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Fe
31
- or Nb

51
-doped CaCu3Ti4O12 (CCTO) ceramics show

higher values of both room-temperature (RT) grain conductivity
and dielectric constant than undoped ceramics. Microstructural
and structural characterization combined with magnetic prop-
erties reveal the coexistence of two components that seem rel-
evant for the dielectric behavior of the material. The grain
possesses a nanostructure characterized by layered domains
with thicknesses o80 nm. The formation of the layered do-
mains is associated with the evidence of different chemical states
as Cu21/Cu1 and Ti41/Ti31 that are present in the material.
The magnetic contribution is related to two coupled effects: the
antiferromagnetic (AFM) response with TN 5 25 K ascribed to
Cu21, and a paramagnetic-like contribution attributed to Ti31

cations. The coexistence of two coupled magnetic contributions
could explain the proposed unusual coupling of the AFM Cu

21

superexchange interaction through the nonmagnetic Ti
41

rather
than via the usual oxygen coupling. The lower the paramagnetic-
like contribution at RT, the larger the conductivity and the di-
electric constant of the material are. Below 150 K, the increase
of the paramagnetic-like contribution is correlated with the low
transition temperature of the CCTO.

I. Introduction

THE giant dielectric properties of CaCu3Ti4O12 (CCTO),
B3.5� 105 for single-crystal1 and B2.5� 105 for ceram-

ics,2 have recently attracted great interest because they present a
weak dependence on temperature and frequency. Therefore, this
material seems promising for low-frequency microelectronic ap-
plications like decoupling capacitors. The CCTO has a dis-
torted, complex cubic perovskite ABO3-related structure with
a large unit cell a5 7.4 Å.2,3 The Cu cations are bonded to four
oxygens in a square planar configuration on the A sites, causing
the tilting of the TiO6 octahedron.

Subramanian et al.3 were the first to report large dielectric
constants (B104) in ACu3Ti4O12-like compositions. Since then
many works have appeared, but the origin of the giant dielectric
response is still unclear. Several theories have been proposed,
and one of the most widely accepted, put forward by Adams
et al.,2 is the internal boundary layer capacitor (IBLC). This
model states that the dielectric behavior of CCTO does not
come from intrinsic or from space charge polarization mecha-
nisms, but from heterogeneities of the ceramic structure.4,5 Sto-
ichiometry has also been demonstrated to play a crucial role in
obtaining giant permittivity values.6 Any off stoichiometry re-
sults in the decrease of the low-frequency dielectric permittivity
values. In order to understand the effect of stoichiometry, some
dopants have been introduced into the CCTO structure. The B
site doping with donors like Nb51 or acceptors like Fe31 cations
has been reported to decrease the value of the dielectric plateau
due to an increase in grain boundary layer thickness, resulting in
a lower grain boundary capacitance.7 Fe31- or Nb51-doped
CCTO ceramics show a microstructure with homogeneous grain
sizeo60 mm that contrasts with the large grains4100 mm of the
undoped samples.8 Capsoni et al.9 showed that the dielectric
constant can be increased by up to two orders of magnitude
when substituting the Ti41 cations by Fe31, Co21, or Ni21.
They suggested, based on the IBLC model, that the residual
CuO phase and grain boundary effects are responsible for this
enhancement. The Nb51 substitution for Ti41 in CCTO was
achieved in a limited range without secondary phase formation,
and the dielectric constant increased up to B4.2� 105.10 While
the grain (bulk) resistivity remains unchanged with Nb51 sub-
stitution, the grain boundary resistivity is significantly reduced
even though the grain size decreases, in contrast to the results
shown in Grubbs et al.7 This fact supports the improvement of
the giant dielectric constant through the IBLC mechanism.

