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ABSTRACT

An inter hexagonal species structural phase transformation from R3c to R3cH
was found while doping BFO with 20% concentration of (CaTiOj), which
manifests itself as distorted trigonal symmetry. The XPS analysis reveals dual
oxidation states (Fe’" & Fe®") of the Fe2ps,, state when deconvoluted. The
existence of dominating O,q4s is also confirmed, thereby giving a helping hand
toward hopping and double exchange mechanisms. The permittivity curves
followed both symmetric and asymmetric dispersion of relaxation mechanisms,
which is best fitted by the Havriliak-Negami functions. The decrement of
dielectric relaxation times with thermal energy validates the possibility of
temperature-mediated induced entropies and phase lags of dipolar moments.
The modulus dispersions curves were fitted following R. Bergman’s formalism,
which showed that the dielectric relaxations can be explained as a sum of some
Kohlrausch-Williams-Watt Sy stretched exponents. The extracted numerics
of fxww parameters proved the upper hand of dipolar interactions toward
polarizability. The possibility of wider grain wall formation is also validated by
it. The ferroelectric and magnetic studies revealed enhancement in the sup-
pression of ferroelectric leakages relative to the parent composite and improved
opening of M-H loops, reinforced by enhanced DM hamiltonian interactions
due to structural bending and elongation in the double exchange interaction
chain, together with the G-type antiferromagnetic phase of the host. The con-
ductivity data fitting was performed by incorporating Dyre’s RFEBM(Random
Free Energy Barrier Model) model, where conductivity was verified to be fol-
lowing the mechanisms of hopping jumps through an extended range of free
energy barriers.
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1 Introduction

BFO has been identified in its many forms and
manifestations, viz hexagonal, rhombohedral, or
pseudo-cubic phases, with the most commonly
known [111]rh direction polarization moments
arrangement capacity, although with low polariza-
tion retentivity and extended leakage transport [1, 2].
The limitation imposed by a higher leakage degree
not only suppresses electrical polarizability but also
reduces the magneto-electric coupling scopes [3]. The
low canted angle depression between Fe ions on
either side of < 111 > planes of pure BFO motif also
has some limitations toward magnetic moments
interaction capacity, which only backs anti-ferro-
magnetism and possibly some very feeble ferromag-
netism. The only possible way to elevate its response
is to dope or modify it with alkaline earth/rare earth
or other transition class elements or structures
bringing in improved ferroelectric, magnetic, and
magneto-electricity interactions by means of struc-
tural distortions, exchange paths, improved charge
balance and thereby suppressing leakage conductiv-
ity [4]. However, such modifications must be done at
the cost of the disorderliness of the lattice, and glass-
forming phases are thereby inevitable [5]. One such
possibility was tried with Co®>" doping at the mid-
octahedral location of BiFeO;, by Liang Bai et. al. [6]
as BiFe,Co,.,O3, evolved by incorporating the sol-gel
path, having x magnitudes considered in odd interval
step sizes as x = 0.01, 0.03, 0.05, 0.07, and 0.10. The
expectation behind such a trial was to obtain an
improved magnetic response in the ceramic. Mag-
netic measurements via VSM revealed that the M, of
BFC0p ;0 ~ 3.6 emu cm > with M; strength of
BFCo0g100 ~ 48.84 emu cm>. The results have seen
comparatively twice the R-T strengths of pure BFO
counterparts. Bi;_,Sm,FeO; nanoparticles, in the Sm,
concentration sweep of 0.05, 0.10, 0.15, and 0.20 were
systematically produced and analyzed. The mor-
photropic phase boundary (MPB) was observed to be
composed of a rhombohedral, orthorhombic interim
Pna2, phase, alongside an orthorhombic phase in the
x domain of 0.1 < x < 0.2 was confirmed by crystal-
lographic diffraction. Low-hysteresis loss featuring
wasp-waisted magnetic loops was recorded, useful
for multiferroic utilities [7]. The recent analysis
focused on the elastic and anelastic traits of a BiFeO3—
CaFeO, 5 family of BCFO, which usually possess
multiple instabilities, and were subjected to resonant
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ultrasound spectroscopy. Some degrees of strain-in-
duced expected ferroelectric-magnetic coupling were
expected and thus were observed too, with localized
strains significantly having a suppression effect on
spin modulation [8]. The Mn doping-induced struc-
tural transition and vacancy inductions were ana-
lyzed on sol-gel prepared BiFe;.Mn,O; (x as 0 to
0.05) thin films. A lifted bandgap of E; ~ 2.68 eV
was obtained in BCFMO film relative to BFO film,
where E; is ~ 2.58 eV [9]. A series of Pr-Cr co-doped
BFO NTs as BiyoPrg1Fey9Cro;05 were grown on
Anodic Aluminium Oxide (AAO) substrate having a
pore diameter ~ 250 nm via by wet chemical liquid
phase deposition approach. Significant breakdown of
spin modulation together with strong magneto-di-
electric behavior was noted in doped BFO NTs. The
improvement of permittivity magnitudes was
noticed, with respect to the increase in the applied
magnetic field. The co-doped BFO nano-tubes
exhibited notable increments in the MD magnitudes
at a lower field sweep (1-2 kOe) [10]. Sol-gel pro-
cessed pure phase transition element (Mn, Cr) doped
BiFeO3 nano-particles were obtained. The deter-
mined band gap values were obtained as 1.92, 1.66,
and 1.54 eV for pure, 5% Mn, and 5% Cr-doped
BiFeO3 nanoparticles, respectively. The permittivity
was observed to be increasing with transition ele-
mental doping. The alternating field transport
mechanisms were also found to be elevated [11].
Non-CS BFO, BiggsZrgsFeO3, and BigosDyyg osFeO3
thin films were spin-coated on Pt/TiO,/SiO,/Si
substrates and were analyzed for optical, and mag-
neto-electric behavior. The results showed improved
ferroelectric to magnetic response, where the Zr co-
substitution was selected to be the best choice out of
the other one [12]. Tg-DTA, structural transitional
studies were undertaken on Ho and Nd doped BFO
multiferroics, together with electrical and magnetic
improvements were seen to be dominating [13]. BF-
xCT nanoparticles were prepared via the sol-gel
pathway in the extended ingredient range of 0.1 <
x < 0.6. Higher CTO modifier range viz 0.3 < x < 0.6
resulted in orthorhombic (Pbnm) phase transforma-
tion for BFO, together with tapering of the optical
gap. Some degrees of latent magnetization release
were also seen in the remanence values of magneti-
zation [14]. The intervention of CaTiO; (CTO) on
permittivity and leakage transports of the polycrys-
talline BiFeO; (BFO) ceramics were thoroughly
looked into. (BFO)(_»—(CTO), disordered solution
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Scheme 1 Schematic
depicting experimental steps Precursor elements
mixing in desired
stoichiometric ratio

