating prospect of research on these ma-
terials is tuning the electric dipoles by applying magnetic fields under superimposed
small ac-magnetic fields [3-7]. The coupling between ferroelectric (FE) and ferromagnetic
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(FM) order makes it easier and faster to write or read a data bit in memory devices [2,8].
This could lead to the development of magnetoelectric materials owing to their speed
read/write operations. However, in reality, very few room-temperature ME compounds
have been reported, due to the mutual exclusion nature of FM and FE in single-phase
compounds. The ferroelectricity is attributed to empty d-orbitals, while partially or half-
filled d-orbitals show for magnetic nature [9]. In the path of searching for single-phase
multiferroic compounds, Aurivillius phase multiferroics are a class of bismuth layer struc-
tured compounds that have been extensively investigated for their flexibility and tunable
nature of ferroelectric and magnetic properties at the quantum state [10-17].

The general formula of Aurivillius phase compounds can be expressed as
(Bi202)*(Am1BmOsn+1)>, where m represents the number of perovskites (Am-1BmOsns1),
which are sandwiched between fluorite like (Bi202)?* layers. Here A is the cuboctahedra
site, which can be substituted by mono-, di-, or tri-valent elements and B is the octahedral
site (BOs), which can be substituted by di-, tri-, tetra-, or pentavalent elements[18]. The
Aurivillius phase compounds were found to be familiar for their ferroelectric/magnetoe-
lectric behaviour, high transition temperatures, and strong anisotropic nature of sponta-
neous polarization [19]. Rare earth-modified A-site Aurivillius phases were studied to ex-
plore the change in structural and ferroelectric properties [20]. These materials are well-
suitable for non-volatile memory devices due to their highly fatigue-free nature. Recently
many Aurivillius phase compounds have shown room temperature magnetoelectric out-
put when Fe/Co/Ni were substituted in the B-site of the chemical formula. However, the
nature and origin of the combined ferroelectric and magnetic nature and its coupling are
still under discussion. Therefore, a strategic way is required in choosing magnetic ions,
which triggers the enhanced magnetoelectric output in the materials. It is a known fact
that the multiferroic properties of materials can be altered by altering the concentration of
magnetic ions in the B-site of Aurivillius phases. From previous literature, iron-doped
Aurivillius phase compounds show a strong multiferroic behaviour at room temperature
[12, 21]. These multiferroic materials are also known expressed as Bim:1Fem3Ti3Osm:3
(BFTO-m). More interestingly, the key factors of the Aurivillius phase materials are: (i) the
origin of ferroelectricity is a combination of oxygen octahedral rotation and polar distor-
tion; (ii) different numbers of layers in perovskite plates show significant differences in
physical and structural properties.

In the last decade, much research has been focused on different layer compounds,
such as BisFeTisO1s, BisFe2Ti301s, BizFesTisOz, etc.,[22-28]. The reported study on the Au-
rivillius family embodies two main aspects: (i) the tailoring of ions on the A-sites and of
magnetic ionic incorporation on B-sites enhance the multiferroic performance, (ii) ceram-
ics, thin films, single crystals, and intergrowth controllable synthetic growth route tech-
niques were adopted to understand structure-property relationship[29-36].

The three-layer structure bismuth titanate (BisTi3O12 — BIT) has attracted researchers
due to its high transition temperature (above 600°C), low processing temperature com-
pared to higher layer structure compounds, and its anisotropic behaviour of ferroelectric-
ity[37-41]. However, these compounds possess high conductivity due to the volatile na-
ture of bismuth at higher temperatures. The volatile nature of bismuth creates bismuth
vacancies and is accompanied by oxygen vacancies. This intern results in leakage currents,
which demote the ferroelectric nature [42—45]. This kind of limitation can be controlled by
substituting rare earth (RE) ions in the A-site of BIT compounds [13, 46, 47]. A noteworthy
observation by Lu et al. is that Fe-doped BIT ceramics exhibit room-temperature weak
ferromagnetic behaviour [48]. Shigyo et al. reported that the La, Nd, and Sm doped BIT
samples show improved magnetic and ferroelectric properties by controlling oxygen va-
cancies [49]. According to Paul et al,, the compound, BisxSmxTisxCoxOmn2-s at x=0.07 has
shown the coefficient of magnetoelectric (ME) coupling is about a0 = 0.65mVem-[50]. In
recent studies, Zhonghui Yu et al. have reported that the ME coefficient of 31.58 mVcm-
10e™! for BisLaTisCoosFeorO1s ceramics [51]. Aurivillius phases having antiferromagnetic
order or weak magnetic order, restricts for their practical applications. And the
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substitution of magnetic ions for B-sites deteriorates the ferroelectric nature on account of ~ 100
defects [52-54]. These defects can be controlled by substituting RE ions for A- sites of Au- 101
rivillius phases. It should be remembered that the stoichiometry and synthesis conditions 102
play a vital role in optimizing the properties of the compounds. 103

