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Abstract The electrical properties of double perovskite
Ho,NiTiOg (HNT) are investigated by impedance spec-
troscopy in the temperature range 30-420 °C and frequency
range 100 Hz to 1 MHz. The X-ray diffraction analysis
reveals that the compound crystallizes in monoclinic phase.
The imaginary part of impedance (Z") as a function of
frequency shows Debye type relaxation. The frequency
dependence of Z” peak is found to obey an Arrhenius law
with an activation energy of 0.129 eV. Impedance data
presented in the Nyquist plot (Z” vs. Z') are used to identify
an equivalent circuit and to know the bulk and interface
contributions. The complex impedance analysis of HNT
exhibits the appearance of both the grain and grain-
boundary contribution. The results of bulk ac conductivity
as a function of temperature and frequency are presented.
The activation energy (0.129 eV), calculated from the slope
of log 7 versus 10°/T plot, is found to be the nearly same as
calculated (0.130 eV) from dc conductivity. The frequency
dependent conductivity spectra obey the power law.

Introduction

The perovskite structure class ceramic material is one of
the most commonly occurring and important in all of
materials science and has been extensively investigated in
the last decades. Physical properties of interest among
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perovskite are of great importance in microelectronics and
telecommunication [1]. It is well known that structural
distortions, vacancies and compositional modifications can
induce a great variety of physical and chemical properties
[2]. When the ideal perovskite structure with the general
formula ABOj; is changed to introduce two different types
of cations on the octahedral site of the primitive perovskite
unit cell, the cationic ordering leads to a cubic complex
superstructure perovskite so-called double perovskite with
general stoichiometry A,BB’Og [3]. This permits to infer
the possibility of producing new materials by the intro-
duction of a rare-earth or alkaline-earth ion A and B, B’
transition metal ions. In ideal structure of these com-
pounds, there is a regular arrangement of corner-sharing
B'Og and B”Og octahedra, alternating along the three
directions of the crystal, with the voluminous A cations
occupying the voids in between the octahedra. The crystal
structure and physical properties of double perovskite
oxides depend considerably on the size and valencies of the
A, B’ and B” cations. The capacity of perovskite structure
to incorporate almost all the elements in the periodic table
has resulted in materials showing a large range of proper-
ties including dielectric, piezoelectric, ferroelectric, opti-
cal, superconducting and magnetoresistive properties [4]. A
large number of extensive studies relating to different
aspects of these double perovskites have been made espe-
cially for their potential applications arising from their
interesting electrical and magnetic properties [5, 6].

The complex impedance spectroscopy (CIS) is a useful
technique to analyze the electrical properties of electroce-
ramics. This technique offers several advantages such as
the determination of relaxation frequency and separation of
grain, grain boundary and grain-electrode effects. The
complex impedance spectroscopic studies involve mea-
surement of real and imaginary parts of impedance for a
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wide range of frequency. In recent years, this technique has
become a well-accepted fundamental tool for characteriz-
ing ionic conductors in terms of ionic conductivity, elec-
trode polarization and activation energy for ion migration.
Moreover, this technique has been exploited to probe the
solid electrolytes, particularly to distinguish the inter-grain,
intra-grain conduction, micro-heterogeneity and electrode-
material interface.

The extensive literature survey reveals that the detailed
studies on the electrical properties of double perovskite
using CIS technique received little attention. In the present
investigation, we have carried out complex impedance
formalism and relaxation process of the newly proposed
double perovskite Ho,NiTiOg ceramic material in the
temperature range 30-420 °C (here we have shown
300-420 °C) and frequency range 100 Hz to 1 MHz.