Final grinding to
powder and
stirring mixing
with PVA binder

Palletization
under hydraulic
stress

with x as 0.6, 0.7, and 0.8 were sintered through
direct mixing of the calcined powders. Improved
permittivity dispersions and low tangent dissipation
were novel findings [15]. As per earlier findings, the
sequential appearance of tertragonal symmetry in the
BFO lattice may also be attributed to the Jahn-Teller
symmetric/anti-symmetric elongating and buckling
distortions brought in the of Mn>* substituted (Fe)**
O¢ [16, 17]. Following the immense possibilities of
enhancing the physiological character and identities
of BFO by mere doping or modification of its struc-
ture, going through such previous reports always
keeps the door open for various other trials and here
in this work too we are carrying forward that trial
again.

2 Composite processing and analysis
tools

2.1 The distorted crystalline structure
synthesis pathway

The solid solution was formed as dry calcined pow-
der following the high thermal energy-assisted reac-
tion among 0.4 Bi,Os, 0.4 Fe,O3, 0.2 CaCO;3, 0.2 TiO,
precursors to finally form the glass former as 0.4
Bi,O3 + 0.4 Fe,O5 4+ 0.2 CaCOs; + 0.2
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Dry grinding for around
2 hrs, followed by
grinding under methanol
environment

Annealing the
grinded mixture
under repeated
firing process in a
muffle furnace set
to 1270° C

Repeated
grinding after
each step of
firing

Electroding and put for
characterization such as
*Dielectric
*CIS and CMS
*AC Transport
*XPS
etc

Sintering at
1320° C

TiO, = (BiFeO3)os-(CaTiO3)o,, alongside the evolu-
tion of 20% of CO,. Initially, well before the heat
treatment, the precursor compounds were dry and
wet ground for quite well time to achieve the ideal
grain sizes required for the fusion reaction purpose.
The composite was then put under the cycle of
recursive cycles of ignitions, in ideal step intervals of
thermal energy increment, till reaching the sample
forming temperature which in this case was around
1270 °C. After visual and crystallographic confirma-
tion of sample conglomeration, the lump was further
ground and mixed with binder solutions. Finally,
palletization of the formed solid solution was done
for further characterization. The entire aforemen-
tioned processes are enumerated in the form of an
experimental Scheme 1.

2.2 Various analysis tools employed
2.2.1 X-ray diffraction (XRD)

Instrument specifications: RIGAKU, ULTIMA 1V, 20
sweep of 20°-80°.

2.2.2  XR-photoelectron spectroscopy

Instrument Specifications: ESCALAB Xi + , resolu-
tion degree of < 3 um, capable of focusing x-rays on
spots of diameter varying from 900 pm to 200 pm.

