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Abstract: For this study, we synthesized Aurivillius BisTi;FeO;5 ceramic using the generic solid-state reaction route and then performed room-
temperature X-ray diffraction to confirm that the compound had a single phase with no impurities. The surface morphology of the prepared
sample was observed to contain microstructural grains approximately 0.2—2 pum in size. The dielectric properties of the sample were determ-
ined as a function of frequency in a range of approximately 100 Hz to 1 MHz at various temperatures (303 K < 7'< 773 K). Nyquist plots of the
impedance data were found to exhibit a semi-circular arc in the high-temperature region, which is explained by the equivalent electrical circuit
(RIC)(R,OC,), where R; and R, represent the resistances associated with the grains and grain boundaries, respectively, C; and C, are the re-
spective capacitances, and Q is the constant phase element (CPE), which accounts for non-Debye type of behavior. Our results indicate that
both the resistance and capacitance of the grain boundaries are more prominent than those of the grains. The alternating current (ac) conductiv-
ity data were analyzed based on the Jonscher universal power law, which indicated that the conduction process is dominated by the hopping
mechanism. The calculated activation energies of the relaxation and conduction processes were very similar (0.32 to 0.53 eV), from which we

conclude that the same type of charge carriers are involved in both processes.

Keywords: Nyquist plot; impedance spectroscopy; activation energy; ac conductivity; hopping

1. Introduction

The structure of the Aurivillius crystal was discovered by
Aurivillius [1] in 1949 by his observations of the ferroelectri-
city in BiWOg. The crystal structure of Bi, WOg consists of
ABO; pervoskite blocks interlinked with Bi,O, blocks. In
the recent years, the layered structure of the Aurivillius fam-
ily has attracted much attention because of its remarkable fer-
roelectric properties, low fatigue effects, and high Curie tem-
perature (7,) [2—4]. Various researchers have tailored its
properties by inserting additional perovskite layers and con-
trolling the concentration of magnetic/nonmagnetic ions at
the magnetic sites. Among them, the bismuth-based Aurivil-
lius compound Bi;Ti;FeO,s (BTFO) is the most important
due to its excellent ferroelectro-magnetic and highly flexible
chemical properties [5—6]. Aurivillius-structured compounds
have great potential for use in non-volatile random-access-
memory applications, high-temperature pizeo-electrics, and
photoluminescence [7—11]. The general expression for the
Aurivillus compound is (Bi,0,)**(A,_1B,,03,,1)*", where A
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represents one of its 12 coordinated cations, including Na, Bi,
K, Ca, Pb, Sr, Ba, and others; B represents the octahedral co-
ordinated cations, e.g., Ti, Cr, Ta, Nb, and others; and # is the
number of corners shared by the BOgy octahedral sheets. This
Aurivillius structure is composed of alternate stacks of fluor-
ite-like (Bi,0,)** and perovskite-like (Ay-1B,0301)* lay-
ers oriented along the crystallographic c-axis [12—14]. For
n =4, the BTFO sample consists of an alternating sequence
of (Bi;TisFeO;3)* and (Bi,0,)** layers along the [001] dir-
ection.

An orthorhombic BTFO sample is reported to have an
A2,am space group [15] with a ferroelectric transition tem-
perature ~1003 K and an antiferromagnetic transition tem-
perature (Néel temperature) of ~80 K [16—17]. The structur-
al, magnetic, and transport properties of BTFO are highly de-
pendent on the synthesis conditions. The electrical properties
of this compound are reported to show significant variations
with temperature, pressure, magnetic field, and frequency. To
the best of knowledge, based on our literature review, few re-
searchers have focused on the dielectric properties, relaxa-
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tion behavior, and conduction mechanisms of BTFO [18—20].
To better understand the microstructural behavior of its
grains and grain boundaries, studies of their electrical proper-
ties are essential. The relaxation behavior in the material can-
not be identified by dielectric measurement. Complex im-
pedance spectroscopy (CIS), modulus analysis, and conduct-
ivity studies are promising techniques for characterizing the
dielectric relaxation behavior. In addition, the alternating cur-
rent (ac) conductivity can provide clear insight regarding the
long-range hopping mechanism of the charge carriers [21—-23].

