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Abstract Herein, we report the structural, bonding, dielectric,
and electrical transport properties of Caz;(MgTa,)Oy (CMT)
and Ca;(ZnTa,)O9 (CZT) with the chemical formula
Ca(Mg;3Ta,3)O5 and Ca(Zn; 5Ta, 3)O03, respectively, synthe-
sized by the solid-state reaction technique. The Rietveld re-
finement of powder X-ray diffraction (PXRD) patterns has
confirmed that the CMT and CZT are triple perovskites be-
longing to monoclinic P2;/c space group with 1:2 B-site or-
dering. The unit cell contains four formula units of CMT and
CZT. The results of the structural study are corroborated by
Fourier transform infrared (FTIR) and Raman spectroscopic
studies. Comparing the crystal structures of 1:2 ordered pe-
rovskites with the chemical formula Ba(B’;3B"5/3)O3 and
Ca(B'15B"»3)03, we have predicted that for this group of
perovskites, only calcium-based systems exhibit a monoclinic
crystal structure of P2,/c space group due to the smaller ionic
radii of Ca®* compared to those of Ba®*. The grain size ranges
between 0.38 and 2.66 pm for CMT and 0.11 and 1.60 um for
CZT, respectively. The analysis of the dielectric permittivity in
the framework of the modified Cole-Cole model has revealed
that the dielectric relaxation in CMT and CZT is strongly
temperature dependent and polydispersive in nature. The ac-
tivation energies associated with dielectric and electrical trans-
port properties are ~0.35 and 0.33 eV for CMT and CZT,
respectively. The polaron hopping governs the electrical and
dielectric response of the samples. It has been found that CMT
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and CZT exhibit enhancement in dielectric properties com-
pared to their niobate counterparts and 1:1 ordered tantalum-
based perovskite oxides.
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Introduction

Studies on the dielectric, structural, and microstructural prop-
erties of complex perovskite oxides have attracted paramount
attention in the recent past owing to their widespread techno-
logical applications in memory devices (dynamic RAM),
wireless communication systems, cellular phones, global po-
sitioning systems, etc. in the form of capacitors, filters, and
resonators [1-17]. The development of materials with high
dielectric constant and low loss tangent has immense impor-
tance for miniaturization of electronic devices. The
heterovalent perovskites with the general formula A(B',B";
_ )O3 exhibit various types of cation ordering at B site of the
perovskite unit cell [9—-17]. Moreover, these materials have
high dielectric constant and they have applications in multi-
layer capacitors and piezoelectric and pyroelectric transducers
[9, 10]. For exploring widespread applications, the proper un-
derstanding of the structural property and ac electrical behav-
ior of these materials is very crucial. In recent years, the alter-
nating current impedance spectroscopy (ACIS), which probes
the electrical phenomena taking place in a system by applying
an ac signal, has emerged as an authoritative tool to study the
electrical properties of complex perovskite oxides [9—17].
This method also enables us to separate out the intrinsic
(bulk) and extrinsic (grain boundary, surface layer, and elec-
trode) contributions of polycrystalline materials.
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In case of A(B’.B"”|_,)O5-type perovskite oxides, the di-
electric property significantly depends upon the B-site ion
ordering, atomic radius, and valence of B-site ions as well as
on the presence of defect and oxygen vacancies. A large body
of work has been carried out on the dielectric property and
relaxation mechanism of A(B'|3B",/3)O3 perovskite oxides
where A = Pb, Ba, Sr, Ca; B’ = Mg, Zn, Ni, Sr; and B" =
Nb, Ta [11-18] in the frequency range of 100 Hz to 1 MHz
over a wide range of temperature. It may be noted that the
dielectric property of perovskite oxides can be indirectly
probed by using infrared spectroscopy. The real and imaginary
parts of dielectric permittivity, loss tangent, and quality factor
of these materials can be estimated using phonon parameters
obtained from infrared spectroscopic study. If the experimen-
tal error is low, the values of dielectric parameter so obtained
match well with the experimentally measured values [19-22].
To the best of our knowledge, there is no such report on the
analysis of variation of real and imaginary parts of the dielec-
tric permittivity with frequency of the perovskite systems hav-
ing the chemical composition Ca(B';3Ta",/3)O3 (where B’ =
Mg and Zn). In this background, an analysis of the real and
imaginary parts of the dielectric permittivity spectra of 1:2
ordered Caz(MgTa,;)O9 (CMT) and Ca3(ZnTa,)Og (CZT) with
the chemical formula Ca(Mg; 3Ta,/;3)O5 and Ca(Zn;;3Tay3)O03
considering the distribution of relaxation time and effect of dc
conductivity appears to be very interesting. Further, compari-
son of the results with other perovskite oxides of the same
kind may provide fruitful information regarding the dielectric
properties of Ta-based perovskite systems.

The complex perovskite oxides exhibit a wide variety of
crystal structure depending on the difference in the radii and
valence of B-site cations [23-29]. The A(B'13B",/3)O3-type pe-
rovskite oxides show hexagonal crystal structure of Pm31, P65/
mmc and monoclinic structure of P2 /c space groups [30-37],
and they exhibit both the 1:1 (e.g., Pb(Mg;,3Nb,3)05 [23, 24]
and 1:2 (e.g., BaMg;3Ta;3)05 [29, 38]) B-site ordering pat-
terns. The study on the crystal structure, microstructure, and
cation ordering of Sr(Mg;,3Nb,;)05; and Ca(Mg;;3Nb,/;3)0;
using X-ray diffractometry, selected area electron diffractometry,
and transmission electron microscopy revealed that both sam-
ples had 1:2 ordered monoclinic unit cell [28, 29]. However,
both Park et al. and Lee et al. did not analyze the powder X-
ray diffraction (PXRD) patterns of the samples by the Rietveld
refinement method [32, 33]. Relying upon the results of these
works, Fu et al. indexed the PXRD pattern of Ca(Mg;3Ta,3)O03
in monoclinic P2 ,/c space group and confirmed the validity of
space group assignment by Raman spectroscopic study [34, 35].
Again, Fu et al. did not analyze the PXRD pattern of
Ca(Mg;53Ta,3)O; by the Rietveld refinement method, although
they had shown that the PXRD pattern of the sample matched
well with that of Ca[(Mg;5Ta3)0.9Tig.1]03. The monoclinic
P2,/c symmetry of Ca(Mg;,3Ta,/3)O5 was proven by the
Rietveld refinement of PXRD pattern and Raman spectroscopic
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study [34-36]. However, to the best of our knowledge, there is
no report on the crystal structure and bonding property of CMT
and CZT. In this context, the aim of the present work is to
thoroughly investigate the crystal structure, bonding property,
and B-site cation ordering of CMT and CZT along with their
dielectric behavior in the frequency range of 50 Hz to 1 MHz.