The analysis of the conductivity in ceramic CCTO reveals
that it consists of n-type semiconducting grains with two kinds
of insulating barrier layers: domain boundaries and grain
boundaries.11 The origin of this n-type behavior in CCTO re-
mains controversial, and seems to be related to the presence of
Ti31 (d1) due to the partial reduction of Ti41 (d0) associated with
oxygen loss.4 Li et al.12, based on the high-temperature insta-
bility measurements, suggest that Cu21 is reduced to Cu11 by
charge compensation and that Ti cations slightly occupy A sites,
but this mechanism has not been proved yet. On cooling, the
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reoxidation of Cu11 to Cu21 promotes the appearance of Ti31.
However, it has been found that bulk conductivity shows no
significant variations when CCTO is treated under reducing or
oxidizing atmospheres,4 and the conduction mechanism has
then been proposed to be related to a hole-doping conduction
between Cu21 and Cu31.9

CCTO exhibits an antiferromagnetic (AFM) transition at 25
K.13 The AFM has been explained in terms of a double primitive
cell, in which each Cu21–Cu21 nearest-neighbor pair has anti-
parallel spins.14 The Cu21 superexchange interaction that leads
to the AFM ordering has been suggested to occur15 through the
nonmagnetic Ti41 ions located at the B positions of the perovs-
kite rather than via the usual oxygen path. Fe31 substitution on
the Ti41 B site should affect the AFM transition and results in a
decrease of the Neel temperature, TN.

7 In CCTO, the Cu21 ions
have an unusual, triply degenerate T2g ground state, leading to a
strong coupling between the crystallographic and magnetic sub-
structures.11 This strong coupling has been observed in the low-
temperature dielectric anomaly associated with the onset of
AFM order below 24 K.7 However, TN does not change when
single-crystal CCTO is annealed in argon, suggesting two pos-
sibilities16: (i) some Cu21 ions, S5 1/2, were missing; or (ii) the
presence of oxygen vacancies transforms some of the Cu21 ions
into nonmagnetic Cu11 and some of the Ti41 ions into magnetic
Ti31 with S5 1/2. The low Curie-temperature tail that may be
attributed to Ti31 supports the second hypothesis. Pires et al.16

assigned a contribution to the Ti31 centers induced by the pres-
ence of oxygen vacancies in the intrinsic dielectric constant of
CCTO materials, while the magnetic exchange interactions were
not affected by this oxygen stoichiometry. Recently, Ni and
Chen17 reported, using XPS techniques, the presence of a polar
arrangement of electrons in Cu1/Cu21 and Ti31/Ti41 mixed va-
lence states, in CCTO ceramics.

In this framework, an AFM transition occurs at a lower tem-
perature than the dielectric region of interest, making the cou-
pling between magnetic and dielectric properties very limited for
possible applications. However, the presence of magnetic Ti31

and its correlation with the giant permittivity is of great interest.
By local spin density approximation, a field-induced AFM–FM
transition is predicted in CCTO at a low temperature.18 More-
over, a light-induced AFM–FM transition is also possible in the
presence of a magnetic field, because CCTO has a metastable
ferromagnetic and semiconducting state, according to spin-
polarized and fixed-spin-moment methods.18

Despite the tremendous effort and large number of publica-
tions aiming to reveal the unusual properties of CCTO materi-
als, several properties are still imprecisely determined,
explanations are controversial, and experiments are not conclu-
sive. This work studies undoped and doped CCTO ceramics,
and correlates magnetic properties with the oxidation states of
the Ti and Cu cations in the perovskite structure.

II. Experimental Procedure

Stoichiometric undoped samples of CCTO, acceptor-doped
samples with 0.3 and 1 wt% cations of Fe31 substituting Ti41

cations (CCTOF03 and CCTOF, respectively), and donor-
doped samples with 1 wt% cations of Nb51 substituting Ti41

cations (CCTON) were prepared by a conventional ceramic
route. The analytical grade CaCO3 (99.95%, Aldrich, St. Louis,
MO), TiO2 (99.5%, Merck, Darmstadt, Germany), CuO
(99.9%, Aldrich), Nb2O5 (99.9%, Fluka, St. Louis, MO), and
Fe2O3 (99.5%, Aldrich) powders were mixed for 2 h by attrition
milling with 1.2 mm zirconia balls using deionized water as the
liquid medium and 0.2 wt% of Dolapix C64 (Zschimmer &
Schwarz, Villarreal, Spain) as dispersant. The milled powders
were dried and sieved through a 100 mm nylon mesh. The pow-
ders were calcined at 1173 K for 12 h, and then attrition-milled
again for 3 h. XRD of the synthesized powders showed a single
perovskite phase without traces of secondary phases. Powders
were dried and sieved through a 63 mm nylon mesh. Pellets of 8

mm in diameter and 1.3 mm in thickness were uniaxially pressed
at 200 MPa and sintered in air at 1373 K for 32 h, with heating
and cooling rates of 3 K/min. All samples show a density over
95% of the theoretical density. During handling, in both pro-
cessing and characterization steps, polymer-based tools were
used in order to avoid contamination by magnetic impurities.19

