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Abstract
The EPR spectra of BaTiO3 + 0.04 BaO + 0.01 Cr2O3 ceramics are studied in
three frequency bands (9, 34 and 94 GHz). Three different, axially symmetric
EPR spectra assigned to Cr3+ ions substituted at Ti sites corresponding to the
different distorted octahedra in tetragonal and hexagonal crystal surroundings
are observed at room temperature. The temperature dependence of the EPR
spectra allowed the unambiguous assignment of the chromium ions to the
lattice site in tetragonal and hexagonal modifications. The concentration
measurements revealed that only 30% of the chromium is incorporated in the
grains as Cr3+ ions whereas the remnant is in the EPR-silent tetravalent charge
state or in Cr-rich secondary phases segregated at grain boundaries, pores and
triple points. The intensity ratio of the two Cr3+ spectra in hexagonal BaTiO3

depends on the preparation conditions.

1. Introduction

Barium titanate, BaTiO3, represents a material system of fundamental importance for a wide
range of technical applications. Although there have been, depending on temperature, different
phases observed, the focus of research was on the cubic and tetragonal phases, which transform
into each other at the paraelectric–ferroelectric phase transition temperature near 130◦C. Much
less information is available about the hexagonal high temperature phase, which is stable at
temperature > 1430 ◦C [1, 2].

The hexagonal polytype 6H-BaTiO3 (h-BaTiO3) crystallizes in the space group P63/mmc
with the lattice parameters a = 0.5738 nm and c = 1.3965 nm [3]. The unit cell is described
by six BaO3 layers (i.e. [Ba(2)O(2)3Ba(2)O(2)3Ba(1)O(1)3]2) forming a (cch)2 sequence,
where c corresponds to corner-sharing and h to face-sharing layers of the TiO6 octahedra,
respectively (for labelling the atoms see [1]). The atoms Ti(1) and Ti(2) occupy octahedra
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Figure 1. Schematic crystal structure of hexagonal (6H polytype) BaTiO3.

which are exclusively corner connected and which share common faces, respectively, with
rather short Ti(2)–Ti(2) distances in the Ti2O9 group of the face-sharing octahedra (figure 1).
In contrast to the cubic crystal structure of BaTiO3 the octahedra in h-BaTiO3 are trigonally
distorted in the c direction. The strength of trigonal distortion for the corner- and face-sharing
octahedra is different. Therefore, in the hexagonal material there are two different Ti lattice
sites. Four of the six Ti ions in the hexagonal unit cell are incorporated into the face-sharing
octahedra whereas the other two are lying in the corner-sharing ones.

The stability range of the hexagonal phase can be extended to room temperature both
by firing in reducing atmospheres (oxygen-deficient h-BaTiO3) [4] and by doping with some
acceptor-type 3d transition elements like Cr, Mn, Fe, Ni, or Cu [5–9] as well as with the
elements Mg, Al, Ga, or In [10]. For undoped, oxygen deficient h-BaTiO3 and Fe-doped
h-BaTiO3 it has been reported that oxygen is removed only from the oxygen sites O(1) sites
in the Ba(1)O(1)3 layers [11].

Hexagonal barium titanate undergoes successive phase transitions from the prototype
phase (phase I) to phase II and phase III on cooling at 222 and 74 K, respectively. X-ray
experiments with single-domain crystals revealed that phase II is orthorhombic with space
group C2221 [12]. Phase III is a ferroelectric phase and the crystal symmetry might be lower
than the orthorhombic one [13]. In the low-temperature phase Noda et al performed high-
resolution powder diffraction experiments and determined the lattice symmetry and unit cell
parameters. As the space group of the ferroelectric phase they find the monoclinic group
P1121 [14, 15].

