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Abstract—Ferroelectric 1 mol.% La3+ and 0.5 mol.%
Fe3+ codoped Pb[Zr0�54Ti0�46]O3 ceramics were studied by
means of multifrequency electron paramagnetic resonance
(EPR) spectroscopy. The obtained results prove that iron
is incorporated at the [Zr,Ti]-site, acting as an acceptor and
building a charged (Fe�Zr,Ti�V

��

O )� defect dipole with a di-
rectly coordinated oxygen vacancy for partial charge com-
pensation. This feature of the defect associates has hith-
erto been identified only in hard, exclusively Fe3+-doped
PZT compounds. The present results show, however, that
a similar defect association of the Fe3+ functional center
with a V ��

O also exists in soft, donor-acceptor (La3+,Fe3+)-
codoped PZT.

According to models developed by Arlt et al. electric
dipoles from defect associates, such as the (Fe�Zr,Ti� V

��

O )�

defect associate, which may give rise to an internal bias field
that is discussed being responsible for ferroelectric aging.

I. Introduction

The characterization of defect structure in piezoelectric
lead zirconate titanate Pb[ZrxTi1−x]O3, (PZT x/1-x)

ceramic compounds is an important issue. In particular,
acceptor-doped ceramics with high concentration of oxy-
gen vacancies (V ••

O ) show increased change of their electri-
cal properties with time, the phenomenon being termed as
ferroelectric aging [1]. On the other hand, donor-doped ce-
ramics with no significant V ••

O concentration are more sta-
ble in time concerning their electrical properties [2]. By si-
multaneously codoping with acceptor- and donor-dopants,
PZT compounds of excellent piezoelectric characteristics
may be obtained [3]. The common understanding of the
aging phenomenon is that domain-wall motion is increas-
ingly restricted with time [4]. Macroscopically, aging is typ-
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ically indicated by a shift of the hysteresis loop along the
electric field axis [5], [6]. This shift is generally termed
internal bias field and is believed to occur owing to a per-
sistent alignment of defect dipoles present in the material
[7]. Obviously, there is major interest to clarify the role of
dopant impurities, as well as their immediate surroundings
and possible association with lattice vacancies.

In order to microscopically analyze the defect structure,
electron paramagnetic resonance (EPR) spectroscopy pro-
vides valuable insights [8], [9]. For model-type acceptor-
doped hard components, the predicted existence of defect
dipoles has been observed for Fe3+-modified PbTiO3 [10]–
[12] and PbZrO3 [12], [13] compounds. However, for other
acceptor centers, such as Cr3+ in PbTiO3 [14] or Cu2+ in
PZT 54/46 [12], [15], [16], no defect associates were de-
tected up to now.

In this work, we report on multifrequency EPR stud-
ies of the Fe3+ functional centers in soft (La,Fe)-codoped
PZT 52.5/47.5, studied at a temperature of 10 K. The elec-
tronic fine-structure (FS) interaction induced by the crys-
tal field originating from the nearest-neighbor O2− ions
and potentially oxygen vacancies around the Fe3+ center
provides the possibility for sensitively probing the local
symmetry at the dopant site. Here, we aim particularly to
transfer the results obtained for the acceptor-doped hard
pure-member phases lead titanate and lead zirconate to a
technologically relevant codoped soft PZT composition.

II. Experimental

A. Sample Preparation and Characterization

Stoichiometry calculation for the preparation of the
(La,Fe)-codoped PZT 52.5/47.5 powder was based on the
assumptions that La3+ ions occupy ABO3 perovskite A2+-
sites in the PZT lattice, and that the resulting charge
compensation is accomplished by the formation of lead
vacancies V ′′

Pb. Fe3+ was expected to incorporate to the
B4+-site of the perovskite structure. The resulting defi-
ciency in positive charges from iron ions was supposed
to be compensated by oxygen vacancies V ••

O . Indepen-
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dent formation of V ′′
Pb and V ••

O was assumed. The ef-
fects from dopants and the resulting formation of vacancies
were taken into account when determining the appropriate
amounts of raw materials. Consequently, a powder mix-
ture was prepared according to the chemical composition
Pb0.985La0.01(Zr0.5224Ti0.4726Fe0.005)O2.9975.

