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Abstract Double perovskite oxide Pr,CuZrOg (PCZO) has
been synthesized by solid-state reaction technique in the tem-
perature range from 30 to 310 °C and in the temperature range
from 100 Hz to 1 MHz. The X-ray diffraction pattern of the
sample at room temperature shows monoclinic structure. An
analysis of the real and imaginary parts of impedance as well as
electric modulus shows a distribution of relaxation times. The
Cole—Cole model is used to investigate the relaxation mecha-
nism of PCZO. The frequency-dependent maxima in the
imaginary impedance and imaginary electric modulus are found
to obey an Arrhenius law with activation energy ~0.35 eV. The
frequency-dependent electrical data is also analyzed in the
framework of conductivity. The combined Z"/Z" ,, and M"/M"
plots indicates that the charge carriers are localized in PCZO in
the higher temperature range. The ac conductivity spectra follow
the universal power law and Summerfield scaling.

1 Introduction

Electroceramics are high technology materials whose proper-
ties and applications depend on the close control of structure,
composition, ceramic texture, dopants and defect distribution.
With the rapid development of microelectronic devices such as
capacitors, resonators and filters, electroceramics belonging to
ABO; perovskite family have been on an increasing demand.
The ABO; perovskites can be extended by substitutions at the
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A and B-site cations to optimize their physical properties for
specific applications. When the octahedrally coordinated B
cations are occupied by two kinds of B’ and B” cations with
large difference in charge and/or size, it forms double per-
ovskite oxide (DPO) of general formula A,B'B"Og. In A,
B'B” O, the A site is occupied by alkaline earth metals or rare
earth ions of larger ionic radii, B’ and B” octahedral sites are
occupied by the transition metal cations or lanthanides with
smaller ionic radii [1]. Although oxides of the type A,B'B"Og¢
have known since long ago [2-5], they are receiving a renewed
great deal of attention due to their unique dielectric, electrical
and magnetic properties. Recently a large number of new DPOs
have been investigated for their dielectric. Due to the compli-
cated characteristics and interesting combination of various
properties (e.g. at high frequencies (viz. >100 kHz) the
dielectric properties of DPOs due to grain interior), DPOs have
become very exciting materials for investigators. The electrical
properties of double perovskite Pr,CuZrOg with rare earth ions
Pr’* at A-site and non-magnetic elements such as Cu and Zr at
B-site have not been extensively investigated and reported to
the best of our knowledge. This has motivated us to investigate
the electrical properties of ProCuZrOg at high frequencies
(>100 kHz) to establish the domination of the grains to the
electrical properties of the material.

In the present work, Pr,CuZrOg ceramic are prepared by
solid-state sintering process, and electrical properties are
investigated in a broad frequency (100 Hz-1 MHz) and
temperature range (30-310 °C).

2 Experimental procedure
Polycrystalline sample of Pr,CuZrOg (PCZO) is prepared

by conventional solid-state reaction route using high purity
powders of Pr,O5; (Aldrich 99.9 %), CuO (Loba Chemie
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99 %) and ZrO, (Loba Chemie 99.5 %) as ingredient.
These ingredients, taken in stoichiometric ratio, are thor-
oughly mixed in an agate mortar in the presence of acetone
(MERCK) for 12 h. The mixture is calcined in a Pt crucible
at 1100 °C in air for 10 h and brought to room temperature
at a cooling rate of 100 °C/h. The calcined sample is pal-
letized into a circular disc (of thickness 2 mm and diameter
8 mm) using PVA as a binder. The palletized discs are
sintered at 1150 °C for 5 h and then cooled down to room
temperature by adjusting the cooling rate. The determina-
tion of lattice parameters and the identification of the
phases are carried out using an X-ray powder diffrac-
tometer (Rigaku Miniflex-II). The X-ray diffraction (XRD)
patterns of the sample is collected in a wide range of Bragg
angles  (20° <26 < 80°) using CuK, radiation
(A = 1.5418 A) and a Ni filter operating at 30 kV and
15 mA at a scanning rate of 2° min~'. Scanning electron
micrographs of the sample is taken by FEI QUANTA 200
scanning electron microscope.

For the electrical measurements, the pellets are polished
to make both of their faces flat and parallel and electroded
by high purity ultrafine silver paste. To overcome the effect
of moisture, if any, on electric properties the pellets are
heated at 200 °C for 2 h and then cooled to room tem-
perature prior to conducting experiment. Capacitance (C),
impedance (Z), phase angle (¢) and conductance (G), of
the sample are measured in the frequency range 100 Hz—
1 MHz at various temperatures (30-310 °C) using a com-
puter controlled LCR-meter (HIOKI-3532-50, Japan) with
heating rate of 0.5 °C/min. The temperature is controlled
by Eurotherm 818 P programmable temperature controller
connected with the oven. Each measured temperature is
kept constant with an accuracy +1 °C.