X-ray diffraction analyses were performed using CuKa1
radiation and a Ni filter (Siemens D5000, Erlangen, Germany).
Microstructural features were observed by FESEM (Hitachi
S-4700, Tokyo, Japan) and atomic force microscopy (model
SOLVER PRO SPM, NT-MDT, Moscow, Russia). Polished
disks were electroded with silver paint. The room-temperature
(RT) dielectric properties were measured in an impedance ana-
lyzer (Agilent 4295A, Palo Alto, CA) at an oscillation voltage of
100 mV. Impedance spectroscopy measurements were per-
formed in the frequency range of 102–107 Hz. Magnetic char-
acterization was performed in a vibrating sample magnetometer
(Quantum Design PPMS-VSM, San Diego, CA) in the temper-
ature range of 5–300 K under an applied field of 20 kOe. Pho-
toelectron spectra (XPS; VG ESCALAB 200R spectrometer,
Thermo Scientific, Waltham, MA) were acquired with an AlKa
X-ray source (1486.6 eV). Kinetic energies of the photoelectrons
of interest were measured using a hemispherical electron ana-
lyzer operating in the constant pass energy mode. The base
pressure along the analysis was maintained below 5.10�9 mbar.
Before analysis, the samples were cleaned by ion-bombardment
with an Ar1 beam (2 kV) for 2 min. The XPS data were signal-
averaged and taken in increments of 0.1 eV with dwelling times
of 30 ms. Binding energies were calibrated relative to the C 1s
peak from residual carbon contamination of the samples at
284.8 eV. High-resolution spectral envelopes were obtained by
curve fitting synthetic peak components using the software
package XPS peak. Raw data were used with no preliminary
smoothing. Symmetric Gaussian–Lorentzian product functions
were used to approximate line shapes of the fitting components.

III. Results and Discussion

(1) Dielectric Constant, Resistivity, and Microstructure

Table I summarizes data of the dielectric constant at 1 kHz and
RT and the resistivity values at RT and 100 K of the prepared
samples. The sample resistivity was considered as the intercept of
the grain boundary semicircle with the real part of the imped-
ance. Doped samples show larger dielectric constant values than
undoped ones. The largest dielectric constant value is obtained
for 1 wt% Fe-doped samples (2.8� 105). The undoped ceramic
shows an almost three orders of magnitude larger grain resist-
ivity at RT than the doped samples, together with a weaker de-
pendence with the temperature. Data from Table I are consistent
with previous literature data9,20,21 and account for the repro-
ducibility of the doping effect. The larger dielectric constants are
associated with lower RT resistivity in the doped samples. At
100 K, the resistivity of doped samples increased markedly. Be-
low the temperature of 150 K, Sun et al.22 established that the
grain resistance increases quickly with the decrease of tempera-
ture and becomes large enough to make the IBLC capacitors’
effect weaken, until it disappears. This provokes the steep de-
crease of the dielectric constant at this temperature.

Table I. Different Parameters of the CCTO Samples Studied
in This Work (Average Grain Size, d, Determined from

Microstructures of Leret et al.8)

Sample

e0RT rRT r100 K d tB
(at 1 kHz) (O � cm) (O � cm) (mm) (nm)

