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Abstract

CaCu3TisMnO;, (CCTMO) ceramic has been successfully synthesized by the semi-wet route and sintered at 1223 K for 8 h,
which is confirmed by XRD analysis to ensure CaCu;TisMnO;, (CCTMO) phase formation. The microstructure, phase-struc-
ture, and thermal behavior were examined by scanning electron microscopy (SEM), X-ray diffraction (XRD), and thermogra-
vimetric analysis (TGA), respectively. After Mn-doping, the dielectric constant decreases from 10* to 10%. The particle size as
well as grain size measured by TEM and SEM techniques which were found to be 43.76 + 10 nm and 1.46 pm, respectively. The
route mean square and average roughness observed by atomic force microscope (AFM) analysis were 0.141 um and 0.109 pm,
respectively. The temperature-dependent ferromagnetic nature of CCTMO ceramic was confirmed by zero field cooled (ZFC),
field cooled (FC), and M-H hysteresis curves. The investigated magnetic property of CCTMO confirmed paramagnetic behavior
at 300 K and ferromagnetic behavior at 5 K. The dielectric constant (€") increases when temperature increases, although dielectric
constant and dielectric loss were observed 100 and 0.1, respectively.
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Introduction

ACH3Ti40l2 (Where A = Y2/3, Bi2/3, Gd2/3) type of pe-
rovskite oxide was discovered in 1967 and their accu-
rate structure was determined in 1979 [1] which was
found to have the ability to produce high dielectric constant.
Over the last decade, Scientists have been using BaTiOs3,
Pb(Mg1/3Nb2/3)O3(PMN), and Pb(Zn1/3Nb2/3)O3(PZN) as a
relaxer ferroelectric which possess high permittivity constant
(er = 10°-2 x 10% [2]. The main problems with BaTiO3 are
ferroelectric nature; i.e., it shows a phase transition with in-
creasing temperature, and the dielectric constant varies with
increasing temperature making it a poor candidate as a capac-
itor material. Due to these drawbacks, Subramanian et al. dis-
covered CaCu;3Ti4O;, (CCTO) complex perovskite oxide
with a high dielectric constant which has been utilized for
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analogous studies [3, 4]. In previous studies, it has been re-
ported that the microstructure and impedance properties of
CCTO ceramic are greatly influenced by the synthesis route
[5, 6]. The complex perovskite-type of CCTO material shows
numerous applications including in ceramic capacitor, dynam-
ic random-access memory, transducers, microelectronic, mi-
crowave devices, and in other electronic equipment due to its
high thermally stability and giant permittivity (10*~10°) in the
temperature range 100-600 K without any structural phase
transition [7-9]. CCTO-based ceramic has a body-centered
cubic structure with a lattice parameter of 7.391 A° and space
group Im3 [10, 11]. Usually, a high dielectric constant value is
displayed by ferroelectric substances and this is connected to
atomic displacement with non-Centro symmetrical shape [3].
The permittivity and magnetic properties of CCTO ceramic
were improved by the doping of different cationic substituents
at Cu and Ti-site in CaCu3Ti4Oq, [12]. The giant dielectric
constant of CCTO ceramic was widely explained by grain
boundary barrier layer (GBBL) capacitor models on the grain
boundaries between semiconducting grains [9]. CCTO ceram-
ic studies by impedance spectroscopy reveal that it is hetero-
geneous in nature containing semiconducting grains and insu-
lating grain boundaries [13, 14]. The activation energy of
CCTO was found to be around 0.1 eV [13]. It is reported that
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high permittivity value of CCTO ceramic is not intrinsic but
due to extrinsic characteristics related to their microstructure
[15]. Some modifications have been applied for the upgrade of
dielectric properties of CCTO ceramic. Since last few years
currently, the well-known process is partial substitution on the
Cu and Ti site which refine the permittivity and give assistance
to understand the genesis of high permittivity response in
CCTO ceramic [16, 17]. The dielectric response was also
affected by the shape of grains and grain boundaries [18,
19]. Mn-doped CCTO significantly decreases the grain
boundary resistance, permittivity, and dielectric loss of
CCTO ceramic due to decrease in the grain size for increasing
the density on grain boundaries [20, 21]. In this work, we have
synthesized the CCTMO through semi-wet route and reported
their magnetic, dielectric properties and their microstructures.
This procedure has the advantage of improving permittivity,
dielectric loss, and magnetic response of CCTMO ceramic.

