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Copper(II)- and iron(III)-modified Pb[ZrxTi1−x]O3 ferroelectrics were investigated by means of high-
field/high-frequency EPR. The results obtained suggest that Cu2+ and Fe3+ both substitute as acceptor
centers for [Zr,Ti]4+. Whereas for the iron-doped system the charge compensating oxygen vacancies (V··

O)
lead to the formation of charged (Fe′

Ti− V··
O)· defect associates, no such associates have been observed for the

copper-modified system. As regards the morphotropic phase boundary, the model of a mesoscopic mixing
of the pure-member phases has been refined to a picture in which a nanoscale composition distribution
prevails. Copyright  2005 John Wiley & Sons, Ltd.
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INTRODUCTION

Functional ceramics based on lead zirconate titanate solid
solutions (Pb[ZrxTi1�x]O3, PZTx/1 � x) are the materials of
choice in a wide range of applications.1 – 3 A particular
advantage is given by the fact that the material properties
may be tailored by adding several transition-metal or rare-
earth elements on a percentage level. As most of these
functional centers are paramagnetic, EPR comes into play
as the method of choice, because the local structure of such
functional centers cannot be studied by standard bulk
characterization techniques because of their low abundance.

The pseudo-binary PZT solid-solution system as a
function of temperature is divided into a cubic paraelectric
and a ferroelectric phase. As a function of composition, the
region of ferroelectric phase is divided by a morphotropic
phase boundary (MPB) into two parts: a tetragonal phase
region on the Ti-rich side and a rhombohedral phase region
on the Zr-rich side. At room temperature, the boundary is in a
range of 0.53 � x � 0.55. For technical actuator applications,
mainly compositions near the MPB are of interest due
to the peak in piezoelectric response. For ferroelectric
memory devices, lead titanate is often used. In a systematic
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approach, the ‘end members’ lead titanate (PbTiO3, PT)
and lead zirconate (PbZrO3, PZ) are studied first. In these
compounds, functional acceptor-type Cu2C and Fe3C centers
are incorporated on the octahedrally coordinated B-site.

On a microscopic level, two main questions for PZT
compounds are currently of concern: the exact process of
charge compensation, including the creation of possible
defect associates, and a closer understanding of the nature of
the MPB. When doping with acceptor-type aliovalent ions,
the predominant process for charge compensation is the
creation of oxygen vacancies (V··

O), which, in turn, are usually
the dominant charge carriers in ceramic oxides (the Kröger
and Vink notation is used to describe the charge state of the
defect with respect to the neutral lattice). Open questions
are whether the excess charge is compensated locally near
the site of the functional center so that defect associates are
built, or whether the V··

O are rather mobile within the lattice.
As regards the MPB, the local structure is still unclear and,
in particular, the way this structure facilitates the rotation of
polarization from the tetragonal to the rhombohedral phase is
under controversial discussion. High-field/high-frequency
EPR is particularly well suited for solving such questions,
as the paramagnetic functional centers provide access for
sensitively probing the local symmetry at the dopant
site, including the association of lattice vacancies or local
symmetries for MPB compositions. So far, the vast majority
of reported EPR studies on copper(II) and iron(III) centers
in perovskite oxides have been carried out at X-band.4 – 25

However, high-field/high-frequency EPR26 – 29offers distinct
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advantages in overcoming problems encountered at X-band
that will be outlined in the following.

THEORETICAL DESCRIPTION

As we deal with different paramagnetic centers, different
terms in the spin Hamiltonian will be relevant. Cu2C has
a 3d9 electronic configuration, whereas Fe3C, on the other
hand, possesses a 3d5 configuration. For Cu2C, the spin
Hamiltonian for a single unpaired electron with spin S D 1/2

can be written as

H D beB0 Ð g Ð S � ˇngnB0 Ð I C S Ð A Ð I �1�

in which gn is the corresponding nuclear g-factor and ˇe

and ˇn are the Bohr and nuclear magnetons, respectively.
The first and second terms represent the electronic and
nuclear Zeeman interactions, respectively, where B0 denotes
the external field, given in the principal axes system of
the g-matrix. The last term describes the copper hyperfine
interaction (ICu D 3/2). The nuclear quadrupole interaction
does not contribute in first approximation to the EPR spectra
and, thus, has been omitted.

