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Abstract

In this work, the effect of MgO substitution for CuO on the dielectric properties of CaCu3Ti4O12 (CCTO) was studied. Ceramic samples of

CaCu3�xMgxTi4O12 were prepared by a two-step solid-state reaction. The samples were sintered at 600 8C for 2 h and then heated to the final

sintering temperature of 1100 8C for 8 h. The lattice parameter of CCTO decreases with Mg substitution from X-ray diffraction (XRD) analysis,

since the ionic radius of Mg2+ is smaller than that of Cu2+. Mg substitution in CCTO causes apparent change in microstructure with much smaller

grains due to the grain growth inhibition. The maximum of the dielectric constant can reach to 7.8 � 105 at f = 100 Hz for Mg substitution with

x = 0.6. The sample with Mg substitution (x > 0.2) yields an apparent semicircle in the impedance spectra. The correlation between the

microstructure and dielectric properties suggests the presence of a thin barrier layer forming at the grain boundary.
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1. Introduction

Recently, the perovskite material CaCu3Ti4O12 (CCTO) has

attracted much attention due to its so-called ‘‘giant dielectric

effect’’ [1–5]. The CCTO ceramics display unusual dielectric

properties with a high permittivity up to 105 over wide

frequency (102–106 Hz). The high permittivity of CCTO has

been interpreted as from the effect of internal barrier layer

capacitor (IBLC) [4]. Polarization effects at insulating grain

boundaries between semiconducting grains or other internal

barriers are responsible for the colossal dielectric constant. The

interfacial polarization termed Maxwell–Wager relaxation

between the electrodes and the sample surfaces was also

proposed to explain the giant dielectric effect [6].

Many efforts have been made to improve their electric

properties by tailoring the compositions of CCTO. It was

reported that the dielectric loss at low frequencies ( f < 104 Hz)

could be reduced by adding CaTiO3 [7,8] and ZrO2 [9] to

increase the resistance of the barrier layers. It has been also

reported that small amount substitutions of transition ions, such
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as Mn, Cr, and V in the octahedral Ti site and La in the Ca site,

can yield changes of the magnetic and dielectric properties

[10,11]. Other ions doping such as Co, Ni, and Fe has been

shown to increase the dielectric constant of CCTO dramatically

by the substitution for Cu [12]. Doping or substitution method

opens an effective way to tailor the electric performance as

mentioned above.

The structure of CCTO as known is the body-centered cubic

perovskite-related structure. The Ca2+ ion is dodecahedrally

coordinated with oxygen ions, Cu2+ is in a square-planar

coordination and Ti4+ coordinates six oxygen ions in cell axis

[1–3]. The copper ion in this structure has been discussed in a

Jahn–Teller context, which strongly promotes stoichiometry of

CCTO as suggested [13]. This may be ascribed to the complex

valence of copper ions. Recently, it was reported that No second

phase is detected in CCTO with small amount of Mg doping

[14]. The valence of copper ion changed with Mg doping in

CCTO and causes an enhancement in dielectric property as

reported. In this literature the solubility of Mg in CCTO is small

due to the relative lower sintering temperature (1000 8C).

However, the solubility can be elevated by increasing the

sintering temperature. In this work, MgO was added to

substitute Cu ions in CCTO with higher sintering temperature

to investigate role of the Mg in CCTO.
d.
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Fig. 1. X-ray diffraction patterns of samples sintered at 1200 8C as a function of

x value for CaCu3�xMgxTi4O12 (^, CCTO phase; ^, TiO2 rutile).
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Fig. 2. The relative intensity of the XRD peaks of (4 2 2) plane to (2 2 0) plane

of CCTO phase as a function of x value for CaCu3�xMgxTi4O12.
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2. Experimental

Ceramic samples of CaCu3�xMgxTi4O12 (x = 0, 0.2, 0.4, 0.6,

0.8 and 1.0) were prepared by a conventional two-step solid-

state reaction. The starting materials were high purity 99.9%)

CaO, CuO, MgO, and TiO2. They were weighted according to

the stoichiometric ratios and mixed thoroughly by ball milling

with ZrO2 balls for 24 h. The mixture was calcined at 900 8C
for 6 h in air. Then the calcined powder was pulverized and wet-

mixed with 1.5 wt% PVA. The powders were pressed into disks

with 19.5 mm in diameter and 1.5 mm of thickness under

100 MPa. The disks were sintered in air from room temperature

to the intermediate 600 8C for 2 h with 2 8C/min. When the

intermediate temperature was reached, the samples were then

heated to the sintering temperature of 1200 8C for 8 h with

5 8C/min and furnace-cooled to room temperature.

The crystallographic structures of the disk samples were

examined by X-ray diffraction (XRD, MAC Science M18XHF)

with CuKa irradiation. The density of the sintered samples was

measured with Archimedes’ method. The microstructures of

the sample’s surfaces were examined by scanning electron

microscope (JEOL-5600 SEM). The capacitance (Cp) and the

dissipation factor (tan d) of the sample were measured with a

parallel-plate capacitor coupled to a precision LCR meter (HP

4284A) at an ac voltage of 1 V in the frequency range from

20 Hz to 1 MHz. The e0 value was obtained from capacitance

(Cp) and the dimension of the sample (the thickness and the area

of the electrode). The complex impedance was obtained by the

equation Z* = 1/(ivC*), where C* = Cp(1 � itan d) and

v = 2pf .