In this study, our preparation of the BisTi;FeO,s sample
was followed by the standard solid-state sintering process.
The materials were subjected to comprehensive microstruc-
ture, dielectric, impedance, and modulus analyses. To under-
stand the relaxation behavior, we fitted CIS, modulus, and
conductivity plots using the electrical equivalent circuit
(RIC)R,OC,), theoretical Bergman modified KWW
(Kohlraush—Williams—Watts) function, and Johnscher’s
single power law, respectively, where R, and R, represent the
resistances associated with the grains and grain boundaries,
respectively, C, and C, are the respective capacitances, and O
is the constant phase element (CPE), which accounts for non-
Debye type of behavior. The analysis of conductivity data
provides clear insight regarding the contribution of the direct
current conductivity, the polarizability, and the strength of
the interaction of mobile charge ions with neighboring lat-
tices.

2. Experimental

The synthesis of the BTFO ceramic was followed by the
conventional solid-state reaction process using high-purity
oxide materials (>99.9%), i.e., Bi,0;, Ti,0;, and Fe,O;
(provided by Sigma-Aldrich). These oxides were used as pre-
cursors, weighted in desired proportions, and mixed thor-
oughly using an agate mortar and pestle in a stoichiometric
ratio. This mixture was ground for 2 h, then pelletized and
calcined at an optimized temperature of 800°C for 8 h in a
Proportional-Integral-Derivative (PID) controlled program-
mable silicon-carbide tubular furnace. Then, the pre-treated
pellets were again ground, pelletized, and finally sintered at
850°C for 8 h with a ramping rate of 4°C/min. The crystal-
line structure and phase of the material were then confirmed
by X-ray diffraction (XRD) measurement at room temperat-
ure using a RIGAKU JAPAN and ULTIMA-IV diffracto-
meter at Cu K, radiation (4 = 0.15406 nm). The experiment-
al data were obtained at a broad diffraction angle of 20° <
26 < 60° with a step size of 0.02°/s and a scan rate of 3°/min.
The microstructure of the BTFO sample was determined us-
ing a scanning electron microscopy (SEM) image via a
JEOL/EO JSM-6480 LV system operating at an accelerating
voltage of 30 kV. All the electrical measurements were made
considering a parallel-plate capacitor configuration. The

Int. J. Miner. Metall. Mater., Vol. 28, No. 6, Jun. 2021

disk-shaped pellets of both sides were coated with silver
paste, and ohmic contact was made using electrical probes.
The frequency-dependent dielectric parameters, including the
capacitance, dissipation factor, impedance, and phase factor,
were characterized using a Wayne Kerr 6500B impedance
analyzer with a drive ac voltage amplitude of 1 V over wide
temperature (303 K < 7<773 K) and frequency (100 Hz <f'<
1 MHz) ranges.

3. Results and discussion
3.1. XRD

XRD characterization analysis was performed to ensure
the proper phase formation and to determine the crystal struc-
ture of the prepared sample. Fig. 1 shows the room-temperat-
ure XRD pattern of BisTi;FeO,s, which reveals the formation
of a single-phase material with no additional impurity phases.
All the Bragg peaks are consistent with the standard JCPDS
card no. (ICSD: 074037), which indicates an orthorhombic
phase with space group 42,am [24]. To extract concise in-
formation about the structural parameters, we performed a
Rietveld refinement of the experimental XRD data using
FULLPROF Suite software by considering various paramet-
ers such as the background, zero shift, scale factor, atomic
positions, thermal factors, lattice parameters, full width half
maxima (FWHM), shape parameters, and preferred orienta-
tion. The peak shape parameters and background points were
refined by considering the pseudo-Voigt function and per-
forming a linear interpolation between a set of background
points with refinable heights, respectively [25]. After a series
of refinement cycles, the goodness of fit (y?) value is con-
verged to 4.27. The lattice parameters obtained from the re-
finement are ¢ = 0.54435 nm, b = 0.54652 nm, and ¢ =

Intensity / a.u.

