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The low-temperature magnetic order behaviors of perovskite oxide CaCu3Ti4O12 (CCTO) ceramics prepared by dif-
ferent methods are discussed. X-ray diffraction, scanning electron microscope, x-ray photoelectron spectroscopy, and direct
current (DC) magnetization are used to characterize the structures, microscopic morphologies, valence states, and magnetic
properties of the samples. The results show that the magnetic behaviors of CCTO ceramics are very sensitive to the prepa-
ration process. The quenched CCTO ceramic and CCTO powders grown in a molten salt crystal, which contain much more
oxygen vacancies and Ti3+, show the coexistence of weak ferromagnetic order and antiferromagnetic order below the Neel
temperature. It suggests that the bound magnetopolaron formed by oxygen vacancies and Ti3+ ion composite defects are
responsible for the weak ferromagnetic order at low temperature.
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1. Introduction

The perovskite-type material CaCu3Ti4O12 (CCTO) has
received extensive attention because of its huge dielectric con-
stant (up to 105) and the abnormal dielectric properties.[1,2]

Many experimental and theoretical studies have tried to clar-
ify its dielectric origin.[3–10] The crystal structure of CCTO
is quite stable so that the long-range crystallographic struc-
ture can last down to 35 K.[1] Even under the high pressure
up to 57 GPa no structural change can be observed by high-
resolution x-ray diffraction.[11] However, the dielectric prop-
erties are sensitive to the sample preparation process or mea-
surement conditions,[12–15] suggesting an extrinsic dielectric
origin which is somewhat related to the defects. Especially,
oxygen vacancies play an important role in the conduction and
dielectric polarization of CCTO.[16–18] Afterwards, we have
to think whether the magnetic properties of CCTO as a mem-
ber of perovskite transition metal oxide family which usually
has rich electric or magnetic physical properties, are affected
by oxygen vacancy-related defects. In the study of titanium-
based diluted magnetic semiconductor, such as TiO2, many
researchers have demonstrated the contributions of oxygen va-
cancy defects to the room temperature ferromagnetism.[19–25]

Thus, we should think of the similar questions in CCTO. Gen-
erally, pure CCTO is antiferromagnetic (AFM) at low temper-
ature with a Neel temperature (TN) of about 25 K, which has

been confirmed by some researchers through neutron scatter-
ing, Raman spectroscopy and electron spin resonance.[26–28]

However, it is found that the antiferromagnetic phase is not
pure, but sometimes there is a Curie tail[28,29] or an indica-
tion of ferromagnetic (FM) characteristics[30,31] below Neel
temperature, which depend on the doping or sample prepara-
tion process. For example, Pires et al. found Curie tails below
25 K in the thermomagnetic curves of polycrystalline CCTO
annealed under argon atmosphere and the single crystal CCTO
samples.[28] They thought that the Curie tails are attributed to
the magnetic Ti3+, which is caused by the oxygen vacancies
present in both samples. In pure Fe- or Nb-doped CCTO sam-
ples, Fernandez et al. also found the Curie tails, which could
be fitted well by the Curie–Weiss paramagnetic behavior after
subtracting the background of the AFM behavior. The authors
also thought that the paramagnetic phase is contributed by the
Ti3+ ions as indicated by the analysis of the x-ray photoelec-
tron spectrum.[29] However, there is no further investigation of
magnetic hysteresis loops in the temperature ranges in which
the Curie tails appear. Actually, Raval et al. also found Curie
tails and a weak ferromagnetic loop in pure CCTO polycrys-
tals at 5 K, only by changing the mechanical grinding time
in the sample preparation process. They deduced that the fer-
romagnetic characteristic may be attributed to oxygen vacan-
cies introduced in the mechanical grinding process.[31] The
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FM state was also indeed obtained by doing 5 at.%–7 at.%
of Fe[30] or doping 10 at.% of Co ions.[32] These results show
that the magnetic properties are also sensitive to the doping
or sample preparation process, which may closely relate to
oxygen–vacancy-associated defects. In this work, we try to
prepare CCTO samples through different sample preparation
processes, in order to reveal the relationship between oxygen
vacancies and magnetism in CCTO.