@ Springer
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Fig. 1 The Rietveld fitted profile

2.2.3  Ultra violet-visible spectophotometry

Instrument Specifications: Shimadzu-2600 UV spec-
trophotometer, absorbance based spectrophotometer,
works in the 0.1 nm bandwidth, operates in the
spectral sweep of 200 nm — 800 nm, assembled with a
radiation scattering minimize- an integrating sphere
(ISV-922) of 60-mm dimension.

2.2.4 Dielectric, modulus, and conductivity analyzer

Instrument Specifications: Low precision PSM 1735,
N4L-LCR (UK origin), operated in the frequency
range 100 Hz to 1 kHz, temperature step size of 2 °C.

2.2.5 P-E loop tracer

Instrument Specifications: Precision Multiferroic II
Ferroelectric Tester (Radiant Technologies), unique
built-in frequency rating of 270 kHz at 4+ 100 V, can
capture 32,000 points at 2 MHz. Performed at R-T.

J] Mater Sci: Mater Electron (2023) 34:1617

2.2.6 M-H loop magnetometry

Instrument Specifications: Lake Shore 8600 Series
VSM, max fields to 3.1 T. Performed at R-T.

3 The investigation outcomes

3.1 The structural phase identification:
XRD refinement

The refinement task was executed following the
Rietveld approach on the experimental diffraction
peaks (Fig. 1). A 1528378.cif file was employed as the
reference XRD card for the refinement purpose,
which was obtained from the Crystallographic Open
Database. A transition from an orthodox R3c rhom-
bohedral phase for pure BFO [18] or R3c hexagonal
[19, 20] to a more unstable and distorted R3cH trig-
onal phase was achieved, belonging to the BFO
hexagonal species. Any peak shifting relative to BFO
characteristics peak [18-20] positions is either due to
half or interstitial replacements. The tolerance factor
evaluation by employing the expression

_ 3+ 24
t.f:{(l x) <Bi >2 +x<Ca™t > 4 <O >}
. -1
(\/E>fl{(1—x)<1—“e3+; +x<Titt > L <o >}

Here the notations <Bi*t >,<Ca*" >, <Fe*t >,
<O* > and <Ti*" > denotes the respective ionic
radii of the ingredient elements. The calculated
magnitude of the tolerance factor (t.f) was 0.80, which
gives an additional confirmation of perovskite phase
formation, particularly manifesting as trigonal dis-
tortion. The Scherrer equation revealed the particle
size as 71 nm belonging to the polycrystalline/glassy
phase. The lattice translational parameters values are

Table 1 The trigonal system

ionic positions Ionic Terminology X y V4
Bil 0.01893211 0.02579409 — 0.0044714096
Cal 0.01893211 0.02579409 — 0.0044714096
(0] 0.43915275 0.006637733 0.95679843
Til 0 0 0.22233409
Fel 0 0 0.22233409

@ Springer
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being a=b =5552212 A error: 3.9302537 x 107%,
c = 13.753269 A error:0.0011817557, V = 2080.6611
error:141.6731 A% The refinement reliability parame-
ters are sig = 2.643775, Rwp (%) = 11.497714, Rwpnb
(%, mno bkg)=29.153008, Rwpnbl = 14.007998,
Rwpnb2 = 8.523347, Rb (%) = 9.636416, Rexp
(%) = 4.348976. The ionic positions were also evalu-
ated and tabulated in Table 1. The secondary phase
volume fraction numeric was found to be 0.031 error:
0.018. The micro-structural strain magnitude was also
found from the result analysis as 0.0015658471
error:5.0360984 x 107°. The bond angle (Bi/Ca-O-Bi/
Ca, Fe/Ti-O-Ti/Fe) data tabulated in Table 2 among
the neighboring pairs were seen to be more depres-
sed, relative to BFO [21], confirming more distortions
in the motif. The bond length data provide another
support/backing to the statement of structural
deformations, as shown in Table 3. A comparative
findings on various other parameters alongside
structural is tabulated in Table 4 on CTO modified
BFO motifs.

3.2 The X-ray photoelectron spectra

The XPS analysis is a reliable technique to analyze in
detail the diversity of the elemental valencies and
atomic percentage concentrations in the formed
complex. It not only clarifies the presence of the
supposed ingredients of the glass former but also
validates the possibility of any possible exchange
interaction between short or long-range chains of
ferroelectric and ferromagnetic pathways. Such a
detailed analysis survey scan plot alongside the spin—
orbit interaction affected, degeneracy removed fine
spectral peaks for all the possible compositional
candidates are depicted in Fig panel 2a—g. The survey
scans [2(a)] in the entire possible B.E. sweep show
sharp elemental orbital peaks, with their present
atomic percentages. The finer S-O interaction fine
peaks belonging to Bi4f, Fe2p, and Ti2p (Fig. 2b—d)
are shown with their corresponding B.E. peak loca-
tion coordinates. The inspection for the existence of
some possible multiple transition element valency
states was performed via Gaussian deconvolution.
The Fe2p;,,(Fig. 2c, e) peak was found to be con-
taining two inner peaks corresponding to the tradi-
tional B.E. magnitudes as reported earlier on similar
composites [22, 23]. It was identified that the Fe**
state valency concentration is quite high. The Fe2p;,»
eigenstate Fe>" to Fe" percentage concentration ratio

