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X-band EPR spectra of lead titanate (PT) and lead magnesium niobate (PMN) powders
prepared by different synthetic methods and a PMN/PT powder of the composition 0.9 PMN/
0.1 PT were obtained at 85 and 10 K. Several EPR signals due to adventitious Fe3+ ion
impurities, a signal due to the Ti3+ ion, and a signal due to the Pb3+ ion are observed for PT,
PMN, and PMN/PT powders. The EPR signals observed at g ) 2.0 and 6.0 are assigned to
Fe3+ ions in the B-sites of the perovskite lattice structure of lead titanate with axial
symmetry. The EPR signals observed at g ) 1.99 and 4.25 are assigned to Fe3+ ions in the
B-sites of the perovskite lattice structure of PMN and 0.9 PMN/0.1 PT materials with cubic
and rhombic symmetries, respectively. The sharp EPR signal observed at g ) 1.94 is assigned
to Ti3+ ion for PT and 0.9 PMN/0.1 PT powders. In addition, a broader EPR signal at g )
2.28-2.30 for PMN obtained by the molten salt method is assigned to axial Pb3+ ion sites in
this PMN material. EPR results obtained here for the Fe3+ ions in the B-sites of the PMN
materials, in particular, suggest that both cubic and rhombic symmetry sites corresponding
to a range of Nb(OMg)x(ONb)6-x site configurations exist in the PMN. These EPR results
indicate that PMN likely exists with partial B-site cation (Mg/Nb) ordering in the perovskite
lattice structure.

Introduction

The dielectric properties of the complex lead-based
perovskite materials with the general formula Pb(B′x-
B′′1-x)O3 are dependent on chemical ordering in the
cation B-sites.1,2 Many complex perovskites (PbB′1/3-
Nb2/3O3, where B′ ) Zn2+, Mg2+, and PbB′1/2B′′1/2O3,
where B′ ) In3+, B′′ ) Nb5+ and B′ ) Sc3+, B′′ ) Nb5+

or Ta5+) have shown both short-range and long-range
B-site cation ordering.3-12 If the B-sites are randomly
occupied, e.g., lead zirconate titanates (PZTs), such
perovskites will exhibit normal ferroelectric or antifer-
roelectric properties.13 Lead-based perovskites with
B-site cation ordering with short coherency (2-50 nm),

however, are relaxor ferroelectrics (relaxors) that exhibit
broad, diffuse phase transitions instead of the sharply
defined Curie transition temperatures observed for
normal ferroelectrics. Abnormally high dielectric con-
stants are observed over a wide temperature range for
these relaxor materials. The temperature where the
dielectric constant is maximum (TM) shifts to higher
temperature and decreases in magnitude with increas-
ing frequency. In relaxor ferroelectrics, the structural
disorder in the B-sites has been proposed to disrupt the
translational crystal symmetry, giving the lattice struc-
ture an apparent anisotropic component for some mea-
sured electrical properties.14-15

Lead magnesium niobate, Pb(Mg1/3Nb2/3)O3 (PMN), a
nonstoichiometric B′B′′ lead perovskite with short,
coherent long-range order on the nanoscale (40-100 Å),
is a relaxor ferroelectric system, containing both Mg-
rich and Nb-rich regions.16-19 A schematic representa-
tion of the A(Pb2+)- and B(Nb5+ or Mg2+)-sites in PMN
is shown in Figure 1. While PMN undergoes a diffuse
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phase transition with a maximum TM near -7 to -15
°C, additions of lead titanate (PT) increase TM by about
5 °C/mol %. PMN and PMN/PT binary systems in the
100-66 PMN/0-34 PT mol % region are relaxor ferro-
electrics that exist in a perovskite superlattice struc-
ture.20,21 Alloys containing greater than 34 mol % PT,
the morphotropic phase boundary (MPB), are normal
ferroelectrics. The PMN-rich ceramics in the PMN/PT
system are characterized by not only high dielectric
constants but also large electrostrictive effects. Because
of the magnitude and diffuse nature of the dielectric
maximum and the high values for strain introduced by
electrostriction, PMN/PT ceramics containing 10 mol %
PT are ideal for use as ceramic capacitors and electros-
trictive precision actuators and micropositioners. Com-
positions of PMN/PT near the MPB exhibit dielectric
and pyroelectric anomalies at the two temperatures for
rhombohedral-tetragonal and tetragonal-cubic phase
lattice structure transitions.