The aim of this paper is the investigation of the incorporation of chromium into hexagonal
BaTiO3. Because of the large difference of the effective ionic radii between Ba2+ (161 pm)
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and Ti4+ (60.5 pm) [16] the incorporation of chromium ions with the tri- or tetravalent charge
states onto the Ti sites in h-BaTiO3 is very probable. The charge state of the ion determines its
electron spin S unambiguously. Cr3+ is a 3d3 ion with S = 3/2 whereas the free ion Cr4+ has
S = 1. Electron paramagnetic resonance (EPR) permits the determination of the charge state
and the electronic ground state of the paramagnetic ion as well as its different incorporation
sites in a solid. Through intensity measurements by means of EPR the occupancy fractions for
Cr3+ ions at the Ti(1) and Ti(2) sites are estimated. To date no EPR investigations on chromium
in h-BaTiO3 are known in the literature whereas the Cr-EPR spectra of the other modifications
are excessively analysed. Single-crystal studies were first reported by Müller et al [17]. From
their temperature-dependent measurement the authors were able to demonstrate that the Cr3+

remains at the centre of the distorted oxygen octahedron in all ferroelectric phases. Possenriede
et al [18] and Schwartz et al [19] pointed out that the Cr5+ ion (3d1, S = 1/2) is only stable
in the rhombohedral phase of BaTiO3.

In this paper we present powder and single-crystal EPR spectra of chromium-doped
h-BaTiO3 measured in three different microwave-frequency bands, determine the spin-
Hamiltonian parameters and discuss the incorporation of the Cr3+ ions and the charge
compensation.

2. Experimental procedure

Ceramic samples with a nominal composition of BaTiO3 + 0.04 BaO + 0.01 Cr2O3 were
prepared by the conventional mixed-oxide powder technique. After mixing (agate balls, water)
and calcining (1100 ◦C, 2 h) of BaCO3 (Solvay, VL600, <0.1 mol% Sr) and TiO2 (Merck,
no 808), Cr2O3 (Merck, p.a.) was added to the BaTiO3 powder. Then it was fine-milled (agate
balls, 2-propanol) and densified to discs with a diameter of 12 mm and a height of nearly 3 mm.
The samples were sintered in air at a temperature of 1400 ◦C for one hour. To avoid interfering
contamination the samples were contained in ZrO2 covered Al2O3 dishes.

The microstructure of polished and chemically etched specimens was examined by
optical microscopy and by scanning electron microscopy (SEM). To determine the chromium
distribution in the grains and intergranular regions, wavelength-dispersive x-ray electron probe
microanalysis (WDX-EPMA) (model CAMEBAX, Camera, France) was performed. For
the phase investigations at room temperature by XRD the sintered samples were crushed
again and mixed with silicon powder for the purpose of calibration. The phase composition
was determined quantitatively by analysing the intensity ratios (111)tetragonal/(103)hexagonal

and (200)tetragonal/(103)hexagonal (D5000 diffractometer, Siemens, Germany). Before EPR
measurements the ceramic discs were crushed in an alumina mortar. The spectra of non-
crushed ceramic bodies are identical with ones of the powder samples but of lower overall
signal strength. For the purpose of angular-dependent EPR measurements, single crystals
with dimensions of about 0.3 × 0.3 × 0.2 mm3 were cut from ceramic samples with a main
grain size of 500 µm. The nominal Cr content of these samples amounted to 5.0 mol%.

EPR measurements of pulverized samples were carried out in the X band (9 GHz) with
a Varian E 112 spectrometer, in the Q band (34 GHz) with a Bruker EMX device and in
the W band (94 GHz) with 100 kHz field modulation. The microwave frequencies were
determined by electronic frequency counters and the magnetic field by means of a proton
magnetic-resonance probe. The temperature dependence of the EPR spectra was taken using
the Q band device with an Oxford cryostat CF 935 for the range from 4.2 to 300 K and the
Varian E112 spectrometer with variable temperature accessory E 257. The single-crystal EPR
measurements were performed on the Q-band spectrometer at room temperature rotating the
single crystal in steps of 5◦ about an axis perpendicular to the hexagonal c-axis.
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For the evaluation of the powder EPR spectra and the determination of the spin-
Hamiltonian parameters the MATLAB4 toolbox for electron paramagnetic resonance
‘EasySpin 2.0.3’ was used [20]. Simultaneously simulating the multi-frequency EPR spectra
by variation of the input parameters, a high accuracy in the determination of the spectra
parameters was achieved. For the quantitative analysis of the Cr3+ concentrations the double
integrals of the simulated Q-band spectra were calculated. In order to determine the total
Cr3 concentration the sum of the double integrals of all partial spectra was compared with the
double integral of our standard sample (blue ultramarine).

