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Abstract The nanocrystalline fine powders (=80 nm) of
(Bal,XLaX)(Fez/3W1/3)l,x/403, (BLFW) ()C = 00, 005, 0.10
and 0.15) were synthesized with a combined mechanical
activation and conventional high-temperature solid-state
reaction methods. Preliminary X-ray structural analysis of
pellet samples (prepared from fine powders) showed for-
mation of a single-phase tetragonal system. Detailed
studies of dielectric properties (¢, and tan 0) exhibit that
these parameters are strongly dependent on frequency,
temperature and La composition. The La-substitution
increases the dielectric constant and decreases the tan 6 up
to 10% substitutions of La at the Ba-site, and then reversed
the variation, and hence this composition is considered as a
critical composition. This observation was found valid for
structure, microstructures, dielectric constant, electrical
conductivity, J-E characteristics and impedance parame-
ters also. Like in other perovskites (PZT, BZT), La sub-
stitution plays an important role in tailoring the properties
of Ba(Fe,;3W;,3)O3 ceramics.

Introduction

The discovery of high dielectric constant, low tangent
loss, high spontaneous polarization and multiple structural
phase transitions in BaTiOj [1] generated a great deal of
interest to study perovskite compounds of a general
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formula ABO3; (A = mono or divalent, B = tri-hexavalent
ions) for wide ranging applications, such as transducer,
detector, memory and display etc. [2]. Later, discovery of
glass-like transition or diffuse phase transition (DPT) with
a strong frequency—temperature dependent dielectric dis-
persion and high dielectric constant in some Pb-based
complex perovskites, Pb(B;_,/B,")Os; (B’=low-valence
and B”=high-valence cations) has attracted much attention
for extensive studies of the family for formation of mul-
tilayer capacitor etc. Some Pb-based Fe’* containing
compounds such as Pb(Fe;,;Nb;,)03;, Pb(Fe ,Ta;)05
etc. have shown more interesting features (i.e., electric
and magnetic ordering simultaneously in distorted struc-
ture) useful for multifunctional devices [3, 4]. Unfortu-
nately, high leakage current and loss tangent, structural
instability, etc. limit the material to be used for any
practical applications [5]. In order to solve these prob-
lems, several attempts have been made including suitable
substitutions at the A-and/or B-sites and fabrication of
composites/solid-solutions  [6]. Though substitutional
effects of several isovalent and non-isovalent ions (at the
A/B sites) on physical properties of ABOs-type simple/
complex oxides have extensively been studied in the past,
partially-substituted La (lanthanum up to 10%) at the
A-site has significantly improved (a) ferroelectric/mag-
netic/multiferroics properties, (b) structural stability, (c)
microstructures, (d) density, (e) leakage current etc. of Pb/
Ba/Bi- based perovskites [7-8]. Nowadays, Pb-free or low
Pb-content materials (environmentally more friendly
materials of nanoscale particle size) are of current inter-
est, and hence we have worked on alkaline (group-ITA
elements) based materials of a general formula A(Fe,/;
Wi,3)03 (A = Ba, Sr, Ca, Pb). Literature survey on these
materials shows that except some work on multiferroic
properties of BaFeOj; [9], not much has been reported as
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yet. In this paper, we report structural, dielectric, elec-
trical, and impedance properties of La-modified
Ba(Fez3W113)0s.

Experimental

The polycrystalline samples of La-modified Ba(Fe,3W1,3)O03
(BLFW, i.e., Bal_xLax(FemW1/3)1_,(/403, (x = OO, 005,
0.10, 0.15)) were prepared using high-purity (=99.9%, M/s
Alpha Aesor Johnson Matthey company) ingredients:
BaCO; (barium carbonate), La,O; (lanthanum oxide),
Fe,O5 (iron oxide) and WOj; (tungsten oxide) by four-step
synthesis method (i.e., (i) mechanically mixing in wet
atmosphere (alcohol), (ii) mechanical activation by high-
energy ball-milling (500 rpm, 90 h milling with 15 h
interval with 15:1 balls/materials ratio), (iii) high-temper-
ature calcination (1350°C, 4 h) and (iv) high-temperature
sintering (1,400 °C for 4 h in air)). The formation of the
desired compounds was checked using an X-ray diffraction
(XRD) technique. For structural analysis, XRD patterns
were recorded in a wide range of Bragg angles, 20
(20° < 20 < 80°) with a wavelength / = 1.5405 A using
an X-ray powder diffractometer (Siemens, model 5000D) at
room temperature (293 K). The grain size/distribution,
voids etc. of the pellet samples of BLFW were studied using
scanning electron microscope (SEM, JOEL 5800) taken at
room temperature. For electrical and dielectric character-
ization both the parallel surfaces of the pellets were coated
with platinum electrode using a dc magnetron sputtering
system. The series capacitance (Cy), dissipation factor (D),
impedance (Z) and phase angle (¢) of BLFW were obtained
as a function of frequency (1 kHz-1 MHz) at different
temperatures (300—630 K) using an impedance analyzer
(HP 4294A). The leakage current (/I-V characteristics) of
BLFW was measured as a function of voltage (2—100 V,
2 V steps, 10 s delay time) at an interval of 25 K starting
from room temperature (300 K) up to 600 K using a pro-
grammable electrometer (Keithley, model 6517A). A
cryostat/sample holder along with a programmable-
temperature controller (M/S MMR Technologies Inc.,
model K-20) was used for all the electrical measurements.

