
Ferroelectric Behavior of Pb(Mg1/3Nb2/3)O3 (PMN)
Obtained by the Sol-Gel Method
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Anthony R. West|

Departamento de Quı́mica Inorgánica y Orgánica and Departamento de Ciencias
Experimentales, Universitat Jaume I, 12080 Castellón, Spain, Departamento de Quı́mica
Inorgánica, Facultad de Quı́micas, Universidad Complutense, 28040 Madrid, Spain, and

Department of Engineering Materials, University of Sheffield, Mappin Street,
Sheffield S1 3JD, United Kingdom

Received June 29, 2000. Revised Manuscript Received October 25, 2000

The ferroelectric behavior of lead magnesium niobate perovskite, obtained by sol-gel
methods, has been investigated in three samples with compositions based on Pb(Mg1/3Nb2/3)O3
(PMN) to which an excess of PbO and MgO has been added. Electron probe microanaly-
sis (EPMA) showed a single phase of stoichiometry PbMg0.33Nb0.68O3.02 in sample 2,
PbMg0.36Nb0.69O3.09 in sample 3, and PbMg0.32Nb0.67O3 together with PbO in sample 4.
Permittivity measurements reach values higher than 22 000 for sample 2 and 11 000 for
samples 3 and 4. A microstructural characterization of the first two samples, by means of
high-resolution electron microscopy, shows the presence of small domains of double periodicity
inserted in a matrix with a single cubic perovskite structure. The concentration of double
domains is higher in the first sample. The third sample shows a mixture phase due to the
presence of PbO. The relationship between microstructure and electrical behavior shows
that the permittivity values are related not only to the existence of a single PMN phase but
also to Pb:(Mg + Nb) ratios close to 1 and Mg:Nb ratios close to 0.5.

Introduction

Lead magnesium niobate, Pb(Mg1/3Nb2/3)O3 (PMN), is
an important relaxor ferroelectric material that exhibits
a high dielectric constant and a high electrostrictive
strain coefficient. X-ray diffraction studies are in agree-
ment with an average cubic ABO3 perovskite [space
group (S.G.) Pm3m], at room temperature, which would
involve Mg and Nb atoms randomly distributed on the
B sites.1,2 However, selected area electron diffraction
(SAED) and high-resolution transmission electron mi-
croscopy (HRTEM) studies3,4 reveal the existence of
microdomains, showing a 2-fold perovskite superstruc-
ture, inserted in a cubic matrix. Such microdomains
could proceed from Mg and Nb ordering, within a rich
Nb matrix.

The dielectric properties of complex lead-based per-
ovskite materials, with the general formula
Pb(B′xB′′1-x)O3, depend on B-sites ordering. If these sites
are randomly occupied, a normal ferroelectric behavior,

with sharply defined Curie transition temperatures, is
observed. However, a relaxor ferroelectric is obtained
if cations are ordered. Dielectric constants unusually
high are observed over a wide temperature range for
these relaxor materials. The temperature at which the
dielectric constant is maximal shifts to higher values
and decreases when frequency increases. In relaxor
ferroelectrics, structural disorder in B-sites has been
proposed to disrupt the translational crystal symmetry,
giving an apparent anisotropic component for some
measured electrical properties.5-7

Several techniques have been used to study the local
B-site distortions providing atomic-level explanations
for the high dielectric properties of PMN: (a) long-range
B-site distortions may occur causing deviations from
cubic crystal symmetry at low temperature and (b)
short-range B-site changes involving off-center shifts or
movement in the B-sites. These structural changes seem
to be responsible for local positive and negative charge
separation in these materials that creates a bulk spon-
taneous polarization. In addition, HRTEM,8 EXAFS,9
and single-crystal X-ray diffraction10 studies have shown
the presence of domains due to a partially ordered
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distribution of Mg2+ and Nb5+ ions that leads to local
regions of variable Mg/Nb ratio: (i) negatively charged
domains with Mg/Nb mole ratio 1:1 and (ii) positively
charged Nb-rich domains.11

