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Abstract

CaCuzMny0O;, (CCMO) ceramic was successfully synthesized by chemical route. The phase formation was to be examined by
X-ray diffraction (XRD) pattern of the sintered pellet (850 °C for 6 h), and the crystalline size was found to be 21 nm. Raman shift
observed at 3364 to 991 cm ', clearly confirmed the existence of copper oxide phase at the grain and grain boundaries of the
polycrystalline of CCMO complex perovskite oxide. The grain morphology of CCMO ceramic was studied by using HR-SEM,
observing the needle-like phase. The particle size observed by TEM measurement was found to be 146.34 nm. The dielectric
constant and dielectric loss were found to be 3.3 x 102 and 1.2 respectively.
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Introduction

Material having high dielectric permittivity played a very im-
portant role in technological application such as capacitor-
based components like capacitor, resonator, and other micro-
electronic devices. The quadruple perovskite materials like
CaCu;3TiO4, (CCTO) has concerned much attention during
last few years due to the great dielectric constant (¢’ ~ 10%)
over a wide range of temperature. The CCTO is unlucky that
its dielectric loss relatively is very high and also sensitive
against radio frequency region, due to this region not suitable
for using as capacitor-based based devices. It is well known
that tangent loss of ceramic related to the mechanism of inter-
nal barrier layer capacitance (IBLC) of dielectric responds
well explained by impedance spectroscopy measurement. It
was well explained by Sinclair et al. that CCTO ceramic is
electrically homogeneous and contains semiconducting grain
and grain boundary. It is responsible for high dielectric con-
stant due to internal layer barrier capacitance [1-4]. The
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CCTO and CCMO both are analogous to each in crystal struc-
ture. In a previous report, the CCMO was synthesized through
Sol-gel synthesis, and the drawback of this method is that
larger number of secondary peaks is recorded [5].

In this work, CaCu3zMn,40O1, has been successfully synthe-
sized through the chemical route. The chemical route has
more advance due time, sintering temperature point of view
of CCMO ceramic. The chemical route is very easy to reach
more purity at the ionic level of CCMO ceramic. The advan-
tage of chemical route is more significant saving of time and
energy consumption compared with traditional methods such
as sol-gel technique. The chemical route, working to obtain
better powder characteristics, more homogeneity, and fine
particle size range, impacts the structure of the material. The
dielectric properties and insulating grains and grain bound-
aries of the CCMO ceramic were studied and observed.

Synthesis of material

In this present work, CCMO ceramic was synthesized by the
chemical route. In this method, metal nitrates were taken in
stoichiometric amount Ca(NOs),.4H,0 (98% Merck, India),
Cu(NO3),.4H,O (Pure 99% Merck, India), and
C4HsMnO4.H,O (Aldrich 99% Pure). All metal nitrates and
manganese acetate were mixed in the required amount of dis-
tilled water, and glycine was counter as the chelating agent
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which is equivalent amount to the metal ions mixed with the
solution. In a beaker, these metal nitrate solution mixtures
were magnetically stirred on the plate and the temperature
was slowly increased to 70-80 °C and was kept on for 12 to
15 h to remove excess water and accelerate polyesterification.
CCMO was black. Then, CCMO was well-crystallized into
powders and ground using mortar and pestle, and sintered at
850 °C for 6 h in a muffle furnace before pelletization.
Cylindrical pellets were prepared using polyvinyl alcohol
(PVA 2 wt%) used as a binder with calcined powders by
hydraulic press, applying pressure of 4 to 5 tons for 2 min.
The binder was burnt out at 500 °C for 2 h. The sample was
characterized by XRD, Raman spectra, high-resolution scan-
ning electron microscopy (HR-SEM), energy dispersive X-
ray spectra (EDX), and dielectric measurement.

Results and discussion
X-ray diffraction analysis

Figure 1 a shows the X-ray diffraction (XRD) pattern of
CCMO ceramic sintered 850 °C for 6 h on scan rate 2 degree
per minute. The phase formation of CCMO ceramic confirms
with the help of JCPDS card no. 75-2188, and some impurity
of copper oxide (CuO) is also observed in the XRD pattern
indexed on the basis of the JCPDS card no. 45-0937 [1]. The
peak position of CCMO obtained at 29.57°, 34.45°, 38.47°,
49.38°, and 61.45° was found to be very sharp in the XRD
pattern. However, very small intense peak is observed at
38.47°, 49.38°, and 61.45°. The peak appears like that in the

2 & CCMO 850°C for 6 h
10000 4 e v
8000 4 \ ( )
3 3
s = o
2 60004 = i
] - -
c _{ l
3 v ' - =
£ . e 2
40004 = ] 8 | 3z
=1 | = ] | v v by
(I | |
zooo.w'w WWVW‘NW
I ) L) L} 1 I

20 30 40 50 60 70 80
2 0 (degrees)

CaCu;TisOq, phase [6]. The crystallite size (D) of CCMO
ceramic was calculated by using Debye Scherer’s formula.