3 Results and discussion
3.1 Structural characterization

The X-ray diffraction pattern of PCZO measured at room
temperature is shown in Fig. 1. In this pattern sharp
diffraction peaks are observed which are different from
those of ingredients. This confirms the formation of single-
phase compound. All the diffraction peaks of the X-ray
profile are indexed taking their 20 values and lattice
parameters are determined using a least-squares refinement
with the help of a standard computer programme Crysfire.
On the basis of good agreement between the observed and
calculated interplanar spacing d-values (i.e. XZ(dgps—
d.q)) = minimum), a monoclinic phase at room tempera-
ture is confirmed with a = 6.927 (2) A, b = 6.563 @))
c=6.168 (2) 10\, B =90.63° (3) and cell volume =
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Fig. 1 XRD diffraction pattern of Pr,CuZrOg at room temperature.
SEM image of the sample is shown in the inset

280.42 A®. SEM is capable of examining a relatively large
field of view, thus providing detailed information on grain
growth, porosity and its uniformity, as well as the regu-
larity of pattern arrays. The SEM image shown in the inset
of Fig. 1 indicates that the sample has a uniform distribu-
tion of grains with average particle size of 0.550 %+
0.002 pm. From the SEM image we observe the com-
pactness of the sample is good. There is hardly any visible
porosity in the sample and hence the electrical properties of
the material should be due to grain interior only.

3.2 Impedance study

Figure 2 shows the angular frequency dependence of the
real part, Z'(®) of impedance of PCZO at various tem-
peratures. The variation of Z' with frequency for all tem-
peratures implies relaxation process in the sample. The Z’
values merge at higher frequencies for all temperatures
indicating release of space charges as a result of reduction
in the barrier properties (i.e. reduction of grains, grains
boundaries and electrode interface resistance) of the
material. Further, at low frequencies the value of Z’
decreases with rise in temperature showing negative tem-
perature coefficient of resistance type behaviour.

Figure 3 shows the variation of the imaginary part Z”
(o) of impedance of PCZO as a function of temperature. In
Fig. 3 the curves show that the Z” reaches a maximum
value (Z",) and the value of Z" shifts to higher fre-
quencies with increasing temperature. The decrease in
impedance with an increase of temperature across the
entire frequency range indicates the semiconducting
behavior of the material. A typical peak broadening, which
is slightly asymmetrical in nature, can be observed with the
rise in temperature. The width of the peak in Fig. 3 points
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Fig. 2 Angular frequency dependence of the real part (Z') of
impedance of Pr,CuZrOg at various temperatures
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Fig. 3 Angular frequency dependence of the imaginary part (Z") of
impedance of Pr,CuZrOg at various temperatures. The solid lines are
fits of the impedance curves to Eq. (1)

towards the possibility of a distribution of relaxation times
(i.e. the polydispersive nature of the material). One of the
most convenient ways of checking the polydispersive nat-
ure of the material is to use Cole—Cole relation defined as

[6].
Z" =Ry + (Ro — Rxo)/[1 + (jorz.)] (1)

log(® /o )

m

Fig. 4 Scaling behaviour of Z” at various temperatures of Pr,
CuZrOg. The temperature dependence of the most probable relaxation
frequency is shown in the inser where the symbols are the
experimental points and the solid line is the least-squares straight
line fit

where Ry and R, are the resistances at very low and very
high frequencies respectively and t. is the characteristic
relaxation time of the system corresponding to the char-
acteristic angular frequency ® at the peak position of Z” in
the Z” versus log ® plot. o is the dimensionless exponent
that denotes the angle of tilt of the circular arc from the real
axis. The best fitting of the impedance data with Eq. (1) is
shown by solid lines in Fig. 3. The value of a lie in the
range of 0.71-0.72 in the temperature range of 30-200 °C.

A plot of the log ®,, versus of absolute temperature (1/
T) is shown in the inset of Fig. 4, where the circles are the
experimental data and the solid line is the least-square
straight-line fit. The activation energy E, calculated from
the least-square fit to the points is found to be 0.356 eV. If
we plot the Z"(®,T) data in the scaled coordinates i.e.
7" (0, T)/Z" ,, and log (®/®,,), where m,, corresponds to the
frequency of the peak value of Z” in the Z" versus logm
plots, the entire data of imaginary part of impedance can
collapse into a single master curve as shown in Fig. 4. Thus
the scaling confirms that the relaxation shape is tempera-
ture independent but the Arrhenius law is still operative
meaning that the relaxation time is exponentially temper-
ature dependent. The fact that the relaxation stays singly
dispersed on the whole temperature range is quite expected
when the relaxation process results from long range motion
of free charges.