Experimental
Material synthesis

CCTMO was synthesized through semi-wet route. In this
method, chemicals calcium nitrate, Ca(NO5),-4H,0O (98%
Merck, India), copper nitrate, Cu(NO3),-3H,0 (99% Merck,
India), manganese acetate, Mn(CH3COO),-4H,0 (99%
Merck, India), and titanium oxide, TiO, (99% Merck,
India) were taken in stoichiometric amount in molar
ratio. The solution of Ca(NO3)2~4H20, Cu(NO3)2~3H20,
and Mn(CH;COO),"4H,0 were prepared in distilled water.
All the solutions were mixed together in a beaker and stoi-
chiometric amount of solid TiO, was added in solution. The
calculated amount of citric acid (99.5%, Merck India) equiv-
alent to metal ions was dissolved in distilled water and mixed
with the solution. The resulting solution was heated on a hot
plate magnetic stirrer at 343-353 K to evaporate water and
allows for self-ignition. A fluffy mass of CCTMO powders
was obtained after removal of a lot of gases. Citric acid used as
a complexing agent that acts as fuel in the ignition step. The
resulting CCTMO powder was ground with the help of agate
and mortar to make a fine powder. The powder was calcined at
1123 K for 6 h. Calcined powder was used to make for cylin-
drical pellets with the using of 2% PVA as a binder on apply-
ing 5 tons of pressure using hydraulic pressure for 90 s.
Finally, the CCTMO pellets were sintered at 1223 K for 8 h.

Characterization
Thermogravimetric analysis (TGA) of CCTMO powder was
used in the air at the heating rate 10 °C/min from room tem-

perature to 1073 K using with the help of thermal analyzer
(PerkinElmer, USA). The crystalline phase of CCTMO
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ceramic sintered sample was identified by X-ray diffractome-
ter (Rigaku mini flex 600, Japan) applying Cu-ko radiation
with wavelength 1.5418 A°. The microstructure and elemental
composition were examined by scanning electron microscope
(SEM) (ZEISS; model EVOL18 research, Germany) attached
with energy-dispersive X-ray (EDX) analyzer (Oxford instru-
ment, USA). The average grain size was determined from the
respective backscattered SEM images by the averaging size of
50 randomly selected grain on each sample. The particle size
was examined by a transmission electron microscope (TEM,
Technai G2 20 S-Twin). For TEM characterization, the sam-
ples were dispersed in acetone and sonicated 3 h. This suspen-
sion was deposited on a carbon-coated copper grid and dried
in oven 2 h. The thickness and surface morphology were an-
alyzed using atomic force microscopy (NTEGRA Prima,
Germany). The magnetic property of CCTMO was deter-
mined by Quantum Design MPMS-3, over a temperature
range 5 to 300 K at magnetic field + 2 T. Temperature differ-
ence of zero-field cooled (ZFC) was determined at 100 Oe
applied field that was carried out using SQUID VSM dc mag-
netometer. The dielectric data of silver-coated cylindrical pel-
lets were examined by LCR meter (PSM 1735, NumetriQN4L,
and U.K.)

Results and discussion

TGA studies

Thermal decomposition of CCTMO powder carried out by
thermogravimetric analysis (TGA) with a heating rate of
10 °C/min from ambient temperature to 1073 K is
shown in Fig. 1 from the TGA curve, two stages of
weight loss are observed. First, weight loss observes from
503 to 613 K due to incomplete combustion of citric acid
and second weight loss occurs in between 873 and 973 K
temperatures, maybe due to the formation of an intermediate.
The major phase of CCTO along with minor TiO, formation
observed above 1073 K.

Microstructure studies

Figure 2 shows the X-ray diffraction pattern of CCTMO ce-
ramics sintered at 1223 K for 8 h. The entire diffraction pattern
is correctly matched with the JCPDS (card no.21-0140), con-
firmed the presence of major phase formation of CCTO ce-
ramic having body-centered cubic structure along with the
minor secondary phase JCPDS (card no.46-1238) of TiO,
[22]. The crystalline size (D) of CCTMO was calculated by
using the Debye Scherrer formula.

K\
- BCOSH
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Fig. 1 TGA plot of 8.3
CaCu;TizMnOy, as prepared
powder
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where D is the crystallite size, & is the constant equal to 0.89, A
is the wavelength of X-ray, 0 is the Bragg diffraction angle,
and {3 is the full width at half maximum (FWHM) in radians.
For the calculation of the correct value of crystallite size, the
line broadening due to instrument effect eliminated by using a
standard sample for XRD data. The average crystalline size of
CCTMO calculated from XRD data is 34.77 + 10 nm.
Figure 3 shows a bright-field TEM image and selected area
diffraction pattern (SEAD) of CCTMO ceramic sintered at
1223 K for 8 h. Figure 3a reveals the nanocrystalline nature
of the particles. The observed particle size calculated by TEM
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measurement is found in the range of 32—75 nm. The particle
size observed from TEM is closed to the average crystallite
size which is observed by XRD result. The nanocrystalline
nature of CCTMO is also confirmed by selected area diffrac-
tion (SAED) patterns, shown in Fig. 3b.

