Materials Science and Engineering Publications

Materials Science and Engineering

11-2010

Compositional disorder, polar nanoregions and
dipole dynamics in Pb(Mg1/3Nb2/3)O3-based
relaxor ferroelectrics
Alexei A. Bokov
Simon Fraser University

Brian J. Rodriguez
University College Dublin

Xiaohui Zhao
Iowa State University, click@iastate.edu

Jae-Hyeon Ko
Hallym University

Stephen Jesse
Oak Ridge National Laboratory

Follow this and additional works at: http://lib.dr.iastate.edu/mse_pubs
See next page for additional authors

Part of the Ceramic Materials Commons, and the Physics Commons

The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
mse_pubs/30. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Materials Science and Engineering at Iowa State University Digital Repository. It has been
accepted for inclusion in Materials Science and Engineering Publications by an authorized administrator of Iowa State University Digital Repository.
For more information, please contact digirep@iastate.edu.

Compositional disorder, polar nanoregions and dipole dynamics in
Pb(Mg1/3Nb2/3)O3-based relaxor ferroelectrics
Abstract

The complex structure of relaxor ferroelectrics comprises polar nanoregions (PNRs) which appear upon
cooling below the Burns temperature and quenched compositional (chemical) disorder. The relation between
the polar nanostructure and compositionally ordered regions (CORs) often observed in relaxors has been the
subject of extensive theoretical investigations; however, the experimental data, especially concerning Pb(B′1/
3B″2/3)O3-type complex perovskite relaxors, are rather limited. In this paper, we analyse and discuss the
results of our recent investigations of the morphology of CORs and the dynamics of PNRs in Pb(Mg1/
3Nb2/3)O3 based solid solutions in which the degree of compositional disorder was varied by means of
changing the composition and/or by means of high-temperature annealing. The samples were characterised
using X-ray diffraction, transmission electron microscopy, piezoresponse force microscopy, Brillouin light
scattering, dielectric spectroscopy, as well as by measuring pyroelectric effect and ferroelectric hysteresis
loops. No influence of the size of CORs on the PNRs relaxation in the ergodic relaxor phase is found. Instead,
the CORs size influences significantly the diffuseness of the transition from the field-induced ferroelectric
phase to the ergodic relaxor state. The results are interpreted in the framework of a model suggesting the
coexistence of static and dynamic PNRs in the ergodic relaxor phase.
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Abstract. The complex structure of relaxor ferroelectrics
comprises polar nanoregions (PNRs) which appear upon
cooling below the Burns temperature and quenched compositional (chemical) disorder. The relation between the
polar nanostructure and compositionally ordered regions
(CORs) often observed in relaxors has been the subject of
extensive theoretical investigations; however, the experimental data, especially concerning Pb(B01=3 B002=3 )O3-type
complex perovskite relaxors, are rather limited. In this paper, we analyse and discuss the results of our recent investigations of the morphology of CORs and the dynamics of
PNRs in Pb(Mg1/3Nb2/3)O3-based solid solutions in which
the degree of compositional disorder was varied by means
of changing the composition and/or by means of high-temperature annealing. The samples were characterised using
X-ray diffraction, transmission electron microscopy, piezoresponse force microscopy, Brillouin light scattering, dielectric spectroscopy, as well as by measuring pyroelectric
effect and ferroelectric hysteresis loops. No influence of
the size of CORs on the PNRs relaxation in the ergodic
relaxor phase is found. Instead, the CORs size influences
significantly the diffuseness of the transition from the
field-induced ferroelectric phase to the ergodic relaxor
state. The results are interpreted in the framework of a
model suggesting the coexistence of static and dynamic
PNRs in the ergodic relaxor phase.

Introduction
The extraordinary properties of relaxor ferroelectrics
which make possible their numerous technological appli* Correspondence authors (e-mail: abokov@sfu.ca; zye@sfu.ca)