Figure 5 shows a set of impedance data taken over a
wide frequency range (100 Hz-1 MHz) at several tem-
peratures as a Nyquist plot (complex impedance plot) for
PCZO. In the impedance spectrum, only single semicir-
cular arcs (hollow curves) are observed at all temperatures
with nonzero intercept at high frequencies (not shown here)
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Fig. 5 Complex-plane impedance plots for Pr,CuZrOg at various
temperatures

which indicate that the sample is electrical inhomogeneous.
The nonzero intercept indicates the presence of an arc for
frequency higher than the maximum frequency measured
(1 MHz), which is assigned as the contribution from grain
interior while the large semicircular arc at low frequencies
originates from the grain boundaries [7, 8]. In any material
the grain, grain boundary and electrode effect may be seen
in the experimental frequency window [9]. Due to the
compactness or porosity of the sample we can observe only
few. Regardless of the grain size there should be electrode
effect whatever small, in the low frequency region
(<50 Hz) above ~200 °C. The grain and grain boundary
effect depends on the grain size as well the temperature. In
general if the grains are large (~1 pm) we should get a
visible grain/bulk effect below 1 MHz [10]. In the
nanoceramics which have the grain size below 100 nm
does not show any grain effect in a frequency below
1 MHz [11]. It is observed that the centre of the semicir-
cular arc shifts towards the origin on increasing tempera-
ture which indicates that the conductivity of the samples
increases with the increase in temperature. Figure 6 pre-
sents a typical complex impedance plane plot of PCZO
compound and the corresponding equivalent circuit (inset
of Fig. 6) at 40, 60, 80 and 100 °C. The values of grain and
grain-boundary resistances and capacitances can be
obtained by an equivalent circuit of two parallel resistance—
capacitance (RC) elements connected in series. The
equivalent electrical equations for grain and grain bound-
ary are

Rg Rgb

Z = R +
1+ (0R,C,)* 1+ (wRewCop)*

(2)
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Fig. 6 Complex impedance spectrum of Pr,CuZrOg at 40, 60 80 and
100 °C temperatures. Solid line is the fitting to the experimental data
by RC equivalent circuit

Tablel As obtained from the intercept of the low frequency semi-
circle with the x-axis the values of Ry, and R, and corresponding Cy,
values

Temp (°C) Ry () Cyp (F) R, ()
40 391,877.55 4420 x 1071 400.12
60 226,653.06 3.658 x 1071 445.97
80 114,326.53 3.471 x 1071 535.24
100 73,183.67 3.120 x 1071 667.62
and

7" — R ngCg , ngth/’ (3)

— g 8

1+ (0R,Cy)? 1+ (0RyCop)?

where, C, and C,, are the grain and grain-boundary
capacitances and R, and Ry, are the grain and grain-
boundary resistances. We have fitted our experimental data
with Egs. (2) and (3) as shown by solid lines in Fig. 6. The
values of the fitted parameters R, Rgp, and Cyy, are given in
Table 1.

3.3 Modulus formalism

Figure 7 shows the variation of real M'(®w) and imaginary
M"(w) parts of the complex electric modulus (M) as a
function of frequency of PCZO at various temperatures.
The real part of electric modulus (M’) in Fig. 7a shows a
dispersion tending towards M., (high frequency asymp-
totic value of M) i.e. at high frequencies, M'(®) approa-
ches a maximum M, and at low frequencies M’
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approaches to zero which indicates that the electrode
polarization makes a negligible or low contribution to M'.
The value of M’ increases from low frequency towards a
high frequency limit and the dispersion shifts to high fre-
quency as temperature increases. The dispersion in
between low and high frequencies is due to the conduc-
tivity relaxation. At higher temperatures and at higher
frequencies, M, levels off because the relaxation pro-
cesses are spread over a range of frequencies. The peaks
developed in the values of imaginary parts of electric
modulus M”(w) indicate a relaxation process Fig. 7b. The
peak position shifts towards higher frequency side with an
increase of temperature indicating the thermally activated
nature of the relaxation time. For temperatures higher than
200 °C, the peaks are not observed and are probably
beyond the range of experimental frequency window. Two
apparent relaxation regions appear towards left of the peak
associated with the conduction process where the charge
carriers are mobile over a long distance; the region towards
right of the peak associated with the relaxation polarization
process where the charge carriers are spatially confined to
the potential wells. Further, the height of the modulus peak
appears to increase with rise in temperature suggesting a
corresponding decrease in the capacitance value with
temperature. In a relaxation process, one can determine the
most probable relaxation time 1, (= 1/®,,) from the posi-
tion of the peak in the M” versus logm plot. The most
probable relaxation time obeys the Arrhenius law
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Fig. 7 Frequency dependence of a M’ and b M” of Pr,CuZrQg at
various temperatures