In this paper, we have reported the crystal structure, mi-
crostructure, and dielectric relaxation property of CMT and
CZT along with the results of dc conductivity measure-
ments. We have employed powder X-ray diffractometry,
scanning electron microscopy (SEM), Fourier transform in-
frared (FTIR) spectroscopy, Raman spectroscopy, and
ACIS technique to fulfill the goal. The present study has
revealed that the dielectric relaxations in the samples are
polydispersive in nature and the polaron hopping mecha-
nism controls the electrical response of the samples. Results
also indicate that the dielectric property of perovskite ox-
ides can be tuned by the modification of crystallite size and
judicious choice of B-site metal ions.

Experimental

The polycrystalline CMT was synthesized through conven-
tional ceramic method by mixing powders of CaCO; (reagent
grade), Ta,Os (reagent grade), and MgO (reagent grade) in
stoichiometric ratio, while for CZT, ZnO (reagent grade)
was used instead of MgO. The blended powders were calcined
in a Pt crucible at 1623 K in air for 16 h and thereafter cooled
down to room temperature at the rate of 100 K h™'. The phase
formation was confirmed by recording the powder PXRD
patterns of the calcined samples. Finally, the calcined samples
were pelletized into a disc using polyvinyl alcohol as binder,
and the discs were sintered at 1673 K for 10 h and cooled
down to room temperature at the rate of 1 K/min. The thick-
ness and the diameter of these discs were 1.63 and 9.56 mm,
respectively, for CMT and 2.87 and 9.72 mm, respectively, for
CZT. The structural, morphological, and electrical character-
izations were carried out using these discs. For electrical mea-
surements, both the flat surfaces of these discs were polished
thoroughly and were coated with silver paste and then heated
at 473 K for 2 h. After electrical measurement, the silver paste
was thoroughly removed by rubbing these discs by fine emery
paper and then cleaned by acetone and distilled water.
Afterward, to check whether the porosity will contribute to
the dielectric property or not, we had measured the density
of these discs using the Archimedes principle. The
Archimedes density of CMT is 5.967 g cm > and CZT is
6.342 g cm >, while the crystalline densities of CMT and
CZTare 5.971 and 6.348 g cm >, respectively. This indicates
that the amount of porosities in the sample discs is negligible.

The PXRD patterns of CMT and CZT were recorded at
room temperature by Bruker D8 Advanced Diffractometer
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using Cu Kot (A= 1.54184 A) radiation over a range of Bragg
angles 10° <260 <70° with the step size of 0.02° and scan time
of 6 s/step. The generator was set at 40 kV and 40 mA. We
have determined the space group of the samples by using
FINDSPACE of EXPO2009 package [39] through statistical
analysis of the PXRD data. The GSAS program with
EXPGUI interface was used for Rietveld structural refinement
of'the PXRD patterns [40]. The background was described by
the shifted Chebyshev function of first kind with 36 points
regularly distributed over the entire 26 range. The field emis-
sion scanning electron microscope (FESEM) (FEL, INSPECT
F50) was used for the morphological and microstructural char-
acterizations. The chemical compositions of the samples were
determined by the energy dispersive X-ray spectrometer
(EDS, BRUKER) attached with the FESEM equipment.

The FTIR spectra of the samples were recorded in trans-
mission mode within the wavenumber range 400—1300 cm
at room temperature using Perkin Elmer Spectrum Two FTIR
spectrometer. The Raman spectra of CMT and CZT were re-
corded by WITEC alpha, 300R Raman spectrometer equipped
with diode laser source of A = 532 nm. To have a good profile,
a thin film sample over a glass slide was used instead of a
powder sample. For preparing the films, the powders of the
sample were dispersed in acetone. Then, the films of the sam-
ple were developed on a clean glass slide by the drop cast
technique. Afterward, the solvent was removed by drying
the films in vacuum at room temperature.

The capacitance (C), conductance (G), impedance (Z), and
phase angle (p) were recorded by an LCR meter (HIOKI
3532) at different temperatures between 393 and 573 K as a
function of frequency (50 Hz to 1 MHz) and at the oscillation
voltage of 1.0 V. During data collection, the sample was heat-
ed at a rate of 0.5 K/min and the measurement temperatures
were kept constant with an accuracy of 0.5 K using a pro-
grammable vacuum oven. The dc conductivity of the samples
was measured by the four probe method.