Experimental procedure

The complex perovskite oxide of Ho,NiTiOg (HNT) was
synthesized by solid state reaction technique. Nanopowders
of Ho,0O5 (Aldrich, 99.94%), NiCO3 (Loba Chemie, 99%)
and TiO, (Laboratory reagent, 98%) were taken as primary
raw materials and mixed in stoichiometric ratio in the
presence of acetone (MERCK) for 12 h. The mixture was
calcined in a Pt crucible at 1200 °C in air for 10 h and
brought to room temperature under controlled cooling. The
calcined powder was analyzed by X-ray diffraction tech-
nique and it was found to have monoclinic structure. The
calcined sample was palletized into a circular disc (of
thickness 1.6 mm and dia. 10 mm) using PVA as binder
which was burnt out during high temperature sintering at
1250 °C for 5 h, and cooled slowly to room temperature by
adjusting the cooling rate. The sintered pellets were polished
to make both their faces parallel, electroded by high purity
ultrafine silver paste and then connected to the LCR meter
for their electrical characterization. In order to dry the paste
the samples were evaporated onto both sides of the disc at
200 °C for 2 h prior to conducting experiment. Capacitance
(C), impedance (Z), phase angle (¢) and conductance (G) of
the sample were measured both as a function of frequency
(100 Hz to 1 MHz) and temperature (300-420 °C) using a
computer-controlled LCR meter (HIOKI-3552, Japan). The
temperature was controlled with a programmable oven. All
the electrical data were collected while heating at a rate of
0.05 °C/min. These results were found to be reproducible.

Results and discussion

The X-ray diffraction pattern of HNT measured at room
temperature is shown in Fig. 1. All the reflection peaks of
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Fig. 1 XRD pattern of Ho,NiTiOg at room temperature

the X-ray profile are indexed and lattice parameters are
determined using a least-squares method with the help of a
standard computer programmed (Crysfire). Good agreement
between the observed and calculated interplanner spacing
(d-values) suggests that the compound -crystallizes in
monoclinic phase at room temperature with § = 119.863°
(A = 8.772741, B = 7.687233, C = 5.691668) and unit
cell volume V = 332.87 A%

Figure 2 shows the angular frequency dependence of
Z/(w) and Z"(w) of HNT as a function of temperature. In
Fig. 2a, Z' decreases with increase in frequency for all
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b the imaginary part (Z”) of impedance at various temperature for
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temperatures implies relaxation process in the sample. The
magnitude of Z' decreases at lower frequencies with
increasing temperature which indicates increase in the ac
conductivity and this can also be attributed to the fact that
Z' values decrease with increase of temperature indicating
reduction of grains, grain boundaries and electrode inter-
face resistance. This indicates the negative temperature
coefficient of resistance (NTCR) in the sample. At higher
frequencies (above 11 kHz) the value of Z' merges for all
the temperatures indicating release of space charges. From
Fig. 2b it is clear that the position of the peak in Z” is
centred at the dispersion region of Z' and it shifts to higher
frequencies with increase in temperature which is mainly
due to change in relaxation in the sample. The asymmetric
broadening of the peaks suggests the presence of electrical
process of the material with a distribution of relaxation
times as indicated by the peak width. The relaxation spe-
cies may be possibly due to presence of electron at low
temperature and defects at higher temperature. In such a
situation, the most probable relaxation time t,, (= 1/w,,)
from the position of the peak in the Z” versus log w plots
can be determined (w,, = relaxation frequency, i.e. fre-
quency at which Z” is found to be maximum). The most
probable relaxation time follows the Arrhenius law given
by the relation:

E,
o = Toexp (kT> (1)

where 7, is the pre-exponential factor, E, is the activation
energy, k is Boltzmann constant and 7 is the absolute
temperature. The variation of relaxation time (log 1) with
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Fig. 3 Scaling behaviour of Z” at various temperatures for Ho,Ni-
TiOg. The temperature dependence of the most probable relaxation
time (t,,) obtained from the frequency-dependent plot of Z” is shown
in the inset where the symbols are the experimental points and the
solid line is the least-squares straight-line fit

inverse of absolute temperature (10°/T) is shown in the
inset of Fig. 3, where the circles are the experimental data
and the solid line is the least-squares straight-line fit. The
activation energy E, calculated from the least-squares fit to
the points is 0.129 eV. It is observed that the value of
relaxation time is found to be decreasing with increasing
temperature which indicates semiconductor behaviour of
the sample.