20 25 30 35 40 45 50 55 60
20/ (%)

Fig. 1. Rietveld refinement of X-ray diffraction of or-
thorhombic BTFO sample observed at room temperature. The
observed data points (¥,,) shown in black hollow circles are
well fitted with the calculated data points (Y,) represent in red
line, but differences occur between the observed and calculated
data (Y, — Yea), and Bragg reflections are represented by the
blue and green lines.
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4.13482 nm with cell volume ¥ = 1.23012 nm’. We estim- ates that the bulk BTFO consists of overlapping plate-like
ated the goodness of fit (GOF) using GOF = Ry,,/R.xp, Where grains that have no microscopic defects such as cracks or mi-
Ry, is the weighted pattern residual and R, is the expected cro cracks. The grains are not compactly packed, with the lar-
residual, which was determined to be good (2.1). In addition, ger grains are separated from the smaller grains by the grain
the highest intensity diffraction peak was found to corres- boundaries. The size of these nonhomogeneous plate-like
pond to a (119) orientation, which accords with the general grains varied from 0.2 to 2 um and were distributed over the
formula for an Aurivillius compound (1127 + 1) [26]. entire surface of the bulk material. Fig. 2(b) shows the en-

ergy dispersive X-ray (EDX) spectrum of the BTFO sample,
which confirm that within the limit of experimental error, all

We determined the microstructural behavior of the BTFO the elements, i.e., Bi, Ti, Fe, and O, are present in the appro-
from the SEM micrograph shown in Fig. 2(a), which indic- priate atomic percentages.

3.2. Morphological study by SEM

Intensity / a.u.

0 2 4 6 8 10 12 14 16 18 20
Energy / keV

Fig.2. (a) SEM micrograph and (b) EDX spectrum of BTFO sample.

3.3. Dielectric relaxation properties of polarization, i.e., electronic, ionic, and dipolar [27]. In the
low-frequency regime, high dielectric dispersion is observed,
which may be due to the extrinsic contribution. In Bi-based
Aurivillius compounds, fluctuation in the valence states of
different ions Fe*", Fe*, Ti*", and Ti*" is also reported, which
cause high dielectric dispersion. Fluctuation in the various
valence states occurs due to the presence of Bi lone-pair elec-
trons (6s) that diminish the oxygen percentage in the materi-
al. Fluctuations in the valence state cause electron hopping,
which increases with increasing temperature. The gradual de-

Figs. 3(a) and 3(b) show the variation in the dielectric per-
mittivity (&’) and loss spectra (tan ¢) as a function of fre-
quency over temperatures ranging from 303 to 773 K, re-
spectively. The values of &' and tan ¢ increase significantly
with decreases in the frequency and increases in the temper-
ature, and then stabilize with further increases in frequency.
This is due to the contribution of both extrinsic and intrinsic
polarizations. Extrinsic polarization arises because of the de-

fects, dislocation of charge carriers, space charge polariza- crease of &' with increases in frequency is mainly due to the
tion, and electrode interface (i.e. Maxwell Wagner effect), reduced dispersion of the space charges [28]. An increase in
whereas intrinsic polarization arises due to the different kinds the leakage current at low frequency and high temperature
1 results in high dielectric loss, which correlates with the res-

10} ults of our conductivity study.

