
A

T
t
i
t
o
(
s
f
©

K

1

f
r
a
s
fi
a
t
n
m
i
r
t

m
d
e
u
p
t
o

0
d

Journal of the European Ceramic Society 27 (2007) 4033–4036

Non-linear dielectric properties in based-PMN relaxor ferroelectrics

J. de Los S. Guerra ∗, M.H. Lente, J.A. Eiras
Universidade Federal de São Carlos, Dpto. de Fı́sica, Rod. Wash. Luis, km. 235, 13.565-905 São Carlos, SP, Brazil

Available online 5 April 2007

bstract

he investigation of the non-linear dielectric response in ferroelectric materials has become one of the most important issues in the field of ferroelec-
ricity due to its technological and scientific interest. Rather, from the practical point of view the understanding of the non-linear dielectric properties
s essential to improve the performance of ferroelectric multilayer capacitors and actuators devices, which commonly operate at high field levels. On
he other hand, the non-linear (NL) dielectric response to large electric fields has been revealed as a powerful technique to investigate the physical

rigin of the dielectric relaxor state. In this work, low frequency dielectric measurements were performed in 0.9[Pb(Mg1/3Nb3/2)O3]–0.1PbTiO3

PMN–PT) relaxor ceramics in a wide frequency and temperature range. The non-linear dielectric properties were investigated by using the mea-
urements of the dielectric permittivity of the PMN–PT as a function of the dc “bias” driving field. The obtained results were analyzed within the
ramework of the current models for the dielectric response of relaxor ferroelectrics.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Over the last decades intense studies have been conducted
or the understanding of the physical nature of the dielectric
esponse in relaxor ferroelectrics.1 These efforts are justified by
wide applicability range in the electronic industry.2 Indeed,

uch applications include multilayer capacitors, actuators and
eld-induced piezoelectric transducers,3 which often are oper-
ted at high field regime. Thus, it is very important to investigate
he physical properties of relaxors at high field levels, where the
on-linear dielectric features become essential. From the funda-
ental point of view, these investigations are also interesting to

mprove the understanding of relaxor ferroelectrics, since this
esearch may contribute to the identification of the mechanisms
hat governs the dielectric nature of relaxors.

The origin of the relaxor behavior in relaxor ferroelectric
aterials has been studied for 40 years, but it is only in the last

ecade that microscopic mechanisms, with solid experimental
vidence to support them, were proposed. The relaxors do not
ndergo a macroscopic phase transition from the paraelectric

hase into a ferroelectric one, but they become rather ‘frus-
rated’ ferroelectrics.1,2 They are complex materials where the
rigin of the ‘frustration’ has been associated to compositional
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nhomogeneity on a nanometer scale that results from partial
ompositional disorder in a specific lattice site.1 This disor-
er prevents the macroscopic transformation into ferroelectric
hase. A picture coherent with the experimental results is a
araelectric matrix in which ferroelectric nano-sized regions
re formed upon cooling, without the evolution of a coherent
acroscopic ferroelectric phase.
In this context, several phenomenological models have been

roposed to explain the physical origin of the observed relaxor
eatures.4,5 Probably, the most known models are the spheri-
al random bond-random field model (SRB-RF)5 and vibration
f the boundaries of the polar region (PRBV).4 Nevertheless,
one of them has yet gained a universal acceptance due to some
ontradictory experimental results. Rather, the basic question
f whether the relaxor state in zero electric field is a ferro-
lectric state broken into nano-domains under a constraint of
uenched random electric fields4 or a glass state similar to one
n dipolar glasses with randomly interacting polar nano-regions
n the presence of random fields,6 is still unclear. In general, it
s accepted that is impossible to get a unique answer, for the
hole temperature interval, because the interactions in relaxor

ystems may change their nature (i.e. from individual dipoles at
igh temperatures to domain walls at low ones). Therefore, the

dentification of the nature of the dielectric response in relax-
rs requires additional experimental information, which can be
btained from the measurements of the non-linear dielectric
esponse.

mailto:santos@df.ufscar.br
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.097
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Fig. 1. Real and imaginary components of dielectric permittivity as a function of
the temperature for the PMN–0.1PT ceramics: (a) zero field cooling for different
f
v

s
d
c
g
m
m
n
o
e
t
d
a
o

g
e
fi
o
t
t
t
t
p
p
o

034 J. de Los S. Guerra et al. / Journal of the E

In this work, the electrical permittivity of 0.9[Pb(Mg1/3
b3/2)O3]–0.1PbTiO3 relaxor ceramics was investigated in a
ide range of frequency and temperature. In order to investigate

he non-linear dielectric response, the dielectric measurements
ere performed as a function of the applied dc “bias” driv-

ng field. The results were analyzed and discussed within the
ramework of the models proposed in the literature.