Results and discussion

X-ray diffraction analysis

Figure 1 compares the room temperature X-ray diffraction
(XRD) patterns of La-modified Ba(Fe,;sW;,3)05 (.e.,
Bal,xLax((Fez/3W1/3)l,x/403, X = 00, 005, 0.10 and 015)

The change in the XRD patterns (peak position and
intensity) of Ba(Fe,3W;,;3)O3 (BFW) on increasing La
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Fig. 1 Room temperature XRD pattern of (Ba;_La,)(Fe3W1/3)1_403
for different value of x

content is clearly seen. Some peaks of BFW were found
splitting on increasing La content, and become single for
higher x. All peaks of BLFW (x = 0-0.15) were indexed in
cubic, tetragonal and orthorhombic crystal systems and
different cell configurations using 26 value of each peak by
a computer software ‘‘POWD’’ [10]. The best agreement
in experimental and calculated value of d (i.e., 2(dexp —
d.a)) = 2Ad = minimum) was found in the tetragonal sys-
tem. The least-squares refined lattice parameters of BFW
and La-modified BFW (i.e., BLFW) are compared in
Table 1. Preliminary structural analysis of BLFW shows
that perovskite structure of BaFeO; (cubic at high tem-
perature) has been distorted to tetragonal on the substitu-
tion of W® at the B-site and La* at the A-sites. The
distortion in structure or unit cell of BLFW can also be
studied by calculating Goldsmith tolerance factor [11],
t=(ra+ ro)/\/2 (rg — r,), where r and rg are the average
ionic radius of A, B site atoms respectively and r, is the
ionic radius of oxygen ions. The calculated value of t varies
slightly from 0.99 to 0.98 for x = 0 to 0.15 suggesting the

Table 1 Comparison of lattice parameters (A), volume (10\_3) and tol-
erance factor (f) of La-modified Ba(Fe,sW;;3)O5 (i.e., (Ba,_La,)
(FeosW1/3)1-x403)

X a c cla \% t

0.00 8.1301 (39) 8.4965 (39) 1.051 561.160 0.99
0.05 8.1026 (36) 8.4815 (36) 1.0468 556.83 0.98
0.10 8.1292 (66) 8.5001 (66) 1.0468 561.72 0.98
0.15 8.1330 (36) 8.4877 (36) 1.0436 561.83 0.97

The estimated standard deviation of the lattice parameters are given
parenthesis
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stability of the structure. In general, the value of  is ionic-
size dependent, and hence creates disordering in the com-
plex system of different sized atoms/ions present at the B-
site. The crystallite size of the BLFW samples was calcu-
lated using broadening (f8;/,) of a few (peak) reflections of
Bragg angle (0) using Scherrer’s equation P = KA/
Pip cos 6 (K =0.89, A =1.5405 A) [12]. The calculated
value of P (ignoring the strain, instrumental and other
effect of broadening) for BLFW was found to be approx-
imately ~80 nm.

SEM microstrucutral studies

Figure 2 shows the SEM micrographs of BLFW for dif-
ferent content of La (x = 0-0.15). It is observed that the
grains are uniformly distributed on the sample surface, and
also in the bulk. The average grain size of BFW increases
on increasing La content x (up to x = 0.10) in BLFW and
then decreases. All microstructures show some voids,
which confirm the formation of low-density sample (90%
of the theoretical density). However, it is clearly seen that
La has densified the BFW samples. Cross-sectional
micrographs (not shown here) of all the samples were
found similar to those of plane surface. This confirms the
uniform distribution of grains throughout the bulk samples
of PBFW. The microstructures of BLFW with x = 0.10 are
quite different with large grain size distributed nonuni-
formly. The grain size and their distribution in the samples
for other compositions (i.e., x =0, 0.05 and 0.15) are
almost similar.