In the present work, we have prepared RE (Dy, Sm, La) ion-doped BisTi2Feo7C003O012- 104
» (DBTFC, SBTFC, and LBTFC respectively) ceramics. Electrical, magnetic, and magneto- 105
electric measurements were made on the above said samples. The major endeavour of the 106
present work is to diminish the leakage current by introducing RE ions in the A-sites of 107
perovskites and enhancing the magnetoelectric coupling. The dispersion in ac-conductiv- 108
ity and relaxations on similar samples and relaxations in the low-frequency range above 109
200°C were explained in terms of Maxwell-Wagner relaxation and multiple relaxations 110
(non-Debye type). The presence of a small polaron conduction mechanism plays a vital 111
role. The dielectric relaxations observed near 200°C were attributed to the change hopping 112
of Ti** to Ti*/ Fe?* to Fe* ions. The substitution of low-concentration rare earth ions en- 113
hances the dielectric properties on the other hand it shows contradicting results. Apart 114
from the above pioneering aspects, understanding structural evolution is an interesting 115
task in Aurivillius phase compounds. Systematic studies on X-ray, Raman, and imped- 116
ance spectroscopic studies confirm the inherited magnetoelectric properties. Queerly, the 117
Dy-doped BisTi2Fe07C003012-s (DBTFC) sample has shown a higher ME coefficient of ~42.4 118
mV/cm-Oe at room temperature, at lower fields. Such systematic studies have hithertonot 119
been reported so far. 120

2. Materials and Methods 121

AAurivillius multiferroic ceramics, Dy, Sm, and La (ionic radii 1.027, 1.079, and 1.16 122
A® respectively) rare earth ion doped BisTi2Feo.7C0030125 compounds are synthesized by 123
conventional solid-state reaction method. Priory, Bi2Oz, Sm20z, Dy20s, La20s, TiOz, Fe2xOs, 124
and Co30s with more than 99.9% purity, are taken in stoichiometric ratio to synthesize 125
three-layered BisRETi2Fe0.7C0030125. The mixed powders are grounded in the planetary 126
ball mill for 24 hours and subsequently, the mixed powders are calcinated at 850°C for 4 127
hours. The calcined powder was again grounded for 6 hours by agate motor and pestle. 128
The calcined powder was investigated for phase analysis employing X-ray diffraction 129
measurements. The powder was made into circular pellets with a thickness of around 130
1mm and a diameter of 10mm by using a uni-axial hydraulic pressing machine. The green 131
pellets are sintered at 900°C for 4 hours to attain higher density. The RE (Dy, Sm, and La) 132
ion-doped BisTi2Feo7C0030120 compounds are named as DBTFC, SBTFC, and LBTFC re- 133
spectively. 134

Phase conformation of all the samples was done by Powder X-ray diffraction usinga 135
PAN analytic X'Pert diffractometer. The Rietveld refinement is also done for all samples 136
by using Full-Prof Suit software. The phase of all samples is well matched with standard 137
three-layered compounds of XRD data (ICSD#87077). To study surface morphology and 138
elemental analysis (Energy Dispersive X-ray spectroscopy (EDAX)) the samples are alysed 139
by using ZEISS- EVO185 SEM instrument. Image] software is used to calculate the average 140
grain size on the sintered pellets by employing histograms with Gaussian distribution. 141
Raman spectroscopic studies were also employed by using a Jobin Yvon spectrometer 142
with a 532nm excitation laser beam. The magnetization vs external magnetic field studies 143
were carried out using a vibrating sample magnetometer (VSM). Magnetoelectric studies 144
are measured using a micro-measurement Group Strain Indicator, Model 3800, and series 145
WK strain gauge. The samples are electrically and magnetically polled, before performing 146
ME measurements. The ferroelectric studies are measured under various driving voltages 147
using a P-E loop tracer. Before carrying out electrical measurements, the pellets are polled 148
under an electric field. Prior to the magnetoelectric measurements, the samples were 149
polled by subjecting the cylindrical pellets to electric and magnetic fields separately. Sam- 150
ples were polled by placing them in the silicon oil bath, heated up to 120°C, and cooled in 151



Crystals 2023, 13, x FOR PEER REVIEW 4 of 22

Intensity (arb. units)

Intensity (arb. units)

the presence of the field. Magnetic polling was done by placing the samples in magnetic
fields at 5 kOe at room temperature (RT).

3. Results and discussions

3.1 Powder X-ray diffraction and morphological studies

The powder X-ray diffraction patterns of DBTFC, SBTFC, and LBTFC compounds
were obtained in the range of 20° - 80° at room temperature. The diffraction peaks of the
compounds are in good agreement with the standard XRD pattern of BisTisOn
(ICSD#87077) with space group Fmmm as shown in Fig 1(a-c)[55,56]. The XRD data was
fitted into Rietveld refinement with Full-Prof software. The refinement analysis shows
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Figure 1(a-c) Rietveld refinement of XRD patterns of the BDTFC, BSTFC, and BLTFC ceramics LBTFC (d) tolerance

factor t vs Rsi/Rre

all compounds possess a single phase with an orthorhombic structure with a
BizFeosTiosO2-like impurity phase of space group 123. From the XRD studies, one can
conclude that the pyrochlore formation is mainly due to the substitution of heterovalent
elements (Ti*, Fe**, and Co?") in the B-site of the ABOs perovskites of the Aurivillius phase
compounds[55,57]. The reliability parameters (Rp, Rwp, and Rexp) and goodness of fitting
(x?) are within the specified range and well-matched between theoretical and experi-
mental diffraction patterns. The experimental and theoretical values of reliability (R)-fac-
tors reveal the quality of the phase formation of compounds and the observed error was
found to be less than 15% for higher present structured phases [58,59]. Here, the Pseudo-
Voigt function is adopted to refine the XRD patterns.