cations are related to the unique sequence of phase transformations observed in these materials [1–3]. In contrast
to normal ferroelectrics where the non-polar paraelectric
phase transforms directly to the polar ferroelectric one at
the Curie point (TC ), in relaxor ferroelectrics an intermediate ergodic relaxor phase is observed which appears upon
cooling from the paraelectric phase at Burns temperature
(TB ). The crystal may become ferroelectric only at TC  TB.
For some compositions, however, the ferroelectric phase
remains unattainable without the help of a strong enough
external electric field, and the crystal transforms to a
glassy nonergodic relaxor phase at a freezing temperature
Tf  TB . The main structural feature of the ergodic relaxor phase is the existence of small (few nanometres in size)
islands in which the paraelectric structure is distorted so
that a permanent local polarization appears. These islands,
the so-called polar nanoregions (PNRs), are embedded
into the non-polar matrix remaining from the paraelectric
phase. In canonical relaxors the size of PNRs gradually
increases with decreasing temperature and saturates at
T < Tf . In those relaxors where a low-temperature ferroelectric phase exists, the PNRs develop into ferroelectric domains below TC. The directions of PNR dipole moments are
randomly different; therefore on the mesoscopic scales
which are probed by conventional structural determination
techniques (polarized light microscopy, X-ray or neutron diffraction) the crystal remains non-polar. The best-known example of canonical relaxor is Pb(Mg1/3Nb2/3)O3 (PMN) with
the perovskite structure (space group Pm3m), TB ﬃ 630 K
and Tf ﬃ 210 K.
The mixture of polar and nonpolar regions is not the
only type of nanoscale inhomogeneity observed in relaxors. The other type is related to the compositional (or chemical) disorder, that is, the disorder in the arrangement of
different cations (e.g. Mg2þ and Nb5þ in PMN) on the
equivalent lattice sites (e.g. the sites in the centres of oxygen octahedra of the perovskite structure). In PMN crystal
this arrangement is random throughout the crystal except
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in a number of small compositionally ordered nanoregions
(CORs) in which the superstructure is formed so that the
(111) planes filled by the Nb5þ cations alternate with the
(111) planes filled by the mixture of Nb5þ and Mg2þ cations, giving rise to the doubling of the unit cell size and
Fm
3m space group inside CORs. The size of CORs in
PMN is 2–5 nm, i.e. approximately the same as the size
of PNRs. In contrast to PNRs, however, the morphology
of CORs in PMN (their dimensions and location and the
degree of compositional order inside them) remains unchanged at all temperatures. In some other perovskite relaxors the COR morphology can be changed by means of
high-temperature (1000  C) annealing and subsequent
quenching or by variation of crystal growth conditions
[4–6].
It was understood quite long ago that to account for
the specific properties of relaxors such as the diffuse and
extremely high peak in the temperature dependence of the
dielectric constant, e(T), and the unusual dielectric dispersion, one needs to assume that the PNRs (or a large portion of them) are dynamic, i.e. their dipole moment directions vary due to the thermal motion. Different
mechanisms of these variations were considered, including
flipping among several directions allowed by the local
symmetry [1] and structural rearrangements inside PNRs
[7, 8]. Reorientations of the dipole moments of PNRs are
believed to provide the main contribution to the dielectric
relaxation in the ergodic relaxor phase. When temperature
decreases the characteristic time of PNRs reorientations
(and consequently the characteristic time of the dielectric
relaxation) increases and finally diverges at Tf (glassy
freezing), i.e. the PNRs become static at T < Tf [9].
The connection between the relaxor state and the compositional disorder is evident: no relaxor ferroelectric behavior
was observed among completely compositionally ordered
crystals. However, the mechanisms by which compositional
disorder destroys a normal ferroelectric phase and creates
the relaxor state remain unclear. In particular, understanding
the relation between PNRs and CORs is of great interest. It
was suggested [2, 10] that CORs act as sites to localize the
PNRs emerging below TB and, therefore, the positions of
these different types of nanoregions coincide, i.e. CORs and
PNRs are practically the same regions of the crystal. A similar conclusion has recently been derived theoretically by
means of first principles-based simulations [11]. Furthermore, it was suggested that the nanosize CORs constitute
the necessary condition for the appearance of PNRs and,
consequently, the relaxor behavior should not be observed
in those crystals where CORs are absent or where their size
is much larger than the size of PNRs. This suggestion was
supported by the experiments showing that increasing the
CORs size in the Pb(Sc1/2Nb1/2)O3 (PSN), Pb(Sc1/2Ta1/2)O3
and Pb(In1/2Nb1/2)O3 relaxors (e.g. by means of high-temperature annealing) or elimination of CORs from PMN by
means of B-site substitution with Ti leads to the vanishing
of characteristic relaxor properties (diffuseness of dielectric
constant peak and relaxor dispersion) [10].
An entirely different picture appeared as a result of the
analysis of the elastic and quasielastic neutron scattering
data [12]. It was suggested that PNRs which are formed
inside CORs are pinned by the local compositional order