CCTO 6800 3.5 106 6.3 106 133726 480
CCTON 129500 3.4 103 1.5 108 2378 5
CCTOF03 146 750 2.7 103 3.5 1010 3777 6
CCTOF 284 200 1.0 104 8.6 108 5279 5
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The resistivity behavior of undoped CCTO prepared by the
sol–gel process22 was more similar to that of the doped samples
than to the undoped ones in this study. In addition, the dielectric
constant was considerably higher in the sol–gel-processed sam-
ples. This different behavior can be explained in terms of the
barrier width (tB), as given by20 e05 eB(d/tB), where eB is the
dielectric constant of the barrier material and d the grain size.
The tB value for high-dielectric-constant, pure CCTO sol–gel
samples22 was B45 nm. Marchin et al.23 found that tBo10 nm
leads to a dielectric constant45� 105 at 1 kHz in undoped, soft
chemistry processed CCTO with an excess of CuO. In the pres-
ent work, the calculated tB is B500 nm for undoped samples,
while for the doped ones the values are tBo10 nm. Among oth-
ers, different explanations are the presence of internal domains24

or the polar arrangement of electrons on the mixed valence state
of Cu21/Cu11 and Ti41/Ti31 pairs, as proposed recently.17

More recently, Bueno et al.25 proposed a model based on the
presence of polaron electronic defects associated with stacking
faults on CCTO. These polarons show a preferential conduction
direction parallel to the stacking fault, creating nano-size barri-
ers, which give rise to a nano-barrier layer capacitance model,
working similarly to IBLC and concomitantly with it.

A very interesting feature of undoped samples is the appear-
ance, in thermal etched samples, of a subgrain microstructure
that might be considered as domain boundaries, and will be
named hereafter as layered domains. The nature of these layered
domains is still unclear, but it could be related to structurally
different regions separated by stacking faults, or cation disorder
regions inside single grains, as the ones previously observed by
Wu et al.26 on TEM images of both single-crystals and ceramics.
These structural regions have been suggested to be on the origin
of other types of disordered domains (bump domains and ter-

race-ledge domains) observed on CCTO ceramics.11 Figure 1(a)
shows the different orientation of layered domains in two adja-
cent grains, revealed on the polished surface of the sample after
thermal etching. In this figure it is also possible to observe a
recrystallization of the CuO-rich secondary phase (determined
by EDS), which forms a liquid on the intergranular space. This
phase was not observed in XRD experiments because the crys-
tals are too small to be detected by that technique.

Thermal etching is the most straightforward method of re-
vealing microstructures in ceramics.27 It is based on the fact that
upon heating a polycrystalline solid to a temperature T in the
presence of a vapor or liquid phase in thermodynamic equilib-
rium with the solid, grooves appear at the grain boundaries as a
result of material transfer diffusion mechanisms (surface and
volume diffusion and condensation evaporation). The thermal
etching treatment at 1233 K for 10 min is considerably shorter
than others previously reported to reveal domain structures in
CCTO.11 The temperature used in the thermal etching treatment
is higher than the liquid temperature of the grain boundary
CuO-rich phase. In the presence of this liquid, the surface diffu-
sion of Cu cations is from the origin of the recrystallization
phenomenon that produces the subgrain structure. This sub-
grain structure is not observed in the doped samples because the
low amount of CuO-rich secondary phase does not form any
liquid that is able to decorate the grain boundaries.

Figure 1(b) shows an atomic force microscopic image of the
detailed microstructure of the layered domains, showing an
average domain thickness of B40 nm, although values up
to 80 nm are observed. Particularly interesting is the fact that
the domains cross the whole grain and the presence of poros-
ity does not seem to affect the layered structure. Chung28

found, by TEM observation, the presence of orientational
domains in CCTO samples, but an ordered pattern was not
observed.

Because the layered domain boundaries are revealed only in
thermally etched samples and thus could be attributed to the
thermal treatment preparation artifacts, it is necessary to find
more evidences of their presence. For this reason, the different
ceramic samples were dry-milled for 5 min in a nylon milling jar
using yttrium-stabilized zircona balls of 2 mm in diameter. As an
example, in Fig. 2 we show the morphology of the milled pow-
ders of sample CCTOF. For other samples the results are very
similar. The powder consists of large particles with the typical
fracture surfaces of brittle solids, as ceramics are, and layered
small particles. It is difficult to determine if the large particles are
thin enough, but the layered small ones possess an estimated
thickness of well below 100 nm, in agreement with the thickness
previously determined by AFM for the subgrain domains. It
is quite unexpected that fragile ceramics with a cubic struc-
ture could be transformed into a layered powder, suggesting that
the observed small particles reveal the presence of domains in
the doped CCTO grains.