Results and discussion
Structural and morphological properties

In case of perovskite oxides, subtle structural variation leads
to drastic changes in their physical properties. Thus, determi-
nation of the crystal structure of perovskite oxides has im-
mense importance. For many ABOs-type perovskites, the ox-
ygen octahedra gets tilted due to the misfit of the ionic radii of
the A and B cations in the cubic lattice, and in consequence,
distortions from ideal cubic structure occur in such systems
[41, 42]. The degree of such distortion can be estimated by
calculating the Goldschmidt tolerance factor (7%) using the

_ ra+ro . .
formula 7' ¢ N TESEEsS where 74, g, and ry are the ionic

radii of A site, B site, and O ions, respectively [43]. The cubic
structure is obtained if the value of 7 is close to unity, whereas
for monoclinic and orthorhombic perovskite, 7% is less than 1
[16-18]. The values of the tolerance factor (7¢) for CMT and
CZT are 0.942 and 0.934, respectively. T has been calculated
by using Shannon effective ionic radii [44] and taking the
rg = 2’1%, where 7 is the radius of Ta>" ion and r, is the
radius of Mg?* ion for CMT and Zn>* ion for CZT. According
to Reaney et al., perovskites with 0.985 < Ty< 1.06 are expect-
ed to have an untilted structure, while perovskites with
0.964 < Ty< 0.985 exhibit antiphase tilting and those with T
<0.964 show both inphase and antiphase tilting distortions
[45, 46]. Thus, CMT and CZT may possess a monoclinic
structure with both inphase and antiphase tilting.

Here, we have determined the crystal structure of CMT and
CZT through the Rietveld refinement of PXRD data. It is
noteworthy that the PXRD patterns of CMT and CZT
(Fig. 1) match very well with that of Ca(Zn;,Nb,3)O5 [33].
According to the literature, Ca(Zn;;3Nb,/3)O3 possesses a
monoclinic structure of P2;/c symmetry, which results from
an inphase and antiphase octahedral tilting along the [111]
direction and in the basal plane of perovskite pseudocubic cell
[33]. It may be noted that the ionic radius of Nb (0.641)~Ta
(0.640) and that of Zn(0.74) ~Mg(0.72). As the crystal struc-
ture of ABO; type of perovskite oxide mainly depends upon
the ionic radii of A and B cations, it may therefore be inferred
that the crystal structure of CMT and CZT may be analogous
to that of Ca(Zn;;,Nb,;3)O;. Further, the analysis of PXRD
data by FINDSPACE indicates that both CMT and CZT pos-
sess a monoclinic structure of P2,/c space group. Given this
background, the crystal structures of both CMT and CZT have
been refined by the Rietveld-based method by assigning the
atomic coordinates using the crystal structure of
Ca(Zn;»,Nb,3)05 [37] as the trial structural model.

To determine the lattice parameters, bond lengths, and
bond angles, we have fitted the PXRD patterns of CMT and
CZT by the Rietveld refinement package GSAS [40]. The
refinement was performed by placing the atoms (Ca, Mg,
Zn, Ta, and O) at Wyckoff positions as depicted in Tables 1
and 2. In the refinement process, positions of Mg ions for
CMT and Zn ions for CZT are set fixed and the positions of
all the other atoms have been refined. After a few cycles, the
refinement successfully converges with an excellent agree-
ment between the experimental and calculated patterns
(Fig. 1). No trace of any impurity phase has been detected.
The refined values of atomic coordinate and isotropic thermal
parameter are presented in Tables 1 and 2. The values of
lattice, structural, and refinement parameters are listed in
Table 3. These values are nearly equal to those reported for
Ca(Zn;3Nb,3)O3. The bond lengths for CMT and CZT are
presented in Tables 4 and 5, respectively. The asymmetric
units of only CMT along with the coordination environment
of different metal ions are shown in Fig. 2 as CMT and CZT
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Fig.1 Rietveld refinement plots of a CMT and b CZT. The experimental
data are represented by green solid circles and the continuous red line
represents the simulated XRD pattern. The difference between the
experimental and simulated PXRD patterns is shown by the continuous
pink line. The magnified view of the highest peaks of CMT and CZT is
shown in the insets of the corresponding figures

are isostructural. According to the results of the Rietveld re-
finement, the crystal structure of both samples is monoclinic,
belonging to P2 ;/c space group with 60 atoms in the unit cell.
The unit cell of CMT and CZT contains four formula units of
Ca3(Mg Nb,)O9 and Ca;3(Zn;Nb,)Oy, respectively. In the unit
cell of CMT, there are two Mg ions at 2a site and two Mg ions
at 2d site, while for CZT, there are two Zn ions at 2a site and
two Zn ions at 2d site in addition to 12 Ca, 8 Ta, and 36 O ions
occupying the 4e Wyckoff positions in the unit cell of both
crystal structures.

The A-site Ca** ions are coordinated with eight nearest
neighboring oxygen ions. The A-site cations of perovskite
oxides usually exhibit 12 coordination mode, but eight coor-
dination of A cations is unique for perovskites belonging to
monoclinic P2;/c space group and has been observed earlier
for Ca(Zn1/3Nb2/3)O3 and Ca(Cal/3Nb2/3)O3 [37, 47] In
monoclinic P2 /c structure, the highly distorted/deformed B-
site octahedrons force the A cations at body center position

@ Springer

Table 1 Refined values of the atomic coordinate and thermal
parameters for CMT

Atom Site x (A) y @A) z(A) Uiso

Cal 4e 024987 (3) 046597 (2) 0.05632 (4) 0.004 (15)
Ca2 4e 075163 (1) 047471 (6) 0.25481 (2) 0.043 (15)
Ca3 4e  0.73970 (7)  —0.02065 (3) 0.09025 (3) 0.039 (14)
Mgl 2a 0 0 0 0.032 (23)
Mg2 2d 05 0.5 0.5 0.046 (27)
Tal 4e  0.00397 (4) —0.00812(5) 0.33561 (1) 0.008 (5)
Ta2 4e 049580 (3) 0.00792 (9)  0.16230 (4) 0.005 (6)
0Ol 4e  —0.02348 (2) 0.24214 (5)  0.09425 (6) 0.600 (7)
02 4e 049277 (1) 098288 (2)  0.27321 (7) 0.070 (9)
03 4e  0.06124(3) 0.81239(5) 0.25765 (4) 0.120 (5)
04 4e 043494 (9) 0.79102 (2)  0.05723 (1) 0.800 (10)
05 4e  027129(5) 039768 9)  0.26254 (8) 0.210 (6)
06 4e  0.76134(2) 0.61432(9)  0.07309 (7) 0.130 (4)
o7 4e 0254329 (6) 0.08543 (4)  0.09654 (3) 0.040 (4)
08 4e 053124 (8) 031542 (7) 0.12765(5) 0.390 (11)
09 4e  0.06543 (4) 0.70134 (3)  0.09123 (2) 0.010(5)

