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Abstract: The role perovskite-type CaCu;Ti;O1, (CCTO) dope by molybdenum (Mo) on the microstructure, dielectric
properties and the temperature dependence of Electron Spin Resonance (ESR) has been investigated in this work. The solid
state reaction has been used to synthesize CCTO ceramic samples. Substitution on Ti-site by Mo helps to increase the grain
size of samples and therefore increase the dielectric constant according to the IBLC theory. There is no great difference
between the ESR spectra of pure CCTO and CCTO doped by Molybdenum as a function of temperature. For a given
temperature, ESR signal spectrum intensity increases as the Mo content increases. The magnetic susceptibility varies according
to the composition only when the temperature is higher than 70K. The antiferromagnetic character of the CCTO decreases

when the Mo content increases.
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1. Introduction

Research of ultra-miniaturization of electronic devices in
the aviation, automotive and mobile phone requires the
development of materials with high dielectric constant and
stable over a wide temperature range. Dielectric materials
commonly used today are ferroelectric oxides such as
SrBi,Ta,0y, BaTiOs, (Ba, Sr) TiOj; or relaxor ferroelectrics as
Pb (Mg;;5Nb,3)0;. However, these dielectric oxide lack
stabilities at high temperature and pressure, or do not have
huge dielectric constants. Recently, ACu;Ti4O,, oxides type
with high dielectric constant were found and CaCu;Ti4Oq;
(CCTO) [1] presented an exceptional behavior with potential
technological applications such as capacitors and microwave
devices. Values of dielectric constants of CCTO ranging from
3000 to 300,000 have been reported [2-5] and show that
these dielectric properties are very sensitive to manufacturing
process, and vary with time, temperature, the sintering

atmosphere and the annealing [6]. Authors also report the
influence of different doping CCTO solid phase. Thus, while
the addition of compounds such as TeO,, Cerium, Cesium,
and Eu,0; greatly reduce permittivity material [7-9], oxides
such as P,0s, GeO,, Lu,0; and V,0; increase the dielectric
constant [10-13]. When doping is carried out by partial
substitution of Ca or Ti sites, we have generally a reduction
of the permittivity of the material by substitution on the sites
of the first one (Gd et Pr) [14, 15] and an increase on the sites
of the second one (Nb, Fe, Co, Ni) [16-17]. In addition,
permittivities of these compounds are little more than 40,000
at room temperature and at 1 kHz. Various theories have been
developed to explain the high permittivity of the CCTO. It
has been proposed that internal insulating barrier (IBLC:
Internal Barrier Layer Capacitor) with a structure of
conductive grains and insulating grain boundaries is
responsible for the high permittivity in polycrystalline
ceramics [6, 18]. While other theories suggest the existence
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of areas inside the insulating grains CCTO [19] or forming an
insulating layer at the interface very fine material / electrodes
which induces a polarization phenomenon at the electrodes
[20].

The aim of this work is to investigate the influence of a
partial substitution of Ti in the structure of CCTO by
molybdenum oxide (MoOj;), on the microstructure, the
permittivity and temperature dependence of electron spin
resonance.

2. Experimental Procedure

The samples in this study were prepared by a conventional
solid adapted by using high purity precursors (CaCOj;
(99.98%), CuO (99.99%), TiO, (99.9%) and MoO; (99.99%)
previously dried at 400°C for 24h. Stoichiometric amounts of
the starting oxides were introduced into polyethylene tube
containing zircon beads in the presence of isopropanol.
Followed by a grinding in a turbulator for 48 h at a speed of
60 revolutions per minute (rpm), fine powders were obtained
after drying of the various mixtures in the oven at 60°C for 3
hours. Compounds CaCu;TiyMo,O, (M, avec x = 0, 0.05,
0.1) are obtained by calcination at 950°C in air for 12 hours.
The chemical reaction occurring during the calcination
process can be summarized as follows (equation 1):

