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Abstract
Electron paramagnetic resonance (EPR) measurements on pure polycrystalline
CaCu3Ti4O12 have been performed and are discussed within a crystal-field
approach. A symmetric signal centred at g = 2.15 is observed for T >

25 K, with no evidence of hyperfine structure. At this temperature an
antiferromagnetic transition is observed as confirmed by static magnetization
data. Cu defective and 2% doped (V, Cr, Mn, La) samples were also
prepared and considered, mainly to understand the nature of the observed
paramagnetic centre. Substitutions in the octahedral sites, causing variations
of the configuration in CuO4–TiO6–CuO4 complexes, change the magnetic and
EPR features. To justify the EPR response a strong copper-hole delocalization
is suggested.

1. Introduction

The perovskite-typeCaCu3Ti4O12 has recently received a great deal of interest for the so-called
‘giant-dielectric phenomenon’. Such material displays unusual dielectric properties [1–3], very
important for high performance capacitors, attributed to a grain boundary barrier layer capaci-
tance related to the ceramic microstructure (average grain size and pellet density) and process-
ing conditions (oxygen partial pressure, sintering temperature and cooling rate) [4]. However
the final explanation of the very high permittivity (>104 and nearly temperature independent
over the 100–600 K range) remains undefined and further investigations are required.
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Figure 1. CaCu3Ti4O12 structure: the square-planar CuO4 groups and the Cu–Ti links via oxygen
ions are shown (oxygen: light grey sphere, titanium: black sphere, copper: dark grey sphere; Ca
ions are omitted for clarity).

(This figure is in colour only in the electronic version)

A high degree of twinning, as verified by x-ray and neutron powder diffraction [2, 5, 6]
and confirmed by single crystals measurements [2], suggested the presence of small domains
that can explain the peculiar dielectric properties [2]. The cubic cell is body centred (Im3̄,
a = 0.7391 nm, Z = 2) with inversion symmetry so the possibility of a net spontaneous
polarization is precluded.

With regard to the magnetic properties, CaCu3Ti4O12 shows an antiferromagnetic (AF)
transition at ∼25 K [7], explained in terms of a double primitive cell in which each Cu–Cu
nearest neighbour pair has antiparallel spins [8]. As regards the electron paramagnetic
resonance (EPR) features of this compound, to our knowledge only one study has been reported
in the literature, in 1977 [9].

Cu defective and substituted samples showed dielectric properties appreciably modified
with respect to those of the pure sample [2]. It is also reasonable to expect that low substitutions
of transition ions, such as Mn, Cr and V in the octahedral Ti site and of La in the Ca site, can
yield changes of the magnetic features and, consequently, of the EPR response. In this work
we report on EPR measurements performed in the temperature range 4–500 K on two pure
samples, one of them Cu defective, and on 2% doped (V, Cr, Mn, La) polycrystalline samples
of CaCu3Ti4O12. To explain the electronic structure of the observed paramagnetic centre, the
experimental results are discussed within a crystal-field (CF) approach taking into account
the structural data. The Ca2+ ion is dodecahedrally coordinated with oxygen ions, Cu2+ is in
a square-planar coordination (as nearest neighbour) and Ti4+ coordinates six oxygen ions in
a slightly distorted octahedron. The TiO6 groups are tilted at about 20◦ with respect to the
cell axis [5]. The CuO4 and TiO6 units share oxygen ions as shown in figure 1. For each
single Cu2+ ion, three different perpendicular square-planar oxygen groups can be observed at
0.1961(2), 0.2783(2) and 0.3269(2) nm bond length [5].
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2. Experimental details

All the samples were prepared by solid state synthesis from the reagents TiO2/CaCO3/CuO
and the oxides of the doping elements in appropriate amounts. The mixtures were treated for
84 h at 1273 K in air with four intermediate grindings. A last step of 16 h at 1323 K was
performed, after pressing the powders into pellets, to obtain pure CaCu3Ti4O12 (pure-a) and
Ca1−x Ax Cu3Ti4O12 and CaCu3Ti4−yByO12 (A = La, x = 0.02; B = V,Cr,Mn, y = 0.08)
doped samples. A second pure sample (pure-b) was prepared using the same thermal cycle
but it was gently ground; after that the powder was pressed into pellets and further treated for
12 h at 1323 K.

X-ray powder diffraction (XRPD) measurements were performed using a Bruker
D5005 Bragg–Brentano diffractometer equipped with curved graphite monochromator on the
diffracted beam. Cu Kα radiation (Kα1 = 0.154 056 nm, Kα2 = 0.154 43 nm) was used. The
Rietveld profile refinement [10] was used to obtain structural and profile parameters as well
as the amount of each phase (wt%).