2. Experimental details

Polycrystalline CaCu3Ti4O12 ceramics were synthesized
by solid phase reaction method through using analytically pure
raw materials of CaCO3 (99.99%), CuO (99.0%), and TiO2

(99.5%). First, the raw material powders were mixed uni-
formly with ethanol as a medium in an agate mortar at the
stoichiometric ratio, and pre-sintered for 10 h at 900 ◦C. Then,
the pre-sintered powders were pressed into disks, and the disks
were pre-sintered at 1000 ◦C for 10 h again. After that, the
pre-sintered pellets were reground and pressed into disks, and
then the disks were sintered at 1100 ◦C for 24 hours in air.
Finally, dense ceramics were obtained and named as-sintered
ceramic. In order to obtain different sample conditions, some
sintered disks were reground and pellted, and then quenched at
800 ◦C for 10 min in a high-pressure component of 6 GPa, and
then dense ceramics were obtained and called the quenched
ceramic. For comparison, the quenched ceramics were an-
nealed at 600 ◦C for 20 h in air and referred to as annealed
ceramic. We also prepared the CCTO powders by a molten
salt method. Specifically, CaCO3 (99.99%), CuO (99.0%),
and TiO2 (99.5%) were used as raw materials, and Na2SO4

(99.0%), and K2SO4 (99.0%) served as molten salt additives.
The raw materials were mixed with salt additives and sintered
at 950 ◦C for 5 h. After that the salt was removed by the dis-
solution in hot deionized water, with CCTO powders left and
dried and termed CCTO-M.

The structural characterization was carried out with x-ray
powder diffraction (XRD, Bruker D8 Advance, and Cu Kα)

at room temperature (300 K). The microscopic morpholo-
gies of the samples were characterized by a cold field emis-
sion scanning electron microscope (SEM, Hitachi S4800K).
X-ray photoelectron spectroscopy (XPS Thermo ESCALAB
250XI) was used to estimate the valence state of ions and
identify the defects in the samples. The magnetic proper-
ties of the samples were examined by employing the vibrating
sample magnetometer (VSM) on a physical property measure-
ment system (PPMS-9, Quantum Design Inc., USA). A 20-Oe
(1 Oe = 79.5775 A·m−1) magnetic field was used in the field
cooling (FC) mode and the zerofield cooling (ZFC) mode, and

the thermomagnetic (M–T ) curve in a temperature range of
3 K–300 K was recorded.

3. Results and discussion
3.1. X-ray diffraction characterization

Figure 1 shows the room temperature XRD patterns of
the as-sintered and quenched ceramics, as well as the CCTO
powders (CCTO-M) prepared by molten salt method. We
can see that the diffraction peaks of the three samples are
well matched with data of the standard JCPDS card of pure
CCTO (number: 75-2188), indicating that all the three samples
are of single-phase. The diffraction peaks at 34.29◦, 49.27◦,
61.40◦, 72.25◦, and 82.47◦ correspond to the (220), (400),
(422), (440), and (620) crystal planes of CCTO, respectively.
These relatively sharp and narrow diffraction peaks indicate
that the sample has high crystallinity and phase purity.[33] The
peak width of the quenched CCTO is slightly lower than that
of the as-sintered CCTO, which may be caused by the decrease
in crystallinity of the sample and the generation of defects un-
der high pressure.
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Fig. 1. X-ray diffraction patterns for samples of quenched ceramic, as-
sintered ceramic, and CCTO-M.

3.2. Microscopic characterization

Figure 2 shows the SEM images for some prepared ce-
ramics. We can see that both the as-sintered ceramic (see
Figs. 2(a) and 2(b)) and quenched ceramic (see Figs. 2(c) and
2(d)) become dense with uneven grain size increasing. The
grain size of the as-sintered ceramic increases from 5 µm to
30 µm, and the average grain size of quenched ceramic is
about 20 µm. The grain shapes of both samples are irreg-
ular. Comparing with the as-sintered ceramics, the grain sur-
face of the quenched ceramic is obviously rough, and the grain
boundary is blured but has no holes, which may be attributed
to the high pressure compression. Such topographic charac-
teristics suggest that there may be more defects in quenched
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samples, which is consistent with the band width in the XRD
results. Figures 3(a) and 3(b) show the SEM images of the
CCTO powders prepared by molten salt method (CCTO-M).
We can see that the particles are polyhedral with uneven sizes.
The larger particle is about 3 µm in size, and the small one is
about 300 nm in size. Usually the single CCTO particle pre-
pared by molten salt method is monocrystalline.[34] The etch-
ings and cracks on the surface of particle may be caused by

the electrostatic absorption of the salt ions on CCTO particle
surface.[35] Owing to the growth environment in molten salt,
the CCTO particle is easily oxygen deficient, with dual defects
of oxygen vacancy and metal acceptor ions appearing.[34] Fig-
ure 3(c) shows the elemental composition image obtained by
the energy dispersive spectroscopy (EDS), suggesting that the
structure is of a pure phase, for it contains the peak of Ca, Cu,
Ti, and O only.