The material was prepared by the mixed-oxide route
[17]. A detailed description of processing method, process-
ing parameters, and raw materials is given in [18]. After
dry forming by uniaxial and subsequent cold isostatical
pressing, the pellets were sintered in closed alumina cru-
cibles for 6 hours at 1050◦C in air. Mass losses during
sintering were at 0.2 wt.% approximately. Densities of the
sintered ceramics were at 7.8 g cm−3. The samples for
the EPR measurements were prepared from slices, which
were cut from the inner part of the sintered bodies. The
slices were first ground and polished to a thickness of
250 µm. Thereafter, rectangular plates were sawed from
these thin ceramic disks. For the W-band experiments
6×6×0.25 mm3 plates were used. Dimensions of the sam-
ples prepared for the X- and Q-band measurements were
4 × 6 × 0.25 mm3.

B. Spectroscopic Measurements

X- (9.4 GHz) and Q-band (34 GHz) band continuous
wave EPR measurements were performed on Bruker ESP
300E spectrometers with rectangular TE112 and cylindri-
cal dielectric TE102 resonators, respectively. The magnetic
field was read out with an NMR gaussmeter (ER 035M,
Bruker AG, Karlsruhe, Germany) and for cryogenic tem-
peratures down to 10 K, a helium-flow cryostat (Oxford In-
struments, Oxford, UK) was used. The applied microwave
power was 1.0 · 10−3 mW, and the field was modulated
with a frequency of 100 kHz and amplitude of 0.1 mT. The
magnetic field was calibrated by a standard field marker
(polycrystalline DPPH with g = 2.0036).

Field-modulated continuous wave EPR experiments at
high-frequencies (107.2 GHz) were performed at the high-
magnetic field facility at the National High Magnetic Field
Laboratory, using a quartz synthesizer for the microwave
(mw) radiation and a setup without resonator [19].

III. Theoretical Description

A. Electron Paramagnetic Resonance

The trivalent lanthanum ion has a 5p6 electronic con-
figuration, hence being diamagnetic and consequently not
showing any EPR signal. Contrary, the free trivalent iron
ion possesses five unpaired electrons in the 3d shell (3d5)
with a high-spin 6S5/2 ground state. The corresponding
spin-Hamiltonian for this ion may be written as:

H = gisoβeB0 · S +
−k≤q≤k∑
k=2,...,6

Bq
k Oq

k(Sx, Sy, Sz), (1)

where the g-matrix may be replaced by an isotropic value
giso = 2.002, βe denotes the Bohr magneton, B0 the exter-
nal magnetic field, Bq

k are the FS spin-Hamiltonian param-
eters, and Oq

k are the extended Stevens spin operators [20],
[21]. In principle, all conceivable Bq

k parameters, resulting
from 2nd to 6th-rank tensors, have to be considered [22].
However, experimentally only the 2nd-rank Bq

2 parameters
for Fe3+ could reliably be determined by means of numer-
ical spectrum simulation using (1).

B. Newman Superposition-Model Analysis

In order to extract relevant structural information
from the obtained Fe3+ FS parameters, the Bq

2 spin-
Hamiltonian parameters for different oxygen octahedral
arrangements about the Fe3+ functional center may be
modeled by summing up contributions from particular lig-
ands. In the case of the Fe3+ functional center in PZT,
these contributions are generated predominantly from the
nearest-neighbor oxygen-ligand surrounding. According to
the Newman superposition model (NSM), the Bq

2 FS pa-
rameters can be expressed as sum over the single oxygen
ligands [23]:

Bq
2 =

1
3

∑
i

b̄2(Ri)K
q
2 (θi, φi), (2)

with the single-ligand contribution b̄2(Ri) obeying a
power-law dependence on the distance between the Fe3+

and O2− ions according to:

b̄2(Ri) = b̄2(R0)
(

R0

Ri

)t2

. (3)

The coordination factors Kq
2(θi, φi) embody the geomet-

rical arrangement of the ligand oxygens [24], [25]. The
power-law exponent t2 together with the single-ligand con-
tribution b̄2(R0), where R0 corresponds to the intrinsic
Fe3+ − O2− bond distance. They are characteristic for the
particular ion-ligand system and have been refined empir-
ically over the last decades.

