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Transport and dielectric measurements have been performed in CaCu3Ti4O12 ceramics. The bulk ac conduc-
tivity shows a power-law behavior at different temperatures, which is related to polaron relaxation. The
temperature dependence of the bulk dc conductivity indicates a variable-range-hopping mechanism. The di-
electric relaxation frequency deviates from the Arrhenius behavior. An equivalent circuit is used to explain
qualitatively the experimental data of CaCu3Ti4O12.
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I. INTRODUCTION

High dielectric constant materials have numerous techno-
logical applications.1,2 The perovskite-related bcc material
CaCu3Ti4O12 (CCTO) has generated much interest attribut-
able to its high dielectric constant«8 s.10 000d at room
temperature and very small temperature dependence near
room temperature.3–7 Both properties are important for de-
vice implementation.2

Below 100 K, the dielectric constant of CCTO drops rap-
idly to a value of,100. The low-temperature crossover is
characteristic of an activated relaxation process.4,5 Optical
conductivity measurements on CCTO single crystals re-
vealed that anomalous behavior is observed in a low-
frequency vibration at low temperature, indicating that a re-
distribution of charge might occur in the structure.5,8 From
density-functional theory, within the local spin-density ap-
proximation, the static dielectric constant was calculated to
be,40.9,10Thus it has been speculated9 that the giant dielec-
tric phenomenon in CCTO could originate from an extrinsic
effect.

The large«8 for CCTO has been attributed to Maxwell-
Wagner-type contributions of depletion layers at grain
boundaries, or at the interface between sample and
contacts.11 Recently, a thin insulating aluminum oxide layer
has been used to separate the CCTO sample and electrode,
and a giant dielectric constants,104d was obtained indicat-
ing that contact contributions12 as the source of the giant
dielectric constant can be ruled out.5,13 It has been accepted
widely that an internal barrier layer capacitance(IBLC)
model is suitable to explain the dielectric behaviors at low
temperatures.3,8,14,15 The basic idea is that the bulk of the
material is either conducting or nearly so, and the insulating
layers are responsible for the high capacitance. Impedance
measurements have shown the existence of the high conduc-
tion in the bulk of CCTO ceramics.16 However, the conduct-
ing mechanism is still unclear. In this paper, we will discuss
this problem.

An ideal CCTO crystal should be a band insulator. The
existence of the actual high bulk conduction means that an
obvious defect structure exists in the real system. There are

three possible sources contributing to the conduction: ions,
electrons, and polarons.17

Oxygen vacancies exist generally in pervoskite
materials,18–20 and the motion of oxygen vacancies can in-
duce a high conduction. However, the measurement of the
low-temperature dielectric relaxation shows that the activa-
tion energy is approximately 54 meV for CCTO,5 which is
much lower than the activation energy for ion jumping
s0.2–1 eVd.21 Thus the possibility that the conduction is
from ion jumping can be ruled out. For CCTO, the low-
temperature relaxation, which is observed to be activated
with a frequency of 1 MHz,4,5 appears to be too slow to
attribute directly to an electronic tunneling mechanism.

For perovskite materials, the polaron relaxation exists
generally at low temperatures in crystals with defects. Bi-
adaultet al.21 have shown that the activation energy of the
polaron relaxation is nearly the sames<75 meVd for all the
investigated perovskites regardless of their composition, tex-
ture, or dielectric properties. In Fe-doped SrTiO3, polaron
relaxation was found to be intimately related to Mott’s
variable-range-hopping(VRH) conduction.22 In this paper,
our work shows that the Mott’s VRH conduction23 exists in
CCTO ceramics at low temperatures. Consequently, the
IBLC effects lead to “giant dielectric phenomena” in CCTO.
The x-ray photoelectron(XPS) analysis revealed the coexist-
ence of Ti3+ and Ti4+ ions. The state of mixed valences of Ti
ions in CCTO induces the high bulk polaron conduction of
grains.

II. EXPERIMENTAL

Single-phase CCTO ceramics were prepared by standard
ceramic processing techniques. CaCO3 (Aldrich, 99%), TiO2
(Aldrich, 99.9%), and CuO(Fisher, 99.7%) were mixed in
the appropriate molar ratios, pressed into 0.5-in diameter pel-
lets, and fired for 8 h in dense Al2O3 crucibles in air at
1000 °C. The pellets were then reground and repressed into
0.5-in diameter pellets, and heated to 1100 °C for an addi-
tional 29 h. The x-ray powder diffraction pattern on the cal-
cined powder could be fully indexed on the reported unit
cell.3 For electrodes, the pellet surfaces were coated with
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air-drying conducting silver paste and cured at 350 °C. The
measurements of conductance and capacitance were made on
a HP4192a impedance analyzer over the frequency
102–107 Hz.