100 µm 20 µm 100 µm 20 µm

(a) (b) (c) (d)

Fig. 2. SEM images of surface morphologies for ((a), (b)) as-sintered ceramic sample and ((c), (d)) quenched ceramic sample.

2 µm 200 nm

(a) (b)
(c) (c)

Fig. 3. ((a), (b)) SEM images of surface morphologies and (c) energy dispersive spectrum of CCTO-M sample.

3.3. X-ray photoelectron spectrum analysis

In order to further check the impurity or defect states, we

perform the XPS analyses in detail for all the samples. Fig-

ure 4 shows the full range XPS spectra of all the samples pre-

pared. We see that all samples show the peak of Ca, Ti, Cu,

O ions, without any obvious distinctions appearing. The bind-

ing energy of the C 1s peak at 284.8 eV is used to calibrate

the binding energy. Figure 5(a) shows the high-resolution

XPS spectra of the Ca 2p peak. The two symmetrical peaks

at 346.5 eV and 350.0 eV with spin–orbit splitting energy of

3.5 eV, represent the Ca 2p3/2 peak and Ca 2p1/2 peak, respec-

tively, which correspond to Ca2+. None of the four samples

shows any obvious distinction on Ca2+. Figure 5(b) shows the

high-resolution XPS spectra of the Cu 2p peak for all sam-

ples. The Cu 2p3/2 peak and Cu 2p1/2 peak are at 933.9 eV

and 953.7 eV, respectively, and the spin–orbit splitting energy

is 19.8 eV. Two satellite peaks at 942.1 eV and 961.9 eV can

also be observed, which are the characteristic of Cu2+.[34] In

order to determine the valence states of Cu ions, we fit the ex-

perimental data by the binding energy of Cu1+ ion and Cu2+

ion. As shown in Fig. 5(b), the black lines are the experi-
mental data, the red lines denote the fitted data, and the peaks
related to Cu1+ and Cu2+ are fitted with the lines in different
colors. By setting the binding energy of 932.1 eV for Cu1+

and 934.9 eV for Cu2+ in Cu 2p3/2 peak, and of 951.9 eV for
Cu1+ and 953.9 eV for Cu2+ in Cu 2p1/2 peak, the experiment
curves for all the samples can be fitted quite well, indicating
the Cu1+ acceptor existing in all the samples. In Table 1 we
list the content of Cu1+ in detail.
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Fig. 4. Full range XPS spectrum for quenched ceramic, as-sintered ceramic,
annealed ceramic, and CCTO-M samples.
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Fig. 5. High-resolution XPS spectrum of (a) Ca 2p, (b) Cu 2p, (c) Ti 2p, and (d) O 1s for s quenched ceramic, as-sintered ceramic, annealed ceramic,
and CCTO-M samples.

Table 1. Ratio of Cu1+ to Cu2+, Ti3+to Ti4+, and lattice oxygen to oxygen vacancy to absorbed oxygen for (a) quenched ceramic, (b)
as-sintered ceramic, (c) annealed ceramic, and (d) CCTO-M samples.