Ujso isotropic thermal parameter

with respect to the nearest neighbor oxygen ions, and in turn,
eight oxygen ions will be available in the first coordination
sphere of A cations. Thus, for perovskite oxides with mono-
clinic P2,/c structure, eight oxygen ions are closer to A cations
than the next nearest neighbor B cations and therefore the A
cations exhibit eight coordination mode. The average bond
valence sum (BVS) of Ca”* ion at A site is calculated to be

Table 2 Refined values of the atomic coordinate and thermal
parameters for CZT

Atom Site x (A) y(A) z(A) Usso

Cal 4e  025385(7) 0.50337(5)  0.06525 (3) 0.011 (6)
Ca2 4e 0.76700 (5)  0.46600 (4)  0.27400 (8) 0.073 (9)
Ca3 4e  0.75000 (3)  0.00500 (2)  0.09530 (2) 0.058 (8)
Znl 2a 0 0 0 0.037 (7)
Zn2  2d 05 0.5 0.5 0.007 (6)
Tal 4e  0.00390(8)  —0.00812 (4) 0.33780 (3) 0.034 (18)
Ta2 4e 049580 (5)  0.00871 (3)  0.16230 (1) 0.045 (21)
o1 4e  —0.03500 (1) 0.22300 (7)  0.09600 (2) 0.032 (15)
02 4e 046841 (3) 0.71047 (9)  0.23435(9) 0.005 (18)
03 4e  0.06354(4) 0.80231 3) 0.25714 (1) 0.102 (35)
04 4e 044382 (7) 0.78441 (1)  0.05741 (7) 0.115 (34)
05 4e  027812(8) 0.39882 (6)  0.26523 (5) 0.030 (20)
06 4e  0.75643 (9) 0.61421 (4)  0.07328 (4) 0.116 (30)
o7 4e 025638 (4) 0.08393 (7)  0.09663 (6) 0.028 (12)
08 4e 053524 (2) 031123(9)  0.12091 (3) 0.180 (5)
09 4e  0.06414 (1) 0.70128 (8)  0.09137 (7) 0.080 (4)

Ujso isotropic thermal parameter
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Table 3  Structural, microstructural, and refinement parameters of
CMT and CZT obtained from Rietveld X-ray powder structure
refinement method

Parameters CMT CZT
Crystal system Monoclinic Monoclinic
Space group P2,/c P2,/c

a (A) 9.6210 (6) 9.6397 (3)
b (A) 5.4835 (2) 5.4844 (2)
c(A) 16.8097 (6) 16.8782 (5)
6(°) 125.715 (4) 125.822 (3)
Volume (A%) 720.04 (7) 723.53 (5)
Crystallite size (um) 0.85(7) 0.51 (1)
Microstrain (x10™%) 8.65 (2) 6.7 (4)

Ryp 0.1270 0.1072

R, 0.0863 0.0737

X’ 2.63 3.42

equal to 1.86 for CMT and 1.91 for CZT, both of which are
less than the ideal BVS value for Ca®* ion. This indicates that
the A-site Ca** ions in both CMT and CZT are underbounded
and the stretching of Ca-O bonds has taken place.
Considering the structural similarity of CMT and CZT, the
schematic projections of TaOg and ZnOg octahedra on ac
plane are illustrated only for CZT (Fig. 3). The TaO¢ and
ZnOg¢ octahedrons exhibit both inphase and antiphase rotation.

Within the crystal structure, six coordinated Ta>* ions and
Mg** ions of CMT/Zn** ions of CZT are linked with six
nearest neighboring oxygen ions in octahedral fashion, and
the cavities between the B'Og (B’ = Mg for CMT and Zn for
CZT) and TaOg octahedrons are occupied by A-site Ca** ions
located at 4(e) Wyckoff position. Each TaOg octahedron is
surrounded by two nearest neighbor TaOg and two B'O¢ oc-
tahedra, while each B'O¢ octahedron is surrounded by four
TaOg octahedra. Thus, the octahedra are arranged in sequence
{Ta-Ta-B'} and repeat. This suggests that both CZT and CMT
exhibit 1:2 cation ordering at B site. In both samples, the B-
site metal oxygen bonding network is asymmetric (Tables 4
and 5). Moreover, the BVS calculations suggest that the Ta-O
bonds are compressed, while the Zn-O bonds of CZT and Mg-
O bonds of CMT are in extension. These indicate that the B'Og¢
and TaOg4 octahedra are distorted in nature.

The FESEM micrographs of CMT and CZT, which are
shown in Fig. 4a, b, respectively, show well-defined parti-
cles with irregular shape and assorted size. The grain size
for CMT and CZT is between the range of 0.38 to 2.66 um
and 0.11 to 1.60 um, respectively. Only the characteristic
peaks for constituent elements are observed in the EDS
spectra (Fig. 5) of the samples. This implies that there is
no impurity in the samples.