III. EXPERIMENTAL RESULTS

Figure 1 shows the frequency dependence of the conduc-
tivity s, imaginary dielectric permittivity«9, and real dielec-
tric permittivity «8 for CCTO ceramics. According to our
calculation, the measured conductivity in Fig. 1(a) is equal to
the conductivity calculated from the dielectric function.

For thes in Fig. 1(a), it should be noted that the experi-
mental curves show two ranges of behavior. First, there is a
strong rise at low frequencies. This is the grain-boundary
blocking effect. Second, the conductivity does not increase
as rapidly at high frequency. It is the bulk conductivity re-
laxation in which we are primarily interested. Thes in the
second range can be described by “universal dielectric re-
sponse”(UDR)17,24

s = sdc + s0f s, s1d

wheresdc is the dc bulk conductivity,s0 is a constant,f is
the frequency, and the exponents is smaller than 1. Equation
(1) is a common feature for all amorphous semiconductors
and some other disordered systems.17 It is typical of thermal
assisted tunneling between localized states. In our system, it
may be ascribed to the polaron relaxation.

This steplike increase in Fig. 1(a), which is accompanied
by a loss peak in the imaginary part of the permittivity«9
[Fig. 1(b)], shifts to higher frequencies with increasing tem-
perature. The«8 decreases quickly in the same frequency
range[Fig. 1(c)].

In Fig. 1(a), the dashed lines are the fitting curves of
experimental results according to Eq.(1). The exponents is
about 0.33 in the entire measured temperature range. The
temperature-dependentsdc is shown in Fig. 2.

Polaron relaxation means the existence of the UDR gen-
erally in a high-dielectric-constant material.10 For a polaron
relaxation, thes is described by Eq.(1), and the frequency
variation of the«9 related to the relaxation follows a frac-
tional power law in a wide frequency range at fixed tempera-
ture. It is«9~ f s−1. According to our fitting(not shown here),
the high-frequency side of the experimental«9 in Fig. 1(b)
can be described by the expression well. The fitted value of
the exponents is 0.33, which is the same as the value ob-
tained from the fitting process ofs. Therefore, the high-
frequency behaviorssf . f rd of s and «9 in CCTO are con-
sistent with the polaron relaxation and UDR. Here,f r is
dielectric relaxation frequency.

In hopping conduction, the nearest-neighbor hopping
obeys the Arrhenius-like law

sdc = s18 exps− Ea/kBTd, s2d

where s18 is a constant,Ea is the activation energy,kB the
Boltzmann constant, andT the absolute temperature. Mott23

FIG. 1. Frequency dependence of conductivitys (a), imaginary
dielectric permittivity«9 (b), and real dielectric permittivity«8 (c)
of CCTO ceramics at different temperatures. The dashed lines 1–4
are the fit according to Eq.(1). The equivalent circuit in(c) is
suggested by Lunkenheimeret al. (Ref. 11). The solid lines 5–8 are
the calculated results with the equivalent circuit.

FIG. 2. Temperature-dependent dc conductivitysdc for CCTO
ceramics scaled for thermally activated nearest-neighbor hopping of
charges(stars, top and left axes) and VRH(open circles, bottom and
left axes) (see the text). The solid line is the fitting curve of experi-
mental data(open circles) according to Eq.(3). The inset displays
the temperature dependence of thes0 (solid circles) and the W(the
dashed line). The solid line in the inset is the result from Eq.(5).
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first pointed out that at low temperatures the most frequent
hopping process would not be to a nearest neighbor. Then a
Mott’s variable-range-hopping(VRH) conductivity sets in.
The VRH conduction mechanism can be described by the
equation23

sdc = s1 expf− sT0/Td1/4g, s3d

wheres1 andT0 are constants andT0 is given by

T0 = 24/fpkBNsEFdj3g, s4d

whereNsEFd is the density of localized states at the Fermi
level, andj is the decay length of the localized wave func-
tion. It is notable that the Arrhenius plot of the dc conduc-
tivity (log10 sdc vs 1000/T) in Fig. 2 does not lead to a
straight line over significant temperature ranges. In Fig. 2,
the measured dc conductivity at low temperatures is plotted
as a function of log10 sdc vs 100/T1/4. The solid line is the
fitting curve of experimental data according to Eq.(3). The
fitting parameterss1 andT0 are 2.483107 S cm−1 and 5.38
3107 K, respectively. The two values of CCTO are similar
to those of Li-doped La2CuO4 (Ref. 25) and Cu-doped
BaTiO3.