20 μm

(a)

(b)

Fig. 1. (a) FESEM micrograph and (b) (color online) atomic force
microscope image of an undoped CCTO ceramic.

1 μm

Fig. 2. FESEM micrograph of a milled CCTOF ceramic.
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(2) Structure

XRD patterns (not shown here) correspond to a pure well-crys-
tallized perovskite phase that could be indexed as a body-
centered cubic perovskite-related structure of spatial group
Im3, according to ICSD 032002.3 The calculated a lattice pa-
rameters of the perovskite phase for the different materials were
7.39470.007 Å for CCTO, 7.39970.002 Å for CCTOF03,
7.40270.002 Å for CCTOF, and 7.40570.002 Å for CCTON,
which are in good agreement with the reported RT lattice con-
stant of CCTO, 7.391 Å.3 The small differences observed were
not evident enough to verify the incorporation of the dopant
cations into the crystalline lattice. It is interesting to note that
both dopants show a tendency to increase the lattice parameter,
in disagreement with the ionic radius of the dopant cations.

Figures 3–7 show the core-level XPS spectra for undoped and
doped ceramics. For comparison purposes, the XPS analysis of
CCTOF milled as a powder and exposed to air (hereafter
CCOTFp) is also shown. Figure 3 corresponds to the Ti 2p
peak. The presence of three components, octahedral Ti41 (457.9
eV), surface Ti41 (459.4 eV), and Ti31 (456.6 eV), are detected in
CCTO and CCTOF. The amount of Ti31 is almost negligible
when the sample is doped with Nb51 because of its oxidative
nature. When the layered domains are exposed to air in the
milled powders, the amount of reduced titanium increases and
the surface Ti41 decreases. The presence of Ti31 must greatly
distort the crystal because of the differences in ionic radius with
Ti41 and must be accompanied by the creation of oxygen va-
cancies and the formation of Ti31–O–Ti41 bonds.29

In the case of the Cu 2p peak, as shown in Fig. 4, different
oxidation states are also found. The main peak is the Cu21

(934.4 eV) and a small contribution of Cu11 or Cu0 appears
(both at 932.8 eV).30,31 The presence of Cu11/Cu0 is also min-
imum in the case of CCTON, but Cu31 appears (935.1 eV),
confirming the oxidation effect of the donor dopant cation. The
presence of Cu31 could support the proposed conduction mech-
anism via the hole hopping between Cu21 and Cu31.9 The
amount of reduced Cu11/Cu0 is higher than the amount of
Cu21 in CCTOF. For CCTOFp, the air exposure of the pow-
ders during milling favors the reoxidation of the surface copper
cations, in contrast with the higher presence of reduced Ti
cations.

In order to determine if the reduced copper is Cu11 or Cu0,
the CuLMM Auger peaks were recorded and the spectra are
shown in Fig. 5. The analysis establishes the reduced state of
copper as Cu11 (337 eV), discarding the presence of Cu0 (335
eV). Cu21 and Cu11 are, respectively, the main oxidation states
in CCTON and CCTOF. CCTO presents both Cu21 and Cu11.
The oxidation process of CCTOFp is confirmed, but the pres-
ence of a residual amount of Cu11 is a clear indication of such
an oxidation state even in milled powders. Note that XPS anal-
ysis only covers a few atomic layers from the surface, and thus
the above results show that the surface copper cations exposed
to air are more sensible to oxidation in the powders than in the
bulk material.

Fig. 3. Photoemission spectroscopy of Ti 2p3/2 core level for CCTO-
based ceramics.

Fig. 4. Photoemission spectroscopy of the Cu 2p3/2 core level for
CCTO-based ceramics.
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Figure 6 shows that the oxidation state of Ca 2p3/2 (346.8 eV)
is 21, as expected. Nevertheless, the Ca 2p of CCTOFp appears
carbonated due to air exposure of new surfaces during the mill-
ing process. In the case of oxygen, Fig. 7, the O 1s peak shows
two species: lattice oxygen OL (529.8 eV) and surface oxygen OS

(531.6 eV). The surface oxygen is associated with surface hyd-
roxyl (or carbonate) groups generated by air exposition and it is
more relevant in the samples with larger amounts of reduced
copper.