It is noteworthy that 1:2 ordered perovskites having the
general chemical formula Ba(B’; 3B",/3)O5 possess hexagonal
crystal structure of either Pm31 or P63/mmc space group and

Table 4 Metal oxygen bond

length for CMT Bond Length (A)  Bond Length (A)  Bond Length (A)  Bond Length (A)
A sites
Cal-01  27557(3)  Ca2-01  27227(2)  Ca3-0l 23297 (6)
Cal-02  25383(1)  Ca2-02  27335(8)  Ca3-03 29601 (2)
Cal-04 28793 (4)  Ca2-02 29801 (6) Ca3-03  2.6661 (4)
Cal-05  27251(6) Ca2-03  23974(5)  Ca3-04 29116 (1)
Cal-05 26178 (4)  Ca2-04  23481(3)  Ca3-06  2.8827(7)
Cal-06 24298 (2)  Ca2-05  27217(1)  Ca3-06 25252 (3)
Cal-O8 2.3199 (5) Ca2-07 2.3610 (5) Ca3-07 2.3873 (9)
Cal-09 2.4338 (7) Ca2-09 2.5931 (2) Ca3-08 2.1422 (4)
Avg. 2.5875 2.5916 2.6006
BVS 1.89 1.88 1.83
B sites
Mgl-0O1 1.8784 (4) Mg2-04 2.2911 (6) Tal-O1 2.1039 (7) Ta2-02 1.9359 (8)
Mgl-O1 18784 (4)  Mg2-04 22911(6) Tal-03  20126(4)  Ta2-02 22603 (6)
Mgl-05  22756(5) Mg2-06 19832(3)  Tal-03  20545(2) Ta2-04  1.8345(3)
Mgl-05  22756(5)  Mg2-06 19832(3)  Tal-05  18259(9)  Ta2-06  2.0712(2)
Mgl-09  19726(2) Mg2-08  18254(7)  Tal-07  20330(5)  Ta2-07  2.0499 (4)
Mgl-09  19726(2)  Mg2-08  18254(7)  Tal-O8 19434 (4)  Ta2-09 18751 (5)
Avg. 2.0422 2.0332 1.9955 2.0045
BVS 2.33 2.39 4.89 4.77

BVS bond valance sum
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Table 5 Metal oxygen bond
length for CZT Bond Length (A)  Bond Length (A)  Bond Length (A)  Bond Length (A)

A sites

Cal-Ol 2.7265 (7) Ca2-01 2.6926 (4) Ca3-01 2.9214 (1)
Cal-02 2.5084 (4) Ca2-02 2.5671 (2) Ca3-03 2.7165 (4)
Cal-O4 2.5825(3) Ca2-02 2.5707 (7) Ca3-03 2.5741 (7)
Cal-O5 2.6494 (8) Ca2-03 2.3863 (1) Ca3-04 2.5930 (6)
Cal-O5 2.7709 (5) Ca2-04 2.4682 (9) Ca3-06 24143 (5)
Cal-0O6 2.6408 (4) Ca2-05 2.4995 (7) Ca3-06 2.5857 (9)
Cal-O8 2.4957 (2) Ca2-07 2.8832 (5) Ca3-07 2.4997 (4)
Cal-09 2.3635 (6) Ca2-09 2.5753 (8) Ca3-08 2.3659 (3)

Avg. 2.5922 2.5804 2.5838
BVS 1.87 1.93 1.92
B sites

Znl-O1  1.9851(8)  Zn2-04  2.1247(7)  Tal-O1  2.0848(6)  Ta2-02  1.8272(9)
Znl-01  1.9851(8)  Zn2-04  2.1247(7)  Tal-03  2.0759(5)  Ta2-02  2.1438(2)
Znl-05  23219(5)  Zn2-06  1.9624(3)  Tal-03  2.0592(8)  Ta2-04  2.0375(4)
Znl-05  2.1219(5)  Zn2-06  1.9624(3)  Tal-05  19680(2)  Ta2-06  2.1018 (1)
Znl-09 21954 (3)  Zm2-08  2.3676(2)  Tal-07 19981 (1)  Ta2-07  2.0585(7)
Znl-09 21954 (3)  Zm2-08  2.3676(2)  Tal-08  1.8641(7)  Ta2-09 19119 (2)
Avg. 2.1675 2.1513 2.0138 2.0135
BVS 171 1.79 4.65 4.66

BVS bond valance sum

the value of the tolerance factor for this type of perovskites is ~ may further be noted that the crystal structures of both CMT
~1 [29-31, 38]. On the hand, Ca(Zn;/3Nb,,3)O3, and CZT belong to monoclinic P2;/c symmetry. The value of
Ca(Ca;3Nb,/3)03, Ca[(Mg;/3Tas3)0.9Tio.1]O03, and the solid  the tolerance factor of perovskites with the general formula
solution of 0.9Ca[(Mg;,3Ta2/3)]05/0.1CaTiO; have mono-
clinic crystal structure of P2;/c space symmetry [34-37, 47].
To the best of our knowledge, no more example of calcium-
based 1:2 ordered perovskite is available in the literature. It

MgO,

TaO4

Fig. 2 Unit cell of CMT along with the coordination environment of Fig.3 The schematic projections of TaOg and ZnOg octahedra of CZT on
Mg?* and Ta>* ions the ac plane
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Fig. 4 The FESEM micrographs of a CMT and b CZT

Ca(B'153B",3)05 is <0.965. It is well known that the tolerance
factor (which depends on the radius of A- and B-site metal
cations and oxygen anion) has a strong influence on the crystal
structure and physical properties of perovskite oxides.
According to previous reports, the crystal symmetry of perov-
skite oxide reduces as the tolerance factor decreases [45, 46].
The value of the tolerance factor of the members of Ca(B';;B”
23)03 group of perovskites is less than those of perovskites
with the general formula Ba(B’;3B",,3)O3 mainly due to the
smaller radius of Ca®* (1.34 A) ions compared to that of Ba**
(1.61 A) ions. It may therefore be inferred that 1:2 ordered

:

TaM (a)

O Ka

Ca Ka

Mg Ka
a Kp

:

(b)

1 TaM

Intensity (arb. u.)
R
o5

:

Energy (keV)
Fig. 5 EDAX spectra of a CMT and b CZT

Ca(B’13B",/3)O5 systems crystallize in monoclinic P2,;/c
space group (lower symmetry), while the crystal structure of
the members of Ba(B';3B",3)05 family of perovskites with
1:2 ordering at B site possesses a hexagonal crystal structure
of either Pm31 or P63/mmc space group (higher symmetry)
due to the difference in ionic radius of A-site cations.

