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Abstract A new double perovskite oxide holmium cadmium
zirconate Ho,CdZrOg (HCZ) is synthesized by solid state
reaction technique. The crystal structure has been determined
by powder X-ray diffraction (XRD) which shows monoclinic
phase at room temperature. The frequency dependent electrical
data are analyzed in the framework of conductivity and electric
modulus formalisms. The scaling behavior of imaginary elec-
tric modulus suggests that the relaxation describe the same
mechanism at various temperatures. Nyquist plots are drawn to
identify an equivalent circuit and to know the bulk and inter-
face contributions. The conduction mechanism is explained by
Mott’s theory. At the high temperature range, conductivity data
satisfy the variable range hopping (VRH) model. In this re-
gime, the conductivity of sample obeys Mott’s 7" law indi-
cating 3D charge transport in HCZ compound. High
temperature data indicates the formation of thermally activated
small polarons.

Keywords Chemical synthesis - Double perovskite -
Electrical properties

1 Introduction

Double perovskites, with general formula A,B'B"Og, are one
of the most widely studied families of oxides owing greatly to
their synthetic variability, compositional flexibility and
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intriguing properties. Double perovskite compounds have
attracted a great deal of researchers’ interest due to their
extraordinary transport properties [1-6] as a result of different
possible electrons that can occupy the A, B’ and B"-site. In
these oxides, one kind of octahedral in the structure is B'O¢
and the other is B"Oyg. For the octahedra to be distinct there
must usually be a large difference in size and charge between
B’ and B". The two kind of octahedra in the double perovskite
structure are arranged as in the rock salt where the B’ and B”
cations are alternately ordered. The physical properties of
interest among double perovskites include superconductivity,
colossal magnetoresistance, ionic conductivity and a multi-
tude of dielectric properties, which are of great importance in
microelectronics and telecommunication. Because of the great
flexibility inherent in the perovskite structure [7, 8] there are
many different types of distortions which can occur from the
ideal structure. Many of the physical properties of double
perovskites depend crucially on the details of these distortions,
particularly the electronic, magnetic and dielectric properties
which are so important for many of the applications of double
perovskites. Recently, the study of these perovskite materials
has increased due to the possibility of applying them in the
design and development of tunnel junctions, magnetic mem-
ories and several other technologically important magnetic
devices in the novel spintronics area [9].

The rare earth oxides have many applications in solid-state
electronics, electrical and transparent opto-ionic devices. The
basic promise of rare earth oxides in electronics is that of
enabling high temperature and high-power devices. These
oxides have high resistivity, high dielectric constant, large band
gap, high recrystallization temperature and thermodynamically
stable in contact with Si substrate at high temperature (~800 °C)
under high vacuum [10]. Since most of the devices are operated
in the ac electrical mode, the investigation of ac electrical
conduction of these materials is interesting.

Though the electrical properties of various double per-
ovskites have been studied in the recent past [11-15], no
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attempt has so far been made to study the perovskite
Ho,CdZrOg. In this paper we, therefore, report the prepara-
tion and electrical properties of a new double perovskite
oxide Ho,CdZrOg in a frequency range (100 Hz—1 MHz) at
various temperatures.

2 Experimental

The sample Ho,CdZrOs (HCZ) was prepared through solid
state reaction route. Powders of Ho,O; (Aldrich, 99.9 %),
CdO (Loba Chemie, 99 %) and ZrO, (Loba Chemie, reagent
grade, 99.5 %) were taken as primary raw materials and
stoichiometrically mixed in a agate mortar in the presence of
acetone (Merck) for 12 h. The mixture was 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 was palletized into a circular disc (of thickness
I mm and diameter 10 mm) using PVA as binder which
was burnt out during high temperature sintering at 1150 °C
for 6 h, and cooled slowly to room temperature at a cooling
rate 1 °C/min. The sample was characterized by X-ray
diffraction pattern and scanning electron micrograph. The
X-ray diffractogram of the sample was recorded at room
temperature with Rigaku Miniflex-II automatic X-ray pow-
der diffractometer in a wide range of Bragg angles (10°<
260<80°) using CuK o radiation (A=1.5418 A) and a Ni filter
operating at 30 kV and 15 mA at a scanning rate of 2°/min.
The scanning electron microscope (FEI Quanta 200) was
used to determine the grain size distribution.