EPR measurements were carried out using an X-band (about 9.3 GHz) Bruker
spectrometer. A continuous nitrogen flow cryostat, in the temperature range 150–500 K, and an
Oxford cryostat with helium continuous flux, in the temperature range 4–150 K, were used. The
masses of the samples were a few milligrams. The number of the EPR centres was estimated
by comparing the signal areas with that of a paramagnetic standard (Li2MnO3) [11] with
resonant field and line-width (�B) similar to the experimental signals and taking particular
care regarding the reproducibility of the samples position in the resonant cavity. For the
pure-a sample the signal area agrees with a number of paramagnetic centres with S = 1/2
corresponding to the copper amount (∼3 ×1021 g−1). Shape and area of the EPR spectra were
analysed by numerical methods.

Static magnetization measurements were performed from 300 down to 2 K in a 10−2 T
magnetic field by means of a SQUID Quantum Design Magnetometer.

3. Results

From XRPD measurements it can be seen that the pure-a sample shows only the diffraction
reflections pertinent to the CaCu3Ti4O12 phase [5]; this is verified also for all the 2% doped
samples. In contrast, pure-b shows additional very low peaks due to CuO, whose amount,
determined by Rietveld profile refinement, is 0.5(1) wt%. The narrowness of the diffraction
lines is comparable in all the samples, confirming a good sintering of the powder and similar
values of the crystallite size. A rough estimation of these values, greater than or equal to 300 nm,
was made by XRPD profile analysis and full width at half maximum (FWHM) determination.
The cell parameter values obtained for V and Cr doped samples are in good agreement with
those of pure-a CaCu3Ti4O12 (0.739 17(1) nm), whereas the other doped samples and pure-b
one show comparable a values, ranging from 0.739 23(1) to 0.739 31(1) nm, slightly above
that of the pure-a one.

In figure 2 the EPR spectrum of the pure-a sample is shown at different temperatures.
Only a symmetric signal centred at g = 2.15 is observed for T > 25 K. No hyperfine structure
is evidenced. The line-shape is Lorentzian with the minimum �B value (∼5 mT) at 235 K
(figure 3). At about 25 K (TN), where the AF transition occurs [7], the spectrum splits into two
symmetric components. The main one broadens with lower temperature and moves towards
low magnetic fields disappearing at about 10 K. This signal behaviour, due to the onset of local
magnetic ordering, is well evidenced in figure 4 for the T in the range 14–19 K. The resonant
field of the weaker component does not change in all the investigated temperature ranges.
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Figure 2. EPR spectra of the pure-a sample for T > TN. The inset shows EPR spectra at 22 and
17 K (amplified by a factor 10) and at 4 K (amplified by a factor 2).
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Figure 3. EPR�B(T ) behaviour of the pure-a sample for T > TN.

The remaining intensity (area) of this signal component at 4 K (I4) is about 1/60 of the whole
signal intensity (I25) for T just higher than TN, taking into account the Boltzmann factor. The
temperature dependence of the whole signal area up to 4 K is shown in figure 5.

Static magnetization measurements, as shown in figure 6, confirm the TN value reported in
the literature [7] and a spin value S = 1/2 from the slope of the 1/χ curve in the paramagnetic
region.

The room temperature (RT) EPR signals of the doped samples Ca1−x Ax Cu3Ti4O12 and
CaCu3Ti4−yByO12 (A = La, x = 0.02; B = V,Cr,Mn, y = 0.08) are shown in figure 7. The
signals of all the samples with substitutions in the octahedral Ti sites can be resolved into two or
more components with the same g-factor but different�B , as illustrated in figure 8 for the Mn
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Figure 4. Pure-a sample EPR signal (bold broken curves) at 19 K (a), 18 K (b) and 14 K (c).
Dotted and chain curves represent the two symmetric components as obtained by signal simulation
(full curves).
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Figure 5. Temperature dependence of the EPR whole signal area of the pure-a sample up to 4 K.

doped sample, selected as an example. For these samples, the signal area abruptly decreases
for T < 25 K even if the AF transition is less evident with respect to the pure-a sample.
The ratio I4/I25 ranges between 1/10 (Cr doped sample) and 1/30 (Mn doped sample). The
�B(T ) behaviour for the Cr doped sample is peculiar because �B decreases monotonically
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Figure 6. Molar magnetic susceptibility and reciprocal magnetic susceptibility of the pure-a sample
at 0.01 T.
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Figure 7. EPR signals at room temperature of La, Cr, V and Mn doped samples. The signal of the
V doped sample is multiplied by a factor 5.

with T down to very low temperatures, the other samples showing a minimum �B value
around 235 K, as the pure-a sample. For the sample with substitution in Ca sites, the signal
shape and g-factor do not differ from the signal of the pure-a sample as much as the observed
�B temperature dependence, TN and I4/I25 values.