In polycrystalline samples, grains are semiconducting
while the grain boundaries are insulating [7]. The semi-
conducting nature of the grains in ceramics is believed
to be due to the loss of oxygen during high temperature
sintering process.

If we plot the Z"(w,T) data in the scaled coordinates, i.e.
Z"(w,DIZ" hax and log (w/wy,), where w,, corresponds to
the frequency of the peak value of Z” in the Z” versus
log w plots, the entire data of imaginary part of impedance
can collapse into one master curve as shown in Fig. 3.
Thus, the scaling behaviour of Z” clearly indicates that the
relaxation mechanism is nearly temperature independent.

Figure 4 shows the complex-plane impendence plots
(called Nyquist plots, i.e. Z” vs. Z' plot) of different tem-
peratures for HNT compound. In this Z-plot, one can
expect a separation of the bulk phenomena from the surface
phenomena [8, 9]. The surface (electrode) polarization as a
highly capacitive phenomenon is characterized by larger
relaxation times than the polarization mechanism in the
bulk (grain interior). This fact usually results in the
appearance of two separate area of semicircle in the Z” and
Z plots in which one representing the bulk effect at high
frequencies while the other represents surface effect in
lower frequency range. It is observed from Fig. 4 that the
values of impedance decreases sharply as the temperature
increases which indicates that the conductivity increases
sharply with increase in temperature and showing the
semiconducting behaviour of the material. It is observed
from the inset of Fig. 4 that in the temperature range from
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Fig. 4 Complex-plane impedance plots for Ho,NiTiOg at various
temperatures
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300 to 340 °C both the grain and grain-boundary contri-
bution are present in this material. With the increase of
temperature the grain contribution shifted to the higher
frequency side and not observed in the measured frequency
window, i.e. after 340 °C only grain-boundary contribution
is dominated. As obtained from the intercept of the low
frequency semicircle with the X-axis, the grain-boundary
resistance (Rgp) values at 300, 320, 340, 360, 380, 390, 400
and 420 °C are 3.234, 2.063, 1.221, 0.820, 0.670, 0.488,
0.372, and 0.315 MQ, respectively. And the corresponding
grain-boundary capacitance (Cyp,) values are 12.3 x 1071,
9.21 x 107,895 x 107',7.67 x 107'",6.49 x 107",
6.17 x 107", 5.60 x 107" and 5.50 x 10~'"' F. The
corresponding relaxation times (t,) in this temperature
range are 3.97 x 10_4, 1.90 x 10_4, 1.09 x 10_4, 0.63 x
107%,0.44 x 107%,0.30 x 10™* and 0.21 x 107*s.

Figure 5 shows the variation of grain-boundary resis-
tance as a function of temperature. It is clear that the grain-
boundary resistance decreases sharply with rise in
temperature up to 360 °C and then decreases slowly
(Fig. 5). The rate of increase of grain-boundary conduc-
tivity is different in different regions, which means different
activation energies involved in different temperatures
regions for the conductivity due to grain-boundary.

The complex impedance plots of HNT at three tem-
peratures 340, 360 and 400 °C is shown in Fig. 6. The
values of grain and grain-boundary resistances and capac-
itances can be obtained by an equivalent circuit of two
parallel resistance—capacitance (RC) elements connected in
series (inset of Fig. 6). This RC elements give rise to two
semicircular arcs on the complex-plane plot, representing
the grain and grain-boundary effect. The equivalent elec-
trical equations for grain is
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Fig. 5 Variation of grain-boundary resistance with temperature for
Ho,NiTiOg ceramic
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Fig. 6 Complex-plane impedance plots for Ho,NiTiOg at 340, 360
and 400 °C temperatures (solid line is the fitting to the data by the RC
equivalent circuit)

R R
Z = e+ B (2)
1+ (CL)RgCg) 1+ (CURgngb)
" CL)RgCg ngngb

g gb (3)

1+ (0R,C,)? 1+ (0RxCop)’

where C, and Cg, are the grain and grain-boundary capac-
itances and R, and Ry, are the grain and grain-boundary
resistances, respectively. We have fitted the experimental
data using these expressions and the best fit of data at 340,
360 and 400 °C are shown by solid line in Fig. 6.

