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a b s t r a c t

Mechanism of charge compensation on lanthanum, (La3+) substitution on Ca site in calcium copper
titanate (CaCu3Ti4O12), and its effect on resulting electrical and dielectric properties has been studied
in the present investigation. For this purpose samples were prepared according to two stoichiometries
viz. LaxCa(1−3x/2)Cu3Ti4O12 (x ≤ 0.09) and LaxCa(1−x)Cu3Ti4O12 (x = 0.03) by solid state ceramic route. The
vailable online 28 December 2010

eywords:
aCu3Ti4O12

harge compensation
c conductivity

former represents ionic compensation while the later is in accordance with electronic compensation.
Nature of charge carriers is identified by measuring Seebeck coefficient which is found to be negative in
the entire range of measurement. In order to understand the mechanism of conduction, ac conductiv-
ity is measured as a function of temperature and frequency. Space charge polarization is the dominant
polarization mechanism phenomenon at low frequency and high temperature while orientation polar-
ization dominates at low temperature and high frequency. Impedance analysis confirms the formation

which
c conductivity of internal barrier layers

. Introduction

Giant, static dielectric constant (∼104) exhibited by pseudoper-
vskite CaCu3Ti4O12 (CCTO) can make it important for many
pplications in microelectronics and memory devices. Its dielectric
onstant remains almost unchanged between 100 and 500 K in the
requency range 102–106 Hz [1–3]. At temperature below 100 K,
he dielectric constant drop rapidly to around 100 without any
tructural phase transition [2]. In order to explain the giant dielec-
ric constant, several models have been proposed [2,3]. Sinclair
t al. [2] demonstrated that CaCu3Ti4O12 is electrically heteroge-
eous with semiconducting grains and insulating grain boundaries,
hich forms internal barrier layer capacitor (IBLC). Subrama-
ian et al. [4] have suggested that the unusual crystal structure
f CaCu3Ti4O12 ceramics may be responsible for high dielectric
ermittivity.

In a study by Ramiez et al. [5], it was speculated that the collec-

ive ordering of local dipole moments may be one of the possible
easons for its high permittivity value. In a single crystal, spatial
nhomogeneity of local dielectric response can give rise to giant
ielectric constant [3]. Lunkenheimer et al. [6] shown that the high

∗ Corresponding author. Present address: Laboratory for Biomaterials, Depart-
ent of Materials Science and Engineering, Indian Institute of Technology, Kanpur

08016, India. Tel.: +91 512 2597920.
E-mail address: akdubey@iitk.ac.in (A.K. Dubey).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.12.156
is responsible for high dielectric constant in these samples.
© 2010 Elsevier B.V. All rights reserved.

permittivity in CaCu3Ti4O12 is due to contact-electrode depletion
effect.

To date, the internal barrier layer capacitor (IBLC) formation
explanation of giant permittivity value is comparatively widely
accepted [1]. Although, CCTO possesses giant dielectric constant,
the dielectric losses are too high to commercialize it. Number of
attempts has been made to decease tan ı by various compositional
modifications such as Cr2O3-doped CCTO [7], ZrO2-doped CCTO [8],
CCTO/CaTiO3 composite [9], B2O3 doped CCTO [10], TiO2-rich CCTO
[11,12] and La substitution on Cu sites in CCTO [13] have been
reported to be effective in reducing the dielectric loss and still main-
taining high dielectric constant. In a study by Cheng et al. [14], it
was shown that in La doped CaCu3Ti4O12, Ca site is completely sub-
stituted by La without influencing the phase transition. In addition,
they reported that the grain size of CCTO ceramic can be controlled
by La content and consequently the electric properties of IBLC [14].

Most of these studies were intended to minimize the loss by
controlling mainly the grain boundary chemistry.