In order to include a V ••
O at a particular oxygen site

into the modeling of Bq
2 , the corresponding term in (2) is

set to zero.

IV. Results

A. Multifrequency-EPR Analysis

The X-band EPR spectrum of soft (La3+,Fe3+)-
codoped PZT 52.5/47.5 is depicted in Fig. 1(a). Anal-
ogously to the recently reported EPR analysis of
(La3+,Fe3+)-codoped PZT 40/60 [18], the observed X-
band spectra are representative for the so-termed low-
frequency regime (3Bq

2 � hνmw) with two main resonances
at low fields. Principally, these give information about the
prevailing Fe3+ site symmetry. The resonance at 120 mT
is representative for a center of tetragonal symmetry and
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Fig. 1. (a) X- (9.4 GHz) and (b) Q-band (34 GHz) EPR spectra of 1.0 mol% La3+, 0.5 mol% Fe3+-doped PZT 52.5/47.5 at 10 K. Numerical
spectrum simulations are superimposed to the experimental spectra, visualizing the contribution of rhombic (top) and axial (bottom) centers
to the EPR spectrum.

the resonance at 180 mT is due to a center of rhombic
symmetry. Even though, in the low-frequency regime the
symmetry of the FS tensor may sensitively be determined,
no further information is accessible about the sign and size
of the FS parameters.

By increasing the Larmor frequency to Q-band
(34 GHz) an intermediate-frequency regime (3Bq

2 ≈ hνmw)
is established for the rhombic center. In the correspond-
ing EPR spectrum, given in Fig. 1(b), spectral contribu-
tions from the two centers are separated as the axial center
still is in the low-frequency regime, for which reason only
a resonance line at 500 mT is observed. The remaining
resonances are due to the rhombic center. The situation
is complicated because so-called looping transitions that
do not continue over all possible orientations, and cross-
ing transitions that are degenerate at specific orientations
occur [26]. Hence, the determination of FS parameters is
facilitated only by numerical spectrum simulation.

In order to extract also the FS parameters for the axial
center, again the mw frequency is selectively chosen so that
this center is in the intermediate-frequency regime. For the
rhombic center, the high-frequency regime (3Bq

2 � hνmw)
is established. This situation is achieved by going to even
higher Larmor frequencies at W-band (107.2 GHz). Again,
spectral contributions of the two centers do not overlap,
because now the resonances originating from the rhombic
center are centered about g = 2.002 (∼ 3.9 T). The res-
onances from the axial center span the field range down
to almost zero field. The corresponding EPR spectrum is
shown in Fig. 2. Additionally to the size of the FS param-
eters, at low temperatures their sign may be determined.

By using multifrequency EPR numerical spectrum sim-
ulation, the determined results for the Fe3+ 2nd-rank FS
parameters are summarized in Table I.

Fig. 2. High-frequency 107.2 GHz EPR spectrum of 1.0 mol% La3+,
0.5 mol% Fe3+-doped PZT 52.5/47.5 at 10 K. Numerical spectrum
simulations are superimposed to the experimental spectrum, visual-
izing the contribution of rhombic (top) and axial (bottom) centers
to the EPR spectrum.