3. Results

For the discussion of the EPR findings it is important to recall that a powder spectrum is a
superposition of spectra from randomly oriented crystallites. The resonance field Bres(�), the
intensity A(�) and the line width �(�) of a transition depend on the orientation � between
the crystallite and the external magnetic field. The powder spectrum can be expressed as

P(B) =
∫

�

A(�) f (B − Bres(�), �(�)) d� (1)

where f (B − Bres, �) is the line shape function and � = (θ,�), θ and � being the polar
and azimuthal angles of the external magnetic field in the principal co-ordinate system of the
spin Hamiltonian respectively [21, 22]. Replacing the line shape function by the Dirac delta
function and transforming the natural co-ordinate, one obtains the stick spectrum as a line
integral over the contour line Bres = B

P(B) =
∮

Bres(�)=B

A(�)

|∇Bres(�)| (2)

with

|∇Bres| =
[(

∂ Bres

∂θ

)2

+
1

sin2 θ

(
∂ Bres

∂φ

)2]1/2

. (3)

It is evident from (3) that resonance lines are only observed when a change in the orientation of
the external magnetic field B gives a very small change in the resonance field Bres (�). These
orientations in which ∇Bres (�) = 0 are termed polycrystalline critical points and give rise to
singularities leading to either divergences or shoulders in the EPR powder pattern.

For the 50,52,54Cr3+ ions with the electron S = 3/2 and the nuclear spin I = 0 we used
the rhombic spin Hamiltonian of the form

Ĥ = β · �B · g · �S + D
(
Ŝ2

z − 1
3 S(S + 1)

)
+ E

(
Ŝ2

x − Ŝ2
y

)
, (4)

where g is the electronic g-tensor, β the Bohr magneton, and D and E the axial and rhombic
fine structure (fs) parameters, respectively. In the case of the 53Cr3+ ion (natural abundance
9.5%) with the nuclear spin I = 3/2 the spin Hamiltonian (4) must be augmented by the
hyperfine (hf) term. Structural variations in the immediate surroundings of the chromium ions
cause variations in the fs parameters. The fs parameter distributions are assumed to be random,
so that they can be approximated by symmetric Gaussian distributions with the full width at
half height �D and �E , respectively.

In the case of weak axial crystalline fields (|D| � gβ B, E = 0) one gets three different
types of polycrystalline critical points, θ1 = 0, θ2 = π

2 , and θ3 = 0.2322π , and seven allowed
transitions with the selection �Ms = ±1 (Ms, magnetic spin quantum number) are expected in

4 MATLAB is a registered trademark of the MathWorks, Inc., Natick, MA, USA.
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derivative powder spectrum as peaks or lines. The resonance field Bres of the central transition
with Ms = − 1

2 ↔ Ms = 1
2 has critical points for θ1, θ2, and θ3. The intensities of the different

fs transitions belonging to the orientation θ1 = 0 are very weak and their detection in the
powder spectrum is hard. If the local symmetry of the Cr3+ is less than the axial one (E �= 0)

the peaks with θ2 = π
2 and θ3 = 0.2322π are split by the orthorhombic fc parameter E .

