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Multifrequency electron paramagnetic resonance analysis
of polycrystalline gadolinium-doped PbTiO3—Charge compensation
and site of incorporation
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Gadolinium�III�-modified polycrystalline lead titanate �PbTiO3� of 1.0 mol % dopant level was
investigated by means of multifrequency electron paramagnetic resonance spectroscopy in order to
determine sign and size of the local-environment sensitive finestructure parameter B2

0. The Gd3+ ions
were assigned to substitute for Pb2+ at the A site of the perovskite ABO3 lattice, providing donor
centers. The obtained value amounts to B2

0=0.776�2� GHz at ambient temperature and
0.860�2� GHz at 5 K, thus showing a considerable temperature dependence. A charge-compensation
mechanism is proposed that is based solely on the creation of lead and oxygen vacancies. © 2006
American Institute of Physics. �DOI: 10.1063/1.2185258�
Lead–zirconate–titanate �Pb�ZrxTi1−x�O3, PZT x /1−x�
functional ceramics are extensively used for a wide range of
applications, including piezoelectric actuators and nonvola-
tile memory devices. In particular, the so-called “soft dop-
ing” by donor-type ions, such as aliovalent A3+ and B5+ cen-
ters in the ABO3 perovskite structure plays a crucial role as it
is a mandatory prerequisite for enabling the switching of
domains at moderate electric fields. To investigate the role of
such low-abundant functional centers, electron paramagnetic
resonance �EPR� has been established as the method of
choice due to its superior sensitivity. One of the most promi-
nent soft-doped compounds is lanthanum-modified
�Pb1−yLay��ZrxTi1−x�O3, PLZT y /x /1−x �PZT�. As the iso-
electronic model system for the diamagnetic La3+ functional
center, we used the paramagnetic Gd3+ ion. An obvious start-
ing point for a detailed analysis of the role of such donator-
type defects in the PZT solid solution system is facilitated by
first studying the pure-phase members lead–titanate PbTiO3
�PT� and lead zirconate PbTiO3 �PZ�.

When donor doping due to the trivalent Gd3+ substitut-
ing for divalent Pb2+ is considered, the most probable pro-
cess for charge compensation is the creation of double-
negatively charged lead vacancies �VPb� �. Generally, the VPb�
are suspected of playing a dominant role in the switching
behavior of ceramic oxides, even though no detailed picture
is currently available. Another topic of interest is the dis-
cussed ability of “self compensation” for lanthanide dopants,
in which the gadolinium functional center is incorporated
simultaneously onto Pb2+ and Ti4+ sites. Hence, it is of con-
siderable interest to gain insight into the charge-
compensation process for donor-doped PZT compounds.

In former studies, is was shown that in the case of
acceptor-doped PZT compounds oxygen vacancies �VO

••� may
form charged defect associates �FeTi� –VO

••�• with iron func-
tional centers,1–4 whereas for the copper center no such as-
sociate was observed.4–6 Hence the aim of this work is to use
multifrequency EPR on Gd3+ centers in lead titanate in order
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to sensitively probe the local symmetry at the dopant site by
determining the finestructure �FS� interaction, which is
mainly induced by the crystal field due to the nearest-
neighbor O2− ions about the Gd3+ center and to a lesser ex-
tent by the more distant Pb2+ ions or possible VPb� . Whereas
EPR studies for the Gd3+ impurity center in barium titanate
have proposed a self-compensation mechanism,7–11 the exact
site of incorporation in PZT-type compounds is still
unclear.12–14

The Pb0.985Gd0.01TiO3 material was prepared by a mixed
oxide route. Lead�2� oxide �Tetranox, Liebau�, titania
�Tronox, Kerr McGee� and gadolinium oxide �Chempur,
99.99%� were mixed according to the stoichiometric compo-
sition Pb0.985Gd0.01TiO3 by attrition milling at 1000 rpm for
3 h in isopropanol. The slurry was separated from the �YTZ�
milling balls by washing in isopropanol and sieving, dried in
a rotation distiller, and subsequently stored for 48 h at
100 °C. After a sieving procedure, the powder mixture was
calcinated in a closed alumina crucible at 850 °C for 2 h.
According to x-ray diffraction, the calcination resulted in a
complete reaction of the oxides to perovskite material. The
material was then ball milled at 200 rpm for 6 h in isopro-
panol in a planetary mill, dried for 4 days at 100 °C, and
passed through a �160 �m mesh� sieve, resulting in a fine
grained ceramic powder.

The X-band EPR measurements were made at 9.31 GHz
on a Bruker ESP 300E spectrometer, using a rectangular
TE112 resonator �Bruker�. The magnetic field was read out
with a nuclear magnetic resonance gaussmeter �ER 035M,
Bruker� and as a standard field marker polycrystalline DPPH
with g=2.0036 was used for the exact determination of the
resonance magnetic field values. The Q- and W-band EPR
spectra were recorded at 34.42 and 94.12 GHz on a Bruker
Elexsys 680 spectrometer using cylindrical Bruker cavities
and an Oxford helium-flow cryostat.