E,
Tm = To €Xp (E> (4)

Where 1 is the pre-exponential factor, E, is the activation
energy, kg is Boltzmann constant and T is the absolute
temperature. A plot of the logm,, versus 10°/T obtained
from the frequency dependent plots of M” for PCZO is
shown in the inset of Fig. 8, where the symbols are the
experimental data and the solid lines are the least squares
straight-line fit. The activation energy of the compound
calculated from the slope of logm,, versus 10°/T is found to
be 0.320 eV, which may be interpreted as polaron hopping
based on electron carrier.

The scaling behavior of M” i.e. M"/M", versus log (®/
o) plot of PCZO at various temperatures is shown in Fig. 8,
where M”, represents the peak value of imaginary parts of
electric modulus and o,,, corresponds to the frequency of the
peak position of M” in the M” versus logm plots. The over-
lapping of the curves for all the temperatures into a single
master curve indicates that the relaxation in PCZO describe
the same mechanism at various temperatures. In other words,
the coincidence of all the curves at different temperatures
into a single master curve indicates temperature indepen-
dence of dynamic processes.

The variation of normalized parameters Z"/Z" ,, and M"/
M",, as a function of logarithmic frequency measured at
30-70 °C is plotted in Fig. 9 and 80-150 °C in Fig. 10 for
PCZO. Comparison with the impedance and electrical
modulus data determine the bulk response in terms of
localized (defect relaxation) or non-localized conduction
(ionic or electronic conductivity) [13]. The combined Z"/
Z" ., and M"/M" , plots is used to scale the extent of charge
carriers been localized [14]. The overlapping of peak
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Fig. 8 Scaling behaviour of M” at various temperatures for Pr,.
CuZrOg. Inset the temperature dependence of the most probable
relaxation frequency obtained from the frequency-dependent plot of
M”, where the symbols are the experimental points and the solid line
is the least-squares straight line fit
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Fig. 9 Frequency dependence of normalized peaks Z"/Z",, and M"/M" | for Pr,CuZrQg at various temperatures (30-70 °C)

positions between Z"/Z", and M"/M",, curves suggests
delocalized or long range relaxation of charge carriers [13].
On the other hand, if separation occurred, it indicates that the
charge carriers are locally refined and can only make short
range movement in terms of hopping. From Fig. 9 of the
combined spectroscopy of impedance and electrical modu-
lus, obvious separation of the peak frequencies between Z"/
7", and M"/M" , is observed which decreases with increase
in temperatures 30-70 °C. In Fig. 10 the peak separation
goes on dectrasing with increase in temperature and finally
the perfect coincidence of peaks between Z"/Z", and M"/
M",, occur at 150 °C. Therefore, it is proposed that in PCZO,
short-range movement of the charge carriers is dominant at
lower temperatures corresponds to localized relaxation and
long range electronic conduction is dominant at higher
temperatures. Figures 9 and 10 show the Z"/Z", and M"/
M"., do not overlap but are very close in the temperature
range 70-130 °C, suggesting the presence of both long-
range and localized relaxation.

3.4 AC conductivity study

The frequency dependence of ac conductivity (c,.) for
PCZO at various temperatures is shown in Fig. 11. It is

@ Springer

observed that at low frequencies and high temperatures
plateaus of G, appear (i.e. conductivity does not depends
on frequency) which corresponds to the dc conductivity
(04c)- The value of o4 is found to increase with an
increase of temperature showing the semiconducting
behavior of the material. The conductivity spectra follow
the Jonscher power law [15] defined as:

e (2)]

where, wy is the hopping frequency of charge carriers, and
n is the dimensionless frequency exponent. The experi-
mental conductivity data of PCZO are fitted to Eq. (5) with
Gq4c and wy as variables keeping in mind that the values of
parameter n are weakly temperature dependent. The best fit
of conductivity spectra is shown by solid lines in Fig. 11 at
various temperatures (30-270 °C). The reciprocal temper-
ature dependence of Gg4. is shown in the inset of Fig. 12
which follows Arrhenius law with an activation energy of
0.357 eV. The activation energies of the compound cal-
culated from impedance (0.356 eV), modulus spectrum
(0.320 eV) and conductivity (0.357 eV) are the same and
hence the relaxation mechanism may be attributed to the
same type of charge carrier. Such a value of activation