The presence of cations in different oxidation states does
change the lattice parameter because, in general, the reduced
state shows a larger ionic radius. The ionic radius of Cu11 is 0.96
Å, i.e. B40% larger than the Cu21 one, 0.69 Å. Changes in the
ionic radius of the A cation modify the tilting of the TiO6 oc-
tahedron, causing changes in the polarizability of the crystalline
lattice. As a consequence, the anomalies observed in the evolu-
tion of the lattice parameter must be carefully considered, being
not conclusive about the dopant incorporation issue. There is
not a clear relationship between the ratio of the reduced/oxi-
dized cation and the high dielectric constant in these samples,
and further studies are required to clarify this effect. The balance
of the reduced/oxidized state could play an important role dur-
ing the heating treatment because of the thermodynamic nature
of the copper cation, with a trend of being reduced at high tem-
peratures during the sintering step.

The XPS analysis of the powders obtained after milling the
ceramic indicates that the chemical states of the layered domains
change with the air exposition and allows us to formulate the
hypothesis that the twin wall of the layered domains possesses a

different composition. Twin walls consist of planar defects that
separate domains with uniform but different strains, or electric
polarization. Point defects tend to accumulate in the vicinity of
twin walls.32 A significant nanoscale disorder of Cu and Ca cat-
ions was observed by quantitative electron diffraction, and ex-
tended X-ray absorption fine structure33 could support this
hypothesis. In addition, Kant et al.34 recently found unexplained
reflectivity spectra in which each band exhibited two striking
crossing points, isosbestic points, which evidence the existence of
two components in CCTO. Isosbestic points are usually ex-
plained as being due to two components with dynamical con-
ductivity that only depend linearly on density.35 Isosbestic
points have sometimes been identified in transition-metal oxides
and were explained in terms of spectral weight transfer driven by
strong electronic correlations.36 In the CCTO system, the exis-
tence of two components with a strong electronic coupling has
not been considered previously. If the previous hypothesis is
consistent enough, the magnetic properties’ behavior must re-
veal concluding evidence.

(3) Magnetic Properties

Figure 8 presents the magnetization versus temperature curves
for the different samples. As expected, all of them exhibit para-
magnetic behavior at RT, because CCTO is an AFM with a TN

of 25 K. The susceptibility of CCTO at RT is 1.71� 10�5

emu � (g �Oe)�1, in agreement with previously reported values.16

Surprisingly, substituting 1 wt% of the Ti41 atoms by Fe31 or
Nb51 reduces the magnetic susceptibility to a value that is about
40% of that for pure CCTO (7.12 � 10�6 emu � (g �Oe)�1 for 1
wt% Fe and 6.06� 10�6 emu � (g �Oe)�1 for 1 wt% Nb). This
behavior is at odds with the data of Grubbs et al.,7 which
showed an enhancement of the magnetic susceptibility when

Fig. 5. Photoemission spectroscopy of the CuLMM core level for
CCTO-based ceramics.

Fig. 6. Photoemission spectroscopy of the Ca 2p3/2 core level for
CCTO-based ceramics.
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doping CCTO. That work also claimed an increase in grain
boundary resistivity. Thus, the reduction of the grain boundary
resistivity and the decrease of the magnetic susceptibility seem to
be a coupled phenomenon.

It is really surprising that substituting just 1 wt% of the B
cations can yield such a large modification of the magnetic sus-
ceptibility. This change cannot be explained in terms of replace-
ment of the magnetic moment by that of the substituting ion.
Actually, Fe is incorporated in CCTO as Fe31 (3d5) and holds a
magnetic moment of 5.9 mB, while Nb is incorporated as Nb51

(4s2) without a magnetic moment. The small differences in the
susceptibility values for doped samples are slightly larger in
Fe-doped than in Nb-doped materials and cannot be explained
as resulting from the magnetic moment of the doping atom. The
difference between the effective magnetic moment and the ex-
pected one for a given dopant cation in the crystalline lattice
means that the presence of cations modifies the environments
and modulates the magnetic moment. Further support for this
idea is that doping with 0.3 at.% Fe31 leads to a susceptibility
value that is intermediate between those corresponding to the 1
at.% of Fe31 or Nb51. On the other hand, the large differences
with the undoped CCTO cannot be explained in the same terms
and must be related to the differences in both grain boundary
nature and grain conductivity, as exposed above.