In the present investigation, Ca2+ is partially substituted
by La3+ ion in the system according to two stoichiome-
tries LaxCa(1−3x/2)Cu3Ti4O12 (x = 0.01,0.03,0.05,0.07,0.09) and
LaxCa(1−x)Cu3Ti4O12 (x = 0.03) under optimum sintering condi-

tions. In the first system, the charge neutrality is maintained
by ionic compensation and in the later, the charge neutrality
is maintained by electronic compensation mechanism. Most
appropriate mechanism of charge compensation on substitution
of La on Ca site and its effect on resulting dielectric and electrical

dx.doi.org/10.1016/j.jallcom.2010.12.156
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:akdubey@iitk.ac.in
dx.doi.org/10.1016/j.jallcom.2010.12.156
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roperties has been studied. The nature of charge carriers and
echanism of conduction have also been discussed. Impedance

nalysis has been carried out to separate out the contribution of
rains (bulk) and grainboundaries to the total observed resistance
nd capacitance in order to understand their electrical behavior.
lectrical conductivity and dielectric properties are studied on the
ame materials in order to correlate these two behaviors.

. Experimental

Ca1−xLaxTi3Cu4O12 (x = 0.03) and Ca(1−3x/2)LaxCu3Ti4O12 with x = 0.01, 0.03, 0.05,
.07 and 0.09 have been synthesized by solid state ceramic route as indicated by
qs. (1) and (2) respectively.

a2O3 + 9CuO + 12TiO2
3CaO−→2(LaCa2+ 3+)• + 9(CuCu2+ 2+)

∗

+ 12(TiTi4+
4+)

∗ + 36OO + VCa
′′ (1)

a2O3 + 6CuO + 8TiO2
2CaO−→2(LaCa2+ 3+)• + 6(CuCu2+ 2+)

∗

+ 8(TiTi4+
4+)

∗ + 25OO + 2e′ (2)

here, all the species are written according to the Kroger-Vink notation of defects.
Appropriate amounts of CaCO3, CuO, TiO2 and lanthanum oxalate of purity ≥99%

or all the above mentioned compositions were weighed and mixed in a ball mill
sing agate as grinding media and acetone as a mixing medium for 7 h in agate jars.
ixed powders were dried overnight in the oven. Dried powders were calcined

t 1273 K for 12 h in a platinum crucible. Calcined powder was compacted under
n optimum load of 70 KN in the form of cylindrical discs (dia. ∼12 mm) using 2%
olution of PVA as binder. The pellets were slowly heated to 773 K and then held
t this temperature for an hour to burn off the binder. Thereafter the temperature
as raised to 1348 K and the pellets were sintered in air at this temperature for 20 h

nd furnace cooled. The sintered pellets were grind and powder X-ray diffraction
atterns were recorded using a 12 kW rotating anode (Cu) based Rigaku powder
iffractometer operating in the Bragg–Brentano geometry and fitted with a graphite
onochromator in the diffracted beam employing Cu-K�1 radiation with a Ni filter.

he bulk density was calculated using Archimedes Principle. Percentage porosity
as determined using theoretical and experimental density. Seebeck coefficient was
easured in the temperature range (600–1000 K) in air on thick pellets of thickness
7 mm. Escort EDM 3150 Multimeter was used to measure voltage. For DC resistivity
nd dielectric measurements, the samples were polished and electroded using Ag-
d alloy paint which was cured by heating at 1073 K for 20 min. The resistance was
easured by two probe method in the temperature range 300–1000 K using Keithley

16 Electrometer at steady temperatures.
Capacitance, C, dielectric loss, D and AC conductance, G were measured in the

requency range 100 Hz to 1 MHz at a few selected steady temperatures in the range
00–525 K in a locally fabricated cell using programmed HIOKI 3552-50 LCR Hi-
ester.