@ Springer
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Table 3 Some common bond lengths

J] Mater Sci: Mater Electron (2023) 34:1617

Channel Atomic positions

Coordination + Coordinate Expressions

Bond length

. : : . (in A)
Bi/Ca or Fe/Ti o Bi/Ca or Fe/Ti o

Bi/Ca-  0.68560 0.35913 1.10582 0.33997 0,0,0) +x+2/3,y+ 13, (0,0,—1)+x+2/3,y+1/3, 243

(0] 0.32886 0.29013 z+ 1/3 z+ 1/3
Ti/Fe-  1.00000 0.00000 1.10582 0.33997 (1,0,0)+x,y, z ©,0— 1) +x+23,y+ 13, 192

(¢} 0.22233 0.29013 z+1/3
Table 4 Comparative data with other results of the CTO doped BFO
Composite Lattice Distortion Eg in M;(emu/gm), 2Pr

V) M;(emu/gm) (uCem™2)

(BiFe03)g 6(CaTiO3)g.4 [22] Orthorhombic[Pbnm (c, a, b)] 1.85 0.061, ~ 0425 ~ 0.1192
(1 — x)BiFeO; — xCaTiO; (BF- Rhombohedral (R3c) for 0.1 < x < 0.2 and 1.96-2.25 < 0.112, Not

xCT) [14] orthorhombic (Pbnm) for 0.3 < x < 0.6 Unsaturated reported
0.8BiFe0;-0.2CaTiO; (0.8BFO- Rhombohedral structure (space group R3c) 2.26 Not reported Not

0.2CTO) [64] reported
(Bi; _ yCay)(Fe; — ,Ti,)O3 [65] Rhombohedral R3¢ (x < 0.2) to orthorhombic Not ~ 0.18, ~ 0.56

Pbnm (x > 0.3) reported  Unsaturated

Present composite Trigonal (R3cH) 1.74 0.1675, 0.4903 ~ 0.464

is 55.64%:44.35%. Such findings confirm the existence
of back-and-forth polaron hopping paths among Fe**
and Fe’*. Such an assumption was further clarified
when the Ols state was deconvoluted. The Ols state
deconvolution (Fig. 2f) immediately clarified the
reason behind the dominance of the Fe?" state, since
the O,yqs peak area was seen to be larger. This
necessitates a short/long spread hopping path chain
and an exchange path existence. The required com-
posite neutrality is also ensured by it. The Ti2p;,,
deconvolution Fig. 2g though tells a different story
since it gives only single peak deconvolution
belonging to the majority of Ti*' states, unlike pre-
vious reports [22, 23]. Hence it can be confirmed that
titania substitution has little role to play in the
interaction mechanisms and it also ensures the cor-
rect octahedral substitution of Ti.

3.3 The optical band gap evaluation
through UV-visible

The optical transition energy gap was estimated from
the ambient conditional UV analysis. The absorbance
spectral plot (Fig. 3a) lies within a wavelength sweep
of 50-850 nm. The maxima of the absorbance peak
were identified at the 443 nm wavelength location,

@ Springer

which might be an indication of carrier transition
among the O2p state of VB and Fe3d of CB [24]. The
Tauc plot was extrapolated to find an approximate
estimation of the optical direct transitional gap,
which is the relation [ahv]i= Alhy — Eg]%. The
absorption coefficient is evaluated by employing the
relation « = 2.303A, where A stands for absorbance of
the sample. The plot is essentially among («hv) along
the y-axis and hv energy quantas along the x-axis,
which when extrapolated for « = 0 on the x-axis gives
us the optical band gap E;. The resulting value of the
optical band gap was observed to be 1.74 eV, from
the taut curve (Fig. 3b) which is less relative to pre-
viously reported findings [14]. Such narrowed-down
optical band gap is a direct consequence of the excess
oxygen vacancies, visible from XPS deconvolution
data. The presence of occupied 2p adsorbed oxygen
band in between the CB and VB lifts up the donor
level and donor defect levels gets close to the con-
duction band (Shallow donor). Also, Reduced oxygen
atoms or a lower coordination number (Z) are the
definitions of oxygen vacancy. The relationship
between band width, the hopping integral and
coordination number is straightforward. B = KTZ,
the band width. K is the proportionality constant and
T is the integral of hopping. Thus, oxygen vacancy
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Fig. 2 a-g The XPS Profiles
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Fig. 3 a The Absorbance Plot. b Tauc Plot

may cause the band width (B) to narrow. The struc-
tural distortion, which is also a deciding and influ-
encing factor toward optical gap lessening is playing
a role here, as confirmed by the structural distortion
verifying parameters such as volume fraction, bond
length, and bond angle data.