CaCO; + 3Cu0 + (4-x) TiOy+ x MoO;—

CaCU3 Ti4_XMOXO 1t C02 T ( 1 )

Finally, the resulting powders are pressed into pellet
diameter of about 10 mm and sintered at 1050°C for 24
hours. The composition of the products was determined by
X-ray diffraction using the Bruker AXS D8 diffractometer.
Microstructural characterization and elementary analysis of
the samples were recorded using scanning electron
microscopy (SEM) HITACHI 4160 type having a mounting
EDX. Measures of electron spin resonance were performed
on different samples with a Bruker EMX 10/2.7 X-band (9.5
GHz). Dielectric measurements were determined in the
frequency range of 100 Hz to 1 MHz on perfectly polished

form(1)

pellets faces and on which a layer of gold was raised to
establish electrical contact. The PPMS (PPMS, Model 6000)
was used to investigate the magnetic properties of samples
over a wide temperature band 6K to 350K. The ZFC and FC
magnetic measurements were performed. For ZFC, the
samples were pre-cooled to room temperature at 6 K without
application of magnetic field and then heated by applying a
magnetic field of 1000 Oe, the magnetization is measured as
a function of temperature. Whereas for FC measurement, the
samples are cooled to 6K under action of a magnetic field of
1000 Oe and the magnetization measurement was performed
for increasing temperature.

3. Results and Discussion

Figure 1 shows the microstructure of samples My, My s
and M, at 1050°C. We observe an increase in average grain
size as a function of Mo content, which is mainly due to the
decrease in the number of small grains and segregation areas
rich in Cu grains boundaries. Table 1 shows the evolution of
the grain size according to the Mo contents. Figure 1c with
Mo-rich presents grains boundaries well defined and rich in
Cu and lack of Mo and Ti as shown by the EDX results
(Figure 2). It explains that Mo is preferentially returned in
the CCTO structure. At this temperature, CCTO doped with
molybdenum has the same effect on the grain growth like
GeO, and V,0; content obtained in previous studies [11, 13].

Figure 1. SEM micrographs at 1050°C of M, (a), My (b) and My (c).

Table 1. Grain size according to Mo content for 1050°C sintering
temperature.
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Figure 2. EDS mapping of My,
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X-ray diffraction confirmed the presence of single CCTO
phase despite the Mo content (Figure 3). We have no
secondary phase or secondary phase is too low to be
detected. However, compared with the pure CCTO, we
observe a small shift of the peak position for the doped
samples. The lattice parameter of pure CCTO (as shown in

Figure 3 B) is about 7,394. This value is very close to the
results previously reported [21]. The lattice parameter
increases slightly with an increase in the concentration of Mo
substitution on Ti site. Mo leads to an increase of the lattice
parameter due to the difference in their ionic radii which are:
0.605 A for Ti*" and 0.65 A for Mo™".
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Figure 3. XRD patterns of My, My s and My ; doped samples (4) and lattice parameter depending on molybdenum rate at 1050°C (B).

Figure 4 shows the change of the dielectric constant and
dielectric loss (tan &) of various compounds M, measured at
room temperature for samples sintering at 1050°C. We
observed that for a given frequency, dielectric constant and
dielectric loss increase with the molybdenum content (Figure

4A). This result was observed [10-12] for sintering
temperatures of various samples doped below 1050°C. The
result is in agreement with the theory IBLC which provides an
increase in the permittivity when the grain size increases. The
increase of the permittivity can be indicated by equation 2:
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=) g

Where D is the grain size, d the grain boundary thickness

and €, the dielectric constant of grain boundary [7].
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Figure 4. Frequency dependence at room-temperature of dielectric constant (4) and dielectric loss (B) for the pellets sintered at 1050°C.

The dielectric loss versus frequency curve (Figure 4B)
shows that for a given frequency the dielectric loss increases
as the Mo content increases. We can conclude that CCTO
doping by partially substitution of Mo on Ti-site has the
consequence to increase the dielectric loss.