AC conductivity was calculated by the relationship:

ac = G × d

A
(ohm cm)−1 (3)

here �ac is the AC conductivity, d is the thickness (in cm), G is the conductance in
hm−1 and A is the area (in cm2) of the sample. The value of real and imaginary part
f impedance i.e. Z′ and Z′′ were calculated using the formula:

′ = 1
[G(1 + (1/D2))]

(4)

nd

′′ = Z ′

D
(5)

. Results and discussion

.1. Crystal structure

Powder X-ray diffraction (XRD) patterns for various composi-
ions in the system LaxCa1−3x/2Cu3Ti4O12 (x = 0.00, 0.01, 0.03, 0.05,
.07, 0.09) and LaxCa1−xCu3Ti4O12 (x = 0.03) prepared by solid state

eramic route are shown in Fig. 1. Formation of single phase was
onfirmed by absence of the characteristic lines of constituent
xides or the other phases in the powder X-ray diffraction pat-
erns of the system LaxCa1−3x/2Cu3Ti4O12, whereas for the sample
axCa1−xCu3Ti4O12 single phase did not form (Fig. 1(b)). This indi-

Fig. 1. (a) X-ray diffraction pattern of compositions in the system
LaxCa(1−3x/2)Cu3Ti4O12 for (a) x = 0.00, (b) x = 0.01, (c) x = 0.03, (d) x = 0.05, (e)
x = 0.07 and (f) x = 0.09. (b) X-ray diffraction pattern of composition x = 0.03 in the
system Ca(1−x)LaxCu3Ti4O12. * shows the impurity phases.
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Table 1
Lattice parameter and % porosity of various compositions prepared in the system
LaxCa(1−3x/2)Cu3Ti4O12.

Composition Lattice parameter (Å) % porosity

x = 0.00 7.392 9.07
x = 0.01 7.393 8.36
x = 0.03 7.399 7.35

c
c

c
s
r
t
s
o
i
p

x = 0.05 7.396 6.99
x = 0.07 7.398 6.01
x = 0.09 7.398 6.22

ates that the charge neutrality in the system is maintained via ionic
ompensation mechanism in these materials.

Powder X-ray diffraction (XRD) data for all the single phase
ompositions could be indexed on the basis of a cubic unit cell
imilar to CaCu3Ti4O12. Lattice parameters, crystal structure, theo-
etical density, experimental density and percentage porosity for all

he compositions are given in Table 1. Lattice parameter increases
lightly with increase in La content. This is due to larger ionic radii
f La3+ as compared to Ca2+. It was found that bulk density for var-
ous samples was greater than 90% of theoretical value. Percentage
orosity decreases (i.e. sinterability increases) with increasing x.
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3.2. Seebeck-coefficient

Plots of Seebeck co-efficient, ˛ vs. temperature in the tempera-
ture range 450–1000 K for all the compositions are shown in Fig. 2.
Below 450 K, the measurement of Seebeck coefficient is not reliable
because of high resistance of the samples. The negative value of ˛
over the entire temperature range of measurement indicates that
the electrons are the majority charge carriers. Value of ˛ decreases
with increase of temperature (becomes more negative) and it is
small for all the samples.

Plots of logarithm of DC resistivity, log �dc (ohm-cm) vs.
1000/T (K−1) are shown in Fig. 3. For all the compositions resis-
tivity decreases with increasing temperature. These plots are
found to have a linear region in a certain temperature range.
This shows that resistivity in these regions obey Arrhenius
equation:

(
Ea

)

�dc = �0 exp

kT
(6)

where Ea, is the activation energy for conduction and k is the Boltz-
mann constant. Values of activation energies obtained by least
square fitting of the resistivity data for various compositions are

b

d

f
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ig. 3. Variation of log �dc with inverse of temperature for the various samples in
he system LaxCa(1−3x/2)Cu3Ti4O12.

iven in Table 2. Values of activation energies for these samples lie
n the range 0.36–0.59 eV.

.3. AC conductivity behavior

Variation of log �ac with log f at a few selected temperatures for
typical composition x = 0.09 is shown in Fig. 4(a). For composition
ith x = 0.09, there are two plateaus and two dispersion regions

bserved up to 400 K while one plateau and one dispersion region
s observed at 450 K and 500 K. For all the compositions, it is found
hat a plateau is observed in the low frequency region followed by a
requency dispersion region. The transition between these regions
hifts to higher frequency with increasing temperature. Therefore,
igh frequency dispersive region disappears at 500 K. At 500 K, only
ne plateau region is observed over the entire frequency range.
he plateaus appearing in the low frequency region at T ≤ 450 K
epresent the total conductivity of the grains and grain boundaries
hile the other plateau represents the contribution of only grains

o the total conductivity observed at various temperatures.
log �ac vs. 1000/T plot (Fig. 4(a)) shows very small temperature

ependence but strong frequency dependence at low temper-
tures. A weak frequency dependence and strong temperature
ependence is observed at high temperatures. In the high temper-

ture region a higher slope and very little frequency dependence is
een. In the high temperature region, the variation of log �ac with
nverse of temperature is linear. AC conductivity in this region fol-
ows the relation � = �0 exp (−Ea