3.4 The Havriliak-Negami type
of dielectric dynamics

The thermal dependency dielectric dispersion and
relaxation times are quite often observed with dis-
ordered solids or glass-forming composites. Along-
side, mixed dispersion and relaxation non-debye
behavioral dynamics with such systems are quite
common with inter and intra-cluster short-range
atomic and polaron transport [25]. Hence unlike

@ Springer
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logw

Fig. 4 The Havriliak-Negami fitted permittivity profile

Debye or Cole-Cole formalism, a dual (symmetric
and asymmetric) dispersion mechanism-dependent
formalism was devised to explain such complex
permittivity response, which was again temperature
dependent. Such a mechanism is known as the
Havriliak-Negami (H-N) model [26, 27]

g (Bf)1 + (i) T + (e (static) — e (hf.)]
B 1+ (iwt,)™4°

&(w)

also expressed as the superposition of some stretched
exponential functions, known universally as Kohl-
rausch-Williams-Watts (KWW) functions [28-30].
Here ¢,(h.f.), e (static) are the high and low frequency
span permittivity, 7, being the relaxation time, 4 the
width of the H-N relaxation period spread, and ¢ the
measure of H-N asymmetry of relaxation time
spread. The fitting of the dielectric permittivity data
so obtained has been performed successfully follow-
ing the aforementioned relation, as depicted in Fig. 4
and the data of the extracted H-N parameters were
tabulated (Table 5) A quick inspection of the extrac-
ted dielectric parameter data reveals that the relax-
ation times (z,) times keep on exhibiting a
magnitude-reducing trend with temperature incre-
ments. Such an outcome is a direct indication of the
enhanced thermal orientation entropy of the permit-
tivity moments. Both symmetric as well as asym-
metric dispersion parameters (4,6) exhibit thermal
enhancement in their values, thereby further con-
firming the enhanced phase lag of the polarization
moments, induced by temperature increment. The
increased magnitude of the low-frequency static
moments relative to temperature directly signifies the



] Mater Sci: Mater Electron (2023) 34:1617

s B N
S O DO O
A~ O X 0N
S > A A © <
e T v
S S oS S B
HHHHHH
O v — N N A
I L UR R
0 AN WO
— o F 00w
S R =y

S S S S AV n
o o~ o O
— <t O — < ©
N SR A =]
AN O N o=
Qv =S o<
S oo o oo
H-HHHHAH
<+ <t 0 O —~ &
0 N F — O n

~< S Ao o — ®©
N O N Ao
- R T aq

— S NS oS oo

?

m
o < —
S w &8
S AT A~ O
Sagegs
"o so S
H <2 =< +H
[\O\OO'Hﬂ_
vHHH
aa) [Ra|
0 N S H oen
— 0 O © O <
AN N — N N —
S = — O n o
N B I
& NS oS oS~ wn
— I
===
N0 = — O XN
0 N n e 0 A
NI R e
LAS v
e
_H-H-H-H-H-H
<+ >~ S o0 —
N OO
| ® o o & o>

B S QN — v > N

] ey 0o

=TTl Qv © O O

= N v~ A N

& <+ © © © © n

a N
v o<
28R E

© — ~ 0 & X

5 O >SS T

S LS~ RN

Q S g en A

g 1O ¥ S A~

< v ecn N Vv O AN

*a AN — - N — A

; H-HHHHH

=) ~ — — O Y \©

= AN oo~ N o—

= NN ==

3= A~ QSA

o | ~] 1 = Ry XN

= e NS NN~

S| = O 0 N — 0 A

B SIRB8=298 S

< | @ — o 8 O O

L = —aNF Qo

o] () N on

(o]

=

H

w | P o

D o J

2

S E|8ocwmouno

< | © "o >SS AW

== N enoen < <

Page 9 of 17 1617

magnified field phase synchronized short-range
polaron hopping, defect concentration increment,
and transition ion valency fluctuations, which can be
directly perceived from the XPS data. The h.f. per-
mittivity parameters are fixed magnitude saturated,
at nearly the same magnitudes for all discrete selec-
ted temperatures. The tangent loss plot (Fig. 5) quite
expectedly displays comparative behavior, with
proof of strong magnitudes of freeze-out polariz-
abilities, particularly at low-range frequencies.
However, the magnitudes of low frequency loss
strengths are very low, even at considerably high
temperatures. The long-range polaron leakage con-
ductivity becomes an evident and dominant factor as
tangent loss saturates at high frequency spread.
Increasing slopes of tangent curves with discrete
temperatures suggest elevated oxygen vacancy tan-
gled hopping polarization chains between ferrite
multiple valency states.