R
~ [Cos 6

(1)

In the above Eq. (1), k& is the crystal shape coefficient (k=
0.89), \ is the wavelength (1.54 A) of the X-ray, 3 is the full
width at half maximum (FWHM), and 6 is Bragg’s diffrac-
tion angle. The value of crystallite size obtained for CCMO
ceramic was found to be 21 nm.

Figure 1 b depicts Retvield refinement of the XRD pattern
was carried out for phase confirmation and crystal structure of
the CaCusMn,0;, (CCMO) material sintered at 830 °C for
6 h, which emphasize the cubic structure (space group—/ m 3
) for CCMO ceramic along with the minor impurity of the
copper oxide (CuO) having monoclinic structure. The refined
lattice parameter observed after refinement is summarized in
Table 1. It is clear from the figure that the calculated pattern
(red color) is exactly lie on the observed pattern (black line)
indicating good fitting of the XRD pattern and goodness of fit
also confirms by the help of lower value of . The obtained
results confirm the phase formation of CCMO ceramic with
no changes during the process of refinement [7].

Raman studies

Figure 2 displays the Raman spectra of CCMO ceramic
sintered at 850 °C for 6 h. The highest intensity peak and
lowest intensity peak positions are observed at 785 cm™' and
324 cm™' which conforms the phase formation of CCMO
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Fig. 1 a X-ray diffraction pattern of CCMO ceramic and b Retvield refinement of the XRD pattern sintered at 850 °C 6 h
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Table 1 Refined structural parameters of CCMO ceramic

x’=5.10

Phase 1 CaCuzMn40;, (CCMO) Space group—/ m 3
Cell parameters a=b=c=7307762 A Angle a=f3=v=90°
Bragg R-factor 4.183
RF-factor 4.26

Phase 2
Cell parameters

CuO (copper oxide)

3.477
2.481

Bragg R-factor
RF-factor

a=4.689756 A, h=3.414203 A, c=5.128606 A

Space group—C 1 2/c 1
Angle a=v=90° 3=99.418

ceramic. The lowest intensity peak observed at 324 cm ! is
evidently support the existence of CuO at the grain boundary
[8, 9]. In Raman spectra, which displays the graph, there are
minor peaks observed in both the lowest intensity and highest
intensity; the peak positions are at the 324 cm ', 376 cm
528 cm_l, 599 cm_l, 743 cm_l, 785 cm_l, 918 cm_l, and
991 cm . The above peak 324 cm ™' evidently shows and re-
lates to the Eg 528 cm ™', and 599 cm ™' peak is associated with
the A;g symmetry octahedral MnOg rotation and peak ob-
served at 599 cm ' with Fg symmetry (Mn—-O—-Mn) anti-
stretching. The peak with the highest intensity displaying at
the position743 cm ™' could be related to the first principle
calculation, at 785 cm !, this peak could be represented to
the existing symmetrical stretching breathing of MnO [10,
11]. The low-intensity peak observed at the position 324
cm !, 376 cm ! and 918 cm !, 991 cmﬁl, out of evidently
two may be at first two not be expectable to the CCMO phase
to the CCMO structure model, represent to the minor phase of
CuO and MnO [12, 13]. In the CCMO ceramic, the peak
observed at 324 cm ™ intensity represents to the grain bound-
ary and supplementary peak; it was also to be noted that
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Fig. 2 Raman spectra of CaCu;Mn4O;, perovskite oxides sintered at
850 °C for 6 h

376 cm™' and 599 cm ™! peaks were not found at the grain of
CCMO. The peak intensity 376 cm™ ' is associated with
Raman spectral line and justified the presence CuO in the
grain boundary of CCMO ceramic and its active Raman mode
A,g which was already reported [2].

High-resolution scanning electron microscopic studies

Figure 3 a shows the microstructure of CCMO ceramic
sintered at 850 °C for 6 h. The average grain size is observed
in the range of 0.79 um. The microstructure of CCMO ceram-
ic was looking uniformly needle-like phase obtained in the
sintered complex perovskite oxide [14]. The morphology of
CCMO ceramic sintered at 850 °C for 6 h, also displaying the
dense arrangement in the needle-like phase grain structure
[15]. The uniformity of grain formation will support the mi-
crostructural densification that will benefit in the electrical and
dielectric properties. In a previous report [4], the grain size
morphology of CCMO ceramic sintered at 700 °C for 18-h
dwelling time is the best sintering parameter for the chemical
route synthesis of CCMO ceramic and 850 °C for 6 h that
causes better parameters than those of other sintering param-
eter Sol-gel methods [3, 16, 17].