3. Results and discussion

The X-ray diffraction (XRD) patterns of the samples are

shown in Fig. 1. The sample without MgO substitution shows a

predominant CCTO phase of cubic perovskite structure and a

small amount of second phase, rutile TiO2, as in Fig. 1(a) with

x = 0. The second phase (TiO2) is not observed for the sample

with MgO substitution for x > 0.2. Nevertheless, it was found

that the intensity of (4 2 2) plane reflection decreased apparently

relative to other plane reflections with the increase of MgO

content. The refraction intensity of (4 2 2) plane to that of (2 2 0)

plane used to illustrate the effect of MgO substitution is shown in

Fig. 2. This may be attributed to the increase in surface energy by

the MgO substitution for CuO. The ionic radius of Mg2+ (0.49 Å)

with 4 coordination is smaller than that of Cu2+ (0.62 Å) and the

bond strength of Mg–O (1.09) is larger than that of Cu–O (1.01)

[15]. (The bond strength is defined as the ratio of valence over

internuclear distance.) This surface energy of (4 2 2) plane based

on the bonding strength became lower relative to other planes

indicates that the sites occupied by Mg ions are less on the (4 2 2)

plane. Therefore, the most possible sites for the Mg ions

occupying is the face center positions of the cubic perovskite

structure such as 0, 0 , and 0 .

In addition, the lattice parameter of CCTO would decrease

with MgO substitution for CuO due to the fact that Mg2+

(r � 0.49 Å) has smaller ionic radius than Cu2+ (r � 0.62 Å).
Fig. 3 shows the shift of the (4 2 2) plane diffraction peaks of

the samples with different Mg content. The (4 2 2) diffraction

peak shifting to larger angle is ascribed to the decrease in the

lattice constant by MgO substitution. The shift of the diffraction

peak and dissolution of second phase from the result of XRD

analysis would thus confirm that Mg can substitute into the

lattice of CCTO crystal lattice.
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Fig. 3. Expanded XRD patterns of the (4 2 2) reflection of CCTO phase for the

samples as a function of x value indicating the shift of the peaks.
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Fig. 4 gives SEM images of the surface morphologies of the

sample sintered at 1200 8C for 8 h. In pure CCTO ceramics, the

microstructure shows abnormally grains with very small grains

segregating at the grain boundaries as in Fig. 4(a). The small

grains at the grain boundaries are pointed with arrows. Similar

result in microstructure of CCTO has also been reported in the

literature [16]. The mechanism for the grain growth of CCTO

based on the CuO liquid sintering phase has been reported by

Leret et al. [17]. The Cu-rich phases formed from the

reoxidization of the liquid Cu2O, which is initially reduced

from CuO at temperatures higher than 1000 8C. These small

grains of Cu-rich phases segregated at the grooved grain

boundaries and lead the grains had the non-stoichiometric

composition of the CCTO. On the other hand, it was found that

the grain size of the sample decreased apparently and the

segregated small grains disappeared when the Mg content

increased (x > 0.2). The shape of the some grains changes from

large abnormal grains to small equiaxal grains. This is

attributed to that the grain growth was inhibited by raising

the melting temperature with the formation of CuO–MgO solid

solution. Such a solid solution with higher melting temperature

would cause lower mobility of the ions. The inhibition of grain

growth may also be ascribed to the distortion of lattice with

MgO substitution for CuO.

Figs. 5 and 6 show the results of broadband dielectric constant

and tangent loss for the samples versus frequency, respectively.

Colossal values of e0 � 1.5 � 104 are obtained for the sample

without MgO substitution (x = 0). Since the dielectric constant of

TiO2 (e � 85) is much lower comparing to CCTO phase, the

effect of the appearance of TiO2 on the dielectric constant may be
neglected based on the series connection of capacitance of each

phase. It has also been reported that the presence of TiO2 minor

phase in CCTO ceramics showed no influence on the dielectric

permittivity [18]. On the other hand, the formation of TiO2 would

result in the formation of intergranular Cu-rich phase and

significantly affected the relative dielectric permittivity and

dielectric loss [19]. The CuO-rich intergranular phase can be

regarded as a predominant reason for the deterioration of

dielectric properties.

The dielectric constant of the samples largely increased with

MgO substitution in the frequency range ( f < 104 Hz) as in

Fig. 5. The maximum of the dielectric constant can reach to

7.8 � 105 at f = 100 Hz with Mg substitution of x = 0.6. Similar

high dielectric constants higher than 105 were also observed in

CCTO ceramics doped with Co2+, Ni2+, and Fe2+ even at low

frequency by Chiodelli et al. [20]. Some other doping species

such as Mn2+, Sr2+, Fe3+, Zr4+and La3+ would cause decrease in

the dielectric constant and lowering in dielectric loss [9,11,21–

23]. However, the effects of high substitution on dielectric

properties for CCTO ceramics have not been widely

investigated. The dielectric constant is predominantly affected

by the grain size and microstructure and varied largely from 103

to 105 [24]. It was thus postitulated that the variation in

dielectric constant of CCTO ceramics by doping or substitution

is ascribed to the change in grain size and microstructure as

observed in Fig. 4.