In case of free trivalent iron with five unpaired electrons
in the 3d shell, the total angular momentum is zero
and, therefore, the ground state of the free ion is 6S5/2.
A discussion of the Fe3C center in its high-spin form
(S D 5/2) should be based on the most general form of the
spin Hamiltonian, including fourth-rank tensor components
for the fine structure (FS) interaction as well.30 However,
considerable simplifications are justified. First, because of
the vanishing orbital momentum, the electron Zeeman
interaction will be represented by an isotropic g-value close
to the free electron g-value ge D 2.0023. Second, owing to
the relatively low natural abundance of the only magnetic
active isotope 57Fe, iron hyperfine interaction does not have
to be considered. Finally, an influence of fourth-rank tensor
elements could experimentally only be resolved in case of
iron-modified PbZrO3. Hence, the corresponding terms were
neglected, and the resulting simplified spin Hamiltonian for
a center at a site with the axial symmetry, as has been found
in PbTiO3, is given by

H D ˇegisoB0 Ð S C B0
2O0

2 �2�

and for a site with the lowest possible symmetry (C1� which
is found for the iron center site in PbZrO3, by

H D ˇegisoB0 Ð S C B0
2O0

2 C B2
2O2

2 C
∑

qD0,2,4

Bq
4Oq

4 �3�

The FS interaction is hence described by means of the param-
eters Bq

k together with the spin operators Oq
k. The FS splitting

parameters B0
2 and B2

2 may be described in terms of two
independent axial and orthorhombic operators (B0

2 D D/3
and B2

2 D E in conventional spectroscopic notation). The
convention jB2

2/B0
2j < 1 is assumed to ensure that the spin

quantization axis is z. Thus, if B0
2 6D 0 and B2

2 D 0, the ligand
symmetry is axial. For lower symmetry, besides the both
second-order parameters, additional fourth-order parame-
ters have to be included. For cubic symmetry, B0

2 D B2
2 D 0,

and the fine structure interaction is reduced to a contribution
restricted to the fourth-order parameters B0

4 and B4
4.

EXPERIMENTAL

Field-modulated continuous wave EPR experiments at
frequencies ranging from 94 to 320 GHz were performed
at the high-magnetic field facility at the NHMFL.31 In this
setup, the microwave radiation was provided by a multiplied
output of a gunn oscillator44 and no resonator was used.

RESULTS AND DISCUSSION

Even though high-field typically requires high-frequency
EPR and vice versa, two different aspects of high-field/high-
frequency EPR have to be distinguished when dealing with
different paramagnetic systems such as Cu2C and Fe3C

centers. In the case of Cu2C, we apply high external fields
in order to resolve the full anisotropy of the g-matrix. On
the other hand, for Fe3C, we make use of the enhanced
mw quantum energy at high frequencies for overcoming the
rather large energy gaps characteristic for iron(III) high-
spin systems in particular. In general, both high-field and
high-frequency EPR have an enhanced spectral resolution in
common as will be outlined in the following.

Cu2+-modified PZT
In Fig. 1(a,b), the X-band EPR spectra of the PZT solid-
solution pure members Cu : PbTiO3 and Cu : PbZrO3 are
shown. In particular, the gzz-region is well resolved for
both components. However, the values strongly vary when
changing from lead titanate (gzz D 2.332 š 0.001, ACu