In the case of strong axial crystalline field (|D| � gβ B, E = 0) the fine-structure energy
is the dominant term in the spin Hamiltonian. Under the assumptions |D| � gβ B and E = 0
the following expression is obtained for the effective g-factor geff of the Kramers doublet with
Ms = ± 1

2 [23]:

geff(θ) = [
g2

‖ +
(
4g2

⊥ − g2
‖
)

sin2 θ
] 1

2

[
1 − 3

4

(g⊥β B)2

(2D)2
F(θ)

]
,

where

F(θ) = sin2 θ

[
(4g⊥ + 2g‖) sin2 θ − 2g‖
(4g⊥ − g‖) sin2 θ + g⊥

]
, (5)

and g‖ and g⊥ are the principal values of the axial g tensor. The condition |∇�Bres(�)| = 0
which reduces to

∣∣ ∂geff

∂θ

∣∣ = 0 results in the two polycrystalline critical points θ1 = 0 and
θ2 = π

2 . The effective g-values for the corresponding singularities are geff(θ1) = g‖ and

geff(θ2) = 2g⊥
[
1 − 2(g⊥βB)2

(2D)2

]
, respectively. It should be emphasized that in this case also an

orthorhombic distortion of crystalline field at the site of the paramagnetic ion generates an
additional splitting of the line belonging to the point θ2 = π

2 .
The first derivative of the absorption EPR spectrum of the Cr-doped BaTiO3 powders

measured in the X-band (9.1 GHz) at room temperature reveals an almost symmetrical line
in the centre of the spectrum (figure 2) at g ≈ 1.97 and five strong peaks lying outside the
central part. Out of the scan range of this spectrum other very weak peaks were detected.
In order to disentangle the X-band spectrum the frequency and the temperature dependences
were investigated. In figure 3 the frequency dependence is depicted. Going from the X- to
the W-band spectrum the number of the peaks is increased and distances between them in the
central part of spectrum are decreased. The analysis permits the conclusion that the observed
powder spectra can be divided into three partial spectra labelled by T1, H1 and H2, respectively
(figure 2). They can be explained assuming the spin Hamiltonian (4) with the electron spin
S = 3/2 and axial symmetry (E = 0) at room temperature. On this account, the observed
spectra are assigned to Cr3+ ions at different lattice sites in hexagonal or tetragonal barium
titanate. The overall XRD-measured phase composition of the ceramic samples investigated
amounts to 11% tetragonal and 89% hexagonal phase.

The T1 spectrum, which is an overlay of peaks belonging to the transition Ms = 1
2 ↔

Ms = − 1
2 and the orientations θ1, θ2, and θ3, is attributed to Cr3+ at the Ti lattice site in tetragonal

BaTiO3. The peaks of the other fs transitions Ms = ± 3
2 ↔ Ms = ± 1

2 are broadened and not
detectable in the powder spectra of these samples. Only for this spectrum could the hyperfine
transitions arising from 53Cr3+ (I = 3/2) be resolved in the Q and W bands. The intensity of the
T1 spectra correlates with the XRD results of the phase composition and the spin-Hamiltonian
parameters are in agreement with the results of Müller et al [17] and Schwartz [19].

The H1 spectrum consists mainly of the peaks a and d (transition Ms = ± 3
2 ↔ Ms = ± 1

2 ,
orientation θ1 = π

2 ) as well as b
(
θ2 = π

2

)
and c(θ3 = 0.2322π). The latter two peaks pertain to

the central transition Ms = 1
2 ↔ Ms = − 1

2 . The peak with θ1 = 0 and Ms = 1
2 ↔ Ms = − 1

2
is overlapped by the strong T1 spectrum in the X-band spectrum and therefore not visible.
Most important here, all the peak separations are determined by the fs parameters D and
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Figure 2. Room temperature EPR spectrum of the sample with a nominal composition of
BaTiO3 + 0.04BaO + 0.01 Cr2O3, sintered at 1400 ◦C, measured in the X-band (9.1 GHz).
Indicated are the corresponding peaks of the three different Cr3+ spectra.
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Figure 3. Room temperature EPR spectra of the same sample as in figure 2 measured in the X band
(9.1 GHz), in the Q band (34.0 GHz) and in the W band (94.0 GHz) withB0 = hv

g‖β
, g‖ was taken

from the H1 spectrum. Different transitions are marked by letters, related transitions by arrows.
The transitions a and d of the spectrum Cr3+ (H2) are lying outside the scan range of the Q- and
W-band spectrum.
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Figure 4. Temperature dependence of the X-band EPR spectra of the same sample as in figure 2.
Below T = 220 K only the peaks of the H1 spectrum reveal splitting (marked only for peak a)
due to symmetry reduction.