% 2 3.4. Impedance spectroscopy
; 3 I To investigate the different relaxation mechanisms that

288 L occur in the ceramic sample, we performed impedance spec-

240 + troscopy to gain greater insight about the homogeneous and

< %28 i nonhomogeneous distributions of the grains and grain

§ 1%8 I o100 1000 boundaries in the material. Various relaxation behaviors arise

48 i o K because of the contributions of the grains, grain boundaries,

ol 1 10 100 1000 and electrode-interface phenomena. To gain a better under-

Frequency / kHz standing of the different relaxation mechanisms present in

Fig. 3. (a) Variation in dielectric dispersion (£’) and (b) loss BTFO, we performed a Cole-Cole analysis [29]. Fig. 4(a)
(tan §) with frequency at different temperatures from 303 to shows the complex impedance spectrum (Nyquist plot) of the
773 K. The inset images in (a) and (b) are the magnified view of impedance data, which plots the imaginary impedance (Z)

dielectric dispersion (¢') and loss (tan &) respectively. versus the real impedance (Z') at different fixed temperatures.
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To determine the correlation between the observed and ex-
perimental data, we fitted the experimental data (inset of Fig. 4)
using an equivalent electrical circuit (R,C))(R,QC,) and
ZSIMP WIN software (version 3.21). The mathematical rela-
tion of the CPE impedance is given as follows [2]:

1

[B(w)']
where B, j, w, and n (0 <n < 1) are the pre-exponential factor,
imaginary factor of value V-1, angular frequency, and em-
pirical exponent, respectively. For n = 1, the CPE is regarded
as an ideal capacitor, whereas n = 0 corresponds to the actual

(M

Zcpg =
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resistance [30]. As above, the fitted impedance parameters R,
and R, are the respective resistances of the grain and grain
boundaries at different temperatures, which are summarized
in Table 1. In the low-temperature regime (below 400 K), the
Cole—Cole plots resemble incomplete semi-circular arcs (303
and 363 K) for low 7’ values. For high 7’ values, we observe
nearly straight lines with steep slopes, which indicates the
strong insulating nature of the sample. With gradual in-
creases in temperature, the straight line bends towards the
real impedance (Z’) and forms a distorted semi-circular arc.
Further increases in the temperature causes the center of the

oL —a— 303K N -e- 423K
a— 363K o 483K )
—— Fitting a&';.,_.f—-—"" 0.3 - — Fitting
_6F e _ '
a 2 P a
& 3@ & 02} 0.04 p—
St = VA
D & 5 N o 0'02'//5" 483K
2+ 4 — Fitting ‘n,‘
z o % 0 004 008 0.12
ol &% G 2 7'/ (10° Q)
1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 0 0.2 0.4 0.6 0.8 1.0
7'/ (10° Q) 7'/ (10° Q)
0.0006
D008 73 Gk ~a- 73K
—a— 663 K - ;173“15
0.006 |- — Fitting_ 0.0004 |- ¢
a a
) )
=.0.004 |- =
N =w0.0002 L
0.002 |-
ok or
1 1 L L L L
0 0.01 0.02 0.03 0.0010  0.0015 0.0020  0.0025 0.0030
7'/ (10° Q) 7'/ (10° Q)
®) 16
B Ing,
B In Rgb eﬂ
L 5
14 — Linear fit >
%12 | N
$12
=
<'10 |
£
8+
6 -
1 1 1 1
1.0 1.5 2.0 2.5 3.0 35
(1000/T) / K~

Fig. 4.

(a) Cole—Cole or Nyquist plot of BTFO sample at fixed various temperatures, and fitted with an equivalent circuit (inset). (b)

Activation energies of both the grains and grain boundaries calculated from the plot of the linear fit (solid red line) of the logar-

ithmic R, and Ry, versus 1000/7.
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semi-circular arcs to shift to the complex impedance origin.
Eventually, the maxima and diameter of the respective semi-
circular arcs decrease, which indicates a pronounced in-
crease in the direct current (dc) conductivity in the samples
[31]. The results obtained from the fitted impedance data in-
dicate that the resistance of the grain boundaries (R,) is great-
er than that of the grains (R)), so the gross resistance in the
material is primarily due to the contribution of the grain
boundaries. Both resistances R, and R, are observed to de-
crease with increases in temperature, which indicates a neg-
ative temperature coefficient of resistance (NTCR), i.e.,
semiconducting behavior by the sample [32]. We calculated
the activation energies of R, and R, from the Arrhenius plot,
as shown in Fig. 4(b), which reveals that the activation en-
ergy of R, (= Ry,) (£, = 0.35 eV) is larger than that of R, (=
R) (E,=034¢eV).