The different local B-site cation distortions and the
unknown nature of the B′B′′ chemical ordering found
in the B-sites of PMN and PMN/PT materials having a
perovskite lattice structure have been postulated to
provide a mechanism for the high dielectric and elec-
trostrictive properties observed for these systems.2
Numerous physical-chemical techniques have been
used to study the local B-site distortions, including X-ray
and neutron diffraction,18,22-25 XPS,26 EXAFS,17 EPR,27,28

HRTEM,16 and Raman29,30 and NMR spectroscopy.31,32

Two important structural features observed for PMN
and PMN/PT systems from these studies likely provide
atomic-level explanations for the high dielectric proper-
ties of PMN in the perovskite lattice structure phase:
(1) long-range B-site lattice distortions may occur caus-
ing deviations from cubic crystal symmetry at low
temperature, and (2) short-range B-site cation changes
involving off-center shifts or movement in the six-
coordinate (octahedral) B-site oxide lattice holes. These
short- and long-range structural changes are postulated
to cause a separation of the local positive and negative

charge in these materials that creates a bulk spontane-
ous polarization. In addition to these structural changes,
complex multiple B-site perovskites, such as PMN, have
been postulated to contain chemical disorder of the two
cations in the B-sites due to a random or partially
disordered distribution of Mg2+ and Nb5+ ions in the
B-sites that leads to local nanoregions of variable Mg/
Nb ratios. These nanoscale domain regions likely
produce uncompensated charge domains, thereby in-
creasing the content of polar domain regions.2

Previous spectroscopic studies, however, have not
provided a complete detailed understanding of the role
of the short-range B-site ordering in the overall chemical
structure of PMN that can provide an atomic-level
explanation for the relaxor ferroelectric behavior of
PMN.2,33 Conclusions about the short-range B-site
ordering from these research efforts have been contro-
versial. Studies using HRTEM,16 EXAFS,17 and single-
crystal X-ray diffraction18 have suggested that two
B-site nanodomains exist in the perovskite lattice
structure of PMN. The first type of nanodomain is the
so-called “1:1 ordered” regions, where Mg and Nb ions
are arrayed in a successive or alternating order (Mg-
O-Nb) with a Mg/Nb mole ratio of 1:1. Such “Mg2+-
rich” regions, with the proposed composition of [Pb2Mg-
NbO6]-, are postulated to be negatively charged and
nonstoichiometric and must be compensated for by a
surrounding positively charged “Nb5+-rich” region of
Nb-O-Nb ordering with a composition of [PbNbO3]+

to maintain charge neutrality.34 The majority of spec-
troscopic studies to date have supported this model.16-19

However, recent static 93Nb NMR measurements for
single crystals of PMN found that the observed 93Nb
resonance shows both a fast- and slow-relaxing compo-
nent. This behavior was interpreted as being inconsis-
tent with the predicted 1:1 “ordered” Mg/Nb model for
PMN.32 The XPS results of Parmigiani et al.26 were also
interpreted as lacking in experimental support for the
large charge fluctuations predicted by the 1:1 model.
Such results, however, indicated that the cation order-
ing in the B-site is of a more complex nature and that
the Mg and Nb ions are more likely randomly distrib-
uted. The charge neutrality of the bulk material would
then be maintained by the presence of lead and/or
oxygen vacancies. Depero and Sangaletti also proposed
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Figure 1. Schematic representation of the idealized A- (Pb2+)
and B- (Nb5+ or Mg2+) sites in the perovskite lattice structure
for Pb(Mg1/3Nb2/3)O3 (PMN).
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several new structural models for PMN based on
computer simulations of detailed X-ray reflection data.33

This work suggested that an average long-range cubic
lattice structure for PMN is consistent with the X-ray
reflection results, with the possible “intergrowth” of
crystalline rhombohedral and tetragonal phases. How-
ever, the intergrowth of these two phases is only
consistent with the temperature dependence for the
long-range order in PMN but does not provide any
further information relating to the short-range local
B-site cation order that exists in PMN materials.

EPR spectroscopy, due to its high sensitivity to the
local chemical environment of metal ions,35 is an im-
portant approach to study both short-range distortions
and/or cation site orderings for electronic materials of
the perovskite lattice, as suggested from recent EPR
studies on lead zirconate titanate (PZT), lead lanthanum
zirconate titanate (PLZT), and PMN powders.27-28,36-39

Extensive EPR studies have been reported for PT,40

PZT,36,39 and PLZT systems.37,38 The EPR signals of
several paramagnetic species have been observed and
analyzed for these systems. In general, there are three
types of Fe3+ ion signals (due to cubic, rhombic, and
axial Fe3+ ion centers) observed for these systems. EPR
signals due to Ti3+ ion in PT and PZT materials are
usually observed at g ) 1.93, while the EPR signal at g
) 2.00 has been assigned to Pb3+ ions.36-39 These
studies thus provide a reference perspective from which
the EPR investigations reported here for the less well-
studied, yet important, PMN and PMN/PT systems may
be understood.

An EPR study by Dimza for metal ion-doped PLZT
and PMN materials, for example, has also shown that
paramagnetic metal ion species contained in the B-sites
of PMN and PLZT have related experimental EPR
behavior from 273 to 418 K.27 The interpretation of the
EPR studies of the more thoroughly studied PLZT
system, in particular, was most informative, suggesting
the need for further detailed EPR studies of the PMN
and PMN/PT systems.