TABLE I
Spin-Hamiltonian Parameters for the Rhombic and

Tetragonal Centers in 1.0 mol% La
3+

, 0.5 mol% Fe
3+

-doped

PZT 52.5/47.5 at 10 K.
1

giso B0
2 (GHz) B2

2 (GHz)

Rhombic center 2.002 6.5 2.2
Tetragonal center 2.002 12.2 —

1Obtained by multifrequency numerical spectrum simulation.
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Fig. 3. Newman superposition calculations for B0
2 (a) and (b) and B2

2 (c) for (La3+,Fe3+)-codoped PZT 52.5/47.5. (a) Oxygen vacancy at
apical position. (b) and (c) Oxygen vacancy at equatorial position. The dashed horizontal lines represent the experimental values for B0

2
and B2

2 , respectively. The dashed lines represent the Newman superposition calculations with an associated oxygen vacancy. The solid lines
are for calculations assuming a complete octahedron. The distance d is defined according to a line connecting O2− and the original B-site
position, with the positive direction toward the O2− position.

B. Superposition-Model Analysis

In order to convert the determined information embod-
ied in the Fe3+ FS parameters into structural information,
different models concerning the local structure at the Fe3+

functional center will be considered with the help of the
semi-empirical Newman superposition model [23]. Hereby,
the intrinsic NSM parameters b̄2 = −12.3514 GHz, t2 = 8,
and R0 = 210.1 pm were adopted from MgO single crystals
containing Fe3+ impurity centers. This system has equiv-
alent Fe3+−O2− bonds in octahedral coordination [27],
[28]. For the modeling of the (Fe′

Zr,Ti − V ••
O )• centers in

PbTiO3 [11] and PbZrO3 [13], respectively, this set of pa-
rameters already has proved yielding reliable results. The
nearest-neighbor oxygen positions were taken from the X-
ray data at ambient temperature [29]. In order to roughly
estimate the increased crystallographic c/a-ratio at 10 K
as compared to the data reported at ambient tempera-
ture, the fractional coordinates along the crystallographic
c-axis were increased by 20%. This value seems reasonable
as a similar temperature dependence has been observed for
PbTiO3 [11]. Owing to the tetragonal crystal symmetry,
the coordinate system for the NSM calculation was chosen
identical to the crystal coordinate system. The FS tensor
was transformed into its eigenframe.

In order to decide if an oxygen vacancy occurs in the
first coordination sphere of the iron center or if charge
compensation occurs in a more distant sphere, structural
models were investigated with and without an oxygen va-
cancy in the nearest neighbor position of the Fe3+ center.
Additionally, for the model assuming a (Fe′

Zr,Ti − V ••
O )•

defect association, two different arrangements were con-
sidered, accounting for the observed centers of tetragonal
and rhombic symmetry. Consequently, the V ••

O was once
located at the apical oxygen position, and then at the equa-
torial one. Parameters B0

2 and B2
2 then were calculated

varying the position of Fe3+ ion along the line connecting
its initial position with the respective oxygen position, in
which the distance d is defined as the shift of the Fe3+ ion
along this line. Within this convention, a positive sign of
d denotes a shift toward the oxygen vacancy.

Fig. 3 represents the calculated FS parameters B0
2 and

B2
2 as functions of the distance d for the three structural

models. For comparison, the experimentally-obtained val-
ues for B0

2 and B2
2 are represented by solid horizontal lines

for both the axial and the rhombic center. Obviously, con-
sidering the results obtained for the axial center [Fig. 3(a)],
agreement with the experimentally obtained B0

2 value can
be obtained only if an (Fe′

Zr,Ti − V ••
O )• defect associate is

generated as the model invoking a complete octahedron
does not reproduce the experimental value regardless of
displacement d. Exploiting the so determined displacement
parameter d for the axial center, a microscopic arrange-
ment emerges in which the Fe3+ functional center relaxes
back into the plane of equatorial oxygens. This observa-
tion is in qualitative agreement with the results obtained
for acceptor-type Fe3+-modified PbTiO3 [11].