Table 1. Structural parameters of (a)DBTFC (b) SBTFC (c) LBTFC
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Sample name DBTEC LBTFC
Space group Fmmm 123 Fmmm 123 Fmmm 123
a=>5415 a=>5.401 a=>5.401
Lattice parameters (A?) b = 5.381 a=10.173 b=5400 2~ 10.175 b=5399 a= 10.220
c=32231 c=32.331 c=32.291
Volume(A?)? 939.348 1052.865  943.087 1053.57 941.709 1067.462
Volume fraction (%) 82.300 17.700 79.78 20.22 99.70 0.300
Space group Fmmm 123 Fmmm 123 Fmmm 123
Table 2. Structural parameters of (a)DBTFC (b) SBTFC (c) LBTFC
Sample name DBTFC SBTFC LBTFC
Orthorhombic Distortion (b/a) 0.993 0.9998 0.9996
Tetragonal strain (c/a) 5.9521 5.9861 5.9787
Orthorhombicity (2(a-b)/(a+b)*10?) 0.629 0.018 0.003

The tolerance factor (1) explains the perovskite nature of the samples. It is reported that
<1 indicates perovskite nature. From these values, one can understand the tilt of TiOs
octahedra, which is mainly responsible for dielectric relaxations in the layered perovskite
compounds. The tolerance factor for the present compounds was calculated by using the
following equation:

Ra+Ro

=77 (Rp+Ro) M

Where the terms Ra, Rs, and Ro represent the ionic radii of A-site, B-site, and Oxygen ions
respectively. The variation of tolerance factor with the ratio of Rp;/Rpgg is shown in Fig.1d.
The size of RE ionic radii is smaller than the Bi**(1.35A°) and follows Hume-Rothery con-
ditions and therefore one can says that RE ions can readily be substituted with Bi®* sites.
The changes observed in the tolerance factor are due to the changes observed in A-O and
B-O bond lengths, which would reflect in the octahedral tilt. More aspects_of this would
be seen in the Raman spectra, near 800cm of stretching of TiOs Raman modes. The lattice
parameters (a, b, ¢) and volumes are given in Table 1. The most intense peak is observed
around 30° and indexed as (1 1 7). The intensity of the peak associated with the (117) plane
of BisTisO12 is highest, indicating that the prepared ceramic composition conforms to the
three-layered structure (m = 3). The result is consistent with common reporting of the
strongest diffraction reflection, corresponding to (1, 1, 2m+1) reflection in the Aurivillius
phase 3-layered compound [56].

3.2 Morphological studies

The morphological images of the prepared ceramics are carried out by FESEM (Field
emission scanning electron microscope) as shown in Fig. 2(a-c). The randomly oriented
plate-like grains are observed in all ceramics. This kind of surface morphology is a char-
acteristic nature of Aurivillius phase ceramics [60]. It is also observed that all grains are
non-uniform and closely packed. The experimental densities of pellets are measured to be
roughly 98%. Based on the mentioned values, the samples were found to be denser. The
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histograms of grain sizes are drawn and well-fitted by the Gaussian distribution function 210
as shown in the inset of Fig. 2(a-c). The mean grain sizes of the pellets are observed to be 211
~0.492, 0.490, and 0.496 um for DBTFC, SBTFC, and LBTFC respectively. 212
Furthermore, grains associated with impurity phases are found in all samples and 213
circled in the SEM pictures. The presence of an additional magnetic phase in the refining 214
data is obvious. The same can be deduced from the presence of the magnetic (Fe/Co) im- 215
purity phase due to either heterovalent element substitution in B-sites of perovskites [61]. 216
EDAX (energy dispersion X-ray spectrum) studies are performed on all samples to calcu- 217
late the elemental composition, as shown in the inset Table in Fig. 3(a-c). Based on the 218
SEM photographs, one can speculate that the pyrochlore or secondary phase or mixture 219
of Fe?/Co? ratio. Similar results were more pronounced in the intergrowth Aurivillius 220
phase compounds [63]. It is also observed that grain size and uniformity are found to the 221
more LBTFC. Moreover, one cannot rule out the appearance of plate-like morphology 222
along with micro-pores indicating the low-density nature (>97%) of the sample. As a re- 223
sult, the element composition in all samples was found to be closer to the expected values, 224
and it can be concluded that Fe3* and Co?" ions were segregated into the grain boundary 225
region. 226
227

g , [ i
- EHT = 500 kV Signal A = InLens Date :27 Jul 2022
EHT= 7.00 kV. Signail A= InLens Date 23 dan 2023 9’ -
ZEISS — N e 1917 UoH
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Figure 2(a-c) FESEM photographs of (a)DBTFC (b) SBTFC (c) LBTFC; Inset of Figs. Histograms of the samples 229
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Figure 3(a-c) EDAX patterns of (a) DBTFC (b) SBTFC (c) LBTFC: Inset Figs: Elemental analysis of samples