Table 1. Spin-Hamiltonian parameter of Cr3+
Ti(1) (H1) and Cr3+

Ti(2) (H2) impurities in 6H-BaTiO3.

The fs parameters and their dispersions and experimental errors are given in 10−4 cm−1. The errors
in the principal values of the g-tensors are ±0.0006.

T (K) gz gx,y D E �D �E

H1 300 1.9797 1.9857 1050(30) — 70(5) —
170 1.9795 1.9860 980(30) 50(5) 70(5) 10(5)
15 1.9795 1.9867 930(30) 80(5) 70(5) 10(5)

H2 300 1.9736 1.9756 3220(40) — 120(10) —
170 1.9736 1.9756 3170(40) — 120(10) —
15 1.9736 1.9756 3170(40) — 120(10) —

E (in the case of axial symmetry, proportional to D2/(gβ B) and D for the b–c and a–
d separations, respectively). The four peaks (a, b, c, d) were measured in all frequency
(cf figure 3) bands so that the axial fs parameter D of this Cr3+ centre is much less than the
Zeeman energy in the X band. The spin-Hamiltonian parameters given in table 1 were evaluated
by simulating the multi-frequency spectra simultaneously using the function ‘pepper’ of the
EasySpin toolbox [18]. The best adjustment was reached by using a dispersion �D of the
fs parameter. The D-parameter reveals strong temperature dependence and decreases with
falling temperature. Below T = 220 K the local symmetry of this Cr3+ centre is reduced from
axial to orthorhombic symmetry, in agreement with the transmutation of the crystal structure
of hexagonal barium titanate at the phase transition temperature Tc = 222 K (figure 4). In the
ferroelectric phase of h-BaTiO3 below 74 K the symmetry of this centre is also orthorhombic.
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Figure 5. Single-crystal EPR spectrum of hexagonal BaTiO3 doped with chromium. T = 20 ◦C,
Q band ( f = 34.047 GHz). The rotation axis is perpendicular to the hexagonal c-axis; the angle
between the static magnetic field and the hexagonal axis is 25◦ . Only the central fine-structure
lines of H1 and H2 centre are detected.

In contrast to the H1 partial spectrum the H2 X-band EPR spectrum only consists of one
peak with geff = 3.79. Going from the X to Q or W band more peaks belonging to this
spectrum were detectable (figure 3), which can be classified in the same manner as in the case
of the H1 spectrum. The analysis of the multi-frequency EPR spectra permits the conclusion
that this axial Cr3+ EPR spectrum can be explained by an fs parameter D which is of the same
order of magnitude as the X-band Zeeman energy. The spectral parameters in dependence
on the temperature are also given in table 1. Note that its spin-Hamiltonian parameters are
almost temperature independent. No additional splitting in this spectrum is observed below
T = 220 K, although the H2 type is only found in BaTiO3 samples with hexagonal fraction.

Figure 5 shows a single-crystal EPR spectrum of chromium-doped hexagonal BaTiO3

measured in the Q band at room temperature. Due to the small size of our single crystals and the
line broadening effects because of the dipole–dipole interaction caused by high concentration
of the chromium ions only the central transition Ms = 1/2 ↔ Ms = −1/2 of the H1 and
H2 spectrum was detected. The angular dependence for a rotation of the crystal about an axis
perpendicular to the hexagonal c-axis is depicted in figure 6. Note that at room temperature
the symmetry axis of the fine-structure tensor of the H1 and H2 centre is the hexagonal c-axis.
The measured resonance of these two lines can be explained very well by the spin Hamiltonian
(4) with the parameters given in table 1, which were derived from the EPR powder spectrum.
The calculated resonance fields are represented by the drawn lines.