Fig. 2 Room temperature SEM
of (Ba;_,La)(Fey3W1/3)1-:403
for different value of x = 0,
0.05, 0.10 and 0.15 at
magnification (5,000x)

Dielectric properties

Figure 3 exhibits the variation of relative dielectric per-
mittivity (¢;) and tan § (inset) with frequency at some
typical temperatures of BLFW. At lower frequencies
(£ 10* Hz) and high temperatures (=500 K) ¢, has very
high value for pure BFW (x = 0), which decreases drasti-
cally on substituting La at the Ba-site of BLFW. Generally,
the value of ¢ of BLFW increases with increasing La
concentration up to x = 0.1, and then it decreases. For all
the samples, ¢, value decreases on increasing frequency.
This is very much consistent for non-linear dielectrics
because at lower frequencies all the polarizations (i.e.,
interfacial, dipole, ionic, atomic and electronic) are present
in the samples. The higher value of &, for x = 0.10 is very
much consistent with observed density and microstructures
of the samples. This situation is also observed in 10% La
substituted Pb(ZrTi)O5 system. The values of tan J in low-
temperature region ( < 400 K) are almost frequency inde-
pendent. Generally, tan ¢ has very high value at low fre-
quency and high temperatures in the Fe containing
compounds, which decreases drastically with rise in fre-
quency. The higher value of tan §, however, decreases
faster on increasing La content in BLFW, and hence there
is a strong effect of La on ¢, and tan J values.

The variation of ¢ and tan 0 (inset) of BLFW with
temperature at few selected frequencies is shown in Fig. 4.
The value of ¢, increases with rise in temperature at all the
frequencies for all the samples. This increase of ¢, at high
frequencies is smaller compared to that of low frequencies.
Again & of BFW first decreases for 5% La substitutions,

@ Springer



7426

J Mater Sci (2007) 42:7423-7432

Fig. 3 Variation of relative
dielectric permittivity and

tan ¢ (inset) of (Ba,_,La,)
(Fe23W1/3)1-403 with
frequency at different
temperatures for different value
of x

Fig. 4 Comparison of
temperature—frequency
dependence of relative dielectric
permittivity and tan J (inset) of
(Ba;_La,)(Fey3W13)1_,403 for
x = 0.0, 0.05, 0.10 and 0.15
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then drastically increases for x = 0.10, and finally
decreases sharply for x = 0.15. This result suggests that
La-substitutions and microstructures have a significant
effect on dielectric properties of BLFW with a critical
composition of La (i.e., 10%) with higher ¢, value. The
value of tan § below 400 K, is small (x < 0.10) and
almost invariant for BFW. On increasing temperature,
tan J increases very fast particularly at lower frequencies
for BLFW. The nature of variation of tan é with temper-
ature is same as that of ¢. The values, nature of variation
and invariant-temperature region of tan ¢ are very much
compositional (La) dependent. The value of tan d is
also microstructural dependent. For example, for x = 0.10,
the value of tan 6 is higher compared to that of other
compositions.

Ac conductivity studies

Figure 5 exhibits the variation of ¢, with frequency at
different temperatures (300-640 K). The ac conductivity
(0.c) of BLFW was calculated (from experimental dielec-
tric data) using an empirical relation o,. = weeg tan d
(o = 2nf = angular frequency, & = vacuum permittivity).
It has been observed that at low temperatures the conduc-
tivity pattern exhibits both low- and high-frequency
dispersion, which becomes prominent with increase in
La-content (i.e., for BFW the frequency dispersion is

almost constant through out the temperature range of
investigation). With rise in temperature, high-frequency
dispersion of conductivity feature is still retained whereas
low-frequency conductivity dispersion showing a plateau
like trend. The ac conductivity behavior obeys the
Jonscher’s power law governed by the relation [13, 14]:
g(w) = 4. + Aw", 0 < n < 1, where gy is the frequency-
independent conductivity, A is the temperature-dependent
pre-exponential factor and n is the frequency exponent.
With gradual rise in temperature the high-frequency con-
ductivity dispersion appears to decrease assuming a plateau
like shape preceded by a change in slope in the domain of
high frequency. At higher temperatures, the low-frequency
plateau corresponds to the dc conductivity of the material,
and high-frequency dispersion corresponds to the ac con-
ductivity. For all the La-concentration, dc conductivity
increases with increase in temperature. It has been
observed that high-frequency dispersion obeying the fea-
ture of power law (g, o ") and change in its slope is
governed by n. Again ¢, is very much related to the
microstructure.