3.3 Raman spectroscopic studies

Raman scattering spectra of prepared ceramics are shown in Fig. 4(a-c) in order to
investigate lattice vibrational modes, lattice distortion, and occupancy of doped ions at
the specified A- and B-sites. All observed modes of the prepared samples have shown
similar to characteristic modes of the orthorhombic structure of three-layered Aurivillius
compounds [57,62,63]. The overlapped peaks were de-convoluted by using Lorentzian

| . vy D, s o [ E;::nmemal , | . DBTFC
6
R o R R o os (a)
— 7
2 | & ~
)
£ \
S
'E %@ v@ SBTFC
8 (b)
= y \ 4 §
= AN
e
2 A LBTFC
c P (c)
> - o
SL\ %&’
100 2(')0 3(')0 4(')0 5(')0 6(')0 7(')0 8(')0 9(')0 1000

Raman Shift (cm™)

Figure 4(a-c) Raman spectra of (a)DBTFC (b) SBTFC (c) LBTFC

peak fittings, for better identification of peak positions. The Raman modes vi, v2, and vs
below 200 cm! were attributed to the A- site of ABOs perovskite blocks cation vibrations.
Slight changes observed for SBTFC, below 200cm-}, is associated with the vibration of Bi%*
ions of (Bi202)* layer slabs. Changes observed below 200 cm for SBTFC, are due to strains
caused in the layer-perovskite slabs. The phonon modes at high frequencies in the range
of 200 cm™ - 800 cm™ are attributed to the vibrational modes of BOs octahedra [64]. The
Raman modes vs, vs, and vs (around 225 cm?, 260 cm?, and 312 cm?) demonstrate the
torsional bending of BOs octahedra. The phonon modes vz, vs, and vis are ascribed to the
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stretching of the O-Ti/O-Fe/O-Co bond. The broad peaks namely v7, vs, and visused to 248
reveal the site occupancies of doped ions in the proposed sites. The broadening of the 249
peaks by merging vs, and v for the SBTFC sample is due to the inhomogeneous distribu- 250
tion in the compositions of the A- and B-sites of perovskite blocks. Finally, this in turn 251
leads to lattice distortion. From this one can say, that the RE and Co/Fe ions readily occu- 252
pies the A- and B- sites of perovskites [65]. The Raman modes v, vs, and ve were found to 253
be slightly different for different RE ion substitutions. The same phenomenon is observed 254
in the vibration modes above 200 cm! for SBTFC. This is once again attributed to the lattice 255
distortion caused by Fe and Co ion doping in Ti-sites of BOs octahedral. The phonon 256
modes vio, and vi1, around 730 cm™ in all samples are attributed to the FeOs and CoOs 257
octahedral. Based on this, one can say that the Fe and Co ions are partially occupied by 258
the Ti-sites of the perovskite blocks. 259

3.4 Dielectric studies 260

The dielectric measurements of all compounds are carried out on the three samples at 261
different frequencies and shown in Fig. 5(a-c) respectively. The variation of dielectric loss 262
(tand) with the temperature in the range of RT to 500°C at 10 kHz, 20 kHz, 30 kHz, 50 kHz, 263
and 100kHz frequencies are shown inset of Fig. 5(a-c). The dielectric constant increases 264
with increasing temperature. A notable dielectric dispersion observed with frequency at 265

high temperatures is due to the presence of thermally activated polarization of charge 266
260 1400
—_
@ 0]z |DBTFC (a) 0 (b)
- 10 —~ P
s 220-‘%8 © 12000 , SBTFC
b 3 b= =
2 205 & 100098 ¢
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267
Figure 5(a-c) Variation of dielectric constant with temperature (°C) of (a)DBTFC (b) SBTFC (c) LBTFC; Inset 268
Figs. Dielectric loss vs temperature. 269
270