FTIR and Raman spectroscopic investigation

Several reports on the assignment of the IR and the Raman
active modes for 1:2 ordered perovskite oxide with space
group Fm3m (O3), Pm31 (D3g), Pm3m (OL), Pbnm (D3}),
P21/n (C3), and P2, (C5y) are available in the literature
[31, 48-53]. The details of the site symmetry and correspond-
ing modes of vibration for 1:2 ordered perovskites belonging
to P2,;,c (C3p) space group were reported by Fu et al. [35].
According to them, perovskites belonging to this category
present 180 normal modes of vibration out of which 3 (A, +
2B,) are acoustic, 93 (47 A, + 46B,) are IR active, and 84 (42
A, +42B,) are Raman active.

The FTIR spectra of CMT and CZT in the wavenumber
range of 1300 to 400 cm ' are shown in Fig. 6. Three strong
and broad bands are observed in the spectrum of both samples.
It may be noted that the IR bands due to symmetric stretching
vibration of Mg-O and Zn-O bonds appear at ~436 and
490 cm ', respectively [54, 55]. Further, asymmetric
stretching vibration of Ta-O bonds in 1:2 ordered perovskite
oxides having Ta>* ions at B site produces a IR band at
~630 cm ' [18]. The strong and maximum energy band
around 636 cm ™' for CMT and 627 cm™' CZT can be assigned
to the asymmetric stretching mode of Ta-O bonds of TaOg
octahedra due to higher charge of Ta>* ions [18]. The lowest
energy bands around 472 cm™' for CMT and 469 cm ™' for
CZT are related to the symmetric stretching vibration of Mg-O
and Zn-O bonds of the MgOg and ZnOg octahedra of CMT
and CZT, respectively. The broad nature of the IR bands at
~636 and 472 cm™' for CMT and 627 and 469 cm ™' for CZT
can be attributed to the deformity in the Ta-O, Mg-O, and Zn-
O bonding networks due to unequal length of Ta-O, Mg-O,
and Zn-O bonds forming TaOg and MgOg¢ (for CMT) and
ZnOg (for CZT) octahedra, respectively, as revealed by the
structural study (see Tables 4 and 5). The broad medium en-
ergy bands at around 554 cm ' for CMT and 555 cm ! for
CZT may be allocated to the symmetric stretching vibration of
Ta-O and some deformed modes of MgOg octahedra for CMT
and ZnOg octahedra for CZT. The broad nature of these peaks
is due to the occurrence of absorption peaks due to symmetric
stretching of Ta-O and deformed modes of MgOg (for CMT)
and ZnOg (for CZT) octahedra at nearly the same
wavenumbers.

The Raman spectroscopy is regarded as an authentic tool to
probe the crystal symmetry and B-site cation ordering of
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Fig. 6 FTIR spectra of a CMT and b CZT

perovskite oxides, even when this ordering is confined to the
nanoscale level [35, 47, 56, 57]. The Raman spectra of CMT
and CZT are displayed in Fig. 7. Eleven distinct Raman modes
centered about 143.6, 233.9, 276.3, 318.5, 379.2, 411.2,
480.9, 563.3, 631.3, 725.6, and 832.2 cm™' for CMT and
148.4, 230.5, 276.3, 323.2, 382.5, 410.6, 471.7, 558.7,
629.9, 716.6, and 827.7 cm ' for CZT are observed. In addi-
tion, five weak peaks are observed in the Raman spectra of
both CMT and CZT. According to the factor group analysis
for 1:2 ordered A(B',5B",/3)O5 perovskite oxides with mono-
clinic P2;/c symmetry, 84 (42 A;+42 B,) Raman active
modes are expected out of which only 29 modes are detected
experimentally till date[47]. Mode assignment for perovskite
oxides with monoclinic P2;/c symmetry is very difficult due
to the presence of a large number of modes in close proximity
and serious overlapping of the modes, because the Raman
spectrum of such perovskites is analyzed by comparing them
with those of other analogous crystal structures [35]. Usually
nine to ten Raman active modes are observed for 1:2 ordered
perovskite oxides with monoclinic P2;/c symmetry in the
range of 100-1000 cm ' [35, 47]. 1t is noteworthy that for
the perovskite oxides having monoclinic P2,/c crystal struc-
ture with 1:2 ordering at B site and Ca>* ions at A site, a
characteristic Raman mode appears at about 408 cm ' [35].
Thus, the Raman mode at about 411.2 cm ' for CMT and
410.6 cm ' for CZT gives evidence in favor of long range
1:2 ordering at B site of the samples. Moreover, the appear-
ance of a large number of (16) Raman modes indicates that
both CMT and CZT have a monoclinic crystal structure of
P2,/c space group [35, 47]. The Raman shifts of CZT and
CMT match well with that of Ca[(Mg1/3Taz/3)0,9Ti0,1]03,

@ Springer

which also possesses a monoclinic crystal structure of P2,/c
space group [35]. A Raman mode is observed at about
800 ¢cm ' for both 1:1 and 1:2 ordered perovskite oxides,
and this nonspecific mode corresponds to short range cation
ordering [35]. The strong peak at about 830 cm ™' for CMTand
825 cm ™! for CZT corresponds to A, mode and confirms the
formation of a complex perovskite phase and the existence of
a short range cation ordering in the samples. Thus, the Raman
study has confirmed that both samples have crystallized in
P2,/c space group and exhibit 1:2 ordering.

Investigation on dielectric permittivity

The variation of the real (¢') and imaginary (¢") parts of
complex dielectric permittivity (¢*) with the logarithmic
angular frequency w (=27v) for CMT and CZT at different
temperatures is shown in Figs. 8 and 9, respectively. The
peak in the €” versus log w curves shifts toward higher
frequencies on increasing the temperature (Figs. 8b and
9b), i.e., at higher temperatures, relaxation occurs at
higher frequencies. This implies that the relaxation mech-
anism governing the dielectric properties of the samples is
temperature dependent and the rate of polarization formed
increases with the increase of temperature.