Figure 6 shows the variation of g,. with temperature at
different frequency. The value of o, interestingly
decreases on decreasing temperature, but increases on
increasing La concentration. The activation energy E,
(which is dependent on a thermal activated process) can be
calculated using an empirical relation .. - 09 exp(—E./kT)

Fig. 5 Frequency dependent of 0.01
ac electrical conductivity (g,.)
at different temperatures for
(Ba_,La,)(Fez3W1/3)1-403
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(k = Boltzmann constant, gy = pre-exponential factor). For
each frequency in the plot, occurrence of different slopes in
the different temperature regions suggests the presence of
multiple conduction processes in the samples with different
activation energy. At low temperatures and high frequency,
ac conductivity is almost independent of temperature, but
dependent on frequency. The low activation energy (in low
temperature and low frequency) suggests an intrinsic con-
duction due to the contribution of space charges. The
dependence of ac conductivity with frequency is assumed
to be due to thermo-ionic electron emission from the trap
level of defect center. As we know, space charges are
created at the boundary or interface of the samples, and
hence polarization fatigue occurs after a few cycle of read/
write. From the value of ac conductivity of the samples it is
clear that the conduction might be trap-controlled space-
charge current conduction.

At high temperature and low frequency, the calculated
value of a,. are very much high compared to that of low
temperatures. It is establish that creation of oxygen
vacancies gives rise to activation energy of above 1 eV.
The higher value of o, in higher temperature range shows
the predominant role of ionic charge carrier, such as oxy-
gen vacancies (generally created in the ceramics sample
during high-temperature sintering). It is found that at high-
temperatures o,. of all the different frequencies merges,
and hence it is frequency independent. In the high-
temperature and low-frequency regions the value of E, of

@ Springer

BLFW (obtained from the slope of o, vs. 1,000/T K™)
was found to be 0.57, 0.45, 0.40 and 0.53 eV for x = 0,
0.05, 0.10 and 0.15 respectively. However, the value of E,
was found to be 0.57, 0.28, 29 and 0.27 eV for the above
La compositions of BLFW in the high-temperature high-
frequency region. These values also suggest that La has a
significant role in conduction process and value of o, in
BLFW.

Leakage current studies

Figure 7 shows the variation of current density J with
electric field E at few selected temperatures. The value of J
slowly increases with rise in electric field up to 500 K (for
BFW). Above this temperature J has higher value and was
not possible to measure up to 800 V/cm. It is found that on
increasing La-content in BLFW, leakage current reduces
significantly, as observed in BFO (BiFeO;) and other
multiferroics. In the low-field region (~100 kV/cm) of J-E
characteristic plot, there is a slope of ~1 which indicates
that the current conduction is of ohmic-type. In the high-
field region, we have a slope greater than one indicating the
presence of space-charge limited-current conduction. In the
high-electric filed and high-temperature region the con-
duction process may be considered as a mixture of space
charge limited, Schotty and Frenkel-Poole. 1t is clear that
vacancies and fatigue play an important role in conduction
processes of the system.
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Fig. 7 Variation of current
density (J) with electric field (E) 1E-3 J
at different temperatures of
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Complex impedance analysis

Complex impedance analysis technique is an important and
powerful tool to investigate the electrical properties of
materials over a wide range of frequency and temperature.
Figure 8 shows the variation of imaginary part of imped-
ance (Z”) with frequency at different temperatures. The Z”-
frequency patterns exhibits a few important features such
as; (i) a monotonous decrease in Z” with rise in frequency
(without any peak) in the investigated frequency range at
low temperatures, (ii) appearance of a peak at a particular
frequency (known as relaxation frequency, fi,ax), (iii) de-
crease in the magnitude of Z” with a clear shift in the peak
frequency towards the higher (frequency) side, and (iv)
characteristic peak broadening with rise in temperature.
These features may be considered due to occurrence of the
temperature-dependent electrical relaxation phenomena in
the materials [15]. We also have observed a sudden change
in the value of Z” for x = 0.10, which is consistent with that
of microstructure (Fig. 2) and crystal structures (Fig. 1).
The complex impedance spectra (Nyquist-plots) of the
BLFW materials obtained at different temperatures are
shown in Fig. 9. The complex impedance plot typically
comprises of a single semicircular arc, which is gradually
resolved with rise in temperature for different amount of La
substitutions in BFW. The presence of a single arc in the

E (V/cm)

X=0.15

E (V/cm)

impedance spectrum (within experimental temperature
range) indicates that the electrical process in the BLFW
materials arises only due to bulk properties [15]. The bulk
resistance (Ry) can be calculated from the intercept of the
semicircular axis on the real X-axis. The bulk resistance
(dc resistance) of the samples decreases with rise in tem-
perature as indicated by the corresponding reduction in the
diameter of the semicircles on increasing temperature. This
type of variation in dc resistance with rise in temperature
indicates a decrease in the bulk resistivity on rising tem-
perature of the materials, which is an analogous to the
negative-temperature coefficient of resistance (NTCR)
normally observed in semiconductors.