species such as space charges, charge defects, and oxygen vacancies. A slow increase of 271
dielectric nature especially in the DBTFC sample indicates the presence of oxygen vacan- 272
cies, as pointed out by many researchers. Almost temperature independent of dielectric 273
constant up to 250°C is attributed to hopping conduction mechanism in between the 274
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neighbouring sites of Ti** and Ti* or Fe?* and Fe®". Here forming dipoles with doubly ox- 275
ygen vacancies (V") is less probable compared to single ionized oxygen vacancies 276
(V). The doubly ionized oxygen vacancies (V“o) and electrons together create defective or 277
complex dipoles, such as Fe¥ — V"o, Co*- V"o, and Ti*~ V"o. The doubly ionized oxygen 278
vacancies predominate in the conduction process over the singly ionized oxygen vacan- 279
cies [66]. Generally, the transition temperature of ceramics depends on complex or defec- 280
tive ions. Since the measurements were carried out in the range of RT to 500°C, the transi- 281
tion temperatures (Tc) of all samples cannot be observed. It is observed that Fe/Co-doped 282
BisTisO12 compounds show transition temperatures was found to be more than 600°C 283
[67-70]. In the present analysis, SBTFC, compounds show a higher dielectric constant than 284
DBTEFC, and LBTFC this may be due to an increase in the interfacial or space charge po- 285
larization. This increase in the interfacial polarization is observed in the FESEM images. 286
This reveals a decrease in grain size in SBTFC. The decrement in grain size leads to an 287
increase in the interfacial charges due to an increment in the volume fraction of grain 288
boundaries. The same phenomenon is also applicable to the DBTFC and LBTFC samples. 289
A similar conclusion can be inferred from the variation of dielectric loss as a function of 290

temperature, as shown in the inset of Fig. 5(a-c). 291
3.5 Electrical studies 292
293

The AC-conductivity analysis has been performed for a better understanding of the 294
transport mechanism in the samples. Fig. 6(a-c) depicts the AC-conductivity (oa) as a 295
function of frequency plots (f) at various temperatures. The AC-conductivity data was 296
obtained by considering the following expression 297

o= ] 9

Where 0ac is AC-conductivity, Z" and Z"’ are real and imaginary values of impedance. The = 298
terms d, and S denote the thickness and area of the sample respectively. The ac conduc- 299
tivity data is found to obey the following Jonscher’s power 300

Oac = Ogc + A(T)wn 3)

Where 0ac is ac conductivity, odc is DC-conductivity, A(T) is temperature dependent coef- 301
ficient, and the exponent n represents slope. The term A(T)w™ characterizes the disper- 302
sion phenomena observed in the samples. The exponent n is a dimensionless quantity that 303
generally lies between 0 and 1. This quantity depicts the degree of interaction between 304
mobile ions and the surrounding lattice. Attempts were made to fit the ac conductivity = 305
data with equation (2), but no data was found to fit successfully throughout the frequency 306
region. From the ac conductivity plots, we can observe two regions namely high-fre- 307
quency and intermediate-frequency regions as shown in Fig. 6(a-c). The ac conductivity 308
in the low frequency (region-I) is merely independent of frequency. To account for better 309
fitting, the experimental data have been fitted with the following relation 310

Oge = 040 + A(T)w™ + B(T)w™ 4)
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Where ni(0 <1 < 1) and n2 (1< n2 < 2) are frequency exponents, which give slopes of cor- 311
responding regions. The exponent ni1 depicts the intermediate-frequency dispersion at- 312
tributing to the ion hopping mechanism. The exponent n: describes high-frequency dis- 313
persion, attributing to the localized relaxation process [71, 72]. The experimental data is 314
in good agreement with fitting data using equation (4) as shown in Fig. 6(a-c). The ac- 315
conductivity of all samples is more or less strongly independent of frequency above 400°C. 316
The ac-conductivity <10*Hzis independent of frequency (w) at all temperatures and pro- 317
vides DC-conductivity. At a temperature below 400°C, the ac-conductivity becomes 318
strongly dependent on frequency for all samples. Strong coalitions or merging into a sin- 319
gle curve at higher frequencies for all samples indicates the migration of oxygen vacan- 320

cies. The exponent values ni and nz were plotted against temperature Fig. 6(d). 321
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Figure 6(a-c) Variation of AC-conductivity with frequency of (a)DBTFC (b) SBTFC (c) LBTFC; (d) exponent values (n1, 323
nz) vs temperature 324
325

The frequency-independent conductivity at lower frequencies for all samples can be 326
illustrated by using the ion-jump relaxation model [73,74]. The defective ions that are ox- 327
ygen vacancies, hop between their neighbourhood vacant sites of Ti* and Ti#*". This hoping 328
of ions may take a long time and results in a long-range transitional motion of ions. This 329
process is known as the DC-conductivity of the samples. The correlated barrier hopping 330
model can generally explain the frequency-dependent conductivity. From the fitting data, 331
the frequency exponent ni1 decreases with increasing temperature as shown in Fig 6(d). A 332
cation in the lattice is hopping either a forward or backward vacant site. And thermally 333
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active oxygen vacancies yield to more dispersive nature at lower frequencies [75]. Fre- 334
quency exponent n illustrates the motion or localization of charge carriers in the samples. 335
In region-I (R1), where 0 <1 <1, the charge carriers can have translation motion and a 336
sudden hop takes place, whereas for 1 <n2 <2 illustrates a localized relaxation or hopping 337
mechanism in the vicinity of lattice sites. Here exponent ni values are less the 1, hence the 338
charge carriers have translational ion hopping within the ceramics [71, 76, 77]. On the 339
other side, the values of nz are greater than 1 at a higher frequency range, which illustrates 340
the existence of a localized relaxation process. From this analysis, one can speculate that 341
the conductivity is mainly due to short-range hopping or a kind of competitive interaction 342

via doubly ionized oxygen vacancies. 343
344
-2.7
—m—DBTFC
-3.01 —e— SBTFC
—A— LBTFC
3.3
E 36
..IQ:, -3.9 4
'g -4.2
b ]
-4.5 -
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1.30 1.35 1.40 145 150 1.55 1.60 1.65 1.70
1000/T (K1)
Figure 7 Variation of DC-conductivity with 1000/Temperature (°C) of (a) DBTFC (b) SBTFC (c) LBTFC. 345