Glinchuk and co-workers have recently reported a
detailed EPR study of Fe3+ ions doped in PMN.28 They
conducted variable temperature EPR experiments and
determined spin Hamiltonian zero-field splittings D and
E from simulations using the following equation:

where g is the electron spin factor, â is the Bohr
magneton, Sx, Sy, and Sz are spin operators.

From these experiments, four EPR signals were
identified due to different types of Fe3+ ion centers in
the B-sites of PMN: a signal at g ) 4.3 that was
attributed to rhombic Fe3+ ion centers (E/D ) 1/3);

stairlike bands between g ) 6 and 8 that were assigned
to axial Fe3+ ion centers (E ) 0); a wide, intense line
centered at g ) 2.0, together with a weak low-field
tailing signal at g ) 3.2 observed at 475 K that was
attributed to cubic Fe3+ ion centers caused by low
symmetry cation fluctuations in the B-sites (D and E
are close but not equal to zero); and a narrow g ) 2.0
signal at 100 K that was believed to correspond to an
ideal Fe3+ ion cubic center without local B-site fluctua-
tions (D ) E ) 0). The hyperfine features of the latter
resonance were interpreted as due to superhyperfine
lines as a result of electron-nuclear interactions with
the surrounding 207Pb ions.

Detailed EPR studies of various PMN powders pre-
pared by several important solid-state synthetic ap-
proaches and a related PMN/PT powder of the compo-
sition 0.9 PMN/0.1 PT are reported here in an effort to
obtain a more complete understanding of the EPR
behavior of these systems. The experimental EPR
behavior of the PMN powders prepared by these differ-
ent solid-state synthetic methods have been examined
for two reasons: (1) different synthetic methods have
been reported to cause substantial differences in the
microstructure and local domain regions that occur in
perovskite materials,14,37,40 and (2) different synthetic
methods used to prepare PMN powders have been
reported to produce different final PMN products of
variable contents of the PMN perovskite and/or pyro-
chlore phases.14 The utility of EPR as a probe of the
atomic-level changes in the local structure of the B-sites
in the perovskite and/or pyrochlore phases of PMN and
PMN/PT powders is demonstrated. To provide complete
assignments for the observed EPR resonances for the
PMN and PMN/PT systems, additional EPR measure-
ments were also obtained for the related compounds,
i.e., PbTiO3, and the PMN pyrochlore phase of the
formula Pb1.83Nb1.71Mg0.29O6.39.

Experimental Section
Reagents and Materials. PbO (Alfa, 99.9995%), Nb2O5

(Alfa, 99.9985%), TiO2 (Anatase, Aldrich, 99.9+%), PbTiO3

(Aldrich, 99+%), and (MgCO3)4Mg(OH)2‚5H2O (Aldrich, 99%)
were used as purchased. MgO (Aldrich, 99+%) was fired at
950 °C for 6 h prior to use.

Synthesis of PMN Powders. 1. Mixed Oxide Method.
The PMN powders were prepared using a two-step firing
approach as reported by Gupta and Mulkarni.14 MgO, PbO,
and Nb2O5 powders were first mixed according to the PMN
formula in an ethanol slurry for 1.5 h, the formed paste was
dried in an oven (140 °C), and the resulting powder calcinated
at 800 °C for 4 h. The resulting yellow powder was then mixed
with 2 wt % poly(vinyl alcohol) binder and 1% excess PbO in
ethanol for 1 h. After drying in an oven (140 °C), the mixture
was pressed into pellets at 4000 psi using a Carver hydraulic
press and fired at 900 °C for 4 h.

2. Columbite Method.41 In this synthetic method, the
columbite precursor MgNb2O6 was prepared by mixing MgO
and Nb2O5 powders in ethanol for 1.5 h, drying of the solvent
in an oven (140 °C), followed by firing of the powders at 1100
°C for 4 h. The resulting white powders were mixed with PbO
according to the required PMN stoichiometry in ethanol for 1
h, followed by drying of the mixture in an oven (140 °C) and
firing at 900 °C for 4 h.

3. Modified Columbite Method. For the modified columbite
method, MgO in the form of (MgCO3)4Mg(OH)2‚5H2O was used
in a 2% excess. The (MgCO3)4Mg(OH)2‚5H2O powder was
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mixed with Nb2O5 powder in an ethanol slurry and ground
for 2 h. The resulting paste was dried in an oven (140 °C)
overnight and fired at 1000 °C for 6 h. The precursor MgNb2O6

obtained by this method was mixed with PbO according to the
PMN stoichiometry in ethanol for 1.5 h. Following a two-stage
calcination process as summarized by Gupta and Kulkari,14

the dried paste was fired first at 800 °C for 2 h. The resulting
light yellow powder was mixed in an ethanol slurry again for
1 h, the solvent removed by oven drying (140 °C) overnight,
and the powder fired at 900 °C for 2 h.