Cu Ti O
Atomic ratio (%) Atomic ratio (%) Atomic ratio (%)

Cu1+ Cu2+ Ti3+ Ti4+ Lattice O VO Absorbed O
(a) 12.3 87.7 10.7 89.3 63.7 24.2 12.1
(b) 16.2 83.8 0 100 71.9 17.3 10.8
(c) 11.1 88.9 0 100 69.9 12.6 17.5
(d) 11.6 88.4 7.4 92.6 56.1 21.2 22.7

The Ti 2p high-resolution XPS spectrum is shown in
Fig. 5(c). Owing to the 2p3/2 and 2p1/2 of the Ti4+ state,
all samples show obvious peaks at 458.1 eV and 463.8 eV,
respectively.[36] Only the peaks of quenched ceramic and
CCTO-M can be deconvolved into two 2p3/2 peaks (457.1 eV
and 458.1 eV) and two 2p1/2 peaks (462.8 eV and 463.8 eV).
Two peaks on the higher-energy side 458.1 eV and 463.8 eV
are attributed to Ti4+, while the two peaks on the lower-energy
side 457.1 eV and 462.8 eV are attributed to Ti3+. However,
for the annealed ceramic, no Ti3+ peak can be observed, in-
dicating that the most of Ti3+ ions in quenched samples have
been reoxidized in air.

The presence of low valence Cu1+ and Ti3+ suggests
that the samples are oxygen deficient with oxygen vacancies
needing charge compensation. Figure 5(d) shows the high-
resolution XPS spectrum of O 1s. We see an obvious broad
peak at 529.7 eV which extends to the high binding energy,
suggesting that O atoms in the samples are in different chem-
ical states. The O 1s peaks of all samples are deconvolved
into three Gaussian peaks. The lowest binding energy peak at
529.5 eV is related to the state of O2− in the crystal lattice (lat-
tice oxygen). The peak with binding energy of 531.2 eV can
be attributed to oxygen vacancies (VO) formed by the escape
of lattice oxygen in the sample synthesis process, and the in-
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tensity of this peak is proportional to the oxygen vacancy con-
centration. The peak at 532.4 eV is caused by adsorbing H2O,
O2 or other pollutants (absorbed oxygen).[37] We find that for
the annealed ceramic (based on the quenched ceramic), the
oxygen vacancy content is significantly reduced, suggesting
that Cu1+ and Ti3+ reoxidize in the annealing process. Based
on the fitting results of the XPS spectra, the ratio of Cu1+ to
Cu2+, Ti3+ to Ti4+, and lattice oxygen to oxygen vacancies to
absorbed oxygen in the sample are calculated, and the results
are shown in Table 1. We see that both the quenched ceramic
and CCTO-M have higher oxygen vacancy content and higher
Ti3+ ions content as well.

3.4. Magnetism of CCTO

Figure 6 shows the temperature-dependent magnetic mo-
ment (M–T ) curves recorded in the field cooling (FC) and zero
field cooling (ZFC) states in a magnetic field of 20 Oe. All
samples show a maximum value near the temperature 25 K,
which is referred to Neel temperature (TN), in a good consis-
tent with the value reported previously.[26,38] The ZFC and FC
magnetization curves are not separated from each other obvi-
ously in the entire measurement temperature range, and have
good reversibility, which excludes the existence of any spin
glass state. The Cu2+ ion in CCTO has an unusual triple de-
generate t2g state, resulting in a strong coupling between the
crystal structure and the magnetic structure.[39,40] By calcula-
tions Shimakawa showed that the Ti 3d band in CCTO strongly
hybridizes with the O 2p and Cu 3d orbitals near the Fermi
level and participates in the exchange interaction.[40] Specifi-
cally, an indirect exchange between the magnetic moments of
Cu2+ ions is achieved through O2− ions and Ti4+ ions with
a triple-degraded t2g ground state, or through Ti4+ and O2−

ions with five undegraded ground states,[41] leading to an an-
tiferromagnetic superexchange interaction through the path of
Cu–O–Ti–O–Cu.
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Fig. 6. Temperature-dependent magnetization curves in field-cooled (FC)
and zero-field cooled (ZFC) modes recorded at applied magnetic field of
20 Oe for quenched ceramic, as-sintered ceramic, and CCTO-M samples.