346
The DC-conductivity of the samples is calculated from AC-conductivity plots by extrapo- 347
lating the frequency-independent term to 1Hz. Fig. 7 shows DC-conductivity as a function 348
of temperature. The increase in conductivity with increasing temperature indicates the 349
negative temperature coefficient of resistance behaviour. The variation of DC-conductiv- 350
ity with temperature can explain the overall conduction (bulk) of the samples. The activa- 351
tion energies were calculated by using the following Arrhenius relation 352

Oge = 0ge Fa/KT ®)

Where odcis DC-conductivity, Ea is activation energy, T is temperature and K is Boltzmann 353
constant. The variation of DC-conductivity plots reveals the conduction of a thermally 354
activated rotation of dipoles. From the plots, activation energies are observed to be 0.931, 355
0.828, and 0.807 eV for DBTFC, SBTFC, and LBTFC respectively. From the previous re- 356
ports, the activation energies of Aurivillius compounds are observed to lie in the order of 357
0.87eV-1.4eV. The present activation energy values are in good agreement with previous 358
reports [78]. Aurivillius phase compounds have the volatile nature of bismuth during high 359
sintering temperatures. To conserve charge neutrality, certain oxygen loss occurs, as per 360
the following Kroger-Vink notations: 361

Bi203 - 2Bi + 3/2 02 + Vg,  + 3V
Vo— V5 +e’

! n ’ (6)
Vo - 1 +e
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Where, Vg; is doubly ionized bismuth vacancy, €' is electron released V, and V,' are 362
singly and doubly ionized oxygen vacancies respectively. The overall conductivity canbe 363
attributed to oxygen vacancies and ion valance fluctuations. The ion valance fluctuations 364
in the present samples can be explained as follows: 365

Fe3+ +e' o FeZ+
Co + ¢ e Co @)

Ti*"+ e o Ti*"

From the above equations, Fe?* and Ti* sites form dipoles with vacant defect (oxygen va- 366
cancy). These dipoles try to orient themselves by means of electron electron-hopping 367
mechanism. The charge carriers get trapped near localized sites and may form large po- 368
laron. The same phenomenon can apply to the Fe?* ions, where the conduction mechanism 369
is attributed to small polaron. 370
A more aspect of the above defect mechanism can be corroborated by the complex 371
impedance (Cole-Cole) plots, as shown in Fig. 8 (a-c). The first big and second small semi- 372
circles represent the grain (g) and grain boundary (gb) contribution of the samples. large 373
grain resistance (Rg) indicates that the defect such as oxygen vacancies and complex di- 374
poles at grain interfaces, this interim affects the single domain or ferroelectric nature of 375
the samples, more or less grain and grain boundary contributions were observed in the 376
case of Biz»sLaozsTisOwn (BLT) compound [46]. All fitting parameters were depicted in Ta- 377
ble 3(a-c). Inset Fig. 8(a-c) exhibits the room temperature hysteresis (Polarization vs Elec- 378
tric field) loops of the DBTFC, SBTFC, and LBTFC samples under the applied strengths of 379
500V/cm, 750V/cm, and 1000V/cm with a constant frequency of 50 Hz. The unsaturated 380
loops reveal very high coercive and saturation fields. Generally, the Aurivillius phase 381
compounds show low remanent polarization and high coercive and saturation fields. In 382
addition, the polarization of Aurivillius phase compounds is complex and depends on 383
factors such as crystal symmetry, strain effects, phase transitions, and the competency of 384
dopants. The substitution of RE ions in the sites of Bi%* of perovskites of Aurivillius phase 385
compounds causes lattice distortion in the BOs octahedron, which affects the electric di- 386
pole moments [57]. The asymmetric and unsaturated PE loops illustrate the leaky nature 387
or account of the presence of a greater number of oxygen vacancies or defective charge 388
carriers. It is a known fact that ferroelectric (hysteresis) nature is considered as a collective 389
nature rather than a single ionic migration. Since the overall conductivity is ascribed to 390
the migration of oxygen vacancies or complex defect dipoles at lower temperatures, there- 391
fore one cannot get saturated hysteresis loops. This result is an enhancement of the mag- 392
netic nature of the samples. From this Bis2sLao7sTisO1z impedance data observation, it is 393
evident that complex-defect 394
395
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Figure 8(a-c) Complex impedance (Cole-Cole) plots of (a)DBTFC (b) SBTFC (c) LBTFC; Inset Figs. Dielectric loss vs

temperature: Inset of Figs P vs E loops.