3.5 Bergman dielectric modulus

A few earlier reports [31, 32] established a relative
connection between HN dispersion parameters and
the KWW stretched functional parameters. The
P(KWW) correlation and interaction term (the
stretching factor) is somewhat closely entangled with
the asymmetric and symmetric H-N dispersion
parameters, particularly in clustered dipolar glass-
formed ceramic oxide complexes [33]. Hence, R.
Bergman [34] devised a frequency domain theoretical
model to describe the dipolar quasi-ferroelectric
relaxor behavior, in terms of complex modulus
response, under the expression-

M (0) = My [(1 — Brww) + ( P

1+ 51<ww) i

ﬁkww
Dpeak (&)
proms () + (o)
[ KWW W wpeak

The experimental curves of M” vs logarithmic fre-
quencies (Fig. 6) were fitted by employing the
aforementioned expression. The best-converged fit of
the theoretical Bergman model with the data curves
deconvolutes the temperature variant numeric values
of the Bergman fitting parameters such as relaxation

frequency ®pea, M;;mk and of course the correlation

stretching Kohlrausch-WW f term. A traditional lin-
ear behavior of the f factor against increasing tem-
perature [35] can be observed in Table 6 and Fig. 7. Its
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magnitude was observed to be lying within its stan-
dard universal limit 0<fgpuw <1, for extensively
disordered glassy systems. This also implies that the
dipoles accumulated along grain walls are strongly
coupled [36], confirming non-debye relaxations. Such
interactions are a direct consequence of the wide
grain wall width and crowded dipolar densities.
Since Pxww magnitudes are increasing and tend
toward unity, it directly implies that the dipolar
interactions are slowly reducing with thermal energy
increments, although remaining a dominating factor.
This also explains why the relaxation times have a
declining trend with temperature in M" fitting
results. The enhancing trend of the M;mk values sig-
nifies temperature-mediated weakening of the
capacitance (since M;mkoc C7'[37]) of the solid com-

posite, the reason for which is the weakening of the
dipolar moment interaction. The activation energy
E, = 2.06eV was estimated from the slope of In 7y and
10°/T K~! plot (Fig. 8), making utilization of the
Arrhenius relation. The frequency relative M’ curves
(Fig. 9) ensures electrode effect suppression, hopping
effect stretched dispersion, and mobility, as the
curves possess some saturation tendency at maxi-
mum frequency limits [37-41].

3.6 Z’ and Z” arcs (The Nyquist plot)

The inspection of bulk, grain wall, and electrode
between grains and glass former to electrode inter-
face can be performed from the study of relaxation

1404 o o 300°C
o o 325°C
1204 e o 350°C
2% v 375°C
100d o % 400°C
7 © @ 425°C
Ea) % 0
804 @ © o 450°C
<
S god
40
20
0
L] L] L]
10 10° 10* 10° 10°
log @

Fig. 5 The Tangent delta dissipation
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arcs from Z' vs Z" plot, also known as the Nyquist
plot approach. Usually, for the type of solid complex
under investigation, the semicircular arcs obtained
from the Nyquist analysis are such that their center
lies off the real impedance, Z’ axis [42] because of the
porous and non-ideal tight-packing of the grains.
This, as a consequence, brings in some non-ideal
capacitive response along the interfaces and hence
the parallel C-R circuit inherently requires a complex
constant phase adjusting element (CPE) in parallel for
the adjustment requirement of the relaxation fre-
quency [43—48]. Various configurations of equivalent
Randle networks, involving Rpux, Coulk, Rgrainwarn
Cgrainwai, and Qcpg are being incorporated to theo-
retically best fit the arcs, considering the non-debye
type of relaxations at various temperatures as shown
in Fig. 10a, b. The overall complex impedance
response of the solid solution may be expressed as

Z(w) = Ryuix
1
+ P — T
( gmmwall) + Cgr‘ninwnll(i(u> + p(i(‘))n
The p term is the CPE element m, whose nature

depends on the exact value 7. Under the debye
relaxation category, CPE is an ideal capacitance ele-
ment for which the value of # being equal to unity.
Whereas, for CPE to be an ideal resistive component,
the value of n being equal to zero [49]. The fitting
performance was observed to be quite satisfactory,
with the delineation of single bulk effect arcs in the
relatively low-temperature range (300°-375°) C, after
which a small semicircle, like a kink, is observed,

O 300°c

8.0x10% O 32%¢
O 350°c

0
&
0‘ 400

O 425% @ i
6.0x10* < O 4s0°c 72&, ""@"’.' ]
=——R. Bergman model fitting "‘!‘/‘;'é‘?..
NOR
' (’é@i‘»
R r)f';)

s i ™ N
S 4.0x10% 1 P
¢,

hQ
2.0x10* 4
0.0 -

102 10° 10* 10° 10°
logw

Fig. 6 The M”curve fitting employing R.Bergman Model
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Table 6 The various modulus