The Cr3+ concentration in the investigated powder samples determined by EPR intensity
measurements amounts to about 30% of the nominal chromium concentration. Otherwise, the
investigation of the Cr distribution inside the sintered samples by WDX-EPMA has shown that
only 50–60% of the chromium is incorporated into the grown grains (main size about 100 µm).
The remaining dopant forms Cr-rich secondary phases segregated at grain boundaries, pores
and triple points. Hence, only about 50–60% of the Cr ions incorporated into the BaTiO3

lattice are in the EPR-active Cr3+ state.
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Figure 6. Angular dependence of the resonance fields of the central transition Ms = 1/2 ↔ −1/2
of the Cr3 centres H1 and H2 in hexagonal BaTiO3 (Q band). The rotation angle is the angle
between the static magnetic field B and the hexagonal c-axis. α = 0◦ corresponds to B ‖ c.

The intensity ratio I (H2)/I (H1) of the two spectra assigned to Cr3+ ions which are
incorporated into the hexagonal BaTiO3 is strongly dependent on the preparation conditions
of the samples and varies from 2.2 to 1.7. The intensity of the T1 spectrum corresponds to the
fraction of the tetragonal phase (11%) measured by XRD.

4. Discussion

The observed EPR spectra in our Cr-doped BaTiO3 samples are assigned to Cr3+ ions
incorporated into grains with 3C- or 6H-stacking order. Because of the large difference of
the effective ionic radii [16] between Ba2+ (161 pm) and Ti4+ (60.5 pm) the incorporation
of Cr3+ (60 pm) at Ti sites is probable. The experimentally determined electron spin of the
paramagnetic ions (S = 3/2), the magnitude of the spin-Hamiltonian parameters, and the lack
of any hyperfine structure in the X-band spectra give rise to this conclusion.

The T1 powder spectrum is explained by the same spin-Hamiltonian parameters as given
by Müller [17] for Cr3+ ions substituted on Ti sites in BaTiO3 single crystals. Also the same
temperature dependences of the fine-structure parameters in the different phases are measured
in the powder samples as known from single-crystal EPR investigations. Therefore, the T1
spectrum is caused by Cr3+ ions substituted at Ti lattices in the tetragonal modification of the
BaTiO3 ceramics. Its EPR intensity is a measure for the tetragonal fraction in the material.
As the symmetry of the T1 spectrum is given by the local symmetry of the Ti lattice site, the
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oxygen vacancy defect caused by the preservation of the electro-neutrality due to the charge
misfit of the Cr3+ ions is not lying in its immediate surroundings. Each chromium ion is
encircled by six oxygen ions.

The EPR spectra H1 and H2 are assigned to Cr3+ ions substituted at Ti4+ lattice sites of
the hexagonal modification. Since in the hexagonal phase of BaTiO3 two different Ti lattice
sites Ti(1) and Ti(2) exist, the occurrence of two different Cr3+ EPR spectra with unequal spin-
Hamiltonian parameters is expected. The H1 spectrum is assigned to Cr3+ ions on the Ti lattice
site in the corner-sharing octahedra Ti(1)O(2)8−

6 in which the Ti(1)–O(2) distances are equal.
Due to the hexagonal crystal structure at room temperature the symmetry of this lattice site
is reduced to the trigonal one by the presence of the next-nearest neighbours. Only a weak
electric field arises, which is responsible for the smaller fine-structure parameter. Therefore,
an EPR spectrum with axially symmetrical g and fine-structure tensor whose symmetry axes
are parallel to the hexagonal c-axis is expected. This assumption is confirmed by single-crystal
measurements. On the basis of the magnitude of the fine-structure parameter D and its strong
temperature dependence one can conclude that also in this case the chromium ion does not
generate an associate with an oxygen vacancy. Another argument for this statement is the
fact that the symmetry of the EPR spectrum reflects the local symmetry of this Ti lattice site.
Corresponding to the change of the hexagonal crystal symmetry to the orthorhombic one at the
phase transition temperature Tc = 222 K, the symmetry of the spin Hamiltonian varies; below
Tc an orthorhombic H1 spectrum is observed. The orthorhombic fine-structure parameter E is
also a function of temperature.