The M vs. T curves, Fig. 8, exhibit the well-known AFM be-
havior of CCTO with TNB25 K, for all the samples with the

above-shown differences in magnetic susceptibility. In addition,
differences in the tail behavior of the magnetic susceptibility be-
low TN were observed. For AFM materials and T4TN, the
dependencies follow the Curie–Weiss law:

w ¼ m0nm
2
eff

3KBðT� yÞ

where meff is the magnetic moment of the Cu12 ions and y
the Weiss parameter that accounts for the AFM interactions.
Actually, the data for T4TN can be fitted to this expression
with the same value of the Weiss constant for all the samples,
y5�32 K (negative as expected for an AFM material). Neither
TN nor y changes when doping the material, indicating that the
large variation in magnetic susceptibility at 300 K is not asso-
ciated with changes in the AFM interactions but is ascribed to
changes in the value of the individual magnetic moments.

In AFM materials, the magnetic susceptibility below the dis-
order/order transition at TN must decrease linearly with tem-
perature,37 and the value at 0 K must be two-thirds of that at the
TN in a randomly oriented set of moments, as in the case of
ceramic materials. In our experiments, the data below TN are
fitted to this expected dependency. Thus, after subtracting the
fitted AFM curve to the measured response, a typical paramag-
netic-like behavior is revealed (segmented line in Fig. 8). As the
Cu21 supports the AFM coupling, the remaining paramagnetic
contribution could only be originated by the Ti31 cations.
Therefore, fitting the curve to the sum of both contributions al-
lows us to evaluate the magnetic moments ascribed to Cu12 and,
to some extent, the magnetic contribution of the Ti cation sep-
arately. It is clear that the magnetic response is not decoupled in
a crystalline lattice, but this method helps to evaluate the mag-
netic contribution of cations located in A sites and cations lo-
cated in B sites. The Ca cations have not been taken into
account. The existence of two coupled magnetic contributions
to the M vs. T response contributes to the understanding of the
proposed unusual coupling of the AFM Cu superexchange in-
teraction in the CCTO material, which leads to an AFM order-
ing through the nonmagnetic Ti41, rather than via the usual
oxygen coupling.15 Table II summarizes those fits. For undoped
CCTO, the fit produces 1.7 mB per magnetic site for the contri-
bution that stays paramagnetic in the whole range of tempera-
tures; this value agrees quite well with the expected value for
Ti31. The paramagnetic part, which turns AFM at 25 K, pro-
duces a value of 2.13 mB per magnetic site that again agrees quite
well with the expected value for Cu21. On doping with either
Fe31 or Nb51, both values of the magnetic moment decrease,
and the TN of the phase that turns AFM remains basically con-
stant. Nb51 doping decreases the magnetic susceptibility by B1
mB per Ti site and 0.6 mB per Cu site, while Fe31 doping de-
creases up to 1.4 mB at both sites.

The good agreement of these fittings confirms that the anom-
alous magnetic susceptibility below the TN is due to the presence
of Ti31, as suggested previously.16 The fact that more reduced Ti
cations are found in CCTO seems to correlate with a larger
presence of Cu-rich intergranular phase, which means less pres-
ence of copper cations in the CCTO lattice. This provokes Ti41

cations to reduce to Ti31 in order to compensate the Cu vacan-
cies. The doping of CCTO produces a reduction of the inter-
granular Cu-rich phase and thus a decrease of Cu vacancies
into the crystalline lattice and a decrease of the Ti31 presence.
Because the amount of Cu cations satisfies the composition sto-
ichiometry criteria, their intergrain presence means that there
are less Cu cations inside the grains.