and therefore are static. Dynamic PNRs that are able to
contribute to the relaxation phenomena appear and grow
in the whole crystal.
To verify directly the validity of the different models
mentioned above, simultaneous examination of the compositional and polar orderings in the same nanoscale region
of the crystal is required, which turns out to be a difficult
experimental task. Most experimental techniques used to
study relaxors, e.g. diffuse neutron and X-ray scattering,
Raman and Brillouin light scattering, nuclear magnetic resonance (NMR), dielectric spectroscopy, etc. can determine (directly or indirectly) certain characteristics of
PNRs, but are hardly able to locate them in space. Accordingly, few experimental data have been available so far in
this field. Contradictory results were reported based on the
transmission electron microscopy (TEM): no direct correlation between the size and shape of the CORs and ferroelectric domains was observed in PMN-PST system [13],
while the model suggested for PMN implicates small nonpolar CORs inside PNRs of larger size [14]. Besides, the
very existence of static (not contributing to the relaxation
processes) PNRs in the ergodic relaxor phase was not confirmed unambiguously in experiments. It is not clear if the
PNRs observed by TEM are static or dynamic. The reports about static PNRs were based on the data of neutron
spin-echo spectroscopy [15, 16] and NMR [17] which are
restricted by certain time scales (109 s and 104 s, respectively). Therefore “static” PNRs revealed in these investigations in the ergodic relaxor phase may appear quasistatic in fact and contribute to the low-frequency part of
the broad relaxation spectrum observed by the dielectric
spectroscopy. This particular model was adopted by the
authors of the recent neutron diffuse scattering investigation [16], who interpreted the onset of static scattering
component below 400 K in PMN as a result of the slowing-down of dynamic PNRs and suggested that PNRs become truly static only below Tf  200 K i.e. in the nonergodic relaxor phase.
In the present work we investigate the relation between
CORs and PNRs through comparing the structure and
properties of PMN-based solid solutions in which the size
and concentration of COR are modified by means of chemical doping and special thermal treatment. We demonstrate that there is no significant influence of the morphology of CORs on the dynamics of PNRs. It is found that
static PNRs whose reorientations do not contribute to the
dielectric relaxation can exist in the ergodic relaxor phase
and that the dynamic PNRs are present even in those crystals where CORs are absent.

Observation of static and dynamic PNRs
in 0.9Pb(Mg1/3Nb2/3)O3 ––0.1PbTiO3 crystals
by means of piezoresponse force microscopy
In this section we analyze the results of our piezoresponse
force microscopy (PFM) investigations of dipole dynamics
in the ergodic relaxor phase of 0.9Pb(Mg1/3Nb2/3)O3 ––
0.1PbTiO3 (PMN-10PT) crystals. The TEM studies of this
perovskite solid solution reveal CORs with the size of
about 3 nm [18]. The spontaneous (i.e. without application
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of external field) ferroelectric phase transition is found by
X-ray diffraction below room temperature at TC ﬃ 280 K
[19], while the characteristic relaxor peak of the dielectric
constant occurs at 310 K (at 1 kHz). Strong dielectric dispersion observed around room temperature in an extremely wide frequency range [20] suggests the existence of
relaxing PNRs, which makes this crystal a convenient object for studying the PNR dynamics.
With the PFM technique one can measure piezoelectric response locally (typically within an area of
30  30 nm2). As the piezoelectric response is proportional to the spontaneous or induced long-living polarization (P), the local values of magnitude and direction of P
can be estimated. In scanning regime the spatial distribution of the polarization (domain structure) near the surface
of crystal can be mapped (see Ref. [20] for experimental
details). The scan obtained on the PMN-10PT crystal is
shown in Fig. 1a and b which represent the images typically observed in the ergodic phase of relaxors [21, 22].
One can see the labyrinthine domains having the characteristic size of 200 nm. The values of P inside these domains are comparatively small (much smaller than in the
domains of a typical normal ferroelectric phase in perovskites) but stable: the domain structure remains unchanged
when measured in the time intervals of many hours. Upon
heating the amplitude of the piezoresponse in the domains
is gradually decreases.
Applying a focused depth-resolved synchrotron X-ray
diffraction technique which is able to probe the local crystal structure with the submicrometre spatial resolution, we
studied the sample shown in Fig. 1 and confirmed that the
crystal structure remains cubic, and practically independent of the distance from the crystal surface (see Ref. [20]
for details). The existence of polar domains in the cubic
(i.e. non-ferroelectric) phase is not generally expected and
requires explanation. As their size is much larger than the
size of PNR, every domain must contain a large number
of PNRs. On the other hand, PNRs are too small to be
resolved by PFM. Therefore, the labyrinthine domains are
in fact frozen spatial fluctuations of polarization caused by
the density fluctuations of PNRs having dipole moment
directions up or down. While PFM samples only near-surface regions, we believe (though we cannot prove it unambiguously by now) that these labyrinthine domains cross
the entire thickness of the crystal.