When considering the rhombic center [Fig. 3(b)], in
principle, also the situation with complete oxygen octahe-
dron reproduces the experimentally B0

2 value. However, in
this arrangement, a tetragonal site symmetry would result
contradicting the symmetry as determined by the multi-
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frequency EPR analysis. Furthermore, the results obtained
for the B2

2 value [Fig. 3(c)] are clearly in favor of the pro-
posed (Fe′

Zr,Ti − V ••
O )• defect association.

With respect to the reliability of the predictions ob-
tained by the semi-empirical NSM approach, the argu-
ments pointed out in former studies should be taken into
account [11], [13]. These include the fact that crystal dis-
tortions near the substituted ion and contributions from
ions or vacancies more distant than neighboring ligands
are neglected, the assumption made in the NSM analysis
that the spin-Hamiltonian parameters exclusively result
from individual crystal field contributions of every nearest-
neighbor ion, and the approximation of two-electron ex-
pectation values characteristic for the FS interaction by
means of single-electron-derived charge densities. Because
the NSM has proved to yield reliable results for determin-
ing the second-rank FS parameters in S-state ions, owing
to a continuous refinement of its intrinsic parameters over
several decades using a large set of experimental data, the
here predicted structural data is considered as reliable.

V. Discussion

Concerning the prevailing defect-structural arrange-
ment at the Fe3+ functional center site, the Fe3+ ion is
incorporated onto the perovskite B-site, acting as an ac-
ceptor. For partial charge compensation, (Fe′

Zr,Ti − V ••
O )•

defect dipoles are created. Concerning the resulting dis-
placements of the Fe′

Zr,Ti center as compared to the Zr×
Zr

and Ti×Ti positions, the B0
2 calculations predict a displace-

ment d of the Fe3+ functional center in opposite directions
of the oxygen vacancy toward the remaining pyramid of
oxygen ions. Qualitatively, this result corresponds to the
situations encountered in Fe3+-doped hard PbTiO3 [11]
and PbZrO3 [13], for which a comparable relaxation of the
Fe3+ functional center back into the plane of the equatorial
oxygens has been observed. Consequently, the size of the
corresponding defect dipole moment is enhanced because
the distance between V ••

O and Fe′
Zr,Ti is increased.

A particularly interesting observation is that the Fe3+

functional center is still associated with a charge compen-
sating V ••

O , even though the compound investigated is a
soft donor-doped material by majority. For such cases, it
has been discussed that the V ′′

Pb may compensate the V ••
O

resulting in reduced concentrations of both types of va-
cancies. However, the formation of (Fe′

Zr,Ti − V ••
O )• defect

associates seems to be favored over a complete compensa-
tion in case of (La3+,Fe3+)-codoped PZT 52.5/47.5. This
type of charge compensation has not yet been clarified.

More generally, the (Fe′
Zr,Ti − V ••

O )• defect dipole pro-
vides an anisotropic center that favors a specific direction
of polarization. It has been much speculated about the
orientation of the (Fe′

Zr,Ti − V ••
O )• defect dipole with re-

spect to the orientation of the spontaneous polarization
[30]. In (La3+,Fe3+)-codoped PZT 52.5/47.5, two types of
(Fe′

Zr,Ti − V ••
O )• centers were observed, which differ with

respect to their orientation relative to the direction of

spontaneous polarization. Both arrangements of the corre-
sponding defect dipole, parallel and perpendicular to the
orientation of spontaneous polarization, were found. In this
scenario, the orientation of the defect dipoles are defined
by the position of the oxygen vacancy in the oxygen oc-
tahedron. A V ••

O in one of the equatorial oxygen positions
generates a (Fe′

Zr,Ti − V ••
O )• defect dipole perpendicular

to the orientation of spontaneous polarization. A V ••
O in

the apical oxygen positions forms a defect dipole collinear
to the orientation of spontaneous polarization. Changes
in the position of the V ••

O within the oxygen octahedron
via ionic hopping processes will result in a reorientation of
the corresponding dipole. The kinetic behavior of a situ-
ation in which an oxygen vacancy is a mobile particle in
the oxygen octahedron enclosing an acceptor ion has been
described in a relaxation model [30]. Within this model,
the relaxation time of ferroelectric ceramics is determined
by the thermally activated diffusive jumping of the oxygen
vacancies.