A close look at Figs. 8 and 9 reveals the presence of
a strong dielectric relaxation in CMT and CZT.
According to the literature, in perovskite crystals, vari-
ous relaxation processes with different relaxation times
exist simultancously due to the presence of various
types of defects arising in the course of the crystal
growth process [18]. The large width of the loss peaks
in Figs. 8b and 9b points toward the possibility of par-
ticipation of a large number of relaxation processes with
their own discrete relaxation times. It seems that the
dielectric property of CMT and CZT cannot be
accounted in terms of the Debye-type monodispersive
relaxation process as the dielectric relaxation in the
samples is polydispersive in nature. The polydispersive
character (distribution of relaxation time) of the dielec-
tric relaxation can be examined by the Cole-Cole model.
According to this model, the complex dielectric constant
can be expressed as [58, 59]

Es €

! "
e¥=¢g—ie =€, +

T ™ .

where ¢ and €, are low- and high-frequency values of
¢', respectively, and « (a constant) is a measure of the
distribution of relaxation times. For an ideal Debye-type
(monodispersive) relaxation process, a =0, while for
polydispersive relaxation, o > 0. It may be noted that although

the polydispersive nature of dielectric relaxation can be
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successfully accounted by the Cole-Cole model, it cannot fol-
low the low-frequency dielectric behavior of the sample when
¢" increases very rapidly with the decrease of frequency due to

200 - (a)

180 |-

160 -

W 140 |

120 -

100 |

80

30

20

8"

10

4 5
log m(rads'l)

Fig. 8 The a £’ versus log w and b &” versus log w curves for CMT at
various temperatures, where the solid lines are the fit of the experimental
data (shown by symbols) by the modified Cole-Cole equations
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the influence of dc conductivity [18]. Under such circum-

stances, a term accounting for the contribution of the dc elec-
trical conductivity is added in the Cole-Cole equation and the

300 (a)
270
S By,
X <
20 oK, e Vi&:&
- X X\ o P
W £08 X & VO 4I>
210 % X el A b
= og N w4 >
% XA\ <
04 — P g
180 |- N <
0.2] — I
180 =2 .lzog (?n/com; '
+ 393K
60 04 X 413K (b)
v X
|
X
40| Py
: ¢
[X) v
L4
20
o 1 1 I 1 1

4 5
log m(rads'l)

Fig. 9 The a ¢’ versus log w and b €" versus log w curves for CZT at
various temperatures, where the solid lines are the fit of the experimental
data (shown by symbols) by the modified Cole-Cole equations
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complex dielectric permittivity is described by the empirical
equation [60, 617:
s Eo L o*

e¥ =€, + —— 2
1+ (iWT)l « 80(.0" ( )

where 7 lies in the range between 0 and 1 and o* (6% =0 +
io») is the complex conductivity. Here, o, is the dc conduc-
tivity and o is the conductivity due to localized charges. From
Eq. (2), on equating the real and imaginary parts of ¢*, " and
€" can be written as

(es=€x) |1 + (wT)l_“sin%om} o
€ = €Ep+ - (3)

1+ 2(wT)'7“sin%om + (wT)z(H") gow”
, (g5¢w) (wr)' “cosLam o ()
E =
1+ Z(wT)l_‘“sin%om + (wr)?7) goun

We have fitted the dielectric spectra (¢’ versus log w and "
versus log w curves) obtained at 393, 433, 463, and 480 K
using Eqgs. (3) and (4). The calculated curves are shown by
solid lines in Figs. 8 and 9. The experimentally obtained and
calculated £’ versus log w and €” versus log w curves match
very well with each other (see Figs. 8 and 9). The values of the
fitting parameters at different temperatures are listed in
Table 6. The nonzero value of « discards the possibility of
the existence of a Debye-type monodispersive relaxation pro-
cess in the samples and indicates that the relaxation process is
polydispersive in nature. As temperature increases, the value
of the Cole-Cole constant o for both CMT and CZT decreases
slightly. Thus, for both CMT and CZT, the width of the
relaxation time distribution profile decreases with the in-
crease of temperature.

It may be noted that the dielectric permittivity of CZT is
higher than that of CMT, whereas the loss component of CMT
is less than that of CZT. The value of dielectric permittivity of
CZT is higher, while CMT is comparable to that of the 1:2
ordered niobium-based perovskites (A(B';3Nb,3)O5, where
A = Ba, Ca, and Sr and B' = Ni, Mg, Sr, Fe, and Zn) perov-
skites and 1:1 ordered tantalum-based systems reported in the
literature [12—18]. The value of loss tangent of CMT is less
than that obtained for niobium- and tantalum-based perov-
skites. Taking into account our recent works on tantalum-
based A(B’y3B",/3)O5-type perovskite oxides [16, 17], it
may be concluded that for Ca(B’;5Ta,3)O5; (where B’ = Ni,
Mg, and Zn) series of perovskite oxides, the highest value of
dielectric permittivity is obtained for Ca(Zn;;3Ta,/;3)O3 (CZT),
while CMT exhibits the lowest dielectric loss. It is well known
that the dielectric property of ABO;-type perovskite oxides
strongly depends on the radii of A- and B-site metal ions
and the crystal structure. Thus, the lower dielectric permittiv-
ity of CMT compared to CZT can be attributed to the lattice
contribution to permittivity.
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Investigation on impedance

Figure 10 depicts the complex plane impedance plots of CMT
and CZT, where the imaginary part (Z") of complex imped-
ance is plotted against the real part (Z') of complex impedance
at different temperatures. In the complex plane impedance
plots of the samples, only one semicircular arc has been ob-
served and there is no signature of any low-frequency arc. It
may therefore be inferred that there is no grain boundary (in-
terfacial boundary layer) contribution in the impedance spec-
trum of the samples [62—64]. The high-frequency semicircular
arcs in the complex plane impedance plots are therefore as-
cribed to the bulk effect and can be modeled by parallel com-
bination of bulk resistance (r,) and bulk capacitance (c,) of the
material as shown in the insets of Fig. 10a, b. The impedance
Z* for the equivalent circuit is

A 1
Z'=7-i7' =R+———— (5)
rg + iweg
where,
Z =R+ s (6)
1+ (wrgcg)
and
.y WreC
7' =rp | —2E— (7)
1+ (Wgcg)

We have fitted our experimental data using Egs. (6) and (7)
and the fitted parameters are given in Table 7. A good agree-
ment between the experimental and fitted curves reveals that
only the bulk effect contributes to the polarization process in
these materials.