The sintered pellets were polished to make both their
faces parallel and electroded by high purity ultrafine silver
paste for all their electrical characterization. To dry the paste
the samples were evaporated onto both sides of the disc at
500 °C for 2 h prior to conducting experiment. Capacitance
(C), impedance (Z), phase angle(¢) and conductance (G), of
the sample were measured in a wide frequency range
(100 Hz to 1 MHz) at various temperature using a computer
controlled LCR-meter (HIOKI-3552, Japan) at a heating
rate of 0.5 °C/min. The Eurotherm 2216e temperature con-
troller was used to control the temperature of the sample.

3 Results and discussion
3.1 Structural characterization

The X-ray diffraction pattern of HCZ measured at room
temperature is shown in Fig. 1. The pattern is characteristic
of a perovskite structure. All the reflection peaks of the X-
ray profile are indexed and lattice parameters are determined
using a least-squares method with the help of a standard
computer programme (Crysfire). Good agreement between
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the observed and calculated interplanner spacing (d-values),
Table 1, suggests that the compound crystallizes in mono-
clinic phase at room temperature. The cell parameters are a=
8.6134+£0.0028 A, b=6.4611+0.0041 A, c=6.2778+
0.0018 A and p=94.0732+0.0401° with cell volume V=
348.49 A®. X-ray diffraction confirms that the specimen is
single phase. A SEM image of the sample is shown in the
inset of Fig. 1. The SEM image indicates the uniformity of
the grains in the samples. The grain size of HCZ is found to
be in the range 0.61-1.39 pum.

3.2 Electric modulus analysis

An alternative approach to investigate the dynamical aspects
of electrical transport phenomena of materials is the complex
electric modulus M*(w). The electrode polarization effect is
minimized in this representation. The complex electric mod-
ulus is represented by the following expression [16]:

M*(w) = 1/e* = iwCoZ* = M'(0) + iM" (w)

=M 1—7exp(—iwt){dﬁ,§t)}dt (1)
0

Where C is the vacuum capacitance of the cell and * is
the complex permittivity, M’ and M" represent the real and
imaginary parts of complex electric modulus (M*).

M,=1/e,, M, (high frequency asymptotic value of M")
and ¢, is the high frequency asymptotic value of the real
part of the dielectric permittivity and (?) is the relaxation
function, which gives the time evolution of the electric field
within the materials. Figure 2(a) and (b) shows the frequen-
cy dependence of the real M'(w) and imaginary M"'(w) parts
of the complex electric modulus (M*) of HCZ at various
temperatures. The real part of electric modulus M'(w) shows
a dispersion tending towards M., (high frequency asymptot-
ic value of M) i.e. at high frequencies, M'(w) approaches a
maximum M, and at low frequencies M' approaches to zero
indicates that the electrode polarization makes a negligible
low contribution to M’ [17]. The dispersion in between low
and high frequencies is due to the conductivity relaxation.
At higher temperatures and at higher frequencies, M., levels
off because the relaxation processes are spread over a range
of frequencies. The peaks developed in the values of imag-
inary parts of electric modulus M"(w) indicate a relaxation
process. The peak position shifts towards higher frequency
side with an increase of temperature indicating the thermally
activated nature of the relaxation time. Two apparent relax-
ation regions appear the region 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



J Electroceram (2012) 29:99-105

101
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the potential wells. We have fitted our experimental data to
Eq. (2) as shown by solid lines in Fig. 2(b) with the Cole-
Cole expression defined as [18]:
"_ M M [(Ms — M) sin ¢]4
M2A% + 24(M oo — MM cos o + (Mo, — M)

3

(2)

Table 1 Comparision of observed and calculated d-values (A) of some
reflection of HCZ compound at room temperature