The above results clearly evidence the coexistence of two
coupled magnetic contributions in the CCTO-based materials.
The paramagnetic-like component predominates at low temper-
atures and could be associated with the observed resistivity in-
crease found below 150 K.9,22 This experimental fact introduces
a new ingredient for understanding the origin of the low-
temperature relaxation in the vicinity of AFM coupling, which

Fig. 7. Photoemission spectroscopy of the O 1s core level for CCTO-
based ceramics.
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provokes the grain resistivity to increase and leads to the dis-
appearance of the giant dielectric response. At temperatures
4150 K, the paramagnetic-like contribution is reduced, and the
increased conductivity allows the appearance of a giant dielec-
tric response, satisfying the IBLC model. For undoped CCTO,
the paramagnetic-like behavior is comparable, in magnetic sus-
ceptibility, to the AFM response, and the undoped CCTO is
thus more resistive in the studied temperature range, and the
dielectric constant is moderated.

Moreover, from the comparison between the magnetic results
and the values of the dielectric constant measured for the differ-
ent samples, a direct relationship seems to exist between this
constant and the AFM susceptibility. Because the AFM sus-
ceptibility is proportional to the quantity of Cu21 atoms in or-
dered lattice sites, this result points out that the dielectric
constant of the material is influenced by the concentration of
Cu and vacancies.

These findings show that there is a correlation between the
unusual dielectric response and the magnetic properties through

the presence of reduced Ti31 cations and the existence of Cu
vacancies in the crystalline lattice.

IV. Conclusions

In summary, our integrated study combining electric, dielectric,
and magnetic properties with microstructural and structural
characterization reveals the existence of two components in
the pseudocubic perovskite.

In this work a grain domain structure, named as layered do-
mains, is observed. The layered domains present different thick-
nesses in each grain (o80 nm) and thus confer a nanostructure
upon the CCTO-based ceramics. Further evidence of the grains
layered nature was obtained by milling the ceramic samples,
which produced an unusual laminar structure.

The origin of the nanostructured, layered domains has been
associated with the presence of different chemical states as
Cu21/Cu11 and Ti41/Ti31, the presence of which is determined
by XPS. The reduced cations possess larger ionic radii that could
originate changes in the octahedron tilting and thus in the po-
larizability of the system and its properties. Because of previous
evidence of nanoscale disorder of Ca and Cu cations,33 we in-
troduce the hypothesis that the layered domains are formed due
to the different polarization states, which is consistent with the
trend to accumulate point defects in the twin walls in a perovs-
kite.32

The existence of two coupled components is unequivocally
determined by analysis of the magnetic properties. It is observed
that the M vs. T curve exhibits the typical behavior of an AFM
material, plus a low-T paramagnetic-like contribution with differ-
ent weights. Fitting the sum and both contributions allows us to
determine the magnetic moments of the Cu21 and Ti31 cations.
The paramagnetic-like contribution affects the resistivity, as
lowering the contribution increases the dielectric constant. There
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Fig. 8. Fitting results for the magnetic properties of (a) CCTO, (b) CCTON, (c) CCTOF03, and (d) CCTOF. Symbols stand for the experimental
results, and the continuous line describes the resulting Curie–Weiss AFM behavior when the magnetic susceptibility was fitted to a linear behavior below
TN. The segmented line is the result of subtracting this fitted Curie–Weiss response from the data.

Table II. Magnetic Fitting Parameters

Sample

Paramagnetic

contribution (Ti)

Antiferromagnetic

contribution (Cu)

wPM ¼
m0nm

2
eff

3KBðT� yÞ ;

5 < T < 300K

wAFM ¼
m0nm

2
eff

3KBðT� yÞ ;

T > TN

Y (K) m (mB)/Ti Y (K) m (mB)/Cu

CCTO �39.58 1.7 �25 2.13
CCTOF �29.88 0.32 �25 0.73
CCTON �30.26 0.68 �25 1.53
CCTOF03 �29.45 0.90 �25 1.48
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is a correlation between the unusual dielectric response and the
magnetic properties through the presence of reduced Ti31 cat-
ions and the existence of Cu vacancies in the crystalline lattice.
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