(5)
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Fig. 11 Frequency dependence ac conductivity (c,.) of PryCuZrOg
at various temperatures where the symbols are the experimental points
and the solid lines represent the fitting to Eq. (5)

energy suggests that the conduction mechanism in PCZO
may be due to the hopping of small polaron between
neighboring sites within the crystal lattice and are consis-
tent with our earlier reports [16, 17]. In highly polarizable
lattices like perovskite oxides electronic localization results
in a lattice deformation and polarization. Since such
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Fig. 12 Summerfield scaling for conductivity spectra at different
temperatures of Pr,CuZrOg. Inset the temperature dependence of dc
conductivity curve for Pr,CuZrOg, where the symbols are the
experimental points and the solid line is the least-squares straight
line fit

polarons are carrying a charge, an electronic dipole
moment and an elastic energy.

In our earlier work [18] we have reported the activation
energy of Ho,CuZrOg (HCZ) as ~0.1 eV. This indicates
that the replacement of the Ho (A-site) by Pr ion leads to a
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major role in the conduction mechanism. The conductivity
of PCZO is higher than that of the HCZ. This is due to the
decrease of ionic radius from Pr to Ho. A decrease in the
ionic radius will increase the distortion in the material
creating less hybridization between B’-O/B”-O which
lowers the conductivity.

Figure 12 shows log(c,./G4.) versus log(w/cy. T) plot at
different temperatures for PCZO. This so-called Summer-
field scaling [19, 20] uses the directly measurable quanti-
ties 64c and T as the scaling parameter. From Fig. 12, it is
obviously seen that a quite satisfying overlap of the data at
different temperatures on a single master curve illustrates
well the dynamic processes occurring at different fre-
quencies need almost the same thermal activation energy.
Another indication of those scaled master curves is that all
Arrhenius temperature dependence of conductivity is
embedded in the dc conductivity term.

Figure 13 illustrates the reciprocal temperature depen-
dence of ac conductivity (o,.). It is observed that ac con-
ductivity increases with rise in temperature and frequency.
The increase of conductivity with temperature once again
supports the negative temperature coefficient of resistance
(NTCR) behaviour in the sample. The increase of G,. with
rise in frequency may be attributed to the disordering of
cations between neighbouring sites, and presence of space
charges [21]. Ac conductivity activation energy decreases
with increasing frequency from 0.343 to 0.224 eV and
different activation energies involved in different temper-
ature regions in the conduction process. The temperature
dependence of hopping frequency is shown in the inset of
Fig. 13. The hopping frequency wy increases with increase
in temperature corresponds to short range to long range
motion of charge carriers as discussed in Sect. 3.3. The
hopping frequency wy also follows the Arrhenius law with
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Fig. 13 Reciprocal temperature dependence of ac conductivity for

Pr,CuZrOg at different frequencies. Inset the temperature dependence
of hopping frequency (wp)
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the value of activation energy being 0.332 eV corresponds
to that calculated from impedance, modulus and conduc-
tivity plots and once again confirms the polaron hopping.

4 Conclusions

The polycrystalline sample of Pr,CuZrOg was prepared by
solid-state sintering process, and electrical properties were
investigated in a broad frequency (100 Hz—-1 MHz) and
temperature range (30-310 °C). The X-ray diffraction
studies confirm the monoclinic crystal structure at room
temperature with lattice parameters a = 6.927 (2) A,
b =6.563 (1) c = 6.168 (2) A, B = 90.63° (3). Based on
an analysis of the impedance spectra, it has been shown
that the nonzero intercept in impedance plane plot indicates
the presence of grain boundary effect. The variation of dc
conductivity as a function of temperature demonstrate that
the compound exhibit Arrhenius type of electrical con-
ductivity and semiconducting behaviour. Activation ener-
gies show that the conduction mechanism in PCZO may be
due to the polaron hopping. From modulus study it has
been observed that the dispersion in between low and high
frequencies is due to the conductivity relaxation. The peak
position shifts towards higher frequency side with an
increase of temperature indicating the thermally activated
nature of the relaxation time. The combined Z"/Z", and
M"/M”", plots confirmed that the presence of both long-
range and localized relaxation of charge carriers were
present in PCZO in the temperature range 70—130 °C.
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