26 The VRH mechanism describes the bulk conduc-
tivity of CCTO ceramics well. It confirms that three-
dimensional disorder effects dominate the conductivity of the
semiconducting phase. VRH mechanism normally occurs in
the low-temperature region(below room temperature)
wherein the energy is insufficient to excite the charge carrier
across the Coulomb gap. Thus Eq.(3) is a low-temperature
expression. In the temperature range, conduction takes place
by hopping of small regions,kBTd in the vicinity of Fermi
energy. Equation(3) fits the measured conductivity of CCTO
well. It is a strong evidence for the existence of polarons in
the CCTO.

The inset of Fig. 2 shows the temperature dependence of
the s0 of Eq. (1). s0 increases quickly with increasing tem-
perature. The solid line in the inset is the fitted curve of
experimental data

s0 = − 2.973 10−7 + 2.233 10−11T2.21sV−1 cm−1d. s5d

Mott’s VRH mechanism gives two relations23

W= 3/f4pR3NsEFdg, s6d

R= j1/4/f8pNsEFdkBTg1/4, s7d

where theW and R are the hopping energy and hopping
range of polarons, respectively. According to Eqs.(4), (6),
and (7), we obtain

W= 0.25kBT0
1/4T3/4. s8d

The inset of Fig. 2 shows the temperature dependence of the
W values. The hopping energyW is 50 meV at 80 K. When
the T increases to 180 K, theW increases to 90 meV mono-
tonically. In Eq.(7), the hopping rangeR is related toj and
NsEFd. For j<a=0.37 nm, the distance between neighbor-
ing Ti ions of CCTO, this implies NsEFd<3.25
31019 eV−1 cm−3 according to Eq.(4). The estimatedR is
2.76 nm at 90 K. When theT increases to 180 K, theR
decreases monotonically to 2.32 nm.

We studied the dielectric relaxation time distribution of
CCTO simply according to the Cole-Cole equation22

« = «8 − i«9 s9d

« = «` + s«0 − «`d/f1 + sivtdbg, s10d

where«0 is the static permittivity,«` the permittivity at very
high frequencies,v the angular frequency,t the mean relax-
ation time, andb a constant. Figure 3 shows the plot of the
real parts«8d versus the imaginary parts«9d of the complex
permittivity, i.e., the Cole-Cole plot. The data fit well into a
semicircular arc with the center lying underneath the ab-
scissa. From the Cole-Cole plot and Eq.(10), we obtain the
fitting results of«`, «0, andb of CCTO. The«` and«0 are
70 and 15 900, respectively. They are independent of tem-
perature in the measuring temperature range. The inset of
Fig. 3 shows the temperature dependence of theb. With
increasing temperature, theb increases slowly. Conse-
quently, the relaxation time distribution has a monotonic de-
crease.

Figure 4 shows the temperature dependence of the relax-
ation frequencyf r in CCTO with a log10 f r vs 100/T1/4 func-
tion, wheref r is obtained from the position of the loss peak
in the«9 versus log10 f plots. In the inset of Fig. 4, log10 f r is
plotted as a function of 1000/T. The solid line is the best-fit
curve of the equation

f r = f18expf− Er/skBTdg, s11d

where f18 is the relaxation frequency at an infinite tempera-
ture andEr the activation energy for the dielectric relaxation.
The values forf18 and Er are 1.193107 Hz and 67 meV,
respectively. The value of the activation energy is in good
agreement with that of pervoskite materials reported by
Bidault et al.21 It is notable that the relaxation frequency in
the inset has a deviation form the Arrhenius behavior. Such a

FIG. 3. Cole-Cole plot for CCTO ceramics at 103 K. Open
circles are the experimental result; the solid line is the fitted result
according to Eq.(10). The inset displays the temperature depen-
dence of theb (solid circles). The solid line is drawn to guide the
eye.
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deviation can be found in the polaron relaxation of some
materials[such as Sr0.998Ca0.002TiO3 (Ref. 21)]. According to
our calculation, the following relation can fit thef r better

f r = f1 expf− sT1/Td1/4g, s12d

wheref1 andT1 are two constants. The solid line in Fig. 4 is
the fitting result of experimental results according to Eq.
(12). The f1 andT1 are determined to be 5.0231014 Hz and
4.043107 K, respectively. In the following part, we will
show thef r has a linear relation with thesdc approximately
in our system. Thus it is not difficult to understand why the
expression of Eq.(12) is different from the Arrhenius law,
and is very similar to that of Eq.(3).