Previous spectroscopic studies, however, have not
provided a complete understanding of the role of the
short-range B-site ordering in the overall structure of
PMN that can provide an atomic-level explanation for
the relaxor ferroelectric behavior. Conclusions about the
short-range B-site ordering from these investigations
have been controversial. Recent static 93Nb NMR mea-
surements for single crystals of PMN show both fast-
and slow-relaxing components. This behavior has been
interpreted as inconsistent with the predicted 1:1
ordered Mg/Nb model for PMN.12 Although large charge
fluctuations have been predicted for the 1:1 model, no
evidence has been found by XPS.13 Such results, how-
ever, indicated that the cation ordering in the B-site has
a more complex nature and that the Mg and Nb ions
are more likely randomly distributed. Depero and
Sangaletti14 also proposed several new structural mod-
els for PMN based on computer simulations of detailed
X-ray reflection data, suggesting that an average long-
range cubic lattice structure for PMN is consistent with
X-ray reflection data, with a possible intergrowth of
tetragonal and rhombohedral phases. However, such an
intergrowth is only consistent with the temperature
dependence for the long-range local B-site cation order-
ing in PMN materials.

Electron paramagnetic resonance (EPR) is an impor-
tant spectroscopic technique for examining the short-
range ordering in PMN powders prepared from different
solid-state synthetic methods and for PMN/PbTiO3 (PT)
solid solution materials. Huang et al.15 have observed
that the appearance and intensities of the EPR signals
vary with temperature and are also dependent on
synthetic route.

In this sense, we have recently synthesized PMN by
means of a simple sol-gel method at room tempera-
ture.16 Compositional changes were observed during the
process, and finally three samples with slight compo-
sitional variations from the ideal stoichiometry
(Pb(Mg1/3Nb2/3)O3) were obtained. In this paper, we
discuss the electrical behavior of these samples as a
function of the microstructural characterization per-
formed by means of SAED and HRTEM.

Experimental Section

Three samples of compositions: 59% PbO, 24% MgO, 17%
Nb2O5; 56% PbO, 29% MgO, 15% Nb2O5; and 48% PbO, 40%
MgO, 12% Nb2O5 (mol %) named 2, 3, and 4, respectively, have
been prepared according to the experimental procedure de-
scribed in ref 16. X-ray diffraction patterns corresponding to
samples 2, 3, and 4 could be indexed on the basis of a single
cubic PMN phase (space group Pm3m). Chemical compositions

obtained by EPMA are very close to that expected for ideal
PMN, PbMg0.33Nb0.68O3.02, and PbMg0.36Nb0.69O3.09 in samples
2 and 3, respectively. However, PbO was detected in sample
4 in addition to the majority PbMg0.32Nb0.67O3 phase.

Permittivity measurements, both real ε′ and imaginary ε′′
parts, have been performed at several stimulus frequencies,
keeping the temperature fixed. This procedure allows the
determination of the permittivity spectrum, by means of which
a complete dielectric characterization is reached. Samples have
been placed in a cryogenic chamber that permits the control
of the temperature between 77 and 350 K. The impedance
meter (Hewlett-Packard HP4128) programmed in the fre-
quency range from 100 Hz to 1 MHz completes the experi-
mental setup. For these electrical measurements, an organo-
paste and gold electrodes were applied to the surfaces of the
pellets fired at 800 °C.

SAED and HRTEM have been carried out on two electron
microscopes: (i) JEOL 2000FX fitted with a double tilting
goniometer stage ((45°) and (ii) JEOL 4000EX with a double
tilting goniometer stage ((25°), respectively.