The fits of the H1 spectrum measured at different temperatures could be improved by
introducing a Gaussian distribution of the fs parameters with the width �D and �E . Because
these parameters are very small in comparison with mean values D and E (table 1) there are
only small structural variations in the immediate surroundings of the Cr3 ion.

In contrast to the H1 spectrum, the other Cr3+-EPR spectrum in the hexagonal BaTiO3

modification, the H2 spectrum, reveals very weak temperature dependence. Its axial symmetry
is stable from 10 to 500 K and no splitting of the peaks due to rhombic distortion could be
detected in the full temperature range. We assign this H2 spectrum to Cr3+ ions substituted
at one Ti lattice site in the Ti2O9 groups. In the face-sharing octahedra of a Ti2O9 group
each Ti(2) is surrounded by three O(1) and O(2) oxygen. Due to the different Ti(2)–O(1)
and Ti(2)–O(2) distances a strong electrical field arises at the Ti site and generated a larger
fine structure splitting of the H2-centre. As a result of the temperature independence of the
spin-Hamiltonian parameters one can speculate that associates between Cr3+ ions and oxygen
vacancies, Cr′

Ti(2)–V••
O ,5 are formed. For this centre an axially symmetric spin Hamiltonian is

expected and the symmetry axis of the g and fs tensors must be parallel to the connecting line
Cr′

Ti(2)–V••
O which is not lying in the hexagonal c-axis. The superposition model introduced by

Newman and Urban [24] enables the determination of fs parameters for a model structure of a
paramagnetic defect in a solid-state material. Using this model the estimated fs parameter D
of the Cr′

Ti(2) − V••
O centre is larger by a factor of five to eight (depending on the chromium–

oxygen distance in the model) than the experimentally determined magnitude [25]. Therefore,
we believe that the Cr3+ ions on Ti(2) lattice site are also isolated paramagnetic defects. In this
defect model the symmetry axis of the g and fs tensor must be parallel to the hexagonal c-axis,
as was proved by single-crystal EPR investigation. By the incorporation of Cr3+ ions at Ti(2)
sites in face-sharing octahedra the trigonal symmetry of the Ti2O9 groups is locally stabilized
in the full temperature range from 10 to 500 K. One reason for the symmetry stabilization is
the shortening of the Cr3+/Ti4+ metal–metal bond distance in these groups.

5 Here the defect notation of Kröger/Vink is used.
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In contrast to Mn4+-doped h-BaTiO3, in which the paramagnetic ion only substitutes at
the Ti(1) site [26], in the case of chromium-doped hexagonal material both Ti(1) and Ti(2)
sites are occupied by Cr3+ ions. By variation of the preparation conditions (sinter temperature
and excess of BaO) the occupation probabilities of Cr3+ ions can be changed in a broad range.
Crystal structure and related properties of chromium-doped barium titanate are discussed in
detail in a further paper [27].

5. Conclusions

BaTiO3 ceramics doped with 2 mol% chromium contain tetragonal and hexagonal phase
parts of which the percentage strongly depends on impurities, stoichiometry and sintering
conditions. At room temperature this material reveals three axially symmetric EPR spectra
which are assigned to Cr3+ ions (S = 3/2). They are substituted at Ti4+ lattice sites in
tetragonally and trigonally distorted octahedra, which reflect their tetragonal and hexagonal
crystal surroundings. In contrast to manganese-doped hexagonal BaTiO3 in which the Mn4+

ion (S = 3/2) only substitutes at the Ti(1) lattice site in the corner-sharing octahedra, both the
Ti(1) and the Ti(2) (face-sharing octahedron) sites are occupied by Cr3+ ions. By variation of
the preparation conditions (sinter temperature and excess of BaO) their occupation probabilities
with Cr3+ can be changed in a broad range. Only 30% of the added chromium is incorporated
in the grains as Cr3+ ions whereas the remnant is in the EPR-silent tetravalent charge state or
in Cr-rich secondary phases segregated at grain boundaries, pores, and triple points.
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