In Fig. 5, x-ray photoelectron peak shapes of the titanium
2p spectrum of the CCTO sample are shown. The Ti 2p3/2
peak is asymmetrical. It can be divided into the contributions
from Ti3+ and Ti4+ by fitting the spectrum with two
Gaussian-Lorentzian curves.27 The curves we assigned as the
Ti3+ and Ti4+ states have peak positions of 457.9 and

458.5 eV, which is within the range of published Ti3+ and
Ti4+ 2p3/2 binding energies.28 The x-ray photoelectron spec-
troscopic(XPS) analysis for the copper and calcium 2p spec-
trum shows that their states are Cu2+ and Ca2+, respectively.

In CCTO, the Ti3+ and Ti4+ form Ti3+-O-Ti4+ bonds. Un-
der the applied field, the Ti-3d electrons in Ti3+ ions can hop
to Ti4+. The ionic radiuss0.605 Åd of Ti4+ is smaller than
that s0.670 Åd of Ti3+. Thus the formation of Ti3+ ions will
distort the lattice, and produce a polaronic distortion. The
relaxation time of polarons is larger than that of free elec-
trons attributable to the polaronic distortion. Meanwhile,
under a dc applied field, the polaron can transport from a
Ti3+-O-Ti4+ to the other Ti3+-O-Ti4+ as Ti3+-O-Ti4+ bonds
form a linked path. Consequently, a dc conduction will take
place.

For CCTO, the origin of Ti3+ ions can be explained sim-
ply as the following. The existence of Ti3+ is compensated
by the formation of oxygen vacancies. The oxygen vacancies
occur due to the loss of oxygen from the grains during the
high-temperature sintering. For CCTO ceramics, we have
found an order-disorder phase transition of oxygen vacancies
near 550 K according to the dielectric and transport
measurements.29 The activation energy of the dielectric re-
laxation related to the phase transition is about 0.41 eV. Re-
cently, similar transition is also found in CCTO single crystal
film.30 The existence of the phase transition of oxygen va-
cancies shows that oxygen vacancies exist indeed in the lat-
tice. Consequently, a mixed valence state of Ti ions will be
induced.

In the above, the experimental results of thes, «8 and«9
of CCTO have been reported. We will use an equivalent
circuit suggested by Lunkenheimeret al.11 to explain the
results. The inset of Fig. 1(c) shows the circuit. TheC1, G1,
C2, and Gdc are boundary capacitance, boundary conduc-
tance, bulk capacitance, and bulk dc conductance, respec-
tively. The conductanceGUDR is described by the frequency-
dependent bulk ac conductivitysUDR=s0f s. The present
circuit model does not include the contacts. It is due to two
reasons:(1) The experimental impedance analysis of CCTO
ceramics16 shows that the contact effect does not exist.(2) A
thin insulating aluminum oxide layer has been used13 to
separate the CCTO sample and electrode, and a giant dielec-
tric constants,104d is obtained. Thus it is speculated that the
contact effect does not play a main role in the dielectric
properties of CCTO.5,13,16

In the circuit of Fig. 1(c), we havesb!sdc, wheresb is
the boundary dc conductivity. This type of microstructure
could be originated by the loss of oxygen from the bulk of
the grains during the high-temperature sintering followed by
a reoxidation of a surface layer at the grain boundary during
the cooling-down process. Consequently, the density of po-
larons is high in the bulk, and is low at the grain boundary.
The activation energy of polarons is lower than that of oxy-
gen vacancies. At low temperatures, oxygen vacancies are
frozen, and the polarons induced by oxygen vacancies re-
spond to the conduction and IBLC effects.

In the fit using Eq.(1), we obtainedsdc, s0, ands. Ac-
cording to the calculation about the circuit, we know that the
zero-frequency and high-frequency dielectric permittivities
of the system areC1/C0 andC2/C0, respectively. TheC0 is

FIG. 4. Dependence of the relaxation frequencyf r on tempera-
ture (log10 f r vs 100/T1/4). The open circles are the experimental
results. The solid line is the best-fitting result according to Eq.(12).
The stars are the calculated results according to Eq.(14). The inset
displays the dependence of the relaxation frequencyf r on tempera-
ture (log10 f r vs 1000/T). The open circles are the experimental
results. The solid line is the best-fitting result according to Eq.(11).