Activation energy

In order to estimate the activation energy and to determine the
electrical character of CMT and CZT, we have measured the
dc conductivity (oq4.) of the samples at different temperatures
by the four probe method. The reciprocal temperature depen-
dence of o4, for CMT and CZT is presented in Fig. 11a. The
o4c versus 10%/T plots of CMT and CZT obey the Arrhenius
law, o4. =09 exp(—E,/kzT), where o is the pre-exponential
factor and E, is the activation energy. According to the nu-
merical fitting, £,=0.35 and 0.33 eV for CMT and CZT,
respectively. Moreover, the value of o4 for both samples in-
creases with increasing temperature.

The activation energy can also be estimated from the tem-
perature dependence of characteristic relaxation frequency,
wn, (the frequency corresponds to loss peak). The log wy, ver-
sus 10°/T plots of CMT and CZT are presented in Fig. 11b. It



Tonics (2017) 23:471-483 481

Table 6 The values of different

parameters obtained by fitting the ~ Temperature (K) &s € w (KHz) a n oy (Sm) oy (Sm)

dielectric spectra of CMT and

CZT by the modified Cole-Cole CMT

equations 393 180 096 209,604.21 0.164 0.94 0.53x1077 4.00%107°
433 186 099 364,250.37 0.158 0.95 1.28x1077 2.00x107°
463 191 101 761,026.88 0.156 0.96 233x107 0.10x107°
483 195 104 1,322,513.15 0.154 0.97 3.64% 1077 0.08x107°

CZT

393 298 151 174,341.19 0.190 0.96 0.98x1077 820x107°
433 301 153 364,250.37 0.179 0.95 275%107 7.80x107°
463 305 155 632,994.59 0.172 0.94 453%1077 720%107°
483 307 157 1,100,018.53 0.163 0.93 6.2x1077 6.50x107°

has been found that log w,, of both samples follows the
Arrhenius law: wy, = woexp(—E. /kpT) (where wy is the
pre-exponential factor) with activation energy (E.- ) 0.34 eV
for CMT and 0.33 eV for CZT, which are almost equal to the
activation energy obtained from temperature dependence of
04c- For the metallic oxides which are p-type polaronic con-
ductors, the activation energy lies in the range from 0.2 to
0.9 eV [61, 65, 66]. The numerical values of activation energy
of CMT and CZT indicate that the electrical conduction pro-
cess in both samples is governed by the polaron hopping.

25

20

15

Z" x10°

10

Z')x10°

Fig. 10 The complex impedance plane plots of a CMT and b CZT. The
solid lines represent the fitted data using the RC equivalent circuit shown
in the inset

Further, it may be noted that the values of dc conductivity
obtained by fitting the dielectric spectra of CZT and CMT at
different temperatures and those obtained experimentally
agree well. Good matching of the activation energies obtained
from log wy, versus 10°/7 plots and temperature dependence
of o4, along with good agreement between the values of oy
determined by fitting the dielectric spectra and obtained ex-
perimentally suggests that relaxation and conductivity have
same microscopic origin (hopping) [67].

Conclusion

The structural, morphological, dielectric, and electrical trans-
port properties of CMT and CZT with grain size ranging be-
tween 0.38 and 2.66 pum and between 0.11 and 1.60 pum,
respectively, have been investigated by PXRD, FESEM, and
impedance spectroscopic techniques. The compounds have
crystallized in monoclinic structure of P2;/c symmetry. The
1:2 ordering and formation of monoclinic perovskite oxide
phase with P2,/c symmetry are confirmed by FTIR and
Raman spectroscopic studies. Comparing the crystal struc-
tures of 1:2 ordered Ba(B';3B",/3)Os- and Ca(B';3B",/3)03-
type perovskite systems, we have shown that for these two
classes of perovskites, the calcium-based systems crystallize
in monoclinic P2,;/c space group while their barium-based
counterparts possess a hexagonal crystal structure of either Pm

Table 7  The fitted parameters of the impedance circuit for CMT and
CZT

Sample ~ Temperature (K) 7, (Q) roCg (QF) ¢, (F)

CMT 453 3.08x10°  1.90x10° 6.17x10 2
CMT 493 210x10%  1.90x1073  9.05x10 12
CZT 453 1.63x10°  1.88x10* 1.15x102
CZT 493 091x10% 1.99x10* 2.19x10 2

7, grain resistance, ¢, grain capacitance
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Fig. 11 a Temperature dependence of dc conductivity for CMT and CZT.
The symbols represent the experimental data and solid lines are least-
square straight-line fit. b Temperature dependence of the most probable
relaxation frequency obtained from the logarithmic frequency dependent
plots of ” for CMT and CZT. The symbols represent the experimental
data and the solid lines are the least-square straight-line fit

31 or P63/mme due to the smaller ionic radius of Ca** com-
pared to that of Ba".

The variation of ¢” with frequency at different temperatures
indicates the presence of dielectric relaxation in the samples,
and the characteristic relaxation frequency is strongly temper-
ature dependent. The analysis of the loss component of the
dielectric constant in the framework of the modified Cole-
Cole model points toward the polydispersive character of the
relaxation process. The dielectric and electrical transport prop-
erties of the samples are governed by the same mechanism
(polaron hopping). It has been shown that the p-type polaron
hopping is responsible for the dielectric behavior and electri-
cal response of the samples. Finally, for their high dielectric
permittivity and low loss component, CMT and CZT appear to
be suitable for various technological applications in capaci-
tors, resonators, filters, and integrated circuits.
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