′/kT), where Ea
′ is the activation

able 2
he activation energies, Ea for different compositions in the system
axCa(1−3x/2)Cu3Ti4O12.

Compositions (x) Temperature range (K) Activation energy (DC) (eV)

x = 0.00 300–1000 K 0.57 ± 0.01
x = 0.01 310–830 K 0.58 ± 0.01
x = 0.03 310–710 K 0.57 ± 0.03
x = 0.05 310–710 K 0.56 ± 0.02
x = 0.07 310–670 K 0.47 ± 0.02
x = 0.09 310–625 K 0.36 ± 0.03
1000/T(K)

Fig. 4. Variation of log �ac with (a) log frequency and (b) inverse of temperature for
the composition x = 0.09 in the system LaxCa(1−3x/2)Cu3Ti4O12.

energy for AC conduction. Here Ea
′ = Ea + EH, where EH is the hoping

energy and Ea is activation energy for DC conduction [21].
It has been reported that these titanates, lose traces of oxygen

during their sintering at high temperature, depending on the ther-
modynamic conditions, leading to formation of oxygen vacancies
[15,16],

O∗
O ⇔ VO

•• + 2e′ + 1
2

O2 (7)

Here, all the species are written according to Kronger-Vink nota-
tion of defects.

At temperatures above 1275 K, oxygen vacancies are doubly ion-
ized, VO

••. At temperatures below 675 K, these oxygen vacancies
turn into singly ionized VO

• [17]. The change on ionization can be
written as [17,18]:

VO
•• + e′ ⇔ VO

• (8)

Also, the doubly ionized oxygen vacancies are frozen in the sam-
ple at or near room temperature because enough time is not given
to the sample to equilibrate with the surrounding oxygen. Hence,
both singly and doubly ionized oxygen vacancies coexist at or near
room temperature. The concentration of VO

•• increases and con-
centration of VO

• decreases with increase in temperature. Electron

released in relation (7) imparts n-type semiconductor behavior to
these materials.

Electron released in the reaction (7) may be captured by Ti4+ or
Cu2+ to form Ti3+ and Cu+, respectively. Cu+ with electronic config-
uration 3d10 is stable while Ti3+ with 3d1 configuration is unstable.
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ig. 5. Variation of (a) dielectric constant, εr and (b) dielectric loss, D with tem-
erature at a few selected frequencies for composition x = 0.05 in the system
axCa(1−3x/2)Cu3Ti4O12.

herefore, the probability of formation of Cu+ is more as compared
o Ti3+. Cu+ on Cu2+ site carries effective negative charge (Cu+

Cu2+ )′.
hese materials, therefore, contain defects such as LaCa

•, VCa
′′, VO

•,
O

•• and (Cu+
Cu2+ )′. At low temperature (near room temperature)

ue to Coulombic interaction, positively charged defects attract
egativily charged defects. This leads the formation of associated
efects pairs such as (CuCu2+ +)′–VO

••, VCa
′′–2VO

• or VCa
′′–2(LaCa

•)
19]. Hopping of electrons among copper ions of various valencies
r of O2− ions around Cu+/Cu++ or Ti4+ through vacant oxygen sites,
O