Fig. 1. PFM images of the (001) surface of a PMN-10 PT crystal
before [(a) and (b)] and immediately after (c) application of a dc bias
pulse of 10 V (different location). (a) Phase image. Black and white
areas are the domains in which the [001] component of the polarisation, PZ, is positive and negative, respectively. (b) and (c) Amplitude
images. Dark areas correspond to small values of PZ magnitude; the
brighter the area, the larger the PZ magnitude.

Fig. 2. Relaxation of the vertical piezoresponse (proportional to local
polarization) measured using PFM in the PMN-10PT crystal at room
temperature after switching off the dc bias signal of 10 V applied for
1 s. Dots are the experimental data; solid line is the fitted KWW
dependence with t ¼ 25 s and b ¼ 0.36.

A long-living polarization which is several times larger
can be induced by the bias field applied to the sample
with the help of the PFM tip, as shown in Fig. 1c. This
induced polarization (Pind) relaxes with time to the value
observed before poling so that practically the same labyrinthine domain configuration finally restores. Both the increase of polarization upon switching on the bias and the
drop of the polarization upon switching off follow the
Kohlrausch-Williams-Watts (KWW) relaxation law,
Pind  exp ðt=tÞb . The example of such behavior for one
of the points is shown in Fig. 2. While mesoscopic heterogeneities of the relaxation dynamics were observed (100–
200 nm regions with comparatively large and small values
of t) [20, 23] the average t was found to be close to the
value derived from the dielectric relaxation spectrum. This
suggests that the mechanism of the relaxation observed by
PFM and in dielectric spectroscopy is the same, namely,
the reorientations of the dynamic PNRs.
One can suggest at least two ways to explain the origin of
the static labyrinthine domains. The first explanation is that
the dynamic PNRs in these domains possess preferred orientations due to the influence of local electric fields. These
fields caused by compositional disorder and other structural
defects are quenched, i.e., do not vary with time so that after
switching off the electric bias the PNRs relax to the configuration prescribed by the configuration of the local fields.
Alternatively, truly static PNRs may be responsible for labyrinthine domains. To discriminate between these two possibilities we applied switching spectroscopy PFM [24].
Switching spectroscopy PFM makes it possible to determine the configuration of local quenched electric fields
in the material. This can be done by local measurements
of the ferroelectric hysteresis loops. It is known that the
ferroelectric hysteresis loops measured in bulk samples by
conventional techniques (e.g. Sawyer-Tower) may be
shifted along the field axis when an internal bias field is
present (e.g. due to preferential orientation of defects). We
observed such a kind of shifts for local loops measured
with PFM [24]. Considering the direction and magnitude
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(coming from the reorientations of dynamic PNRs, and,
possibly, the growth of the PNR size) and the labyrinthine
domains (created by static PNRs). These are truly static
PNRs: their directions cannot be reoriented by thermal motion and they do not take part in the relaxation processes.

Phase transitions and relaxation in doped
Pb(Mg1/3Nb2/3)O3 with different sizes of CORs

Fig. 3. The map of local quenched electric fields derived from switching spectroscopy PFM of the area of the PMN-10 PT crystal outlined
in Fig. 1(a) by the dashed-line square. The pixel size is 12.5 nm. The
black lines are the contour map overlay representing the boundaries
of the labyrinthine domains.
Reproduced with permission from [24]. Copyright 2009, American
Institute of Physics.

of the shift, the direction and relative magnitude of the
quenched local electric fields at different points of the
crystal were determined and the corresponding map is
shown in Fig. 3. One can see mesoscopic (100–200 nm)
spatial fluctuations of the field, while the value averaged
over the whole sample remains practically zero. The configuration of these spatial fluctuations reveals no correlation with the configuration of the labyrinthine domains
(which are shown in Fig. 3 as a contour map). This means
that the formation of the labyrinthine domains cannot be
explained by the alignment of dynamic PNRs in built-in
random electric fields. Neither is there a correlation between the labyrinthine domain structure and the other
characteristics of local ferroelectric loops (switchable polarization, work of switching, etc.) [24], which further confirms that they are from different origins and explains the
relative independence of the bias-induced polarization