Figure 7 shows the log g,.—log @ plot of frequency
dependence of ac conductivity for HNT sample at different
temperatures. It is obvious that the conductivity increases
with increasing frequency and increasing temperatures
(Fig. 7). At higher temperatures, a plateau is observed in
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Fig. 7 Frequency-dependent ac conductivity (o,.) of Ho,NiTiOg at
various temperatures where the symbols are the experimental points
and the solid lines represent the fitting to Eq. 4
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Fig. 8 Arrhenius plot of ac conductivity of Ho,NiTiOg at various
frequencies

the conductivity plots at lower frequency range where o,
is frequency-independent. The plateau region extends to
higher frequencies with the increase of temperature. Notice
that at low frequencies, random diffusion of charge carriers
via hopping gives rise to a frequency-independent con-
ductivity. At higher frequencies, o,. exhibit dispersion,
increasing in a power law fashion and eventually becoming
almost linear. The real part of conductivity ¢ in such a
situation can be given by Jonscher power law [10]:

o= 0a {1 + (w%) } (4)

where o4, is the dc conductivity, wy is the hopping
frequency of charge carriers and n is the dimensionless
frequency exponent. The experimental data are fitted
to Eq. 4 at various temperatures (300—420 °C) where n is
0.65-0.69. The best fit of conductivity spectra is shown by
solid lines in Fig. 7.

Figure 8 shows the Arrhenius plot of ac conductivity of
HNT at various frequencies. The activation energies
calculated from the slopes of Arrhenius plots are given in
Table 1. It is interesting to note that ac conductivity acti-
vation energy decreases with increasing frequency and
different activation energies involved in different temper-
ature regions in the conduction process.

Table 1 AC conductivity activation energies at different frequencies

Temperature AC conductivity activation energy (eV)
range (°C)

1 kHz 10 kHz 40 kHz 100 kHz 500 kHz 1 MHz

300-420 0.121 0.100 0.092  0.085 0.062 0.050
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Fig. 9 Temperature dependence of o4. curve for Ho,NiTiOg. The
circles are the experimental points and the solid line is the least-
squares straight-line fit

The reciprocal temperature dependence of dc conduc-
tivity (o4c) is shown in Fig. 9 which obeys Arrhenius law.
The activation energy for dc conductivity is found to be
0.130 eV. The values of activation energy indicate that the
conductivity in HNT is mainly due to the hopping of
charge carriers, because the activation energy correspond-
ing to hopping process is small.

Conclusion

The complex perovskite oxide of Ho,NiTiOg (HNT) was
synthesized by solid state reaction technique. The X-ray
diffraction analysis shows that the compound is mono-
clinic. Complex impedance analysis of the material reveals
that both the grain and grain-boundary contribution are
present in the relaxation process of HNT. The electrical
properties of HNT can be described by RC equivalent
circuit. A significant broadening of the Z"-peaks with rise
in temperature suggests the presence of temperature-
dependent relaxation process of the material. The decrease
of relaxation time (r) with increasing temperature repre-
sents the semiconductor behaviour of the sample. The
activation energy (0.129 eV), calculated from the slope of
log 7 versus 10°/T plot, is found to be the nearly same as
calculated (0.130 eV) from dc conductivity. The values of
activation energy indicate that the conductivity in HNT is
mainly due to the hopping of charge carriers.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
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