4. Wolframite Method.42 This method initially involves the
synthesis of a lead niobate precursor, Pb3Nb2O8 (P3N2). PbO
and Nb2O5 powders were mixed in an ethanol slurry, the
solvent dried in an oven (140 °C) overnight, and the resulting
powder fired at 820 °C for 4 h to yield orange-brown powders.
The P3N2 product formed was then mixed with MgO (2%
excess) in ethanol based on the PMN stoichiometry. The paste
formed by this approach was dried in an oven (140 °C)
overnight, fired at 830 °C for 3 h, reground in ethanol for 1 h,
fired a second time at 830 °C for 3 h, reground in ethanol for
1 h, and finally fired at 900 °C for 4 h.

5. Molten Salt Method.43 The starting materials MgNb2O6

(Alfa, 99.9%) and PbO were mixed with Li2SO4/Na2SO4 salt
mixture in an ethanol slurry for 1.5 h. The ratio of the total
weight of the salts to the total weight of the oxides was 0.5.
The oven-dried paste (140 °C) was fired at 800 °C. The solid
obtained was washed with a large quantity of distilled water
to remove the soluble salts, and the resulting light yellow
powders were dried in an oven (140 °C).

Synthesis of the PMN Pyrochlore Phase Pb1.83Nb1.71-
Mg0.29O6.39.44 The starting materials PbO, Nb2O5, and MgO
powders were mixed in an ethanol slurry for 1 h, dried in an
oven (140 °C) overnight, and fired at 880 °C for 8 h.

Synthesis of 0.9 PMN/0.1 PT.20-21,45 The 0.9 PMN/0.1 PT
powder was prepared using the PMN powder obtained from
the modified columbite method. This starting material was
mixed with a corresponding ratio of TiO2 in the anatase phase
(Aldrich, 99.9+%) and PbO (Alfa, 99.9995%, 0.5% excess). The
powder mixture was ground for 1 h in ethanol, dried of solvent
in an oven (140 °C) overnight, and the resulting powder
calcinated at 900 °C for 4 h.

Sample Annealing. PMN powders prepared by the molten
salt method were annealed in a quartz tube under air and 5%
hydrogen/95% nitrogen at 800 °C for 2 h, respectively, and
under oxygen at 600 °C for 2 h.

Physical-Chemical Characterization Methods. Power
X-ray Diffraction Analysis. Powder X-ray diffraction analysis
was performed at the Engineering and Mining Experiment
Station, South Dakota School of Mines and Technology, Rapid
City, SD, using a PHILLIPS X-ray diffractometer. The
samples were scanned using Cu KR radiation (λ ) 1.54178 Å)
at 40 kV and 20 mA. The 2θ scan range was varied from 5°
to 60° with scan speeds of 0.02 2θ degrees per step, 2 s per
step.

Electron Paramagnetic Resonance (EPR) Measurements.
EPR measurements were performed at the Department of
Chemistry, University of New Hampshire. A home-assembled
EPR spectrometer consisting of a Bruker microwave bridge
and field controller, an Alpha magnet, a Varian magnet power
supply, a PAR lock-in amplifier, a Micro-Now field modulation
amplifier, and a Varian TE104 rectangular cavity was em-
ployed. The X-band spectra were recorded at 10 and 85 K
using a Helitran flow system for He or N2 gas as described
elsewhere.46 Q-band spectra were obtained with a Varian E-9
spectrometer and an E-110 microwave bridge fitted with a

ribbon-wound cavity.47 Samples were contained in 4 mm (o.d.)
× 3 mm (i.d.) T08 quartz tubes.

Results and Discussion
PMN powders synthesized by various solid-state

methods are known to contain variable contents of the
PMN perovskite and pyrochlore crystalline phases based
on powder XRD analysis.14 Numerous synthetic meth-
ods and procedures have been reviewed for the solid-
state reactions used to prepare PMN due to the delete-
rious effects of even minor pyrochlore phase contents
on the dielectric properties of PMN.14 The five solid-
state methods studied here are representative of the
solid-state reaction approaches currently used for the
synthesis of PMN. The phase contents of the PMN
samples prepared by these methods were determined
from the XRD profiles as shown in Figure 2. The
relative percentages of the perovskite phase content as
estimated from measurements of the peak height of the
most intense X-ray diffraction lines for the perovskite
(110) and pyrochlore (222) phase of PMN samples are
summarized in Table 1. The PMN materials synthe-
sized by these five methods were found to contain
varying contents of the PMN perovskite and pyrochlore
crystalline phases. PMN powders prepared by the
modified columbite method and the molten salt method
were found to produce an XRD pure-phase PMN mate-
rial of the perovskite lattice structure. The PMN
products obtained by the other three methods were
found to produce polycrystalline materials of variable
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Figure 2. Powder XRD profile of PMN powders synthesized
by different solid-state methods. The samples were scanned
using Cu KR radiation at 40 kV and 20 mA. The 2θ scan range
was varied from 5° to 60° with scan speeds of 0.02° 2θ per
step, at 2 s.