zz D
395.0 š 0.5 MHz) to lead zirconate (gzz D 2.451 š 0.001,
ACu

zz D 210.5 š 0.5 MHz). The observed g-values with gzz >
gyy, gxx, are characteristic for Cu2C coordinated by six ligands
that form an elongated octahedron. This can be understood
in terms of a fivefold orbital degeneracy of the 3d9 ion that is
lifted in the presence of an octahedral crystal field, yielding
a triplet (t2g� and a doublet (eg�, with the latter lying lowest.
The lattice distortion splits the eg levels further, resulting
in an orbital-singlet dx2�y2 ground state. Consequently, it
can be inferred that the Cu2C ion substitutes at the [Zr,Ti]4C

site, acting as an electron acceptor. The similarity of effec-
tive ionic radii between Ti4C at 68 pm, Zr4C at 81 pm and
Cu2C at 72 pm as compared to Pb2C with a radius of 124
pm supports this assignment. For an MPB composition like
Cu : Pb[Zr0.54Ti0.46]O3, the X-band EPR spectrum, depicted in
Fig. 1(c), becomes considerably less resolved. Neither the gzz

nor the ACu
zz value is directly accessible. An unambiguous

identification of spectral components, however, would be
important in order to verify the assumption that the MPB
consists of a mesoscopic mixing of tetragonal (t) and rhombo-
hedral (r) phases. To prove this hypothesis, higher external
fields were invoked, for which the Zeeman interaction
becomes the dominant term in the spin Hamiltonian, thus
simplifying the spectrum and facilitating the determination
of the full g-matrix. The corresponding 240-GHz EPR spec-
trum is depicted in Fig. 1(e), exhibiting the spectral shape
expected for axial and orthorhombic g-matrices. In order
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Figure 1. EPR of 0.25 mol%-doped Cu : Pb[ZrxTi1�x]O3 at 5 K. (a–c) Cu : PbTiO3 (a), Cu : PbZrO3 (b) and Cu : Pb[Zr0.54Ti0.46]O3 at
X-band (9.7 GHz). (d, e) Cu : PbTiO3 (d) and Cu : Pb[Zr0.54Ti0.46]O3 (e) at 240 GHz; a ‘6-GHz spectrometer artefact’ is marked by an
asterisk with inset displaying the low-field region measured with increased signal to noise. Least-squares fit of the experimental
spectrum (bold) invoking three copper spectra, one of axial and two of orthorhombic symmetry (dashed) is shown. For details see
text.

to confirm the assignment of these structures to canonical
orientations of the copper g-matrix, EPR spectra were also
taken at various intermediate external fields. Using a nor-
malized field axis (‘g-value plot’), it was verified that two
spectral features marked by an asterisk are not invariant
with respect to a change in Larmor frequency, for which
reason they cannot be determined by a dominating g-matrix.
These lines have therefore been assigned to Fe3C impuri-
ties, which contribute variable resonance-line positions in
a g-value plot as these positions are determined by the FS
interaction. The remaining spectral features were attributed
to high-field stationary points of one axial (g? D 2.082) and
two different orthorhombic centers (g�1�

xx D 2.029, g�2�
xx D 2.050

and g�1,2�
yy D 2.082).32

At the low-field edge of the spectrum, at least two spectral
features (inset in Fig. 1(e)) have been resolved. Since no direct
assignment of the low-field features to particular axial (g�t�

jj )
and orthorhombic (g�r�

zz ) g-matrix components is possible, the
X-band EPR data of Cu(II)-modified PbTiO3 and PbZrO3

(Fig. 1(a, b)) are taken as reference, for which g�t�
jj < g�r�

zz

has been determined. The rather large difference in these
values is not unexpected, because the gjj- and gzz-values are
generally sensitive to a change in covalency of the Cu2C –O2�

in-plane � bonding,33,34 which, in turn, is due to the Zr4C –O2�

bonding being more polar (ionic) than the Ti4C –O2� bond
because of electronegativity differences. It is interesting to
note that the g-values assigned to the two maxima observed
fall within the range defined by the ‘pure’ Cu : PbTiO3 and
Cu : PbZrO3 gzz-values.