•• will lead to the rotation of dipoles [19]. In the low tempera-
ure region, frequency dependent and temperature independent ac
onductivity is observed because the hoping of charge carriers will
ead to the rotation of dipoles [19,20]. In other words, we can say
hat metal ion-oxygen vacancy complexes give rise to the defect
tates in the forbidden band gap. At low temperatures, the hoping
mong these defects states give rise to orientation of dipoles and AC
lectrical conductivity will be frequency dependent and less depen-
ent on temperature [20]. With increase in temperature, these pairs

f defects dissociate giving rise to free defect centres. Hopping of
lectrons among these defects, Cu+ and Cu++ will contribute to the
ong range migration of charge carriers i.e., excitation of charge
arriers at conduction band edge and hoping at energies close to
Fig. 6. (a) Variation of (a) εr and (b) D with log frequency at a few steady
temperatures for composition x = 0.03 in the system LaxCa(1−3x/2)Cu3Ti4O12. (b) Vari-
ation of log � with inverse of temperature for composition x = 0.03 in the system
LaxCa(1−3x/2)Cu3Ti4O12.

it, which leads to n-type conduction [19]. In this case, AC electrical
conductivity is almost independent of frequency and exponentially
dependent on temperature as expected [20]. Value of WH, calcu-
lated for the composition x = 0.09 from the difference in Ea

′ and Ea,
is 0.15 eV which is of right magnitude for hoping of electrons

3.4. Dielectric behavior

Plots of εr and D vs temperature at a few selected frequencies
and εr and D vs log f at a few steady temperatures for a typical com-
position x = 0.07 are shown in Fig. 5. Behavior of other compositions
are similar. It is observed that in the permittivity εr vs. T plots, at
room temperature the value of dielectric constant is of the order of
104 at 100 Hz for all the compositions. Value of permittivity is nearly
constant in the temperature range 300–450 K for all the composi-
tions. With increase in frequency, the temperature beyond which
dielectric constant increases shift toward higher temperature side.
The increase in the value of εr is more pronounced with increase in
D vs. T plots for all the compositions show one or two peaks for
these materials which are due to the relaxation processes in these
materials. With increase in frequency, the positions of the peaks
shift toward the higher temperature side.
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Fig. 7. Complex plane impedance (Z′′ and Z′) plots at differe

From the variation of dielectric constant with temperature and
requency, it can be concluded that the dielectric behavior of
hese materials at lower frequencies is predominantly due to space
harge polarization. The space charge polarization arises due to the
resence of two or more phases with different electrical conduc-
ivity are present in the sample. The grains (semiconducting) and
rain boundaries (insulating) have different electrical conductiv-
ties (as shown by results of impedance analysis discussed later).

ith increase in temperature this difference increases, which in
urn gives rise to more contribution of space charge polarization
nd hence there is abrupt increase in dielectric constant at low
requencies.

The peaks observed in the low frequency region in D vs. log f
Fig. 6(a)) plots is due the relaxation of the space charge polar-
zation, which shifts toward higher frequency side with increase
n temperature. The second peak in high frequency side shows
he relaxation of dipolar polarization. The formation of associated
efect pairs has already been described earlier. The value of acti-
ation energy for conduction, calculated from Fig. 6(b), is 0.63 eV.
his value matches with the activation energy for dc conduction.
.5. Impedance analysis

Complex plane impedance (Z′′ vs Z′) plots for the composi-
ion with x = 0.01 at a few selected temperatures are shown in
Z (10/ 3 ohm)

peratures for x = 0.01 in the system Ca(1−3x/2)LaxCu3Ti4O12.

Fig. 7. From these plots it is observed that at all temperatures two
depressed circular arcs are found. The smaller arc in the high fre-
quency region (near origin) represents the contribution of grains
while the arc in the lower frequency range (away from origin) rep-
resents the contribution of grain boundaries [21]. Values of Rg and
Rgb can be obtained from the intercepts of these arcs of Z′′ vs. Z′

plots with Z′ axis. Intercept of high frequency arc passing through
origin gives values of Rg and intercept of arc with low frequency
range gives the contribution of grainboundaries.