FIG. 5. XPS spectrum of the titanium 2p peak of CCTO ceram-
ics. Curves 1 and 2 describe the contributions from the Ti3+ and
Ti4+ states, respectively.
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the empty capacitance of the sample. In the fit using Eq.
(10), we obtained«0 and«`. Consequently, theC1 andC2 are
obtained. Thus we need only fit a parametersb in our calcu-
lation. As the fitting proceeded, we found that the circuit can
describe the dielectric response of CCTO well forsb,1
310−9 S cm−1. Whensb,1310−9 S cm−1, the difference of
the calculated results with differentsb is negligible. It means
the conductivity at the grain boundary is so small that the
grain boundary is an insulating capacitor approximately. In
Fig. 1, the solid lines are the calculated results of the equiva-
lent circuit. In the calculation, we assumesb=1
310−10 S cm−1, which is in the range of sb,1
310−9 S cm−1. The calculated results are in good agreement
with the experimental results. A complete list of the param-
eters used in the calculation is shown in Table I.

In Fig. 1(b), the increase of the temperatureT moves the
«9 peak to the high frequency. Now we calculate the tem-
perature dependence of the relaxation frequencyf r according
to the circuit. At f = f r, we have]«9 /]f =0. Under this con-
dition, one has the following relation:

sdc + s0f r
s = 2pf rC1. s13d

In Eq. (13), the relaxation frequencyf r is related tosdc,
s0, ands. In the fit using Eq.(1), we have obtained thesdc,
s0, and s. Calculations showed thats0f r

s was smaller than
sdc at different temperatures for CCTO. Thus Eq.(13) can be
written as

f r < sdc/s2pC1d. s14d

HereC1 is a constant. Equation(14) means thatf r has an
approximate linear relation with thesdc. In Fig. 4, the stars
are the calculatedf r according to Eq.(14). It is in good
agreement with the measured results. Based on Eqs.(3) and
(14), Eq. (12) is obtained in approximation.

In the CCTO system, the«8 has a drop at low tempera-
tures. It is intimately related to its semiconductor state. Fig-
ure 6 shows the temperature dependence of«8 at different
frequencies. The curves show three ranges of behavior. First,
there is a near-plateau range forT,80 K, representing the
“ground-state dielectric permittivity”«`. In this temperature
range, polarons are frozen. The bulk behavior in a grain is
equivalent to an insulating capacitor. The total capacitance of
a grain isC2 approximately. Second, the dielectric permittiv-

ity in Fig. 6 has a strong rise near 100 K. It is related to the
thermal excitation of the polarons. IBLC effects take place in
this temperature regions80 K,T,200 Kd. Finally there is
another near-plateau range at higher temperature, represent-
ing the«0. The solid lines are the calculated results according
to the circuit, Eqs.(3) and(5). The used parameters in circuit
are the same values, which are shown in the above calcula-
tion. The calculated results are in good agreement with ex-
perimental results.

IV. CONCLUSION

The ac bulk conductivity of CCTO shows a power-law
behavior, which is consistent with a polaron relaxation. The
dc bulk conductivity is found to obey Mott’s VRH mecha-
nism. The coexistence of Ti3+ and Ti4+ ions is the micro-
scopic origin of polaron behaviors. The existence of Ti3+ is
compensated by oxygen vacancies. The dielectric relaxation
frequency in CCTO has a deviation from the Arrhenius be-
havior. It is related to the VRH mechanism. An equivalent
circuit suggested by Lunkenheimeret al.11 is used to explain
the dielectric response of CCTO successfully. In this model,
insulating layers inducing the giant dielectric phenomenon
are assumed to be grain boundaries.
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TABLE I. Parameters used when fitting the low-temperature
data in Fig. 1.

T
(K)

sdc

sS cm−1d
s0

sS cm−1d
sb

sS cm−1d s «0 «`

93 2.73310−5 2.23310−7

1310−10 0.33 15900 70
113 9.06310−5 4.84310−7

133 2.74310−4 8.24310−7

153 6.66310−4 1.22310−6

FIG. 6. Temperature dependence of the real dielectric permittiv-
ity «8 with different frequencies. The solid lines 1–5 are the calcu-
lated results according to the equivalent circuit. In the calculation,
s1, T0, sb, s, «0, and «` are 2.483107 S cm−1, 5.383107 K, 1
310−10 S cm−1, 0.33, 15 900, and 70, respectively.
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