As compared to the MPB composition–type spectrum,
the high-field EPR spectrum of Cu : PbTiO3, shown in
Fig. 1(d), is considerably better resolved. The most striking
observation is shown in the inset of Fig. 1(d). Typically,
hyperfine features are lost at high fields since this interaction
does not scale linearly with the external field, whereas the
inhomogeneous broadening increases because of g-strain.
The fact that ACu

zz at 240 GHz could be resolved indicates
that g-strain plays no significant role in this compound.
Furthermore, possible g-matrix orthorhombicity, due to
nearest-neighbor lead vacancies (V00

Pb) for instance, could
not be resolved. The remaining features are again caused by
Fe3C impurities (marked by asterisks) that are always present
in this type of compound and a 6-GHz spectrometer artefact
(marked by a dagger).

TEM studies suggest that in PZT compounds with MPB
compositions, the domain topology consists of domains with
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possible orientations of polarization along the [001] as well as
along the diagonal [111] directions. As result, a microscopic
picture has emerged in which the MPB is made up as a
mesoscopic mixing of different structural phases.35,36 These
constituent phases were assigned to Zr-rich rhombohedral
and Ti-rich tetragonal phases correlated to the neighboring
single-phase regions in the phase diagram. In a recent
refinement of X-ray data, a monoclinic structure has been
proposed, substituting the rhombohedral by a monoclinic
phase.37 However, as XRD techniques are based upon the
coherent scattering at extended crystallographic planes, the
corresponding results, consequently, are insensitive to subtle
short-range changes as those probably present at the MPB.
These structural changes can be probed much better by
EPR, because g-values are only dependent on structural
data involving nearest and, to a lesser extent, next nearest
neighbors.

In the model of mesoscopic phase coexistence, a distinct set
of axial and orthorhombic EPR spectra would be expected.
In this model, there is no reason for a broad distribution
of crystal structures and resulting g-values. Comparing the
observed distribution of g-values in relation to the margin
set by the distinct g-values of the pure compounds as
illustrated in Fig. 2, another model for local phases at the MPB
emerges. The EPR results suggest that nanoscale composition
changes are present rather than a mesoscopic mixing of
the pure-member phases. The relevant characteristics of the
MPB are thus thought to be occurring on a considerably
reduced scale. The observed variations in g-values may be
caused by changes in covalency of the Cu2C –O2� bonding,
increasing with the Ti content in the neighborhoods of the
Cu2C functional center.

On the basis of the observed, astonishingly narrow EPR
lines for Cu : PbTiO3 even under high-field conditions, an
almost vanishing distribution of spin-Hamiltonian parame-
ters can be postulated. Strain is generally due to variations of
the local field around the Cu2C ion and may be particularly
pronounced if there are vacancies next to the ion. Hence,
it can be concluded that the Cu2C center in PbTiO3 most
likely builds no defect associate with an oxygen vacancy
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Figure 2. Variation of the gzz-value for 0.25 mol%-doped
Cu : Pb[ZrxTi1�x]O3 at 5 K. The horizontal dashed lines indicate
the hypothetic positions of the g-values for the pure
components.

in the nearest-neighbor shell, as has already been proposed
by taking into account the almost isotropic 207Pb hyperfine
coupling.28

Fe3+-modified PT and PZ
A situation often met for Fe3C centers in case of the
commonly employed X-band frequencies is given by the
fact that the FS is much larger than the electron Zeeman
energy. As a consequence, the Kramers doublets are well
separated and only transitions within each doublet can be
observed. Accordingly, the spectrum is described by defining
a separate effective spin Hamiltonian with S0 D 1/2 for each
doublet. Because of orientation-dependent state mixing, the
corresponding effective g0-values typically exhibit a rather
large anisotropy even though the pure electron Zeeman
interaction is isotropic.38 – 41 At zero field, the spins are
quantized along the z-axis forming three groups of doubly
degenerate states. After the application of an external field
along that axis, the quantization along the crystal z-axis is
retained, with the degeneracy being lifted proportional to B0.
If the magnetic field is perpendicular to the z-axis, there is
no first-order splitting of the jmS D š5/2i and j š 3/2i states,
whereas the j š 1/2i states are split with g0 ³ 6. A similar
situation holds for Q-band frequencies. The corresponding
X- and Q-band spectra, depicted in Fig. 3(a, b), are thus
relatively insensitive to a variation of mw frequency, the
main spectral feature consisting of one prominent line at low
field. In terms of effective g-values, the spectra are described
with g0