Table 1. Percentage of Perovskite Phase in PMN
Powders Obtained by Different Solid-State Syntheses

synthetic method
percentage of
perovskitea

mixed oxide method, 1% excess PbO, pellets,
900 °C, 4 h14

69

original columbite method, stoichiometric PbO,
900 °C, 4 h41

93

wolframite method, third firing, 2% excess MgO,
900 °C, 4 h42

70

modified columbite method, 900 °C, 2 h14 100
molten salt, 800 °C for 1.5 h43 100

a Estimate based on the measurement of the peak height of the
most intense X-ray diffraction lines for the perovskite (110) and
pyrochlore (222) phase of PMN samples.
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contents of PMN (69-93%) of the perovskite lattice
structure (Table 1).

In the present study, EPR spectroscopy was used to
measure the presence of several paramagnetic metal ion
signals identified for adventitious Fe3+ ion species and/
or reduced Ti3+ ion contained in the B-sites of PMN
powders and the presence of oxidized Pb3+ ions in the
A-sites of PMN powdered materials (see Figure 1).
Correlations between the presence of these observed
metal ion species from EPR measurements for PMN
materials prepared by different synthetic approaches,
as well as correlations that may be related to the
perovskite/pyrochlore content of the PMN powders, were
explored. Previous EPR studies of PMN materials
containing added dopant Fe3+ ion as an EPR probe of
the B-sites in these systems have shown several com-
plications associated with higher level Fe3+ ion doping
of PMN, including the difficulty in controlling sample
homogeneity at higher levels of dopant present in the
sample27 and the occurrence of additional complex EPR
features as observed at these higher Fe3+ ion dopant
concentrations.27,40 Previous EPR studies of PZT and
PLZT systems have shown that the presence of para-
magnetic Fe3+, Pb3+, and Ti3+ ion species in undoped
samples can provide useful atomic-level information
based on interpretation of the EPR signals for these
systems.48,49

EPR Spectra of PbTiO3 (PT) and the Pyrochlore
PMN Pb1.83Nb1.71Mg0.29O6.39. Lead titanate (PbTiO3)
that is commonly used to prepare PMN/PT materials
has been extensively studied by EPR since it is an
important ferroelectric material and a component or
reactant in the syntheses of many lead-based ferroelec-
tric or piezoelectric systems of the perovskite lattice
structure.50 The X-band EPR spectrum of lead titanate
obtained at 77 K is shown in Figure 3. The spectrum
displays an intense signal at g ) 6.0 that is assigned to
the perpendicular component of an adventitious Fe3+

impurity located in the tetragonal (axial) B-sites. In
addition, a composite series of resonances is seen near

g ) 1.93, typical of reduced Ti3+.37,51-54 The composite
signal has contributions from 46,47,49,50Ti isotopes55-57 as
well as the g ) 2 parallel component of tetragonal Fe3+

ion.35 However, the observed pattern of resonances
cannot be accounted for by these signals alone. It is
speculated that other signals near g ) 2 from isotopes
204, 205, 207 and 208 of Pb3+ ions58-62 and possibly from
fine structure spectra of high-spin Fe3+ ion with a small
zero-field splitting35 may be contributing to the pattern.
The present data do not permit distinction between
these possibilities.

Lead magnesium niobate of the pyrochlore structure,
Pb1.83Nb1.71Mg0.29O6.39, exists as a minor phase in many
synthesized PMN powdered ceramics products.63 The
X-band EPR spectra of this material observed at 10 and
85 K are shown in Figure 4. These two spectra show
similar EPR features, namely, an intense peak at ca. g
) 4.27 assigned to Fe3+ ions of rhombic symmetry, a
broad peak at g ) 2.00, and an intense peak at g ) 1.99.
The broad signal at g ) 2.00 is assigned to Pb3+ ion
sites.58-62 The sharp peak at g ) 1.99 is assigned to
ideal cubic symmetry Fe3+ ion sites.28 The ratio of the
amplitudes of the peaks due to the rhombic Fe3+ ion
and the cubic Fe3+ ion centers decreases as the tem-
perature increases from 10 to 85 K, consistent with
greater electron relaxation in the rhombic site relative
to the cubic site.

EPR Spectra of Lead Magnesium Niobate [Pb-
(Mg1/3Nb2/3)O3, PMN] Powders. The EPR studies of

(48) Warren, W. L.; Tuttle, B. A.; Rong, F. C.; Gerardi, G. J.;
Poindexter, E. H. J. Am. Ceram. Soc. 1997, 80, 680.

(49) Seager, C. H.; Warren, W. L. J. Appl. Phys. 1993, 73, 7720.
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Figure 3. X-band EPR spectrum of PbTiO3 (Alfa, 99.5%)
powders recorded at 77 K; effective g values of paramagnetic
species are indicated. Spectrometer parameters: microwave
power, 1 mW; modulation amplitude, 0.3 G; time constant, 1.0
s; scan time, 500 s.