Table 1. Resistances of grains (R;) and grain boundaries (R,)
at various temperatures, obtained by fitting the semi-circular
arcs of the impedance with the electrical equivalent circuit

T/K Ri/(10*Q) R,/ (10*Q) B CPE ,

303 143.6 4525 1.70x10°  0.57
363 31.37 474 .4 2.54x107°  0.64
423 7.009 107.7 4.02x10°  0.80
483 1.329 10.93 541x10° 080
543 1.137 1.609 293x10°  0.41
603 0.344 0.599 251x10" 043
663 0.169 0.303 8.00x10°  0.80
723 0.068 0.187 1.83x10* 047
773 0.095 0.481 1.56x107°  0.80

3.5. Modulus analysis

The electric modulus formalism distinguishes between
microscopic processes, which are associated with conduc-
tion mechanisms, and localized dielectric relaxations. As the
impedance is obtained from the resistance of the sample in
the same way, the modulus is dictated by the inverse permit-
tivity of the sample. The mathematical relation of a complex
modulus (M%) in terms of impedance is expressed as follows:
1

M = — =jwcyZ" 2)
E*

M =M +jiM" =jwcy(Z' —jZ") 3)

Thus, the real (M’) and imaginary (M"’) parts of the com-
plex modulus are written as follows:

M = wcyZ”,
M" = wcyZ',
where 7/, 7", w (=2xnf), and ¢y (= A/d, where ¢, is the
free space permittivity, 4 is the surface area, and d is thick-
ness of the sample) are the real and imaginary parts of the
modulus, the angular frequency, and the free-space capacit-

ance, respectively. Figs. 5(a) and 5(b) show the difference
between the M’ and M7 moduli with respect to frequency for
a large frequency range and a fixed temperature range from
303 to 773 K. We note that the maxima of My’ are displaced
to the high-frequency regime with increases in temperature
and most of the peaks are no longer in the frequency window
on the right side. In the low-frequency region, the value of
M’ is very low, nearly equal to zero, but it increases with in-
creases in frequency. This conduction mechanism is due to
the characteristic short-range mobility of the charge carriers.
The M7 versus frequency plot indicates that with increases in
temperature the relaxation peaks migrate to the higher-fre-
quency region. The frequency region below the maximum
peak determines the range in which charge carriers are mo-
bile over long distances. At high frequencies above the
highest peak, the charge carriers are confined to the potential
well, and are mobile only over short distances [33]. This be-
havior of the modulus spectra suggest that the activation pro-
cess is thermally activated, with long-range hopping taking
place at high temperature. We fitted the experimental data of
M” using the theoretical modified Bergman KWW
(Kohlraush—Williams—Watts) function [34], with the imagin-
ary modulus given by the following:

4 MI’]'IIHX
M’ = @)

{] _ﬁ + (ﬂ/] +ﬁ) [ﬂ(a)max/w) + (w/wmax)]ﬁ}

where M/ is the maximum value of the imaginary modulus,
Wmax 1 the maximum angular frequency of the respective
modulus, and 8 is the exponent that denotes deviation from
the ideal Debye type of behavior, which is related to the
FWHM of the p1” versus frequency curve. We obtained the
values of B from the fitted data. The inset in Fig. 4(b) shows
the variation of 8 at different temperatures, which indicates
that 8 =1 corresponds to the ideal Debye type of behavior
with a distinct relaxation time, whereas 8 = 0 indicates the
highest number of dipolar interactions. Fig. 5(c) shows the
scaling behavior of the sample, with a plot of the normalized
modulus M” /M. versus normalized frequency f/f... at
selected temperatures, i.e., 303, 363, 423, and 483 K. This
plot reveals that almost all the peaks collapse into one master
curve at different temperatures and that the dynamic pro-
cesses are temperature-independent in the low-frequency re-
gion. It is interesting to note that with an increase in fre-
quency, a transition from long-range to short-range motion
occurs. Fig. 5(d) shows Int™ versus 1000/7, from which the
dielectric relaxation time (™) can be derived by the relation
™ =1/0w™ =2nf™, where w™ is the maximum angular fre-
quency and f™ is the maximum frequency at the highest
value of M”’. The dynamics of the relaxation process can be
analyzed using the Arrhenius law, which is expressed in
terms of the relaxation time 7™ as ™ = tpexp (E./kgT) [35].
Here, 7, E,, kg, and T are the pre-exponential factor, the ac-
tivation energy of the charge carriers, the Boltzmann con-
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stant, and the absolute temperature, respectively. We extrac-
ted the activation energy (E, = 0.32 eV) of the modulus from
the linear fitting of the Arrhenius plot, from which we found
that the activation energies of the impedance and modulus are