The EPR signal intensity of the pure-b sample, in which the segregation of 0.5% of CuO
phase implies the presence of the same number of Cu vacancies in the CaCu3Ti4O12 structure,
is reduced by 50%, at RT, with respect to the pure-a sample. Moreover, I4/I25 ∼ 1/20 and
the paramagnetic signal component for T < TN (25 K) is well evidenced from the static
magnetization measurements.
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Figure 8. EPR signal of the Mn doped sample as resolved in two components of different �B .

4. Discussion and conclusions

The EPR signal of the CaCu3Ti4O12 powder samples observed in [9], symmetric down to very
low temperatures, was interpreted as being due to the average, along the three main directions,
of the signals of Cu2+ in square-planar oxygen coordination. In addition, no magnetic transition
was evident and an asymmetric signal was observed at 4.2 K. The temperature behaviour of
the signal intensity was not described.

We will re-propose a CF approach in order to make clear the level structure of a Cu2+ ion
(3d9: L = 2, S = 1/2) in a square-planar oxygen coordination by starting, ab initio, from the
positions of the surrounding ions. We calculated the electrostatic potential V (r) due to the
charges q j at the positions R j according to the expression V (r) = ∑

j q j/4πε0|(R j −r)|V (r)
which was expanded in tesseral harmonics, sin (s) and cos (c) type, using the Legendre
polynomials. Finally, we obtained the expression of the Hamiltonian HCF in terms of the
Stevens equivalent operators:

HCF =
∑

nm

Fc/s
nm Oc/s

nm with Fc/s
nm = −|e|〈rn〉ac/s

nm cc/s
nmϑn,

where cc/s
nm have been calculated as a function of the anionic coordinates, ac/s

nm are suitable
numerical factors, ϑn are the Stevens multiplicative factors and 〈rn〉 is the expectation value
of rn for the d-orbitals of the Cu2+ ion [12]. The Cu2+ ion eigenstates and eigenvalues have
been calculated by diagonalizing the 10 × 10 matrix obtained from the Hamiltonian

H = HCF + HSO = −|e|V (r) + λL · S

operating in the basis |L,ML, S,MS〉. Then, in order to obtain the g-tensor and, more generally,
the EPR response, the Zeeman Hamiltonian HZ = µB(L + 2S) ·B is applied on the low-lying
energy levels; the g-values are obtained from the resonance condition

hν = gµB B = 〈ψa |HZ |ψa〉 − 〈ψb|HZ |ψb〉
between the ψa and ψb states which diagonalize HZ.
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For a square-planar coordination and λ = 0, the following orbital level distribution is
obtained:

(a) (b)

3z2 − r2 3z2 − r2

xz, yz xz, yz

x2 − y2 xy

xy x2 − y2

where (a) refers to x, y axes parallel to the square sides (more suitable if a not perfectly square-
planar coordination (e.g. rectangular coordination) is considered) and (b) refers to x, y axes
parallel to the square diagonals.

In the two cases gx = gy = gz = 2.
By assuming λ �= 0, the spin–orbit interaction couples the xy and x2 − y2 states (split by

�) and these in turn with the xz, yz states (split by�1), so the ground state results in the spin
doublet:

ψa = a|xy, 1/2〉 + b|(x2 − y2), 1/2〉 + c| − 1,−1/2〉
ψb = a|xy,−1/2〉 + b|(x2 − y2),−1/2〉 + c|1, 1/2〉

with a > b (case a), a < b (case b) and c � a, b.
The 〈ψa |HZ |ψa〉 and 〈ψb|HZ |ψb〉 matrix elements of HZ are different in the x and y

directions with respect to the z-direction and gz > gx = gy = 2.
In more detail, for λ = −710 cm−1 [13] and � ∼= 12 000 cm−1 [14], gz

∼= 4 and
gx = gy = 2 are obtained. This result disagrees with the experimental data, in that the EPR
signal is really isotropic in the temperature range 25–500 K, so, in a simple CF approach, we
must suppose that λ/� → 0. Nearly the same results are obtained by considering also the
second and third oxygen square-planar coordinations.