200bs (deg.) hkl dos (A)(a) dew (A) (b) Diff. (a-b) Ulo
18.120 101 4.8971 4.8958 0.0013 2
20.640 200 42957 42941 0.0016 3
29.500 120 3.0255 3.0229 0.0026 100
33.380 301 2.6822 2.6763 0.0059 3
34.240 310 2.6179 2.6172 0.0007 27
36.240 311 2.4768 24725 0.0043 3
43.900 321 2.0607 2.0607 0.0000 3
46.580 312 1.9474 1.9465 0.0009 2
49.000 231 1.8575 1.8563 0.0012 24
49.200 213 1.8504 1.8504 0.0000 39
55.140 232 1.6638 1.6632 0.0006 2
58.200 313 1.5839 1.5827 0.0012 15
58.440 S11 1.5780 1.5779 0.0001 26
61.040 114 15164 1.5156 0.0008 3
61.300 512 15110 1.5100 0.0010 5
71.800 24 13137 1.3135 0.0002 2
72.100 620 13089 1.3086 0.0003 5
79.460 115 1.2054 1.2049 0.0005 2
79.780 433 12011 1.2003 0.0008 4

26 (degree)

1— . 2(1-a) 12
where, 4 = [1 +2(wr' ) sin(ar/2) + (w7) } and

¢ = tan~! [(a)r)lf" cos(ar/2)/ [1 + (07) sin(om/Z)H.

The value of « is lying in between 0.10 and 0.18 for the
temperatures ranging from 30 to 270 °C.

The temperature dependence of the characteristic relaxa-
tion time 7,, (= w,,') is shown in the inset of Fig. 3, which
also obeys the Arrhenius law and the corresponding activa-
tion energy is £,=0.23 eV (£, represents activation energy
obtained from the peak position of M" versus logw plots).
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Fig. 2 Frequency dependence of (a) M’ and (b) M" of Ho,CdZrOg at

various temperatures where symbols are the experimental points and
solid lines are the fitting to Eq. (2) as shown in Fig. 2b
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Fig. 3 Scaling behaviour of M" at various temperatures for
Ho,CdZrOg. Inset: The temperature dependence of the most probable
relaxation frequency obtained from the frequency-dependent plot of M",
symbols are the experimental points and the solid line is the least-squares
straight line fit

Such a value of activation energy suggests the existence of a
relaxation mechanism (a conductive process), which may be
interpreted as polaron hopping between neighboring sites
within the crystal lattice. In order to mobilize the localized
electron, the aid of lattice oscillation is required. In these
circumstances, electrons are considered not to move by them-
selves but by hopping motion activated by lattice oscillation
i.e. the conduction mechanism is considered as phonon-
assisted hopping of small polaron between localized states.
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Fig. 4 Complex plane plot of impedance for Ho,CdZrOg at 400 °C,
420 °C and 450 °C, solid line is the fitting to the experimental data by
RC equivalent circuit
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The scaling behaviour of M" i.e. M" /M" 1 versus log
(Wlwmax) plot of HCZ at various temperatures is shown in
Fig. 3. The overlapping of the curves for all the temperatures
into a single master curve indicates that the dynamical
processes are nearly temperature independent.

3.3 Impedance study

The electrical properties of the material were determined by
impedance spectroscopy. Experimental complex impedance
data may well be approximated by the impedance of an
equivalent circuit consists of resistors, capacitors and possi-
bly various distributed circuit elements. These equivalent
circuit can be physically interpreted and assign them to
appropriate process. The display of impedance data in com-
plex plane plot appears in the form of a succession of semi-
circles attributed to relaxation phenomena with different
time constants due to the contribution of grain (bulk),
grain-boundary and interface/electrode polarization in the
polycrystalline materials. Hence the contribution to the
overall electrical properties by various components in the
material is separated out easily. Figure 4 shows a typical
complex impedance plane plot and the corresponding equiv-
alent circuit of HCZ at 400, 420 and 450°C. The impedance
spectrum shows only one high frequency semicircular arc,
and the semicircular arc becomes smaller with increasing
temperature. The high frequency semicircular arc corre-
sponds to bulk property of the material arising due to parallel
combination of bulk resistance (R;) and bulk capacitance (Cy)
of the material (inset of Fig. 4). The complex impedance (Z*)
for the equivalent circuit in this system is

1

Z¥=7 —iZ/ =R4—————
TR T iwC,

Where R is the series resistance, Z' and Z" are the real
and imaginary parts of complex impedance given by:

R
Z =Rty (3)
1+ (0R,Cy)
and
R
O . @
1 + (wR,Cp)