. Experimental procedure

(1−x)[Pb(Mg1/3Nb2/3)O3]–(x)PbTiO3 ceramics, with x = 0.1
PMN–0.1PT] (rhombohedral), were prepared through the
olumbite method by conventional sintering technique. This pro-
edure was described in details elsewhere.7 PMN–0.1PT was
hosen because it is a prototype of relaxor ferroelectrics that
resent excellent physical properties, which are of high techno-
ogical interest.8 Briefly, the analytical graded precursor oxides
ere mixed in a ball mill using isopropyl alcohol. After that,

he powder was calcined at 1173 K for 4 h. The conventional
eramics were sintered at 1473 K for 3 h in a saturated PbO
tmosphere. X-ray diffraction analysis revealed only the per-
vskite phase without secondary phases.7 The sintered ceramic
odies were cut into a bar shape of 5 mm × 4 mm and polished
o a thickness of 0.5 mm for dielectric and ferroelectric mea-
urements. After that, they were annealed at 900 K for 1 h to
elease mechanical stresses introduced during polishing. Gold
lectrodes were sputtered into the sample surfaces.

Ferroelectric hysteresis loops were characterized at room
emperature by applying a triangular electric field of amplitude
f 15 kV/cm at 1 Hz.9 The real and imaginary components (ε′
nd ε′′, respectively) of the dielectric permittivity were mea-
ured in the frequency and temperature range of 1–100 kHz
nd 100–450 K, respectively, using an Impedance Analyzer HP
194A. Non-linear dielectric measurements were performed by
sing a LRC meter AG 4284A. A dc “bias” electric field with
ariable amplitude Edc up to 5 kV/cm was superimposed on the
mall ac driving field. The non-linear effect was characterized
y the non-linear component (NL) of the dielectric permittivity
εdc according to the dc “bias” effects.4

. Results and discussion

As previously reported,7 the results obtained by the frac-
ure surface micrographs of the sintered ceramics revealed a
omogeneous grain size (average grain size of 5 �m) with very
ow porosity level. The surface microstructure analysis revealed
ighly densified ceramic bodies with a homogeneous and crack
ree microstructure, and no secondary segregated phases. In
ddition, typical ferroelectric hysteresis slim loop was obtained,
hich reveals the relaxor characteristics of the investigated
aterial.
Fig. 1a shows the frequency and temperature dependence

f the linear (small signal) dielectric permittivity for the

MN–0.1PT sample. As can be seen, a strong dielectric dis-
ersion is observed only near the temperature of the maximum
ielectric permittivity (Tm ∼ 317 K), which is typical of relaxor
erroelectrics.

h
(

i

requencies; (b) field cooling measurement applying a dc “bias” electric field of
ariable magnitude.

On the other hand, the influence of a bias electric field (Edc),
uperimposed to the small 1 kHz ac signal, on the temperature
ependence of the dielectric permittivity is shown in Fig. 1b. As
an be seen, the dielectric permittivity shows a behavior analo-
ous to that obtained for zero field cooling measurements, which
eans ε′ becomes smaller in magnitude with the increase of the
agnitude of the applied dc field. Moreover, no change in Tm is

oticed for the same frequency. The dielectric relaxor behavior
bserved in Fig. 1(a) (frequency dispersion near Tm) prevails
ven when an applied dc bias electric field of moderated magni-
ude is applied. However, it is important to point out that under a
c bias field the dielectric dispersion vanishes quickly just above
nd bellow Tm (figure not shown here), when compared to that
btained for zero field cooling measurements.

One of the most widespread methods employed to investi-
ate the dielectric properties of the ferroelectric materials at high
lectric field regimes is the investigation of the electric “bias”
eld dependence of the non-linear dielectric permittivity. In
rder to investigate in more details the influence of a bias field on
he electrical permittivity, the non-linear component of dielec-
ric permittivity [�εdc = ε(Edc �= 0) − ε(0)] was calculated from
he dielectric measurements showed in Fig. 1(a) and (b).4 The
emperature dependence of the NL component of the dielectric
ermittivity at 1 kHz is shown in Fig. 2. Like the linear dielectric
ermittivity (Fig. 1a), it is seen that the temperature dependence
f �εdc clearly demonstrates that the NL dielectric component
as two regimes: (i) a quasi-static (at high temperatures), and

ii) a frequency dispersive (at low temperatures).10

The behavior observed for the non-linear dielectric permittiv-
ty (quasi-static regime, at high temperatures, and a frequency
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permittivity. The lines correspond to the linear fitting. It is ver-
ified that for the studied PMN–0.1PT ceramics, in the relaxor
state, the dc bias field effect is well described by a quadratic
function of the non-linear dielectric permittivity (�εdc–E2

dc),
ig. 2. Temperature dependence of the non-linear component of the dielectric
ermittivity for the PMN–0.1PT ceramics, as a function of the dc “bias” electric
eld, measured at 1 kHz.

ispersive, at low temperatures) might be satisfactorily inter-
reted in the framework of the so-called “breathing” model10

PRBV), in which a crossover of the dynamics of polar region
oundaries is expected.