fitting extracted parameters Temp °C  @peak Broww M ;Eﬂk
300 23,835.67779 £+ 511.37981 0.50914 =+ 0.007 5.73425E-4 £+ 5.17044E-6
325 56,045.98997 + 950.15434 0.54153 + 0.0068 6.00697E—4 £ 4.57269E-6
350 114,233.97878 4+ 1616.87608 0.5758 & 0.00703  6.25659E—4 4+ 4.21524E-6
375 137,689.412 4 4200.20046 0.6242 + 0.01914 6.31261E4 + 6.23353E-6
400 397,176.53673 + 3480.0718 0.63903 £ 0.00641 6.90593E4 + 2.76604E-6
425 613,984.76946 + 12,821.21099 0.68158 £+ 0.00867 6.98886E—4 + 2.47562E-6
450 1,086,374.00807 4+ 6780.68497 0.73114 £ 0.0048 7.72222E-4 + 1.14476E—-6
2.0x10°
0.75
o 1.8x10° =
1.6x107 =
0.70
1.4x10° =
1.2x10°%
0.65
5 o S 1.0x10° 4
Q. 4 o
0.60 8.0x10
6.0x10*
4.
0.554 4.0x10
2.0x10
0.50 - 007

280 300 320 340 360 380 400 420 440 460
T'C

Fig. 7 Linear traditional temperature variation of Sy exponent
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Fig. 8 The Inty vs 10T K.™!

possibly due to grain wall effects. Such small radii of
grain wall arc may be due to the reason that bulk and

Fig. 9 M’ vs log ®

grain wall resistive contributions are equivalent. The
reducing diameters of the arcs support the ntcr
response and  semiconducting characteristics
assumption. The intercept values for single semicir-
cles as Ry, were extracted and plotted as an
Arrhenius plot as depicted in Fig. 11. The activation
energy for bulk restive effects was then evaluated as
being equal to 2.18 eV.

3.7 The RFEBM (Random Free Energy
Model) for ac transport

A more realistic theoretical description of ac trans-
port mechanisms in disordered systems such as the
composite under investigation can be best described
and fitted by Jeppe C. Dyre’s RFEBM model [50],

-1
0ac(®) = 04:(0)wrt alrctan(cor){%ln2 (1+ «??) + (arctan wr)z}
which based on the assumption that the activation
energies for ac conductivity is quite less than the dc

conductivity activation energy, which is more ther-
mal energy dependent. The quadratic dependence of
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ac transport on frequency as well as the temperatures
implies that a wide sweep of activation energies is
associated, considering the disorderliness of the
solution. This empirical assumption is not that radi-
cal, considering some very early reported related
assumptions [51, 52]. Hence the idea of hopping of
quasi charges, as thermally activated jumps through
a distribution of free energy barriers, AF = AE — TAS
was assumed, where AE and AS corresponds to the
energy and entropy barriers respectively. The —ve S
barrier was supposed to be contributed from the
tunneling process, which under the circumstances is
proportional to the tunneling range. Considering all
such possibilities, both ionic and electronic con-
tributed transports are taken into the picture. Fig-
ure 12a, b are such plots against such log scale
frequency and log scale ac transport, which is quite
ideally fitted to the mentioned model. The R-T

4.0x10*
M - 0 . .
3.6x10 300" C modet: (€, Ry series<(Cy Ry )series(C, QR )
3.2x10" (325"-375°)c model: (Cy Ry Jseries(C ) Q Ry hseries(C, Q ng)
2.8x10°
2.4x10° 4| <& 300°C
) 325'C
S 2.0x10" o O 350°C
N 0
N 1.6x10° 4 s C
= Fitted Line| P TN
1.2x10* 4 @
8.0x10° <
4.0x10° - W
0.0 4
0 1x10°* 2x10* 3x10* 4x10*
Z'(Q)
(a)
2.5x10°
(400" - 450°)C modei: (€@ Ry series-(Cp,Q Ry )-series-(C Q ng)
2.0x10°
400" C
1 5x10° o 425°C
X O 450°C
a m— Fit Curve
N 1.0x10° 4
5.0x10°
0.0 4
0.0 5.0x10° 1.0x10° 1.5x10° 2.0x10° 2.5x10°
Z'(£2)

Fig. 10 a Nyquist plot in the temperature interval 300 °C-375 °C.
b Nyquist plot in the temperature interval 400 °C—450 °C
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conductivity curve as potrayed in Fig. 12a directly
proves the temperature dependence of dc transport
since at low temperature, the dc transport part is
almost negligible and ac conduction plays dominant
role with frequency. As thermal energy enhances, the
prominance of the low frequency domain a4.(0)
transport is visible, with barrier hopping becoming
prominent at higher frequencies.