We have fitted our experimental data with Egs. (3) and (4) as
shown by solid lines in Fig. 4. The fitted parameters for R, are
2.24 M, 1.27 M2 and 0.75 MQat temperatures 400, 420 and
450°C respectively, and the corresponding bulk capacitance
(Cp) values are 4.87x107"" F, 4.95x10"" F, 5.81x10"" E. A
good agreement between the experimental and fitted data indi-
cates that the polarization mechanism correspond to the bulk
effect arising from the semiconductive grains.
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3.4 Electrical conductivity

AC conductivity measurement is an important tool for
studying the transport properties of materials. The conduc-
tivity is found to be frequency independent in low frequency
region and is illustrated as dc conductivity. The temperature
dependence of the dc conductivity gives information about
the long time charge carrier dynamics and it is well de-
scribed by the Arrhenius law, reflecting the activated nature
of hopping processes. At high frequencies, the conductivity
becomes strongly frequency dependent, varying approxi-
mately as a fractional power of frequency. Full analysis of
this dispersion not only required accurate data but also
appropriate model to represent the response. We have taken
Jonscher’s power law for ac conductivity analysis. The
frequency dependence of real part of ac conductivity o'(w)
at various temperatures for HCZ is shown in Fig. 5. The real
part of conductivity ¢'(w) shows dispersion that shifts to the
higher frequency side with increasing temperature. From
Fig. 5 it is clear that o'(w) decreases with decreasing fre-
quency and becomes frequency independent after a certain
value (i.e. in low frequency region) giving dc conductivity
(04.). The value of oy, is found to increase with an increase
of temperature. For higher frequencies power-law behav-
iour, o'(w)~Aw" is observed. The ac conductivity spectra
then can be described by the so-called Jonscher’s universal
power law [19] defined as:

(@) = 04 + ue(®) = 04 + A" (5)

Where o'(w), 04, 04(w) have their usual meanings, A is
a constant and 7 is the frequency exponent lies in the range
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Fig. 5 Frequency dependence of the conductivity (o) for Ho,CdZrOg
at various temperatures, symbols are the experimental points and solid
lines represent the fitting of Jonscher’s power law

0<n<I1. The term Aw" comprises the ac dependence and
characterizes all dispersion phenomena. The experimental
conductivity data of HCZ are fitted to Eq. (5) 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. 5 with values of n are 0.88-0.92 for
temperatures 350450 °C. There is a vast number of theo-
retical approaches to deduce this behavior from the micro-
scopic transport properties of various classes of materials
[20]. The quantum-mechanical tunneling model, which cor-
responds to the variable range hopping (VRH) model for
nonzero frequencies, predicts a temperature-independent
frequency exponent n near 0.8 [20].

Typical plot of temperature variations of log of dc con-
ductivity o,. for HCZ is shown in Fig. 6. It is obvious that
the o, increases with increasing temperature showing the
semiconducting behaviour of the material. This semicon-
ducting behavior can also be observed in Fig. 5 at lower
frequencies. To understand the mechanism of electrical con-
duction, we have analyzed the conductivity data in terms of
small polaron hopping and variable range hopping (VRH)
models [21, 22].

The temperature dependence of the dc conductivity o, is
shown in Fig. 7. The results indicate that o,.(7) cannot be
fitted assuming a thermally activated conduction mecha-
nism, which is commonly used to characterize band con-
duction. The dc conductivity [22] in semiconductors, in
which the main conduction mechanism is related to excited
carriers beyond the mobility edge into the non-localized or
extended states, is expressed as:

_Ea
Ode = 0, €XP |:kBT:| (6)
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Fig. 6 Temperature variation of electrical conductivity for Ho,CdZrOg
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Fig. 7 Temperature dependence of dc conductivity for Ho,CdZrOg:
log o4 versus T "%, The symbols are the experimental points and the
solid line is fit to Mott-VRH prediction, Eq. (7). Inset shows the data in
Arrhenius representation

where, o, is the pre-exponential factor, E, the activation
energy for conduction, kp the Boltzmann constant and T is
the Kelvin temperature. The Arrhenius plot shown in the
inset of Fig. 7 does not lead to straight line over significant
temperature ranges. The slight curvature in the conductivity
log o4 vs. T'' plot occurred within the low temperature
range. Such a curvature in the plot suggested that the vari-
able range hopping (VRH) of small polaron model could be
concerned in such a case. The variable range hopping of
small polaron conductivity model described the conductiv-
ity with the formula [21-25]:

Ode = 00 €Xp {—(T()/T)l/q (7)
16
" BN Er v

where N(Ep) is the density of localized states at the
Fermi level, L the localization length and 7, is the
Mott’s characteristic temperature. The experimental data
were fitted satisfactorily by solid line to Eq. (7) in the
temperature range (~463—723 K) with 7,=5.2x10"K was
obtained from fit as shown in Fig. 7. The reported value
of N(Ex)(=5.68x10"7 eV'' ecm™) [21, 22, 24, 25] yields a
location length L of the order of 18 A for HCZ as
calculated from Eq. (8). This value of location length L
is found to be in the same order of magnitude as
reported by Mahato et al. [6, 24] for double perovskite
oxides. The average hopping distance, Ry(T) between
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two localized states and hopping energy, Ey(T), are given
by the following equations [22]:

Ry(T) = (§>L<TTO) v )

and,

- ()

The calculated values of R,(300 K) and E; (300 K) are
13.8 nm and 0.132 eV respectively. It is evident from Fig. 7
that the plot log oy vs. 1/T"* leads to straight line over a
considerable temperature range (463—723 K) i.e. Mott’s law is
obeyed over a temperature range 463—723 K and indicates 3D
charge transport in HCZ compound. Below 463 K, it was
observed that conductivity data deviate from the straight line
behaviour because in low temperature region charge conduc-
tion is mainly dominated by the thermally stimulated tunnel-
ing through the localized sites. Therefore the observed dc
conductivity is contributed as the sum of hopping conduction
and tunneling conduction. Band conduction is absent because
the extended states are far away from the Fermi level. Such a
deviation from linearity at lower temperature has also been
observed by Molak et al. [26] and explained with the help of
variable range hopping of small polaron model.

Figure 7 also suggests that a change in conductivity
mechanism likely occurs near 463 K. Above 463 K the
conductivity is associated with polaron transport in the
extended states at the mobility edge. At temperatures near-
ing 463 K the probability of thermal release becomes rapidly
smaller, which makes polaron hops to a neighbouring local-
ized state more likely to take place below 463 K.

(10)
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Fig. 8 Relation between log(o,./04.) and log(w/oy.T) at different
temperatures for Ho,CdZrOg¢



J Electroceram (2012) 29:99-105

105

3.5 ac conductivity scaling studies

We have performed a scaling process of the a.c. conductivity
as a function of frequency as shown in Fig. 8, which shows
the conductivity master curves of the sample HCZ. In Fig. 8
we have used log (0,./04.) as the y-axis scaling parameter
and log (w/oy4.T) as the x-axis parameter at different tem-
peratures. This scaling was proposed by Rolling et al. [27]
where it was found that the product Tog. obeys an Arrhe-
nius relation. From Fig. 8, it is clear that a quite satisfying
overlap of the data at different temperatures on a single
master curve illustrates well the dynamic processes occur-
ring at different frequencies need almost the same thermal
activation energy. Another indication of those scaled master
curves is that all Arrhenius temperature dependence of con-
ductivity is embedded in the d.c. conductivity term [28].

4 Conclusions

In this work, we have reported the electrical modulus and
electric conduction mechanism in double perovskite oxide
Ho,CdZrO4 (HCZ) synthesized by solid state reaction route.
The X-ray diffraction analysis shows monoclinic phase at
room temperature. The activation energy (0.23 eV) obtained
from M" peaks suggests that the conduction mechanism in
HCZ may be due to the polaron hopping based on the electron
carriers. Frequency dependent conductivity for HCZ obeys
Jonscher’s power law with high frequency dispersion. The
variation of dc conductivity with temperature indicates the
semiconducting nature of the material. The conduction mech-
anism is explained by Mott’s theory and Mott’s parameters
were determined. From the temperature-dependent conductiv-
ity investigation we concluded that the three-dimensional type
variable range hopping conduction is the dominant mecha-
nism. The a.c. scaling study suggests that the conductivity
relaxation mechanism is independent of temperature.
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