Figure 4. X-band EPR spectra of the PMN pyrochlore (Pb1.83-
Nb1.71Mg0.29O6.39) powder recorded at 10 and 85 K. Spectrom-
eter parameters: microwave power, 0.5 mW; modulation
amplitude, 2 G; time constant, 1.0 s; scan time, 500 s.
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PMN reported here have examined polycrystalline
powders that contain different contents of perovskite
and pyrochlore phases of PMN (Figure 2 and Table 1).
The X-band EPR spectra of the five PMN powders
obtained at 10 and 85 K are shown in Figures 5 and 6,
respectively. These EPR spectra exhibit three types of
EPR signals: a g ) 4.25 signal that is assigned to
rhombic Fe3+ ion centers (E/D ≈ 1/3, D > hν), its
amplitude decreasing as the temperature increases from
10 to 85 K (This signal decreases in amplitude at
elevated temperature due to the Boltzmann factor and
increased electron spin relaxation rate at higher tem-
peratures.);64 a g ) 1.99 signal assigned to an ideal cubic
Fe3+ ion center, its intensity increasing as the temper-
ature increases from 10 to 85 K due to power saturation
effects at low temperatures; and a g ) 2.2-2.3 signal
that is only observed in PMN prepared by molten salt

method and is likely due to interstitial Fe(III) oxide or
hydroxide phases65 introduced or produced by this
unique synthetic method or due to oxidized axial Pb3+

ion defect sites.
Powder XRD patterns of the various PMN powders

studied here show an average cubic perovskite lattice
structure based on the ideal lattice positions of the A-
and B-site ions (see Figure 1). In discussing the short-
range order of PMN systems, however, two possible
mechanisms must be used to account for the reduction
in the local symmetry of the adventitious Fe3+ ions that
occupy the B-sites normally occupied by Nb5+ and Mg2+

ions in PMN perovskite lattice structure:28 first, a
temperature-dependent elastic displacement or ion mo-
tion of the B-site lattice ions may be occurring in the
polar domain regions of the PMN materials, and second,
the chemical structural disorder of the Fe3+/Mg2+/Nb5+

ions in local domain regions of the PMN powders may
lead to uncompensated charges due to the random
distribution of the Mg2+, Fe3+, and Nb5+ ions in the
B-sites of PMN.

Glinchuk et al. have calculated the theoretical EPR
behavior for Fe3+ ions resulting from doping Fe3+ ion
in the B-site of PMN for several different “next-nearest
neighbor (nnn) B-site” configurations (Figure 7).28 These
different Fe3+ ion configurations of Fe-O-Mg(O-Nb)
structural units as shown in Figure 7 may produce three
different types of EPR signals from Fe3+ (S ) 5/2) ions
contained as substituent ions for either the Nb5+ or the
Mg2+ ions in the B-sites of PMN: (1) cubic sites (D ) E
) 0), where the six nnn B-site ions are all Mg or Nb; (2)
axial sites (E ) 0), containing two Mg(Nb) and four Nb-
(Mg) nnn B-site ions, with two Mg(Nb) on the same axis;
or three Nb and three Mg, with no Mg (Nb) ions in the

(64) Ayscough, P. B. Electron Spin Resonance in Chemistry; Meth-
uen & Co Ltd.: London, 1967.

(65) Goldfarb, D.; Bernardo, M.; Strohmaier, K. G.; Vaughan, D.
E. W.; Thomann, H. J. Am. Chem. Soc. 1994, 116, 6344.

Figure 5. X-band EPR spectra recorded at 10 K for PMN
powders synthesized by different solid-state methods. Spec-
trometer parameters: microwave power, 0.5 mW for samples
from the mixed oxide and molten salt methods, 4 mW for
samples from the original columbite and wolframite methods,
and 2 mW for the sample from the modified columbite method;
modulation amplitude, 2 G; time constant, 1.0 s; scan time,
500 s.

Figure 6. X-band EPR spectra recorded at 85 K for PMN
powders synthesized by different solid-state methods. Spec-
trometer parameters: microwave power, 0.5 mW for the
samples from the mixed oxide method, 5 mW for samples from
the original columbite, 4 mW for the sample from the wol-
framite method, 3 mW for the sample from the molten salt
method, and 2 mW for the sample from the modified columbite
method; modulation amplitude, 2 G; time constant, 1.0 s; scan
time, 500 s.

Figure 7. Symmetries of all possible configurations of next-
nearest neighboring Mg/Nb for Fe3+ ions in the B-sites of
substituted PMN.
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same axis; or one Mg(Nb) and five Nb(Mg); and (3)
rhombic sites (D/E ) 3), containing three Mg and three
Nb, with two Mg(Nb) on the same axis; or two Mg(Nb)
and four Nb(Mg), with two Mg(Nb) ions not on the same
axis. In their experimental EPR studies of Fe3+ ions
in 0.1 mol % Fe2O3 doped-PMN ceramics prepared by a
two-stage hot press method, all three types of EPR
signals due to Fe3+ ion centers with these local site
configurations and symmetries were observed. The
magnetic field positions and line shapes of the observed
EPR signals were found to be consistent with computer
simulation results. Such correlations provided evidence
to postulate that the Nb and Mg ions are not distributed
in ordered cation configurations in the B-sites of the
PMN system, leading to the occurrence of all possible
Mg/Nb nnn B-site configurations, as shown in Figure
7. These reported EPR results and interpretations
therefore provide little support for the “1:1 ordered” local
B-site structural model for PMN of the perovskite lattice
structure. In the experiments reported herein, however,
the Fe3+ ion signal of axial symmetry is not observed
in any of the undoped PMN samples from the various
synthetic methods studied (see Figures 5 and 6), al-
though this signal may occur below the detection limit
of the EPR measurements. This axial Fe3+ ion signal
is, however, readily observed in the spectrum of PbTiO3
powders discussed above (Figure 3).