3.8 Inspection of multiferroic phases
3.8.1 The ferroelectric phase (P-E Loop Trace) analysis

The first-hand confirmation of the presence of mul-
tiple ferroic orders in the same phase can be con-
firmed from the outcomes of the P-E hysteresis loop
trace. The experimentally obtained onset plot of the
ferroelectric response is recorded in Fig. 13. The
genesis of ferroelectricity in BFO is the contribution
coming from the lone pair 6s” orbital residing elec-
trons belonging to Bi®" ions. However, the width of
the P-E loop for pure BFO is very thin since the
contribution toward polarizability by pure BFO is
very weak as its transport capacity is quite large [53].
On the other hand, mixed BFOs are quite charge-
balanced and show a widening of loops with varying
doping concentrations. Unlike leaky transport and
high coercivity characteristic of similar doped BFO
oxides [54-56], the composite’s P-E loop shows low
leakage and low magnitudes of coercivity (E.

~ 0.836 kVem ™). Thus a stabilized energy storage
capable composite formation is being achieved. The

4
D ln Rhulk
Linear Fit
3
2
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= "
0
-1 T T T T

L] L] L] L]
1.35 1.40 1.45 1.50 1.55 1.60 1.65 1.70 1.75
10TK"

Fig. 11 The In Ry against 1000/T K.™'
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Fig. 12 a The RFEBM fit for room temperature conductivity.
b The RFEBM fitted ac transport plot for elevated temperatures

2P, magnitude is of ~ 0.464 p C cm 2 order which
may be because of the improved ferroelectric
response, originating from the suppression of the
volatile nature of Bi by Ca substitution [57]. Also, any
kind of structural distortions brought in by phase
transformations, as observed, may be held account-
able for enhanced ferroelectric strength [56].
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Fig. 13 The P-E trace at R-T

3.8.2  The weak ferromagnetism (M-H loop
at the ambient condition)

The magnetic interaction in pure BFO is dominantly
G- kind antiferromagnetic, due to modulated spin
alignments [58]. This manifests itself as spin state
interaction between exactly anti-parallel aligned
moments of adjacent Fe ions. However, the adjacent
magnetic moments of Fe ions are slightly less anti-
parallel, due to the spin state anti-symmetric
exchange mechanisms known as the DM
(Dzyaloshinskii-Moriya) interactions among S; and §j
magnetic spin states of adjacent Fe ions [59]. This
effect produces some canting of bond angles, hence
inducing some dominant degrees of the ferromag-
netic loop as depicted in Fig. 14. The presence of low
leakage ferroelectricity and thereby multiferroicity
ensures magnetoelectric coupling alignments in the
composite, which further backs the involvement of
Hpp = Dij{éi X é,} (DM) interactions, where symbols
carry their identified meanings [60-63]. Thus this
observation can point toward the existence of mag-
neto-electric coupling orders in the solid glass former
in an indirect way. It is needless to say that enhanced
degrees of DM interactions cannot be realized if there
are no resultant lattice distortions. The depressed
values of bond angles among various B-site transition
ion/A-site pairs, as shown in Table 2 is direct
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Fig. 14 The M-H loop at ambient condition

evidence of it. The structural distortions from rhom-
bohedral to more unstable trigonal phase have
resulted in octahedral tilting. These tiltings reinforce
the canting effect and consequently, DM interactions
are further assisted [59]. Additionally, the XPS
deconvolution of the Fe2p state shows the existence
of Fe** along with the dominant Fe’" state in a
comparatively equivalent percentage ratio. This
opens up a new possibility of another kind of mag-
netic interaction, known as the double exchange fer-
romagnetic mechanism; along Fe’" to Fe’* long/
short range chain, via V%, due to which widened
ferromagnetic loop is seen in the experimental loop.
Nevertheless, the loop still does not saturate well due
to the non-diminishing anti-ferromagnetic signature
still having considerable dominance.

4 Conclusion

At last, to put things together, we accumulate our
findings as inter-species structural transformations to
the R3cH group, which is more unstable than BFO
pure phases. This brings structural distortions with it
as a consequence of which many physical responses
are affected. The mixed symmetric and asymmetric
dielectric dispersions are followed in dielectric
polarizations, which are again thermally tunable.
Clustered dipolar glass-forming nature is verified by
the existence of stretched KWW exponentials, which
are linked with HN parameters inherently. Dipolar
interactions are the dominating factors toward
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polarizability, as revealed by the trend of f expo-
nents. The XPS analysis confirms the existence of
fluctuating transition ion valency states and adsorbed
oxygen defects, which are supposed to be the
exchange interaction chain forming ingredients. The
study of ferroelectric polarization and magnetization
of the formed composite reveals enhanced suppres-
sion of space charge leakage and improved opening
of M-H loops, reinforced by dual contributing factors
such as elevated DM interactions and extension of
double exchange chain length. Hence the existence of
multiferroic, together with the best possibility of the
existence of magneto-electric couplings are ensured.
The ac conductivity was found to be best following
the phenomenon of carrier tunneling through exten-
ded free energy barriers and best fitted following
Dyre’s formalism. All these findings are quite novel
with the compound under investigation, upon which
these kinds of analyses were hardly performed
before. The above-reported findings may open up a
whole new way of looking into the actual behavior of
modified BFO, and thereby broaden up its field of
applicability.
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