The SEM micrograph of a sintered pellet of CCTMO is
shown in Fig. 4a, which reveals the clear homogeneous grain
formation with the average grain size of 1.46 um [23]. It is
clear from SEM micrograph that smaller grains were observed
in nanometer and bigger grain in micrometer range [24]. The
elemental composition of CCTMO observed by using electron

Fig. 2 XRD diffraction pattern of
sintered CCTMO at 1223 K for 8 h
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Fig. 3 a Bright-field TEM a
images. b Selected area

diffraction pattern (SEAD) of

CCTMO ceramics sintered at

1223 K at8 h

200 nm

diffraction X-ray (EDX) spectroscopy is shown in Fig. 4b.
The atomic percentage and weight percentage of Ca, Cu, Ti,
Mn, and O are found to be 5.62, 14.20, 18.78, 6.67, 54.73 and
6.89, 27.61, 27.52, 11.20, 27.78, respectively. The weight
percentage and atomic percentage of CCTMO ceramic con-
firmed the stoichiometry and the purity of the material.
Figure 5a shows 2D AFM images of CCTMO ceramic
sintered at 1223 K for 8 h that explains the cubical structure
of grains which is separated by a grain boundary. The average
roughness (R,) and root mean square roughness (R,) are found
to be 0.109 um and 0.141 pum, respectively, on scanned area
40 pum x 40 um. Figure 5b exhibits the distribution of particle
on the surface that was examined in the 3D structure. The
average roughness (R,) and root mean square roughness (R,)
are found to be 0.163 pum and 0.209 pum, respectively. The
maximum peak-valley depth of two-dimensional structure is
to be found 0.40 pm. The grain size obtained by the histogram

Date :14 Jan 2019
Time :12:30:16

EHT =20.00 kv
WD =10.0mm

Signal A= SE1
Mag= 1000KX

plots lies in 1-1.6 um range and average particle size is found
to be 0.3 um out of 513 grains that is shown in Fig. 5c [25].

Dielectric studies

Figure 6a shows the temperature-dependent dielectric con-
stant at a few selected frequencies (1 Hz, 10 kHz, and 100
kHz). It is observed from the figure that the dielectric constant
of CCTMO is almost temperature independent from 300 to
500 K at all measured frequency on substitution Mn in CCTO
ceramic [26]. The constant value of € with temperature is
observed due to the phase transition from ferroelectric to
paraelectric. The value of dielectric constant (€7) for
CCTMO is found to be 50 at 1 kHz. Figure 6b shows the
variation of dielectric loss (tan 6) with the temperature at a
few selected frequencies. It is clear from the figures that tan &
firstly increases from 300 K and decreases after 390 K. The

Full Scale 749 cts Cursor: 0,000

Fig. 4 SEM images of CCTMO ceramics sintered at 1223 K for 8 h, a SEM images of CCTMO, b EDX spectra of CCTMO ceramic
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Fig.5 AFM images of CCTMO ceramics sintered at 1223 K for 8 h, a two-dimensional structure, b three-dimensional structure, ¢ bar diagram of particle size
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Fig. 6 Temperature-dependent a dielectric constant (€7) and b dielectric
loss (tan d) at a few selected frequencies

value of tan  of CCTMO is found to be less than 0.233 at all
measured frequencies. Figure 7a and b show frequency-
dependent permittivity (€7) and dielectric loss tangent (tan d)
at few selected temperatures of CCTMO ceramic. Figure 7a
shows the permittivity (€') result of CCTMO sample 100 Hz
to 1 MHz data that indicate that Mn-doping CCTO shows the
low value of permittivity (10? at 1 MHz). The decreasing
behavior of dielectric constant is explained by Maxwell-
Wagner phenomenon [27]. The dielectric constant was found
less than 100 at all measured temperature. The low value of
the dielectric constant of CCTMO ceramic is due to low con-
ductivity nature of Mn-doped CCTO ceramic. The result in-
dicates that Mn** partially substituted in place of Ti** site of
CCTO and represented as CaCu;TizMnO;, ceramic shows
significant effect in dielectric nature of CCTO [28, 29]. The
Mn** ions enter into both grain and grain boundary; this re-
sponse is responsible for significant changes in electrical prop-
erties of grains and grain boundaries with increasing the Mn**
ion concentration [28, 29]. Figure 7b shows the variation of
dielectric loss (tan &) from 100 Hz to 1 MHz at a few selected
temperatures. The value of tan § of CCTMO was found to be
less than 0.1 at all selected temperatures.
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Fig. 7 Frequency-dependent a dielectric constant (€") and b dielectric
loss (tan 4) at few selected temperature