The free trivalent gadolinium ion has a 4f7 electronic
configuration and its ground state is 8S7/2 with S=7/2. The
crystal field lifts the corresponding Gd3+ spin degeneracy
resulting in four Kramer’s doublets, whose degeneracy in
turn may be lifted by an external magnetic field. Neglecting

hyperfine interaction, as isotopes with nonvanishing nuclear
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spin 155Gd, 157Gd are present in only 14.8% and 15.7% natu-
ral abundances, respectively, an approximate spin Hamil-
tonian for this high-spin system can be written as

H = �eB0 · g · S + �
k=2,4,6

−k�q�k

Bk
qOk

q�Sx,Sy,Sz� . �1�

Here, �e denotes the Bohr magneton, B0 is the external mag-
netic field, g is the electron g matrix, Bk

q are the FS Hamil-
tonian coefficients, and Ok

q are the extended Stevens spin
operators.15,16 The first term represents the electronic Zee-
man interaction and the second term is the effective FS
Hamiltonian, describing the interaction of the crystal field
with the paramagnetic ion. The order k in the spin operators
must be even, and is restricted by k�2S and q�k, allowing
terms up to k=6 for S=7/2. However, parameters Bk

q only up
to fourth order �k=4� will be used, as terms of sixth order
could not be resolved in the spectra.

Lead–titanate has ABO3 perovskite structure belonging
to the space group C4v �P4mm�. The A site has C4v point
symmetry and is surrounded with 12 cuboctahedrally coordi-
nated oxygen ions. Considering the ionic radii with Pb2+ at
120 pm and Gd3+ at 97 pm as compared to Ti4+ at 68 pm,
Gd3+ is supposed to substitute for Pb2+ at the A site. The
main rotation axis of the point symmetry is parallel to the
crystallographic c axis, for which reason the principal axis of
the spin Hamiltonian can be taken along this direction. In
this case, the FS coefficients in its eigenframe reduce to B2

0,
B4

0,B4
4�0, and B2

2=B4
2=0. Furthermore, the g matrix for S

state ions usually has very small anisotropy and can be
treated as isotropic. The resulting scalar g value is expected
to be close to that of the free electron ge. For Gd3+ this g
value is typically giso=1.992,15 reducing the spin Hamil-
tonian used for numerical spectrum simulation of the experi-
mental data to

H = �egisoB0 · S + B2
0O2

0 + B4
0O4

0 + B4
4O4

4 �2�

The room-temperature X-band EPR spectrum of Gd3+ is

FIG. 1. EPR of the Gd3+ functional center in PbTiO3 at ambient temperature
�top� with numerical simulation �bottom�: �a� X-band EPR, �mw=9.4 GHz;
and �b� Q-band EPR, �mw=34.42 GHz. The FS interaction is taken to be
positive, B2

0�0. �c�,�d� Orientation dependence of the resonance lines.
presented in Fig. 1�a�. It consists of many spectral features,
indicative of a situation in the intermediate-field regime,
where the crystal-field terms are comparable to the electron
Zeeman interaction. Therefore, no simple symmetric pattern
of the EPR spectrum is observed. The manifold of observed
sharp lines originates from resonances with only minor ori-
entation dependence, the observed turning points not neces-
sarily corresponding to canonical orientations �Fig. 1�c��.

At Q band �34 GHz�, EPR is carried out almost in the
high-field regime; a situation in which the Zeeman term is
the dominant interaction. The corresponding spectrum, pre-
sented in Fig. 1�b� and 1�c�, is hence more symmetrically
disposed about the central �mS= +1/2�↔ �−1/2� transition,
as compared to the X-band situation. However, there is still a
considerable second-order effect on the central transition,
manifesting in the orientation dependence of the correspond-
ing resonance line with critical points at the polar angles
�=0, 0.2322� and � /2. Beyond the central transition, the
EPR spectrum consists of six well resolved satellite lines.
Due to the limited field range of the magnet, not all of the
high-field features were accessible, as illustrated in the nu-
merical spectrum simulation. The orientation dependence of
the peripheral �mS= ±7/2 ,5 /2 ,3 /2�↔ �±5/2 ,3 /2 ,1 /2� tran-
sitions is less complicated than the one of the central transi-
tion and critical points only occur at �=0, � /2. In the case of
a weak axial crystal field, where�B2

0 � �g�eB0, the EPR spec-
trum exhibits splittings between the lines of 3B2

0 for the pe-
ripheral and �3B2

0�2 /B0 for the central transition, respectively.
The room temperature �RT� spin-Hamiltonian parameters, as
determined by numerical spectrum simulation, are
g=1.992±0.002 and �B2

0 � =0.776�2� GHz. This value nicely
confirms the estimation of �B2

0 � �0.7 GHz made for 0.5 wt %
Gd3+-doped PbTiO3.12

Even though B4
0 is typically rather small �less than

1% of B2
0� for gadolinium-modified perovskite-type

compounds,17–19 the nicely resolved EPR spectra allowed us
to determine that �B4

0 � =−7.67�1� kHz. On the other hand, B4
4

showed no effect on the spectral shape within the limits of
the observed linewidths.