Energy dispersive X-ray spectra analysis

Figure 3 b and c display the spectrum and table of stoichiom-
etry of CCMO ceramic sintered at 850 °C for 8 h.
Investigations of the result evidently confirm the presence of
Ca, Cu, Mn, and O as per stoichiometric ratio in the CCMO
ceramics, with an extra peak of 2.15 k eV. Pt coating was
performed by ion beam sputtering for increasing the conduc-
tivity, which was necessary to avoid charging of samples. The
EDX results confirmed the existence of individual element in
the ceramic. The quantitative analysis is shown in the spec-
trum that atomic percentages of the elements for Ca, Cu, Mn,
and oxygen were observed to be 8.51, 8.94, 26.69, and 55.86
respectively shown in the spectrum.
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Fig.3 a HR-SEM of CCMO ceramic sintered at 850 °C for 6 h. b, ¢ Energy dispersive X-ray spectrum of CCMO ceramic with the quantitative elemental
percentage

Fig. 4 a and b indicate bright
field TEM image, ¢ slected area
diffraction (SAED) pattern of
CCMO ceramic
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High-resolution transmission electron microscopy

Figure 4 a and b indicate the sintered CCMO 850 °C for 8 h.
The presence of predominant cubical and spherical shape of
the particle is noted. The particle size measured by TEM in-
strument is noted that it shows the crystalline nature of the
CCMO ceramic. Figure 5 c indicates the selected area electron
diffraction (SAED) patterns show the parallel spots which
confirm the presence normal peak of CCMO. It is explained
by the SEAD pattern that the ring-like spots are indexed
trough on the basis of basic of CCTO body-centered cubic
(BCC) perovskite structure resemble with CCTO ceramic
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which data also supported by XRD with JCPDS card no. 34-
0097. These spots retain two different planes indexed with the
plane (1 1 0) which is also described through TEM that the
particle size of CCMO 146.34 nm which is supported to that
in nanocrystalline range and also supported by SEM and XRD
data.

Dielectric studies

Figure 4 a and b display the variation of dielectric constant and
tangent loss of CCMO ceramic with the temperature and few
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Fig. 5 a, b Dielectric constant, the tangent loss against frequencies of CCMO ceramic; ¢, d tangent loss against temperature at few selected frequencies
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selected frequency, respectively. It was to be observed from
the plotted graph that the dielectric constant shows
temperature-independent 400 to 500 K all measured frequen-
cy (100 Hz, 1 kHz,10 kHz, 100 kHz). It is observed from the
plotted graph that the broad peak of dielectric constant was to
be measured at around 423 K of all measured frequencies. It
was to be observed that the dielectric constant decreases by
increasing frequency.

Figure 4 ¢ and d display the dielectric constant and tangent
loss against temperature of CCMO ceramic. The dielectric
constant was to be recorded around 470, 370, 260, and
150 at 100 Hz, 1 kHz, 10 KHz, and 100 kHz at few selected
frequencies. The broad peak of dielectric constant and dielec-
tric loss of CCMO ceramic is due caused by oxygen vacancy
created during the sintering process, not by the relaxation
process [18]. The decreasing in the value of dielectric constant
with frequency may be due to space charge polarization. The
oxygen vacancy during the sintering process is mainly due to
the ceramic oxide material space charge polarization which
mainly responds to external electric field. The charges have
moved to longer distances in the materials at low frequency so
a high dielectric constant was observed, while at high frequen-
cy, the space charge polarization no longer follows, so a low
dielectric constant was observed.

Conclusions

The CaCu3zMny 04, (CCMO) ceramic has successfully synthe-
sized through the chemical route. The phase formation of the
ceramic was confirmed by the X-ray diffraction pattern of
sintered pellet at lower sintering temperature under atmo-
spheric conditions. The crystalline size of CCMO ceramic
was found to be 21 nm. The CCMO ceramic was examined
by Raman spectra, and Raman shift of the highest and lowest
intensity peak was found to be 785 cm ™' and 743 ¢cm ™', and
324 cm " and 376 cm™ ' peaks. The microstructural of CCMO
ceramic was studied by high-resolution transmission electron
microscopy (HR-TEM) and HR-SEM. The elemental compo-
sition was examined by the energy-dispersive X-ray spectra.
The average grain size of CCMO ceramic with needle-like
structure was found to be 0.79 um. The elemental composi-
tion was confirmed by EDX. The particle size was found to be
146.34 nm. The value of dielectric constant and dielectric loss
was found to be 3.3 x 10% and 1.2 at 10 Hz, respectively.
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