Int. J. Miner. Metall. Mater., Vol. 28, No. 6, Jun. 2021

comparable at 0.35 and 0.32 eV, which indicates that the
same type of charge carriers participate in both the relaxation

and conduction processes [36].

8F@ o 30k OIS
9 363K 08k = 363K
6L 9 ﬁg]’i « 423K
% —a- 543K £ 0.6 =483 K
S4l @ 603K =
-~ 4 —@- 663K S 0.4
S @ 73K
2+ @ 713K 0.2
0 i
or 10° 102
3F 8 e -9 ) =
,10 - > Mmax
> —— Linear fit
22r _-11f
~ Els)
E 1L __:*12 r
713 -
0r —14 k-
1 1 1 1 1 1
0.1 1 10 100 1000 20 22 24 26 28 30 32 34
Frequency / kHz (1000/7) / K™

Fig. 5. Temperature dependence of (a) real and (b) imaginary moduli as a function of frequency, inset: variation of 8 with temper-
ature. (c) Scaling behavior of imaginary modulus with frequency at selected temperatures (303, 363, 423, and 483 K). (d) Relaxation
properties of BTFO sample obtained from the maxima of the imaginary modulus.

3.6. Electrical conductivity analysis

Electrical conductivity in the material is a thermally activ-
ated process in which bound charge carriers move in an or-
derly manner with the application of an external electric field.
One of the crucial properties of the material is the character-
istic behavior of its charge carriers. Fig. 6(a) shows a plot of
the ac conductivity (o) versus frequency in a selected tem-
perature range of 483 to 773 K. Eq. (5) provides the ac con-
ductivity in terms of empirical impedance [37]:

Z' Xt

T al@r+ @] ©

Oac
where 4 and ¢ correspond to the respective surface area and
thickness of the sample. The conductivity plot has the fol-
lowing set of characteristics: (1) We observed plateau-like
behavior in the low-frequency region, which is due to the
long-range translational motion of ions in the direct current
conductivity o, region. We also found conductivity o, to
increase with increases in temperature, which indicates that
the electrical conductivity of the material is mainly due to a
thermally activated process. (2) In the high-frequency region,
conductivity was found to depend on the A®w" of Johnscher’s
power law, which is given as [38]:

(w) =04 +AL" (6)
where o (w) is the total conductivity, i.e., the sum of the ac
and dc conductivities of the material, oy is the direct current
conductivity, Aw” is the pure dispersive term of the ac con-