More generally, macroscopic dielectric and ferroelectric
properties of PZT strongly depend on the prevailing mi-
croscopic defect structure [7], [31]–[33]. With this respect,
the macroscopic behavior of aged ferroelectric materials,
in particular the shift of the polarization hysteresis loops
along the electric field axis, is attributed to effects result-
ing from the presence of point defects. This macroscopic
phenomenon is known as internal bias field. However, there
are different approaches for the explanation of the under-
lying physical origin of an internal bias field and its inter-
action with point defects [34]. On the one-hand, domain
walls can be pinned at positions of low energy, such as
provided by point defects. The pinning may either occur if
the domain wall moves toward a point defect [35], [36] or
by migration of the point defect toward the domain wall
[37]. Alternatively, it has been proposed that the internal
bias field is due to internal electric dipoles resulting from
a cooperative mechanism such as an alignment of defect
associates along a persistent orientation. This mechanism
was investigated in detail for Ni2+-doped BaTiO3 [30]. The
possibility that dipolar defect complexes can pin the po-
larization of the surrounding crystal has been furthermore
demonstrated by density functional theory (DFT) calcu-
lations [38]. In particular, oxygen-vacancy related defect
dipoles have been shown to be involved in voltage offsets
leading to imprint failure [39] and are suggested to play
a crucial role in electrical fatigue [38], [40]. Moreover, an
alignment of the defect dipoles leads to an increased in-
ternal bias field that may lead to a clamping of domain
walls [41]. The defect-structural arrangements found here,
including directions of internal bias fields and spontaneous
polarization, are schematically illustrated in Fig. 4.

The ferroelectric aging phenomenon in ABO3 per-
ovskite oxides containing a defect structure consisting of
a V ••

O and an acceptor impurity D′
B has also theoretically

been considered in detail [42]. The probability of finding
an oxygen vacancy in the nearest neighbor position of the
D′

B acceptor center is predicted to be highest along the
crystallographic c-axis. In this symmetry-conforming point
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Fig. 4. Schematic representation of the proposed structural models. (a) Zr4+, Ti4+ sites surrounded by an oxygen octahedron, as represen-
tative for the situation in the undoped compound. (b) (Fe′

Zr,Ti − V ••
O )• defect dipole oriented along the crystallographic c-axis, forming an

axial center. (c) (Fe′
Zr,Ti − V ••

O )• defect dipole oriented along the crystallographic a, b-axes, creating a rhombic center. The directions for
spontaneous polarization (PS) and defect polarization (PD) are indicated by arrows.

defect configuration, the spontaneous polarization associ-
ated with the polar tetragonal crystal symmetry, and the
defect polarization, associated with the noncentric distri-
bution of charged point defects, are oriented in antiparallel
with respect to each other. As a consequence, the nonre-
versible domain switching in aged ferroelectrics was pro-
posed due to such symmetry-conforming point defects. In
this model, the orientation of defect dipoles was shown to
be unstable in the cubic paraelectric phase. In a tetrago-
nal ferroelectric phase, they were transformed to a stable
state after aging. The defect symmetry followed the crys-
tal symmetry. A similar model already has been proposed
on the basis of a gradual alignment of (Fe′

Ti −V ••
O )• defect

dipoles in BaTiO3 and PZT [43], [44].

VI. Conclusions

The existence of (Fe′
Zr,Ti − V ••

O )• defect dipoles in
(La3+,Fe3+) co-doped PZT 52.5/47.5 has been experimen-
tally observed by means of a multifrequency EPR study.
In particular, the approach presented here may allow one
to further investigate the interplay between defect dipoles
with respect to the macroscopic phenomena, such as the
poling behavior, the ferroelectric aging, or the existence of
internal bias fields also in soft-doped material. Macroscop-
ically, their existence may lead to internal bias fields.
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