Table 3(a). Complex impedance fitting parameters DBTFC sample

No. Temperature R1(Q) R2(Q) CPE-1 n Rs(QQ) CPE-2 n
1 400 200 92000 5.200E-10 0.885 7000 3.40E-4 1
2 425 240 84000 7.500E-10 0.87 6500 4.20E-4 1
3 450 320 36000 6.200E-10 0.875 3600 4.60E-4 1
4 475 340 17200 4.9E-10 0.88 2200 4.65E-4 1
5 500 360 9500 7.80E-10 0.86 1050 5.20E-4 1

Table 3(b). Complex impedance fitting parameters SBTFC sample

No. Temperature R1(2) R2(Q2) CPE-1 n Rs3(Q) CPE-2 n
1 400 100 51000 6.100E-10 0.877 4800 9.9E-4 1
2 425 180 26000 5.700E-10 0.882 3000 9.1E-4 1
3 450 250 18400 5.500E-10 0.885 1300 8.2E-4 1
4 475 350 10100 4.400E-10 0.895 950 7.9E-4 1
5 500 380 6041 5.300E-10 0.90 480 7.8E-4 1

396
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398
399
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402
403
404
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Table 3(c). Complex impedance fitting parameters LBTFC sample

No.

1
2
3
4
5

Temperature
400

425
450
475
500

Ri1(Q) R:(Q) CPE-1 n Rs(Q2) CPE-2 n
150 59800 9.900E-10 0.862 6000 5.0E-4 1
280 33284 6.400E-10 0.880 5000 4.1E-4 1
300 21200 6.200E-10 0.89 3600 4.5E-4 1
320 12400 6.1E-10 0.886 1600 4.7E-4 1
350 7100 9.50E-10 0.86 800 5.2E-4 1

dipoles which were accumulated at the grain interfaces get relaxed easily during the con-
duction mechanism, therefore similar compound SmozsBis2sTi29625V0.03012 (SBVT), rare-
earth doped Aurivillius multiferroics had shown well-saturated P-E loops [59, 79]. It
suggests that when Ti* ions were replaced by Fe* or Co%. These defective charge com-
plexes were trapped by the oxygen vacancies and hence, higher electric fields are required
to activate these trapped charges to get saturated P-E hysteresis loops. Within the applied
electric fields, all samples show a less loss nature

3.6 Magnetic studies

The Fig. 9(a-c) shows the variation of magnetization with the applied magnetic field
(M-H loops) for all DBTFC, SBTFC, and LBTFC samples obtained at room temperature.
Small hysteresis loops with less hysteresis area indicate canted antiferromagnetic (AFM)
nature. This nature correlates to the tilt-canted magnetic dipole moments. It should be
noted that pure antiferromagnetic samples do not exhibit any hysteresis loop and the
canted nature of two sub-lattices yields to small hysteresis loop area. These materials con-
sist of spontaneous magnetized domains. These materials possess low retentively and co-
ercivity values even at high magnetic fields. The introduction of magnetic ions Ni/Fe/Co
in the B-site of Aurivillius phases gives raises the spontaneous magnetization [80]. The
magnetization in the Co/Fe doped Aurivillius phase compounds main contributions viz
(i) exchange interactions between the neighbouring ions like Fe3~ O — Co? or Fe*- O —
Co* in iron-rich regions. (ii) tilt-canted spins or antisymmetric DM (Dzyaloshinskii-
Moriya) interactions. In three layered single-phase Aurivillius compounds with ortho-
rhombic Fmmm structure, exhibit AFM or weak ferromagnetism, which is emerged from
the localized magnetic (Fe/Co) rich regions. This suggests the super-exchange interaction
between neighbouring Fe and Co ions via oxygen vacancies [81,82]. This can also be due
to the long-range magnetic order in the ceramics. Another possible explanation is on ac-
count of magnetization the structural distortion of the perovskite slabs. The structure evo-
lution and Fe/Co — O — Co/Fe bond angles in ABOs perovskites in the layered compounds
also affect the magnetization of the ceramics.

M =M [1- 22|+ xpHg ®)

The represent % represents the inhomogeneity of magnetic nature, and ypH is the

forced field induced magnetization, and % parameters explain magneto-anisotropic na-
ture. By considering the importance of the above LAS, equation 8 is fitted in the low mag-
netic field regions and shown in the inset of Fig. 9(a-c). By using equation 8, the output of
fitting curves (R?) was found to be ~0.99 and thus the results of fitting were highly reliable.