However, in the thermomagnetic curves of quenched ce-
ramic and CCTO-M powders, there appear low-temperature

Curie tails below 9 K and 6.5 K, respectively, as shown in
Fig. 6. The further measurement of the magnetization (in
units emu/g) versus applied magnetic field (in unit Oe) curves
suggest that there is a feature of weak ferromagnetic behav-
ior in quenched ceramic and CCTO-M, which behave as the
hysteresis loops, each with an unsaturated and small rema-
nence as shown in Figs. 7(a) and 7(c), indicating a coexis-
tence of antiferromagnetic and weak ferromagnetism.[42] Ac-
cording to the local density approximation, Li et al. reported a
metastable FM state in CCTO by means of the spin-polarized
moment method and the fixed-spin-moment method, indicat-
ing an AFM–FM transition.[4] The AFM state is calculated
to be 84 meV lower in energy than the FM state by the gen-
eralized gradient approximation (GGA). Shimakawa investi-
gated the magnetic behaviors in CaCu3B4O12 (B = Ge, Ti, and
Sn) perovskite-like oxide based on the in-depth experimental
and theoretical analysis.[40] Shimakawa thought that the in-
volvement of Ti 3d orbitals caused antiferromagnetic superex-
change interaction between the Cu2+ spins overcomes the
ferromagnetic direct interaction. According to Shimakawa’s
experimental investigation of the ferromagnetic behavior in
CaCu3(Ge1−xTix)4O12 (x < 0.4) and CaCu3(Ti1−ySny)4O12

(y > 0.6) we find that when the foreign ions doping on B site
in CCTO exceeds 12 at.%, some direct-exchange interaction
between Cu2+ spin will replace the antiferromagnetic superex-
change interaction. Without doping, Raval et al. also found a
Curie tail and a weak ferromagnetic loop at 5 K in pure CCTO
polycrystal mechanically grinded for 16 h.[31] By doping only
0.25 at.%–1 at.% Co ions on Cu site, Wang et al. also found
the weak ferromagnetism in CaCu3−xCoxTi4O12 (x = 0.05,
0.10, 0.20), with the coercivity values of 58.47, 106.40, and
146.93 Oe, respectively.[43] The XPS study shows that in
CaCu3−xCoxTi4O12 (x = 0.05, 0.10, 0.20) there are mixed-
valent metal ions of Cu1+/Cu2+, Ti3+/Ti4+, and Co3+/Co2+,
as well as oxygen vacancies, and the content of acceptor Ti3+

ions increases with the doping content of x increasing.[43] In
Table 2 listed are the composition, doping percentage, and
the content of mixed-valent ions or oxygen vacancies men-
tioned in the CCTO samples with Curie tails or FM hystere-
sis loops yielded by different samples. In the temperature
range where the Curie tails appeared in Refs. [28,41], though
there is no mention of further investigation FM in the tem-
perature range, we deduce that it may contain the FM phase.
In Refs. [30,41,44], there is no mention of the mixed-valence
ions’ characterizations but the doping ions themselves are of
mixed-valence. The list in Table 2 suggests that the FM phase
can be obtained through different preparation processes or
doping methods, which may produce oxygen vacancies by
compensating for mixed-valence metal ions.
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Fig. 7. Isothermal magnetization curves for (a) quenched ceramic, (b) as-sintered ceramic, and (c) CCTO-M samples recorded at 5 K.

The influence of oxygen vacancy on the magnetism has
been investigated intensively in the dilute magnetic semicon-
ductors with wide band gap.[33,45,46] Coey et al. proposed a
bound magnetic polaron (BMP) model to explain the FM ap-
pearing in dilute oxides, where shallow donor electrons form
BMPs that overlap to create a spin-split impurity band.[47] The
long range indirect magnetic interaction between two mag-
netic polarons can be mediated by carriers in a spin-polarized
band. The coupling between the cation and the donor electron
is ferromagnetic when the 3d shell is less than half full.[47]

The BMP model has been confirmed experimentally to play
an important role in activating the FM characteristics in dilute
oxides.[48,49] Oxygen vacancies appearing in these oxides may
be occupied by a single electron, forming an F+ center[50] and
mediating the indirect FM interaction. It seems that for the
Curie tail or FM loop to occur, we should consider not only
the change of exchange interaction influenced by doping con-
tent, but also the contribution of defects such as mix-valent

metal ions or oxygen vacancies caused by different prepara-

tion processes or dopings. In our situation, we do not dope

CCTO with foreign ions, but different post processing indeed

produces some defects, such as oxygen vacancy (VO), metal

ion acceptors Cu1+ and Ti3+, as shown in Fig. 5 and Table 1.