Figure 10 shows the complex impedance plots, fitted
data (by a commercially available software Z Simp Win
Version 2) and impedance modulus spectroscopic plots
(log Z”, M” vs log frequency, (inset)) for different
La-composition at a particular temperature. The complex
impedance plots (Fig. 9) for all compositions comprise of
a single semicircular arc with center below the real axis
suggesting the departure of process from ideal Debye
behavior. This departure is due to the presence of dis-
tributed elements in the material electrode system. The
angle (0 = n(n/2)) by which such a semicircular arc is
depressed below the real axis, is related to the width of
the relaxation time distribution and other parameters. The
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Fig. 8 Variation of imaginary
part (Z”) of complex impedance
with frequency at different
temperatures of (Ba,_.La,)
(F62/3W 1/3)]—,{/403 ceramics for
x =0, 0.05, 0.10 and 0.15

Fig. 9 Effect of La
concentration (x) and
temperature on impedance
spectrum (Nyquist Plot) of La
modified Ba(Fe;3W1/3)1-403
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CPE (Ao) 2.005 x 107 6.67 x 107 6.383 x 1078 2323 x 1077
n 0.75 0.67 0.527 0.46
x=0.15 Ry 6.014 x 10° 1.892 x 10° 7.41 x 10° 2712 % 10°
p 9.7 x 10712 9.6 x 1072 9.94 x 10712 9.49 x 10712
CPE (4y) 1.499 x 10710 1.729 x 1071° 49 x 10710 6.88 x 1071°
n 0.70 0.71 0.66 0.67
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relaxation time is also not single valued but distributed
continuously or discretely around a mean T, = wp
(0m = 27fimax). This distribution of relaxation times
suggests the presence of constant phase element (CPE)
[15]. For ideal Debye-like response, the equivalent circuit
comprises of a parallel combination of a resistor and
capacitor with single relaxation time. The nature of
impedance and modulus spectroscopic plots exhibits the
degree of departure from the ideality. It has been found
(from the plots) that the Z” spectra are broadened in the
low-frequency side of the peak maxima whereas the
M” spectra broadened in the high-frequency side
(i.e., asymmetric peaks). In addition to this, as the max-
ima of two peaks could not coincide (which are not
frequency-coincident), it suggests the departure from the
ideal Debye type [16], and hence justify the presence of
constant phase element obeying the Jonscher’s power law.
The CPE admittance is generally represented as:
Y(CPE) = Ay(jw)" = Aw" + jBw", [17] where,
A = Agcos(nn/2) and B = Agsin(nn/2). Ay and n are fre-
quency independent but temperature-dependent parame-
ters, Ao determines the magnitude of the dispersion and it
varies between zero to one (0 < n < 1). The CPE de-
scribes an ideal capacitor for n = 1 and an ideal resistor
for n = 0. In the present study, a single semicircular arc in
the impedance spectrum can be modeled to an equivalent
circuit of parallel combination of a resistance (bulk
resistance), capacitance (bulk capacitance) along with a
constant phase element [18]. The values of the tempera-
ture-dependent electrical parameters corresponding to the
equivalent circuit (shown in Fig. 10) are given in Table 2.

Conclusions

La-substitution, with different composition, plays a sig-
nificant role in tailoring the structural, dielectric, elec-
trical conductivity, and impedance properties of the
Ba(Fe,;3W1,3)O3 nanoceramics. La modified BFW has
tetragonal (i.e., distorted cubic perovskite) structure. The
dielectric parameters (¢, and tan ) are strongly

@ Springer

dependent on frequency, temperature and La composi-
tion. Complex impedance spectra show the presence of
bulk properties for all compositions. Bulk resistance of
the La-modified BFW decreases on increasing La con-
centration. We used an equivalent circuit to explain
electrical phenomena occurring inside the materials. The
frequency-dependent ac conductivity behavior obeys the
Jonscher’s power law for all compositions.
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