Results and Discussion

Figure 1 shows the behavior of the permittivity (real
and imaginary parts) as a function of temperature for
the three PMN samples. In the case of the real part
(Figure 1a), permittivity presents, as expected for this
type of material, a high degree of frequency dispersion
below the maximum temperature (Tmax ≈ 270 K,
depending on the stimulus frequency). Above this tem-
perature, frequency dispersion is clearly reduced and
the temperature coefficient of permittivity dε′/dT is
reached at a very low value. On the other hand, the
imaginary part of the permittivity, which accounts for
the dielectric losses, also shows a peak around Tmax and
decreases at both high and low temperatures (Figure
1b). Both facts indicate the relaxor character of the PMN
samples. However, different values of permittivity at
low frequencies (100 Hz) measured at Tmax between
samples 2, 3, and 4, respectively, can be observed.
Whereas permittivity reaches values as high as 22 000
for sample 2, only values around 11 000 are exhibited
for samples 3 and 4.

To explain the above behavior, permittivity spectra
for all samples at T ) 253 K were studied (Figure 2). ε′,
as a function of frequency, steeply increases from high
to low frequencies in all three samples, as expected in
the case of frequency dispersion. In addition, ε′′ shows
the low-frequency part of a broadened relaxation peak,
whose maximum is observed at ≈300 kHz in sample 2
and should lie outside the measuring frequency range
for samples 3 and 4. As is observed, low-frequency slope
n of ε′′ spectra exhibits very low values, a clear indica-
tion of the non-Debye feature of the relaxation process.
It must be stressed that the analyzed samples present
the same pattern of frequency spectrum. In all three
cases, only a clearly distinct relaxation process is suffi-
cient for explaining this polarization mechanism. Strictly
speaking, Figure 2 shows the low-frequency wing of this
process. Other possible electrical contributions such as
dc conductivity, grain boundary effects, or different
phase responses do not appear in the frequency spectra
and therefore should be precluded in a proper explana-
tion. We can conclude that differences in the measured
dielectrical behavior among samples must be ascribed
to different features of the bulk PMN material.

Current models of the ferroelectric relaxor mechanism
are based on the existence of dipolar domains on the
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nanometric scale. Studies by neutron and X-ray diffrac-
tion on PMN-based relaxors have revealed rhombohe-
dral distortion in the lattice related to clusters of Mg
and Nb cations. These polar clusters, distributed in size,
can also vary their size as a function of temperature.
Viehland et al.17 have emphasized the influence of the
cluster size on the width of the relaxation characteristic
time. They showed that spherical clusters of diameter
45 and 55 Å would have relaxation frequencies of

approximately 2 × 107 and 2 × 103, respectively. Taking
this idea into account, Lu and Calvarin18 proposed that
an exponential distribution of polar volumes V, between
the critical limit of the crystalline cell Vc and an upper
volume Vm, accounts for the observed permittivity
phenomenology of relaxors. In their derivation the
activation energy of the cluster is proportional to the
cluster volume E ) KV, and hence increasing the cluster
size makes its fluctuation more difficult. The mean
value of the energy distribution E0 (related to the width

(17) Viehland, D.; Jang, S.; Cross, L. E.; Wutting, M. J. Appl. Phys.
1990, 68, 2916; 1990, 69, 414. (18) Lu, Z. G.; Calvarin, G. Phys. Rev. 1995, B51, 2694.

Figure 1. Permittivity as a function of temperature: (a) real part and (b) imaginary part. Frequencies: (b) 100 Hz, (∇) 1 kHz,
(9) 10 kHz, ()) 100 kHz, and (2) 1 MHz.
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of the volume distribution V0) results from the evalua-
tion of the low-frequency slope of the relaxation peak n
according to

in which k represents the Boltzman constant. The
evolution of n and E0 with temperature for sample 2 is
shown in Figure 3. Linear behavior of n with temper-
ature near Tmax in agreement with Lu and Calvarin can
be observed.18 T0 ≈ 250 K corresponds to the temper-
ature at which microdomains develop into macro-
domains.

According to Wang and Schulze,19 the low value in
the dielectric constant observed in sample 4 can be
assigned to the presence of PbO, detected by means
of EPMA analysis. This PbO can form a layer in the
grain boundary region, which dilutes the ferroelectric
phase.

To explain the different dielectric behavior in the
monophasic samples 2 and 3, a microstructural study
has been performed.