In the present investigation, sample DBTFC shows an unsaturated hysteresis nature,
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Figure 9(a-c) Com Variation of Magnetization vs Applied Magnetic of (a)DBTFC (b) SBTFC (c) LBTFC; Inset Figs. (left)
derivation of magnetization (dM/dH) vs applied magnetic field; Inset Figs (Right) Law of approach to saturation fittings
M vs. H curves of DTFCS, SBTFC, and LBTFC samples.

indicating the combination of both FM and AFM [83]. The formation of Bi — O — Dy bonds
enhances the magnetization, thereby the Dy?* and Fe?*/Co% ions contribute to the magnet-
ization. The Sm3 doped REBTFC sample shows a higher value of magnetization. The re-
sults are consistent with our previous work [57]. The SBTFC sample exhibits remanent
magnetization (2Mr) of about 550 memu/g at room temperature, which is bigger than the
earlier reported value[84,85]. The inset of Fig. 9(a-c) (left) illustrates the plots of the deri-
vation of magnetization (dM/dH) as a function of the applied magnetic field. It can be
noticed that a single sharp peak is observed in all curves. This can be attributed to the
behaviour of soft kind magnetism and uniform magnetic grain nature. A single sharp
peak is observed in the left side inset of Fig. 9(a-c). From this one can anticipate that all
prepared samples are of a soft kind of magnetic nature

3.7 Magnetoelectric studies

The variation of the magnetoelectric (ME) coefficient with the applied magnetic field
of prepared samples is shown in Fig.10. The values of the magnetoelectric coefficient have
been found 42.4 mV/cm-Oe, 30.3 mV/cm-Oe, and 21.6 mV/cm-Oe for DBTFC, LBTFC, and
SBTFC respectively.

It is observed from the previous reports that the BisTisFeo7Co00301s (BFTO) sample has
shown an ME coefficient of 16.45 mV cm'Oe"[64, 86]. The obtained ME values of the pre-
pared samples are found to be higher compared to the other Aurivillius compounds. Fur-
thermore, the high ME coefficient is obtained at lower magnetic fields (3kOe) as shown in
Fig. 10. The ME coupling mainly arises from two aspects, namely, (i) spin-exchange or
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spin-orbit interactions, driven by inverse DM interaction, and (ii) spin-lattice interaction. 471
The contribution of spin-orbit or spin-exchange interaction via inverse DM interactions is 472
comparatively smaller than the spin-lattice interactions [87]. In particular, the magnetic 473
ions in BOs octahedral sites are slightly shifted from their regular sites under the applica- 474
tion of a magnetic field. This induces a strain in the lattice structure and develops the 475
voltage via ferroelectric accumulated changes. However further studies are needed to es- 476
tablish the plausible reason for getting a high ME coefficient. As it is reported that, the 477
impurity phases of Co/Fe compositions influence the ME nature in Aurivillius compounds 478
[57]. The presence of circled regions of SEM micrograph dots (nanoregions), represent 479
Co/Fe-rich magnetic phase. Based on these observations, such Co/Fe-rich phases could 480
contribute partly to the enhanced ME properties of the prepared samples. 481

482
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Figurel0. Magnetoelectric coefficient vs applied magnetic field plots of (a) DBTFC (b) SBTFC (c) LBTFC samples. 484
485

In particular, when an external magnetic field is applied, the magneticions are slightly 486
displaced from their normal octahedral position, which induces a voltage in the lattice, 487
resulting in ferroelectric and ferro-elastic changes, and finally producing an output volt- 488
age. The parameters orthorhombic distortion, tetragonal stain, and Orthorhombicity play 489
a significant role in ME properties [88]. In our study, the DBTFC sample as shown higher 490
ME coefficients. This is in good agreement with the lattice structure of the prepared sam- 491
ples Higher Orthorhombicity and lower orthorhombic distortion values are observed for 492
Dy doped sample (DBTFC), which are favourable to enhancing the ME coefficient under 493
magnetic fields. From this study, the RE (Dy, La, and Sm) element substitution in the A- 494
site of Aurivillius compounds induces lattice distortion, and it leads to accompanying 495
electric polarization under magnetic fields. It can be concluded that the RE-doped three— 496
layered Aurivillius phase compounds show strong ME coupling. These multiferroic ma- 497
terials are useful for understanding the ME phenomenon. 498

4. Conclusions 499

In summary, we have investigated the structural, morphological, electrical, mag- 500
neticc, and magnetoelectric properties of the RE (Dy, Sm, and La) doped 501
BisRETi2Feo7Co03012: Aurivillius multiferroic compounds. The XRD and Raman spectro- 502
scopic studies reveal that the prepared samples are formed in single phase and orthorhom- 503
bic structure with space group Fmmm. This reveals that the ions are properly substituted 504
into lattice cells. The plate-like, anisotropic randomly orientated grains are observed in 505
FESEM studies, which is a characteristic feature of Aurivillius phase ceramics. The 506
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References

substitution of RE enhances significantly the dielectric and ferroelectric properties with
improved dielectric constants in frequency range and reduced dielectric loss values are
found at lower frequency ranges. The improved remanent polarization is observed in all
samples at room temperature. This is attributed to the reduction in the oxygen vacancies
by doping RE in the Bi-sites of the samples. The ferroelectric and magnetic studies reveal
good multiferroic behaviour in the samples. The M-H loops of the samples suggest the
exchange interaction between adjacent ions or DM interactions among magnetic ions. The
strong ferroelectric-magnetic coupling accompanied by a high coefficient of magnetoelec-
tric coupling of 42.4 mV/cm-Oe, was exhibited by the DBTFC sample. This strong ME co-
efficient in a single phase may be applicable in multiferroic devices can be interpreted from
the perspective of previous studies and of the working hypotheses.
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