ductivity, A is the pre-exponential factor that determines the
strength of the polarizability, w (= 27 f) is the angular fre-
quency, and 7 is the exponent (0 < n < 1), which indicates
the degree of interaction between the mobile charge ions with
the surrounding lattice. According to the Johnscher power
law, frequency-dispersion conductivity occurs because of the
relaxation of the ionic atmosphere arising from the mobile
charge carriers [39]. Using Eq. (6), the experimental con-
ductivity plot is well fitted up to the high-frequency range
(~10° Hz) and found to obey the Jonscher power law over the
all temperatures range. Table 2 lists the fitted parameters of
the ac conductivities. The inset in Fig. 6(a) shows that expo-
nents n and A are obtained from the fitted data as a function
of temperature. The values of n indicate the motion of the
charge carriers, i.e., translational motion and localization. If
n < 1, the motion of the charge carrier is translational, and if
n > 1, the motion is localized. We determined that the value
of n increases with increases in temperature to approxim-
ately 663 K, but then decreases up to 773 K. This indicates
that hopping conduction by the charge carriers occurs in the
sample. In the literature, different hopping mechanisms are
reported to occur at different temperatures and frequencies;
the increases in the values of n with increasing temperature
indicate small polaron hopping whereas decreases in the val-
ues of n with increases in temperature indicate large polaron
hopping [40]. Fig. 6(b) shows the variation in dc conductiv-
ity with inverse temperature, in which we can observe that
04 increases with increases in temperature, and follows the
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thermally activated Arrhenius type of relation:

-E,
T 4c =O'0€Xp(kB—T) (7)

where o, E,, kg, and T are the pre-exponential factor, activa-
tion energy, Boltzmann constant, and absolute temperature,
respectively [41]. From the slope of the linear fitting of the dc
conductivity data, we obtained an activation energy of ap-

1o — 5

~ 107} g e
‘E —./
T = e T | — 6
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~ @ 44
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1076 Lt 1 1 1 1
107! 10° 10' 10? 10°
Frequency / kHz

proximately 0.53 eV. Thus, all the extracted activation ener-
gies of the BTFO material lie within the range of 0.32 to 0.53
eV. This result indicates that the long-range hopping of po-
larons is responsible for the electrical conductivity in the ma-
terial. Eventually, the activation energies calculated for both
the relaxation and electrical conduction processes become
very similar, which confirms that the dielectric relaxation and
conduction processes have the same type of charge carriers.

—4 F
—— Linear fit (b)

-11 + [ ]

1
12 14 16 18 20 22 24
(1000/7) / K!

Fig. 6. (a) Temperature-dependent ac conductivity (o-,.) versus frequency in the range of 483 to 773 K. The solid lines (red) repres-
ent the fit of Johnscher’s power law. The inset figure is the variation of the fitting parameters (n, 4) with temperature. (b) Logar-
ithmic dc conductivity (04.) versus inverse temperature of the BTFO ceramic, with the solid red line showing the linear fit of the

data.

Table 2. Various parameter values for 4 and n of ac con-
ductivity at selected temperatures

Temperature / K A n
483 496 x 1077 0.647
543 6.75 %107 0.915
603 3.95x 107 0.947
663 230x%x10° 0.970
723 3.33x10° 0.420
773 531 %107 0.435

4. Conclusion

In this work, we synthesized a single-phase BisTi;FeO;;s
sample using the generic solid-state sintering method, with
our analysis of the room-temperature XRD data indicating
that the BTFO material had an orthorhombic crystal struc-
ture with the space group 42,am. The SEM and EDX spectra
confirmed the growth in the grain size and the presence of all
the appropriate constituents in the sample, respectively. The
electrical properties of the BTFO ceramic, obtained over
wide temperature and frequency ranges, revealed NTCR be-
havior. Our impedance analysis confirmed the primary con-
tribution of the grain boundaries to the electrical properties,
with the resistance and capacitance of the grain boundaries
more prominent than that of the grains. We also showed that

the both the grains and grain boundaries exhibit non-Debye
relaxation behavior. The electrical conductivity spectra were
found to obey the Jonscher universal power law over the en-
tire temperature range. The significant decrease in exponent n
above 663 K suggests the involvement of two kinds of hop-
ping mechanisms in the BTFO ceramic. Below 663 K, a
long-range hopping mechanism is present, whereas above
663 K, a neighboring-site hopping mechanism is evident.
Lastly, the activation energies (E,) extracted from the imped-
ance, modulus, and dc conductivity analyses were very simil-
ar (0.32eV < E,<0.53eV), which reveals that the same
kind of charge carriers are responsible for both the dielectric
relaxation and electrical conductivity processes in the
sample.
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