Although the X-ray diffraction pattern of sample 2
(PbMg0.33Nb0.0.68O3.02) can be assigned on the basis of a
single cubic perovskite, the microstructural character-
izacion by means of SAED and HRTEM shows a more
complex situation.

Figure 4a shows the SAED pattern along the [001]c
(subindex c refers to the single cubic perovskite subcell)
zone axis. All the diffraction maxima can be indexed
having taken into account a single cubic perovskite
subcell in agreement with the X-ray diffraction pat-
tern. However, the SAED pattern along both the [101h]c
and [12h1]c zone axes, Figure 4b,c, respectively, show
diffuse superlattice reflections, located at (1/2 1/2 1/2)c and
equivalent reflections, suggesting a three-dimensional
double perovskite unit cell (2ac 2ac 2ac). This 2-fold order
is not detected by the X-ray diffraction technique, and
in this sense it is also worth emphasizing the diffuse
nature of the extra spots. Both structural facts suggest
that the crystal must show only some ordered domains,
as indeed has been observed in other oxides like
LaCaMnCoO6.20
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Figure 2. Permittivity real and imaginary parts spectra at
T ) 253 K: (b) sample 2, (O) sample 3, and (1) sample 4.
Note the occurrence of a unique relaxation process in all
samples.

E0 ) kT
n

Figure 3. Variation of the low-frequency exponential factor
n of ε′′ spectra with temperature (b) and the corresponding
mean energy of the dipolar clusters (O) for sample 2. At ≈250
K the cluster mean size undergoes a reduction.

Figure 4. SAED pattern corresponding to sample 2 along (a)
[001]c, (b) [101h]c, and (c) [12h1]c.
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Figure 5 shows the HRTEM image along the [101h]
zone axis. Two different regions, marked by arrows, are
observed showing (i) double and (ii) single periodicity,
respectively, confirming the above proposal. Actually,
small domains of double periodicity are inserted in a
matrix with a simple cubic perovskite structure. These
structural facts are in agreement with those previously
described in the stoichiometric PbMg1/3Nb2/3O3.21

Actually, regions with a double periodicity must be
related to an ordered distribution of Mg and Nb cations.
This would lead to a PbMg0.5Nb0.5O3 composition with
a net negative charge, which necessarily involves posi-
tive Nb-rich regions having a simple cubic perovskite

structure. A random distribution of these small size
domains (about 50 nm) makes it impossible to distin-
guish the superstructure by the X-ray diffraction tech-
nique. Sample 3 shows the same characteristics but
there are less ordered domains in this sample than in
sample 2.

These results are in good agreement with previous
microstructural studies of PMN21 as well as with the
extended idea of the important role of the ordered Mg-
Nb domains on the electric properties of this kind of
material. In fact, the highest value of the dielectric
constant corresponds to sample 2, where domains of
double periodicity are inserted into a cubic matrix. On
the other hand, lower and similar dielectric constants
have been obtained for 3 and 4 samples. These facts
could indicate that the microdomain distribution has a
strong influence for obtaining a good relaxor material
based on the PMN structure, independent of the pres-
ence of PbO.

Conclusions

The sol-gel method has been shown to be successful
for obtaining PMN as a single phase, which is difficult
to stabilize by conventional solid-state reaction. Sample
2 exhibits good relaxor behavior while worse results
were obtained for samples 3 and 4. Microstructural
characterization has revealed the presence, in sample
2, of double periodicity microdomains, suggesting Mg-
Nb ordered domains, inserted in a Nb-rich cubic matrix.
However, an average cubic phase seems to be the
majority in samples 3 and 4. Moreover, PbO was
detected in sample 4 as an impurity phase.

Differences in microstructure seem to be responsible
for the differences observed in the dielectric constants
corresponding to samples 2 and 3. This observation is
supported by the fact that despite samples 2 and 3 being
single phases of PMN, only sample 2, the one with a
Pb:(Mg + Nb) and Mg:Nb ratios close to 1 and 0.5,
respectively, shows the highest permittivity value.

CM0011108

Figure 5. HRTEM image along [101h]c corresponding to
sample 2.
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