Dimza has conducted an EPR study of signals due to
Fe3+ ion doped in PMN materials at variable concentra-
tion. When the Fe3+ concentration increased from 0.01
wt % to 0.1 and 1 wt %, the Fe3+ ion signal having an
axial symmetry with g⊥ ) 6, and g|| ≈ 2.0 was ob-
served.27 Therefore, it is likely that the axial Fe3+ ion
centers observed by Glinchuk et al. are a result of the
relatively high dopant Fe3+ ion concentrations intro-
duced in their PMN materials.28 The observation of
only Fe3+ ion EPR signals of rhombic and cubic sym-
metry for the synthesized PMN systems studied here
indicates that there may be fewer possibilities for Mg/
Nb nnn B-site configurations than depicted in Figure
7. Most importantly, the results reported here indicate
that Fe3+ ion sites of axial symmetry (C3v, C4v, and D4h)
either are not present in PMN materials studied here
or are of a much lower concentration than the B-site
Fe3+ ions of cubic and rhombic symmetry. Therefore, a
higher degree of short-range order likely exists for Fe3+

ions in the B-sites of PMN for these lower Fe3+ ion
content materials studied here based on the EPR results
at 10 and 85 K, far below its reported Curie temperature
(258 K).

For the various PMN powders studied here, the PMN
materials obtained by the molten salt method show the
most unique EPR spectral features. Despite the nearly
identical XRD patterns observed for the PMN powders
prepared by the molten salt method and that of the
PMN product obtained from the modified columbite
method (Figure 2), their EPR spectra are strikingly
different. The observed EPR spectral differences may
be the consequence of several important differences
related to these PMN materials: (1) the PMN powders
may have different microstructures, as has been pro-
posed for PMN materials prepared from different solid-
state synthesis reactions,14 or (2) the introduction of
Fe3+ ion impurities or moisture during the aqueous

treatment of the final molten salt PMN product follow-
ing final firing may lead to these EPR spectral differ-
ences, or (3) the introduction of additional paramagnetic
species may occur during the molten salt synthesis
process as a result of its unique starting material and
salt composition. The most noticeable EPR signal for
PMN prepared by the molten salt method is the band
at g ) 2.30-2.28 that exhibits a g value higher than
the free electron g value (2.0023). One interpretation
is that this signal is due to high-spin Fe3+ ion, since a
g ) 2.3 signal has been previously assigned to high-
spin Fe3+ ions in a weak ligand field of water, hydroxide,
and framework oxide local chemical environments.65

The synthetic procedure used in the molten salt method
may lead to the formation of such high-spin iron(III)-
oxygen sites. Another possible interpretation, suggested
from the line shape of the EPR bands in the g ) 2.3-
2.0 region, is that this signal is due to an axially
compressed Pb3+ ion (d9, S ) 1/2). In this case, spin-
orbit coupling of the unpaired electron in the dz2 orbital
would result in the observed g⊥ value (2.28) being much
larger than the free electron value (2.0023) and the g||
value (2.04) being close to 2.0023, as observed here.

To assess this latter interpretation for the EPR signal
at g ) 2.28, PMN samples prepared by the molten salt
were annealed in an air and oxygen atmosphere at 800
°C, respectively, while an additional PMN sample was
annealed in a hydrogen/nitrogen atmosphere at 600 °C
for 2 h. The X-band EPR spectra taken at 90 K for the
annealed PMN samples (air and oxygen), and the
original PMN sample are shown in Figure 8. These
spectra indicate that the shape and positions of the EPR
resonances observed for PMN samples treated by an-
nealing under pure oxygen oxidizing conditions do not
change appreciably, thus excluding the possibility that
either oxygen vacancies or high-spin ferric ion sites
associated with water or hydroxide ligands produce the
EPR band at g ) 2.2-2.3. The PMN sample annealed
under reducing atmospheres, however, loses all EPR
resonance features (data not shown). Although the
reduction treatment is not highly selective for any of
the paramagnetic species present in PMN, the results
are consistent with the presence of Pb3+ ion sites in
PMN. On the basis of the results of these annealing
experiments, the EPR band observed at g⊥ ) 2.28 and