jj D 2.004 and g0
? D 5.994 for X-band and g0

jj D 2.004
and g0

? D 5.629 for Q-band. Because all orientations are
statistically realized in a powder, the resonances extend
from g0

jj to g0
?, and because the probability of B0 being

perpendicular to the z-axis is largest, the resonance peak
at g0

? is the dominant feature.
For the low-field condition jB0

2j × h̄ω, applicable to X- and
Q-band frequencies, a third-order perturbation approach42

taking into account g0
? at two different mw frequencies

allows the estimation of jB0
2j D 11.76 š 0.003 GHz (D D

35.28 š 0.01 GHz). However, one has to keep in mind that
this is a rather rough estimate giving only the order of
magnitude of the FS interaction, rather than an accurate
value. If information about the local structure about the
iron center is to be derived by means of the semiempirical
Newman superposition model,32 the accurate determination
of size and sign of B0

2 is indispensable.
This information can be provided by performing EPR

experiments at mw frequencies, for which the limit �mw >
2jB0

2j is approached. This leads to more complex, but also
more informative, EPR spectra, shown in Fig. 3(c,d).29 The
W-band EPR spectrum (95 GHz), depicted in Fig. 3(c), is
representative of an intermediate field regime. For this situ-
ation, the crystal-field terms are comparable to the electron
Zeeman interaction. Hence, no simple pattern of the EPR
spectrum results. The observed sharp lines, however, can be
identified as arising from resonances with only minor orien-
tation dependence. To obtain complete agreement between
simulation and experiment, it had to be assumed that the
sample was exposed to oscillating B1 field components being
both parallel and perpendicular to B0. This phenomenon
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Figure 3. Multi-frequency EPR of 0.5 mol%-doped Fe : PbTiO3 at 5 K; (a) X-band (9.31 GHz), (b) Q-band (33.95 GHz), (c) W-band
(95.28 GHz) and (d) 319 GHz. Below the spectra, the orientation dependence of the resonance lines is illustrated. For the W-band
EPR spectrum, the numerical spectrum simulations involve B1 in the perpendicular (top) and parallel (bottom) modes. The 319-GHz
EPR spectrum involves numerical spectrum simulations with positive (top) and negative (bottom) B0

2. An underground impurity signal
at g D 2 is marked by an asterisk.

is caused by multiple reflections and general imperfec-
tions (mode impurity) in the mw propagation system, in
contrast to cavity-based systems with a well-defined B1

polarization.43 For spectrum simulations, this effect neces-
sitates consideration of parallel and perpendicular EPR
modes. In contrast, for the 319-GHz EPR spectrum, shown
in Fig. 3(d), the high-field regime is reached, simplifying the
spectrum further.

Another important property of high-frequency EPR is
to consider the large polarization effect observed at liquid
helium temperature. For a given mw frequency �mw, a
polarization temperature

T��mw� D h�mw/kB �4�

can be defined, where kB is the Boltzmann constant. At
319 GHz, T(319 GHz) ³ 16 K, which means that at 15 K only
the lowest energy level is thermally populated. This usually
renders a symmetric spectrum that is highly asymmetric
with respect to line intensities. In our case, FS splitting
and electron Zeeman energies are much larger than kBT at
15 K at which temperature spectra were recorded for the
determination of the sign of B0

2. Under these conditions,
the temperature dependence of particular resonances allows
the determination of the sign of the splitting parameter B0

2.
Numerical spectrum analysis resulted in a positive sign of
the FS interaction and a value of B0

2 D 11.76 š 0.003 GHz.21

Typically, g-anisotropy is neglected when describing
iron(III) centers. In principle, the g-matrix would be expected
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to have a finite anisotropy of axial symmetry as well.
However, in practice, any anisotropy not exceeding 1 to 2%
have generally been reported30 and they are not detectable for
powder samples at X-band frequencies. This situation does
not change even at 319 GHz, because numerical simulations
including g-anisotropy of up to 1% did not result in noticeable
corrections to the FS parameter set determined by the multi-
frequency analysis.