The ESR spectrum of the pure CCTO consists of a
symmetric signal centered at g = 2.15 independent of the
orientation of the sample in the magnetic field. Its origin was

attributed to the strong delocalization of the hole of the
electronic structure of copper 3D’ on the four neighboring
oxygen ions [22]. ESR spectra can change according to the
grain-boundary chemistry [23].

The ESR spectrum of M, samples sintered at 1050°C was
recorded in the temperature range 0 K < T < 300 K (RT:
Room temperature) (Figure 5). My, My¢s and M, have the
same ESR signature as a function of time. There is no signal
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paramagnetic field with a Lorentzian line shape. 25 K is the
antiferromagnetic (AFM) transition temperature Ty. This
value has been reported previously [25].

of grain boundary effect observed in the ESR spectra like
shown by Capsoni et al. [23]. Below 25 K where a transition
to an antiferromagnetic phase has been reported [24], signal
is not apparent. The signal appears only from 25 K, in the
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Figure 5. Temperature dependence of ESR for pellets sintered at 1050°C of M, (a), M5 (b) and My, (c).

Figure 6 shows the evolution of the intensity, the line
width (AHpp), of effective g factor (g.;r) of ESR signal
depending on the temperature of the samples M;. In
general, the intensity of the ESR signal increases strongly
from 0 to Ty and decreases progressively from Ty to Room

Temperature.

is much higher for My, versus M, and M ys for a given
temperature. AHpp and g.¢ Curves are superimposed for the
three samples. We observe a sharp drop AHpp and g.¢ 25K
to about 31K (transition range AFM-PM). g.¢ value remains
constant at 2.15 over this temperature while AHpp
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Figure 6. Temperature dependence of line shape magnitude (a), peak to peak line width (b) and geff-factor (c) of M sintered at 1050°C.

Figure 7 shows the change in function of the temperature
of the magnetic susceptibility (ZFC) of samples M,, My s
M, sintering at 1050°C in a field of 1000 Oe. The magnetic
susceptibility is independent on the composition for
temperatures below 70K. When the temperature increases
(greater than 70K), the magnetic susceptibility decreases as
the Mo content increases. The high temperature region (100-
350 K) of the reciprocal of the ZFC curve can be fitter
according to Curie-Weiss law (equation. 3):

(= (3)

Where y, 6 and C are respectively the susceptibility, Weiss
constant and Curie constant. These constants were
determined and their values are listed in Table 2. Two
observations are made on 6. 6 decreases when Mo content
increases for a sintering temperature of 1050°C. We conclude
that the antiferromagnetic character of the CCTO decreases
when the Mo content increases.
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Figure 7. Temperature dependence of ZFC magnetic susceptibility of My, My s and My, sintered at 1050°C in the field of 1000 Oe.

Table 2. Curie and Weiss constants calculated the reciprocal FC curve fitted
by Curie-Weiss law.

C (curie constant)

(emu. K. O¢”. mol”) 0 (Weiss constant) K

M, 1.843 -77.53
Mo.0s 1.513 -39.39
Mo, 1.349 -26.49

4. Conclusion

Properties of CCTO Mo-doped were studied. The CCTO
pure and doped CCTO were prepared by solid route and
sintered at 1050°C. At this temperature, substitution on Ti-
site by Mo helps to increase the grain size of samples and
therefore to increase the dielectric constant according to the
IBLC theory. Mo preferentially returned in CCTO structure,
and increase slightly his lattice parameter. ESR signal
spectrum appear only from 25 K (the antiferromagnetic
(AFM) transition temperature TN) and is not influenced by
Mo content. For a given temperature, ESR signal spectrum
intensity increases as the Mo content increases. The magnetic
susceptibility varies according to the composition only when
the temperature is higher than 70K. At 70K, it decreases as
the Mo content increases. Mo also has the effect to reduce the
antiferromagnetic character of the CCTO.
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