For completeness, we report here the Cu2+ ground spin doublet in a regular dodecahedral
coordination (ideal perovskite):

ψa = a|xy, 1/2〉 + c| − 1,−1/2〉 ψb = a|xy,−1/2〉 − c|1, 1/2〉 (case a)

or

ψa = a|(x2 − y2), 1/2〉 + c| − 1,−1/2〉 ψb = a|(x2 − y2),−1/2〉 − c|1, 1/2〉.
(case b)

The resulting g-factor is isotropic and equal to 2 for any λ-value �= 0.
The ground state is an orbital singlet for symmetry reasons in the square-planar

coordination, or via spin–orbit coupling, as in the regular dodecahedron, so there is no need
to invoke the Jahn–Teller (JT) effect [6] to remove the orbital level degeneration. The g-value
and the line-shape could be appropriate to a Cu2+ signal from the dynamic JT effect [13];
degenerate orbital ground states with mean g-values consistent with the experimental one
could be obtained, but from not realistic tetragonal distortions of the dodecahedron. Indeed,
the structural data assign to Cu2+ ions an effective square-planar coordination, so a highly
asymmetric EPR signal is expected for polycrystalline samples. Besides, due to the very small
EPR line-width, a symmetric signal should result from the average of asymmetric signals along
the three main directions only if g‖ and g⊥ differ of some per cent. As consequence a simple
CF approach is inadequate.

Rather, the observed isotropic EPR signal with g = 2.15 can be justified by a strong
delocalization of the copper-hole on the four next neighbouring oxygen ions, in agreement
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with the already asserted strong covalent character of the Cu–O bond [15]. Each oxygen ion
of the Cu square-planar coordination is shared with an octahedron of the Ti coordination, so
that the copper-hole delocalization allows an AF super-exchange interaction, via Ti d-orbitals,
along the (111) direction. This interaction (J3 = 2 cm−1) is invoked to justify the AF ordering
at TN as due to the AF coupling between two F-coupled Cu sublattices lying in planes normal to
the (111) direction [16], even if no agreement exists in the literature about the relative intensity
of these interactions [8].

Regarding the EPR line-width, the anomalous temperature behaviour,showing a minimum
at about 235 K, could be related to the presence of a disordered state at low temperature and
a more ordered state at high temperature with a crossover temperature in the 200–300 K
range [15].

Finally, the weaker component of the EPR signal with constant resonant field (g = 2.15)
for T < TN and I4/I25 = 1/60 for the pure-a sample can be ascribed to the paramagnetic centres
not contributing to the magnetic order because of their boundary location. On considering the
linear dimension (∼0.74 nm) of the unit cell, the ratio between the number of boundary and
internal ions is 1/60 if the grain dimension is about 0.3 µm, as is indeed obtained from
FWHM measurements of XRPD peaks. At 4 K this signal component, the only one observed,
is symmetric, contrary to what was reported by [9], and so excludes Cu–O bond ionic strength
enhancement with decreasing temperature [16].

Whereas the EPR signal of the sample with substitution in Ca sites is practically the same as
that of the pure-a sample, the EPR signals of the samples with substitution in Ti sites, resulting
from the superposition of signals with the same g-factor but different �B values, show the
important role of the Ti site [17] on the magnetic interactions: sample regions are formed,
giving rise to the same EPR signal but with larger line-width and showing no AF transition.
The enhancement of dipolar interactions, due to the presence of non-null magnetic moments
instead of the Ti4+ null magnetic moment, and the reduction of the exchange narrowing, due
to the interactions between dissimilar ions, can be responsible for the signal broadening. The
hindering of the magnetic transition, evidenced by the increase (related to the I4/I25 value) of
the paramagnetic signal component with constant resonant field for T < 25 K, can be ascribed
to the presence of non-empty d-orbitals on the Ti site, which could forbid the whole AF double
super-exchange interaction at 90◦ along the (111) direction.

As already observed [2], the dielectric properties are also strongly affected by substitutions
on the octahedral Ti sites, whereas much weaker effects are noticed with substitutions on the
dodecahedral Ca site.

Interesting features arise concerning the pure-b sample with about 0.5% of Cu vacancies.
The dramatic reduction of the signal intensity with respect to the pure-a sample suggests that
Cu2+ ions cannot be merely considered directly responsible for the EPR signal. Such a huge
intensity decrease cannot be explained even by supposing the presence of Cu3+ in square-planar
coordination, which is not EPR active [18]. Also, in the pure-b sample, a paramagnetic phase
exists for T < TN with the I4/I25 value very much higher than that for the pure-a sample;
the extent of the paramagnetic phase can be only partially attributed to the small increase of
non-magnetically correlated Cu ions. We outline also that, for samples with Cu2+ vacancies,
a strong reduction of the dielectric constant has been observed [2].

In conclusion, this work should encourage new suggestions for the interpretation of
the not yet wholly explained properties of CaCu3Ti4O12. Nevertheless, we can state that a
simple crystal-field approach is not suitable to interpret the EPR signal and further models
should be deepened to justify the EPR response, taking the Cu-hole delocalization also into
account. In addition, from the results obtained with substitutions on Ti and Ca sites, we can
outline that the CuO4–TiO6–CuO4 complexes are strongly interconnected and that also small



7374 M C Mozzati et al

variations of their configuration give rise to very important changes in the magnetic and EPR
features.
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