Magnetic studies

Figure 8a depicts the dependence of magnetization of zero-
field cooled (ZFC) and field cooled (FC) at the temperature
5 K to 300 K and the applied magnetic field is 100 Oe. The
compound shows the transition between ferromagnetic to
paramagnetic in natures [30]. The M-T plots (Fig. 8a) show
the divergence between ZFC and FC approximately at 30 K.
The magnetic behavior increases rapidly in the FC curve
which confirms that the presence of ferromagnetic property
in Mn-doped CCTO [31]. However, Mn-doped ZFC and FC
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curve decreases with increasing temperature. Both ZFC and
FC plots show the two different branches which are merged
into a tail at the Curie temperature. The Curie temperature for
Mn-doped CCTO is found to be 94.37 K. The variation of
magnetization (M) with the magnetic field (H) at two different
temperatures (5, 300 K) and applied magnetic field + 2 T for
CCTMO is shown in Fig. 8b. M-H hysteresis curves at 5 K
temperature explain the ferromagnetic nature, and the linear
variation in a magnetic moment with respect to the magnetic
field is observed with an increase of temperature (300 K)
which confirms the presence of paramagnetic nature of the
material. The values of magnetic saturation (M), remnant
magnetization (M,), and coercivity (H,) at a lower temperature
(5 K) are calculated and found to be 14.09, 9.93 emu/g, and +
507.088 Oe, respectively [26].

Figure 9 depicts the temperature-dependent reciprocal
of magnetic susceptibility for CCTMO ceramic. The
Weiss temperature (0) and Curie constant (C) can be
determined by using the fitting of the curve with the
help of the Curie—Weiss law, represented by the following
equation.

C
X = T—0 (2)

where X is the magnetic susceptibility, C is the curie constant,
0 is the Curie Weiss temperature, and 7'is the temperature. The
calculated value of Curie constant and Weiss temperature ob-
tained by this plot were found to be 220.6 emu/g " and 94.37
K, respectively. The positive value of 0 indicates the ferro-
magnetic nature of CCTMO ceramic.

Figure 10 shows the polarization versus electric field (P-E)
hysteresis curve of CCTMO ceramic measured at different
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Fig. 8 Temperature-dependent a magnetic moment noted at + 2 T and magnetic field at 100 Oe. b M-H hysteresis at 5 and 300 K for CCTMO ceramic
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Fig. 9 Magnetic susceptibility as = ZFC
a function of temperature
recorded at =2 T and applied
magnetic field (H) at 100 Oe 3x10* - 0 “
(inset figure shows zoom view of H
1/x versus T in the range of 0 to 1504
100 K)
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=
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temperatures and frequency of 150 Hz. It is observed Conclusions

from the figure that loop shape changes in slimmer with
an increase of temperature, which indicates the evolu-
tion process to relaxor ferroelectrics. The coercivity val-
ue obtained from the P-E hysteresis curve is 2.54, 2.23,
1.641, and 0.806 kV/cm, respectively, at 303 K, 323 K,
343 K, and 364 K, respectively, that explain that the
value of Hc decreases with increasing temperature. The
measured values of remnant polarizations for CCTMO
ceramic are 0.259, 0.275, 0.317, and 0.364 uC/cm_z,
respectively, at the same temperatures. The absence of
saturation polarization is described by the combined ef-
fect of capacitor and resistor joint in parallel (loosy
capacitor) [32].

0.8

—=— 303 K

C (uClcm?)

E (kV/cm)

Fig. 10 P-E hysteresis loop for CaCu; TiMnO, sintered at 1223 K for 8 h

In this summary, manganese doped calcium copper titanium
oxide; CaCu3TizMnO;, (CCTMO) was successfully synthe-
sized by using a semi-wet route. Single-phase formation of
CCMTO ceramic was confirmed by XRD and average crys-
tallite size obtained from the XRD results was found to be
34.77 £ 10 nm, which is close to the particle size (43.76 +
10 nm) determined by TEM. The average grain size of
sintered materials observed by SEM analysis was 1.46 um.
EDX spectra confirmed the presence of Ca, Cu, Ti, Mn, O
element in CCTMO ceramic in stochiometric ratio as the mo-
lecular formula. The value of dielectric constant (€7) and di-
electric loss (tan d) was found to be 100 and 0.1, respectively,
at 303 K and 100 Hz. Magnetic studies emphasized ferromag-
netic behavior at lower temperature and attain paramagnetic in
nature at a higher temperature.
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