Note that Cu1+ and VO exist in all the samples prepared, but

Ti3+ ions exist only in quenched ceramic and CCTO-M pow-

ders which show the weak FM characteristics. For quenched

ceramic and CCTO-M, their total atomic percentages of Ti3+

ions reach to 2.1 at.% and 1.5 at.%, and those of oxygen vacan-

cies arrive at 14.5% and 12.7%, respectively, while for other

samples without any obvious FM, we cannot obtain Ti3+ peak

by fitting the XPS lines. In Wang et al.’s work, we also find

that the coercivity increases with the content of Ti3+ increas-

ing after Co doping.[43] These results suggest that the FM char-

acteristic is strongly related to content of Ti3+ ions and the

compensated oxygen vacancies.

Table 2. Compositions, doping content of CCTO (or doped) with Curie tail/FM.

Composition Atomic percent
of doping

Preparation methods Curie tail FM hystere-
sis loop

VO, Cu1+/Cu2+,
Ti3+/Ti4+

CaCu3Ti4O12
(single crystal)[28]

CaCu3Ti4O12
(Ar anneal)[28]

0
0

traveling-solvent floating
zone method
solid state reaction

Yes
Yes

No mention
No mention

Yes
Yes

CaCu3Ti4O12
[41] 0

1 at.% Mn
0.5 at.% Fe
0.5 at.% Ni

organic gel-assisted citrate
synthesis

Yes No mention No mention

CaCu3Ti4−xCoxO12
(x = 0.2)[32]

1 at.% Co solid state reaction Yes Yes Yes

CaCu3−xCoxTi4O12
(x = 0.05, 0.1, 0.2)[43]

0.25 at.% ∼ 1 at.% Co solid state reaction Yes Yes Yes

CaCu3−xTi4−xFe2xO12
(x = 0.5, 0.7)[30]

5 at.%∼7 at.% Fe solid state reaction Yes Yes No mention

CaCu3Ti4O12
[31] 0 mechanical grinding for16

hours
Yes Yes Yes

Ca1+xCu3−xTi4O12
(x = 0.1, 0.2)[44]

0.5 at.%∼1 at.% Ca solid state reaction Yes Yes No mention
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The ferromagnetism observed in quenched ceramic and

CCTO-M which have more oxygen vacancies and Ti3+ ions

can be explained by using the bound magnetopolaron (BMP)

model. One trapped electron in oxygen vacancy may occupy

the nearby Ti 3d orbitals, inducing adjacent Ti4+ ions to trans-

form into magnetic Ti3+ ions, forming a BMP with a pattern

of Ti3+–VO defect complex, which will produce a localized

effective magnetic field. The magnetic interaction between

BMP spin and neighboring Cu2+ spin may be ferromagnetic.

The macroscopical ferromagnetic ordering is caused when the

cluster of such a BMP–Cu2+ ferromagnetic coupling forms.

The concentration of magnetopolarons is positively correlated

with oxygen vacancies. In an annealed ceramic, Ti3+ ions are

oxidized and the concentration of oxygen vacancies decreases,

and the BMP formed by Ti3+–VO defect complex disappears,

thereby losing ferromagnetic coupling as shown in Fig. 8. It

is easy to rule out the influence of Cu1+ ions on the ferro-

magnetism of CCTO, for the non-magnetic Cu1+ (3d10) ions

have completely filled 3d orbitals and have no contribution to

ferromagnetism.[31]
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Fig. 8. Hysteresis loop of the quenched sample before and after annealing at
5 K, with inset showing temperature-dependent magnetization in field cool-
ing mode at applied magnetic field 20 Oe.

4. Conclusions
In this work, we have studied the magnetic properties of

different prepared CCTO samples in order to investigate the

relation between the magnetism and defect in CCTO. In the

CCTO ceramics quenched at a high pressure, and the CCTO

powders made by molten salt method, we find the weak fer-

romagnetism below the Neel temperature. According to the

detailed analysis and fitting of XPS spectra, we find that Ti3+

ions and a large number of oxygen vacancies appear in the

samples that show ferromagnetic behaviors, which can dis-

appear when the sample is postannealed. We think the BMP

formed by Ti3+–VO defect complex is responsible for the fer-

romagnetism. In our previous work, we also examined the

contribution of the defect complex to the large permittivity in

CCTO. According to the results above, we believe that the FM

phase can be obtained by increasing the content of Ti3+–VO

defect complexes in CCTO through different preparation pro-

cesses, which may make CCTO a promising material in mag-

netoelectric component.
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