As compared to the acceptor-type Fe3+ center in
PbTiO3,2 the observed value for �B2

0� is more than 1 order of
magnitude smaller, which a priori could have been expected.
The reason for this is twofold. Generally, as the 5s and 5d
shells are filled for rare-earth ions, the unpaired 4f electrons
are shielded and form an “inner shell.” They are thus less
strongly affected by the surroundings as compared to the 3d
electrons in the case of transition-metal ions. Moreover, the
nearest-neighbor oxygen surrounding is intact in the case of
Gd3+:PbTiO3, while the iron center builds a defect associ-
ated with an oxygen vacancy, �FeTi–VO

••�•. Possible lead va-
cancies are located more distant with respect to the oxygens
and consequently have reduced impact on the FS interaction.

In order to define the sign of the axial FS parameter, an
experiment has been performed at even higher Larmor fre-
quencies �W band, 94 GHz� and at low temperature �5 K�,
shown in Fig. 2. At these low temperatures, the sign of B2

0

can be determined by exploiting the large polarization effect.
Such effects are easily observed by marked changes in line
intensities, if the Boltzmann exponent approaches unity. For
W-band frequencies, this “polarization temperature”
T�94 GHz�=h�mw/kB amounts to 5 K. By comparing the re-
sulting asymmetric pattern of the EPR spectrum with

0
numerical spectrum simulations for ±B2, the sign of
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the axial FS parameter is clearly determined to be B2
0�0,

as depicted in Fig. 2. Furthermore, the absolute value of B2
0

shows a distinct temperature dependence, with B2
0�5

K�=0.860�2� GHz�B2
0�RT�, which may be traced back to

the increased c /a ratio of the PbTiO3 unit cell at low tem-
peratures.

The nicely resolved high-frequency EPR spectrum al-
lows us to estimate an upper limit for the g anisotropy. For
this evaluation, the width of the central transition
	=22 mT at the highest MW frequency can be compared to
the 3.4 T resonance field of the central transition. Therefore
the possible size of the g anisotropy has to be below 0.6%,
which is in the same order of magnitude as has been esti-
mated for the Fe3+ center in lead titanate1 and lead
zirconate.3

At the dopant level of 1.0 mol % used here, no hint of a
second species has been observed, which is why the A site is
proposed as the site of incorporation due to the similarity of
ionic radii. A situation often termed as “amphoteric,” which
describes one functional center being incorporated simulta-
neously on the A- and B sites, as reported in BaTiO3 for
gadolinium impurity7–10 and 1% dopant centers,11 can thus
be excluded in this case, approving the suggestion made for
a 4 mol % gadolinium-modified PZT thin film.14

Furthermore, the single-site EPR spectrum leads to the
discussion of conceivable charge compensation mechanisms.
As self-compensation or any mechanism involving paramag-
netic species can be excluded, the charge compensation
mechanism in donor-doped lead titanate can only involve
diamagnetic centers, such as VTi��, VPb� , or neutral VPb


 . The
A3+ donor doping thus does not result in color centers,
valency-altered ions such as Pb+ or Ti3+, or singly charged

FIG. 2. W-band EPR ��mw=94.12 GHz� of the Gd3+ functional center in
PbTiO3 at 5 K �center�, compared to numerical simulations invoking posi-
tive �B2

0�0, top� and negative �B2
0�0, bottom� FS interaction.
lead vacancies VPb� , all of which are paramagnetic. Concern-
ing the titanium vacancies, which were proposed to play a
major role in PLZT compounds of high titanium content,20–22

a coordination close to the gadolinium center can be ex-
cluded as this would reduce the site symmetry lower than
axial. We therefore propose a Schottky-type charge-
compensation mechanism that is based solely on the creation
of lead vacancies VPb� and possibly oxygen vacancies as well.

Due to charge compensation mechanisms via lattice va-
cancies, a statistical distribution �strain� of the spin-
Hamiltonian parameters with mean values giso, B2

0, and
widths �g, �B2

0 is expected. In particular, only such a statis-
tical distribution of �B2

0=0.08 GHz, taken to be Gaussian, of
the FS parameters allowed for a satisfactory reproduction of
the experimental data by employing a single set of param-
eters valid over the frequency range from 9.4 to 94 GHz.
This value is considerably reduced as compared to the strain
values for the Fe3+ center in lead titanate of
�B2

0=0.33 GHz.1 This may be explained by the fact that in
the case of iron a direct associated oxygen vacancy was
found,2 whereas for gadolinium a possible lead vacancy is
more distant and hence will have less impact on the distri-
bution of spin Hamiltonian parameters.
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