The model supposes that the motion of the inter-phase bound-
ries between the polar regions and the non-polar matrix looks
ike breathing of the polar regions under the applied ac field.
ccording to the “breathing” model, the ergodic phase (at high

emperatures) is treated as a structurally inhomogeneous phase
onsisting of Nb-rich polar regions (PRs) or polar clusters (PCs)
mbedded in a non-polar paraelectric matrix. They are elon-
ated along the direction of the local spontaneous polarization,
s (the shape of which minimizes the effect of the depolar-

zing field), which can by oriented in one of the eight 〈1 1 1〉
seudo-cubic directions allowed by the rhombohedral symme-
ry of the polar phase.11 The orientation does not change under
he thermal agitation. The polar region pattern is determined by
he spatial distribution of internal random fields (RFs) induced
y the charge disorder and chemical inhomogeneities, which
ct as pinning centers. The non-polar paraelectric matrix may
e considered as a quasiregular array of chemically ordered
:1 (Mg:Nb) regions, which originates the so-called chemical
lusters (CCs). The polar clusters have typically the size of a
ew nanometers and are reorientable, and are thus responsible
or the observed dielectric behavior. In contrast, the chemical
lusters, or chemical defects, are essentially static and are thus
ntense sources of the random electric fields. Thus, these RFs
re basically originated by the chemical heterogeneity of the
rystalline sites related to the charge disorder, ionic radius and
ompositional fluctuations.

Due to the random distribution of the random fields, the inter-
hase boundary of a polar region and a non-polar matrix will
ot stay flat. Instead, it will become “rough” with a short scale
haracteristic length, Lc, which is determined by the spatial dis-
ribution of the random fields and the elastic characteristics of
he inter-phase boundary. If the short scale characteristic length

s smaller than the total length of the polar region, the bound-
ry will not be able to move as a whole. At low temperatures
in the dispersive regime), the dielectric response is controlled
y the field-induced vibration of the polar regions boundaries

F
c

an Ceramic Society 27 (2007) 4033–4036 4035

n a scale smaller than the size of the polar regions. On the
ther hand, at high temperatures (in the quasi-static regime), the
ielectric response is controlled by the field-induced breathing
f the polar region as a whole.

If only a signal ac field is applied, the dielectric response is
sotropic because the polar regions are randomly oriented in the
olume of the grain. However, the applied bias field changes the
rofile of the random fields and, thus changes the position of the
nter-phase boundaries. The dc field also forces the polar region
o reorient in the direction parallel to the field and provides a
oalescence of neighboring regions, resulting in a relative dimin-
shing in the total area of the boundaries in the field direction.
onsequently, the dielectric permittivity decreases.10

On the other hand, as can be seen in the same Fig. 2 for a
oderate dc bias field level (up to Edc = 3.1 kV/cm), a dielec-

ric anomaly (two peaks) was observed for the NL dielectric
ermittivity, while only a sharp peak was found for the highest
evel of the applied dc electric field (4.0 kV/cm). This behav-
or may be attributed to an electric field-induced transition from
elaxor to a ferroelectric state, according to the spherical random
ond-random field model (SRB-RF).5 It is correlated with the
act that the linear dielectric response in ferroelectric materials
ay be associated to existence of the random fields.5 It has been

eported that some relaxors become ferroelectric upon cooling
nder strong dc bias,12 therefore, our results are in agreement
ith the current literature. The obtained anomalies for moderate
c bias field levels suggest, therefore, the coexistence of a glass
tate concomitant to a ferroelectric state in the PMN–0.1PT.

ith the increase of the Edc, the glass state is overlapped with
he ferroelectric state leading to a disappearing of the observed
nomalies.

Fig. 3 shows the non-linear component of the dielectric per-
ittivity versus the square of the dc bias electric field for the
MN–0.1PT ceramic. The circle and up triangle symbols show

he experimental data at 1 kHz for two selected temperatures
elow (300 K) and above (325 K) the maximum of dielectric
ig. 3. Non-linear component of the dielectric permittivity of the PMN–0.1PT
eramics, against the square of the dc “bias” electric field.



4 urope

w
s
t
o

4

P
r
i
p
m
a
t
i
s
c

A

p
t

R

1

1

1

1

036 J. de Los S. Guerra et al. / Journal of the E

hich is a fundamental characteristic in crystals whose macro-
copic structure has a center of symmetry,13 as in the case of
he PMN–0.1PT system. This behavior is in agreement with the
btained results for PMN single crystal materials.14

. Conclusions

In summary, the mechanism of dielectric response of
MN–PT relaxor has been analyzed using the experimental
esults obtained from the non-linear dielectric response. Study-
ng the influence of the effect of the dc bias field on the dielectric
roperties, it was observed that, like in the linear dielectric per-
ittivity, the NL component has two regimes: a quasi-static and
frequency dispersive one. On the other hand, it was found

hat the dielectric relaxation may be related to the motion of the
nter-phase boundaries of polar regions, and at the same time, it
eems to be hardly influenced by the coexistence of a glass state
oncomitant to the ferroelectric state in PMN–PT relaxors.
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