Figure 8. X-band EPR spectra recorded at 90 K for PMN
powders synthesized by the molten salt method and treated
under different annealing atmosphere at 800 °C and 2 h.
Spectrometer parameters: microwave power, 3 mW; modula-
tion amplitude, 2 G; time constant, 1.0 s; scan time, 500 s.
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g|| ) 2.04 in PMN powders prepared by the molten salt
method is most reasonably assigned to Pb3+ ions (d9) of
axial symmetry in the A-sites of PMN. A similar EPR
signal at g ) 2.167 that has been assigned to the Pb3+

ion has also been reported for low Pb dopant ions in
ZnTe semiconductors.66

EPR studies at the Q-band were also performed on
PMN samples obtained by the modified columbite and
molten salt methods to further explore the various EPR
features and their peak assignments discussed previ-
ously. Unfortunately, considerable microheterogenity
(site variation) is present in the PMN samples that
causes frequency (g-strain) broadening at the higher
field (∼12 500 G) strength used for the Q-band mea-
surements. Therefore, no EPR spectral features were
observed in Q-band measurements. Such observations,
however, are consistent with the broad resonance lines
observed in the various X-band EPR spectra for the
PMN materials discussed earlier.

An additional X-band EPR signal at g ) 1.94 is
observed for the PMN sample obtained by the modified
columbite method at 10 and 85 K. The origin of this
EPR signal is uncertain and could be due to trace ions
or reduced Nb4+ ions.

EPR Spectra of PMN/PT Solid Solution Pow-
ders. In addition to the EPR studies reported here for
various PMN powders, the EPR spectra of a 0.9 PMN/
0.1 PT solid solution powder were also examined at 10
and 85 K (Figure 9). The X-band spectra of the 0.9
PMN/0.1 PT powder obtained at these temperatures are
very similar in appearance to the corresponding EPR
spectra observed for the PMN powders obtained by the
modified columbite method. The latter PMN powder
was used as a starting material for the synthesis of the
PMN/PT powder examined here. At both temperatures
of measurement, a broad EPR signal at g ) 4.25 and a
sharp signal at g ) 1.99 are observed. The former
resonance is assigned to Fe3+ ions of rhombic symmetry
and the latter to Fe3+ ions of cubic symmetry in the
B-sites of the PMN/PT material. An intense EPR signal
at g ) 1.94 was also observed and is assigned to the
Ti3+ ion. The higher amplitude of this signal is at-
tributed to the formation of a higher content of B-site

Ti3+ ion centers in the PMN/PT powder studied follow-
ing the high-temperature (900 °C) reaction of PMN with
PT to form this PMN/PT solid-solution material.

Conclusion
The EPR studies reported here have demonstrated

that EPR is an important spectroscopic technique for
examining the short-range order that exists in PMN
powders prepared from different solid-state synthetic
methods and for PMN/PT solid solution materials. The
relationships between the EPR behavior of the various
PMN materials and their different synthetic conditions
have been described. X-band EPR spectra obtained at
10 and 85 K for PMN powders prepared by different
synthetic methods and several related compounds have
been observed to exhibit several important EPR sig-
nals: at g ) 1.99 there is a narrow resonance, due to
ideal cubic Fe3+ ion centers in the B-sites without any
Fe3+ ion fluctuations or motion; at g⊥ ) 2.27-2.30, g||
) 2.04-2.06 there is a broad, anisotropic signal, due to
axial Pb3+ ion centers in the A-sites; and, at g ) 4.25
there is a broad signal, due to rhombic Fe3+ ion center
in the B-sites.

The appearance and intensities of the EPR signals
observed for PMN materials were found to vary with
temperature. The EPR signals for PMN powders pre-
pared by different methods of syntheses were also
observed to be substantially different.

In the work reported here, EPR signals were only
observed for Fe3+ ions of the rhombic and cubic sym-
metry located in the B-sites of PMN and PMN/PT
powders. These EPR results observed for Fe3+ ion as a
probe of the B-sites in PMN indicate that there are
fewer possibilities of Mg/Nb nnn B-site configurations,
(i.e., no axial configurations) than a totally random
distribution of Mg/Nb configuration would predict.
Therefore, an intermediate degree of short-range order
is observed for the Mg/Nb local nnn B-site configurations
that exist in PMN powders examined below their Curie
temperature (258 K), although it is difficult to provide
a quantitative estimate from these EPR studies of the
extent of B-site cation order that contributes to the local
chemical structure of PMN.

The very unique EPR feature observed at g ) 2.0-
2.3 for PMN powders prepared by the molten salt
method also indicates that this PMN material may have
a different microstructure than PMN materials pre-
pared by the other solid-state reaction methods. A
study of the electrical properties of PMN powders
prepared by the molten salt synthesis as well as PMN
ceramics obtained by these other methods of synthesis
is in progress to examine their effect on the dielectric
behavior of these PMN materials.
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Figure 9. X-band EPR spectra recorded at 10 and 85 K for
the 0.9 PMN/0.1 PT powder. Spectrometer parameters: mi-
crowave power, 2 mW; modulation amplitude, 2 G; time
constant, 1.0 s; scan time, 500 s.
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