The relatively large value of B0
2 can be used to derive

detailed information about the local environment for the
Fe3C ion. The experimental data can be modeled with the
help of the Newman superposition model. Only by assuming
Fe3C to be located at the B-site correlated with a nearest-
neighbor oxygen vacancy, the measured value for the FS
could be reproduced. On the basis of the experimentally
determined FS value, the conclusion is thus drawn that iron
builds a defect associate with a directly coordinated oxygen
vacancy (Fe0

Ti –V··
O)·. Moreover, it can be concluded from

the axial symmetry of the FS tensor that the orientation of
the (Fe0

Ti� V··
O)· defect dipole is along the crystallographic c-

axis. Any other coordination of the oxygen vacancy along
either a or b would reduce the symmetry of the FS tensor
to orthorhombic, which was not observed within spectral
resolution. These results are in agreement with density-
functional theory calculations.32

The high-frequency approach thus allows determining
the absolute value and sign of the axial fine structure
parameter for polycrystalline compounds without ambiguity
and with superior accuracy as compared to single-crystal
studies at X-band frequencies. This is possible because FS
values at high fields can accurately be determined via first-
order effects rather than by second-order shifts at low fields.
A second consequence is that a distribution υB0

2 of the
FS parameter is observable as first-order variation of the
line positions that result in line broadening in the high-
field spectra. At X-band, this effect is of second order
only and, thus, almost vanishes. Hence, no information
about distribution can be gathered. In contrast, fourth-
order FS parameters were not accessible by numerical
spectrum simulations up to 319 GHz, which in turn are
accessible by orientation-dependent single-crystal studies at
X-band.5,16,26

The other ‘end member’ of the solid-solution system is
the antiferroelectric lead zirconate. As compared to lead
titanate in its tetragonal ferroelectric phase, PbZrO3 is of
lower symmetry; for which reason the rhombic second-order
FS parameter B2

2 has to be included in the spectral analysis.
At low mw frequency (jB0

2j × gˇeB0), the contribution of
the electron Zeeman interaction is small compared to the FS
interaction, and the EPR spectra are mainly determined by
the rhombicity of the FS tensor, i.e. the B2

2/B0
2 ratio. In contrast,

at high frequencies (jB0
2j − gˇeB0), the information content

provided by the EPR spectra is considerably increased, as the
g-value and both the axial and the rhombic FS parameters
may be determined. The corresponding high-frequency EPR
spectra of Fe3C : PbZrO3 are depicted in Fig. 4. The spectra are
transformed into a representation centered about the central
transition jmS D C1/2i $ j � 1/2i at g D 2.002. Obviously,
the spectra are dominated by the FS interaction, as the

peripheral transitions jmS D š5/2, š3/2i $ j š 3/2, š1/2i
cause identical satellite features for different mw frequencies.
Contrary to PbTiO3, the W-band is sufficient to establish the
high-field regime for PbZrO3, indicating a reduced size of
the FS parameters.

In principle, in the high-field regime, symmetric spectra
centered about g D 2.002 are expected. In case of a weak
axial crystal field, where jB0

2j − gˇeB0 and B2
2 D 0, the

EPR spectrum would consist of a central transition with
critical points at the polar angles � D 0, 0.2322� and
�/2, and peripheral transitions, which only show critical
points at � D 0 and �/2. The splitting between the lines is
�3B0

2�
2/B0 for the central and 3B0

2 for the peripheral transitions,
respectively. Because the symmetry is less than axial (B2

2 6D 0),
the spectral features for � D 0.2322� and �/2 are further split
by the rhombic distortion.