Each semicircular or depressed arc in the complex plane plots
represents a particular relaxation process. A semicircular arc hav-
ing origin on the real axis shows a single relaxation process, while
the depressed arc shows that there is either more than one relax-
ation process or there is one process in which there is distribution
of relaxation times [21]. In the samples under investigation, the
depressed arcs are found for all the compositions. This result infers
that there is distribution of relaxation times. The calculated val-
ues of resistance and capacitance due to bulk and grain boundary
contributions from complex plane impedance plot for the compo-
sition x = 0.01 is shown in Table 3. The value of activation energy

is calculated from the slope of the curve log Rg and log Rgb vs.
1000/T (Fig. 8). Activation energy, Ea for the grains and grain
boundaries is found to be 0.14 eV and 0.59 eV, respectively. This
is expected as the overall resistance is due to grainboundaries
which form the continuous phase. Therefore, activation energy for
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Table 3
Resistance and capacitance values for both bulk and grain boundary contri-
bution determined from complex plane modulus plots x = 0.01 in the system
LaxCa(1−3x/2)Cu3Ti4O12.

Temperature (K) Bulk Grain boundary

Rg (ohm) C (pF) Rgb (ohm) C (nF)

305 6.00 × 103 53.1 – –
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t
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a
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350 3.00 × 103 75.8 1.90 × 105 8.38
400 1.70 × 103 93.7 2.10 × 104 10.80
450 9.47 × 102 245 2.45 × 103 13.00

onduction will be same as for grainboundaries. This is what
bserved experimentally.

Results show that the resistance and capacitance of the grain
oundaries are much more than that of the grains. The resistance
f the grain boundaries is found to be three orders of magnitude
igher than that of grains, which confirms the formation of bar-
ier layers across the grain boundaries [21]. Values of capacitance
btained for grain and grainboundaries given in Table 3 are point
ut that these arcs are due to grain and grainboundaries. In order
o find out whether conduction is of localized type or occurs due
o long range of migrations of charge carriers, both Z′′ and M′′ are
lotted in the same plot as a function of logarithm of measuring
requency, f. If conduction is localized i.e. occurs due to short range

ovement of the charge carriers, then peak in Z′′ and M′′ occur at
he different frequencies and vice versa for long range movement of
harge carriers [22]. Plots of Z′′ and M′′ vs. log f for the composition

= 0.03 at 305 K and 350 K are given in Fig. 9(a) and (b) respec-

ively. Peaks in Z′′ and M′′ occur at different frequency at 305 K
hile there are at the same frequency at 350 K. Therefore at low

emperature (305 K) conduction occurs due to short range move-
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ig. 8. Variation of log of R with inverse of temperature for x = 0.01 in the system
a(1−3x/2)LaxCu3Ti4O12.

7654321

0

log f (Hz)
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0

2

Fig. 9. (a) Variation of (a) Z with log frequency at temperature 305 K for composition

x = 0.03 in the system LaxCa(1−3x/2)Cu3Ti4O12. (b) Variation of (a) Z with log frequency
at temperature 350 K for composition x = 0.03 in the system LaxCa(1−3x/2)Cu3Ti4O12.

ment of charge carriers while at 350 K it occurs due to long range
migration of charge carriers i.e. due to hoping of electrons among
Cu+ and Cu++ sites. This is in conformity with the conclusion drawn
from the results of AC conductivity as a function of temperature at
different frequencies (Fig. 4(b)).

4. Conclusions

Substitution of La3+ at Ca2+ site, the charge compensation is
ionic in nature, i.e. occurs due to vacancies in Ca-sublattice. All
the compositions have cubic structure. The negative value of See-
beck coefficient showed that the electrons are the majority charge
carriers. Resistivity decreases with temperature indicating semi-
conducting behavior. Complex plane impedance plots show that
the barrier layer formation at grain-grain boundary interface is
responsible for the high dielectric constant in these samples. At
low temperature, the dipoles are formed in the material due to the
presence of defect. Rotation of these dipoles occurs either due to the
hoping of oxygen ions into vacant oxygen sites or electrons among
Cu+ and Cu2+ sites giving rise to orientational polarization. Space
charge polarization dominates at low frequency and high temper-
ature while orientational polarization occurs at low temperature

and high frequency. At low temperature conductions occurs due to
short range movement and at high temperature occurs due to long
range movement of charge carriers.
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