CCTO was dramatically increased by such doping. The

correlations between the microstructures and dielectric proper-

ties of CCTO polycrystalline ceramics have been reported that

the decrease in the er values in the relatively low frequency

region is proportional to the decrease in the size and number of

abnormally grown grains [25]. However, the dielectric constant

of the samples increased largely as the grain size decreased in

this study. This could not be ascribed to the increase of ionic

polarization by MgO substitution, since the polarization ability

of Mg2+ (a � 0.094) is lower than that of Cu2+ (a � 0.437)

[26]. On the other hand, these materials may present a so-called

giant dielectric permittivity, which generally associated with an

internal barrier layer capacitor (IBLC) effect [20,27,28].

According to this model, CCTO ceramics are constituted of

semi-conducting grains (pure CCTO phase), and insulating

grain boundary layers. The increase in the dielectric constant

with MgO substitution may be attributed the formation of the

insulating grain boundary layers with Mg-rich phase.

The well-known relaxation steps (Debye-like relaxation)

was not observed in the frequency range f < 1 MHz for the

sample with x = 0 and x = 0.2. However, the relaxation steps

with a decrease in e0 (Fig. 5) at the frequency, where tan d

displays a relaxation peak as in Fig. 6, were observed for the

sample with Mg substitution of x = 0.6 to x = 1.0. It was found

that the frequency for the relaxation was at about 104 Hz. Such

a relaxation is generally suggested as the Maxwell–Wagner

(MW) type relaxation, which can be illustrated with an

equivalent circuit consisting of the bulk contribution, connected

in series to a parallel RC circuit [4]. The highly resistive thin

layers, which generate this RC circuit, could be from the grain

boundaries in this study.



Fig. 4. SEM photographs of the surface of the samples with (a) x = 0, (b) x = 0.2, (c) x = 0.4, (d) x = 0.8, and (e) x = 1.0 for CaCu3�xMgxTi4O12.
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Fig. 7 shows the impedance spectra of the samples as a

function of frequency. The resistivity of the sample without

MgO substitution (x = 0) is about 9.5 � 105 V cm at

f = 20 Hz. The segregated small grains with Cu-rich phases

formed at the grain boundary do not give the half-circles of

impedance in the range of frequency for x = 0 and x = 0.2.

Since the samples did not present a complete semicircle, they

could not be considered for equivalent circuit modeling with

ideal resistors and capacitors in the RC equivalent circuit. On

the other hand, as shown in Fig. 7, the impedance spectra of

the samples with Mg substitution (x > 0.2) yield apparent

semicircles, which is usually corresponding to the electrical

response of grain boundaries. The semicircle diameter gives

the electrical resistivity of the sample and the maximum value

corresponds to the relaxation frequency. The semicircle

diameter of the samples increased as the Mg content increased

for the x from 0.6 to 1.0. This indicates that the resistance of

the boundary layer increased as the Mg content increased for

the x from 0.6 to 1.0.

The arcs or semicircles response in the impedance spectra

can be revealed by the conductivity of the grain and grain

boundary. Usually, the arcs for the CCTO ceramics are

thought as consisting of semiconducting grains and boundary

layers regions with much larger resistance. The semiconduc-

tivity may possibly arise from the non-stoichiometric

composition of the CCTO by the segregation of copper.

The segregation of copper would not cause apparent

difference in conductivity between grain and grain boundary.

Therefore, no apparent arc in the impedance spectra was

observed for the sample without Mg substitution. On the other

hand, the larger resistance of boundary layer is explained by

the formation of Mg-rich phases at grain boundaries as

insulating barriers in the ceramic.

This study revealed that the Mg substitution for Cu can

control the grain size of CCTO ceramics, which is an important

factor to adjust the electric properties of internal barrier layer

capacitors. The finding of huge dielectric constant in Mg

substituted CCTO provided a feasible application in the

technology of high energy density capacitors. However, in the

current study, Mg substitution for Cu yielded a higher dielectric

loss (tan d). A high loss greatly blocks its use in electronic

industry. Further work on lowering the loss while remaining the

high dielectric constant becomes desirable.
4. Conclusions

Ceramics with small amount of MgO substitution for CuO

with nominal composition of CaCu3�xMgxTi4O12 (x = 0�1.0)

were obtained by two-step solid state reaction method. The

results show that CCTO ceramics with MgO substitution

exhibit Cubic perovskite single phase and the abnormal growth

grain gradually disappears and grains become obviously

uniform and fine by inhibiting the grain growth. The change

in lattice constant confirms that Mg substitute into the lattice of

CCTO from the XRD analysis. The impedance spectra of the

sample with Mg substitution (x > 0.2) yield an apparent

semicircle due to the electrical response of grain boundaries.

Such results are attributed to the presence of insulating grain-

boundary barrier layers.
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