The main difference between EPR spectra measured at
various mw frequencies is the orientation dependence of the
central transition, as schematically illustrated in Fig. 4. This
orientation dependence of the central transition is due to
a second-order effect and manifests itself in the decreasing
width B / �B0

2�
2/�mw of the central transition as a function

of increasing mw frequency �mw. Thus, in a frequency plot
(�mwB�1/2 has to be a constant, and any deviation from
this scaling may be traced back to g-anisotropy. Because
in this case there was no observable deviation from this
1/B0 scaling, an upper limit for the g-anisotropy may be
given. For its evaluation, the width of the central transition
 D 60 mT at the highest mw frequency can be compared
to the 10 T resonance field of the central transition. The
possible size of the g-anisotropy has, thus, to be far below
0.6%. This imposes a much more stringent limit than the
previously reported values of 1–2% obtained from X-band
single-crystal studies and the 1% deviation estimated for our
analysis of the high-frequency EPR spectra of lead titanate.
The enhanced accuracy for lead zirconate is due to the fact
that here the high-field condition is established, yielding a
narrow central transition.

A second distinctive feature of the high-frequency EPR
spectra is the asymmetry of the peripheral lines, as the
low-field part of the spectrum markedly deviates from the
high-field part. As g-anisotropy as a possible reason may
be ruled out, the observed asymmetry is ascribed to a
polarization effect. At W-band, the polarization temperature
amounts to T�94 GHz� ³ 5 K. Hence, numerical spectrum
simulations allows determining the sign and magnitude
of the axial FS parameter to B0

2 D C2.7 š 0.1 GHz. The
ratio B2

2/B0
2, often used as a parameter to characterize

the extent of rhombicity for a given system, has been
determined as jB2

2/B0
2j ³ 0.405 š 0.005. The asymmetry of

the peripheral lines enables calculation of the fourth-order
parameters by means of the numerical simulation, where
the only parameters with significant impact are B0

4 and
B4

4, which have been determined as B0
4 D 2.5 š 0.5 MHz

and B4
4 D 12.5 š 0.5 MHz. Even though the FS interaction

is considerably smaller in lead zirconate than in lead
titanate, semiempirical calculations reveal a (Fe0

Ti� V··
O)· defect

associate.
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Figure 4. EPR of 0.5 mol%-doped Fe : PbZrO3 at 5 K with transformation of the spectra into a representation centered about the
central transition at g D 2.002 without normalizing the mw frequency. The outer features are represented in a (a) �mw D 93.216 GHz;
(b) �mw D 189.912 GHz and (c) �mw D 276.492 GHz. The orientation dependence of the resonance lines is illustrated at the right of
the corresponding spectra, involving the central transition jmS D C1/2i $ j � 1/2i (bold) and peripheral transitions
jmS D š5/2, š3/2i $ jš3/2, š1/2i (dashed).

CONCLUSION AND OUTLOOK

In summary, copper(II)- and iron(III)-modified Pb[ZrxTi1�x]
O3 ferroelectrics have been investigated by means of
high-field/high-frequency EPR. The results obtained suggest
that Cu2C and Fe3C both substitute as acceptor centers for
[Zr,Ti]4C. Whereas for the iron-doped system the charge
compensating oxygen vacancies form (Fe0

Ti –V··
O)· defect

associates, no such associate has been observed for the
copper-modified system. The V··

O, hence, provide rather
mobile defects in the compound.

With respect to the structure of the MPB, the model
of a mesoscopic mixing of the pure-member phases has
been refined. In this new picture, a nanoscale composition
distribution prevails.

As an outlook, the high-frequency analysis of functional
centers in the lead titanate solid-solution system will be
extended to donator-doped PZT compounds, such as Gd3C

centers, in order to study the role of V00
Pb.
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