While the results of PFM experiments described in the
previous section suggest the coexistence of static and dynamic PNRs in the ergodic relaxor phase, they can say
little about the connection between PNRs and CORs: compositional ordering does not change the cubic point symmetry of the structure and, therefore, cannot influence directly the piezoelectric response. To reveal possible
connection indirectly we compared the PNR-related properties in PMN where the size of CORs is about 2–5 nm
and in the chemically modified PMN crystals and ceramics with CORs of various sizes. The degree of compositional disorder averaged over the whole sample (S) was
determined from relative intensity of fundamental and
superstructure X-ray diffraction reflections while the size
of CORs was estimated from the TEM micrographs. The
compositions studied are listed in Table 1, which include
pure PMN crystals and ceramics, La-doped PMN crystals
(PLMN) where a doping level as low as 2 at% induced
comparatively large (100 nm) CORs [25] and several
PMN-based ceramic solid solutions where large-size
CORs and detectable S appeared only after special hightemperature treatment (slow cooling after sintering, see
Ref. [26] for details). Selected TEM images in Fig. 4 demonstrate CORs in partially ordered ceramics.
In Fig. 5 the dielectric permittivity is compared in compositionally disordered PMN crystals and partially ordered
PLMN crystals. The data are normalized for convenience.
One can see that the shape of the dielectric peak and the
dielectric dispersion is practically unaffected by compositional ordering: the curves for the two samples coincide

Table 1. Comparison of the parameters describing dielectric relaxation and ferroelectric phase transition in compositionally disordered and
partially ordered pure and modified PMN crystals and ceramics.a
Composition

S

102 em
at 1 kHz

Tm at
1 kHz (K)

d
(K)

Tf
(K)

Tb
(K)

1015 t0
(s)

Et
(K)

b0

Eb
(K)

TC
(K)

Crystal PMN
Ceramics PMN
Crystal
0.98 PMN––0.02 La(Mg2/3Nb1/3)O3
Ceramics
0.97 PMN––0.03 La(Mg2/3Nb1/3)O3

0
0
0.44

200
174
101

265
264
261

41
45
45

213
217
192

210
216

16
13
11

810
831
1080

0.43
0.48

42
49

215
201

72

217

77

148

147

1445

0.39

43

143

13

0.4
0

68
195

218
270

78
46

154
224

141
211

1.4
26

1247
682

0.39
0.44

48
62

145
213

10
1.3

0.4
0

188
120

269
251

45
60

228
185

219
180

17
2.0

743
1086

0.48
0.36

50
52

212
172

0.6
14

0.4
0

147

255
521

53
20

184

183

1500

0.40

62

174
521

8

Ceramics
0.94 PMN––0.06 Pb(Sc1/2Nb1/2)O3
Ceramics
0.96 PMN––0.04 Pb(Mg1/2W1/2)O3
Crystal 0.45 PMN––0.55 PbTiO3

0

0.44

0.16

a: Typical uncertainties are 2 K, 3 K, 5 K, 100 K, 0.03 and 7 K for d, Tf, Tb, Et, b0 and Eb, respectively.
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Fig. 5. Normalized dielectric constant (e/em) at three different frequencies, 10 Hz, 1 kHz and 100 kHz, as a function of (T  Tm ) measured
in the [100] direction in compositionally disordered PMN and partially ordered (S ¼ 0.44) 0.98 PMN––0.02 La(Mg2/3Nb1/3)O3 (PLMN)
crystals. Tm and em are the temperature and the magnitude of the e(T)
maximum at 10 Hz, respectively.

compositionally disordered regions were revealed in the IR
reflectivity spectra of 0.65 Pb(Mg1/3Nb2/3)O3 ––0.35 PbTiO3
ceramics [29]. However, in PMN these additional dielectric
contributions are comparatively small and become significant only at low temperatures, where flipping of dynamic
PNRs is frozen. Therefore, the observed similarity of dielectric peaks in PMN and PLMN means that the subsystem of
dynamic PNRs has no relation to the compositionally ordered regions. Small difference in the low-temperature behaviour is probably related to some changes in the subsystem of static PNRs and/or phonon spectrum.
To quantitatively characterise the behaviour the experimental data were fitted to the formulae which are proven
to be able to fully describe the dielectric response of flipping PNRs in the ergodic phase of relaxors [3, 9]. The
high-temperature (frequency-independent) slope of the
e(T) peak was fitted to the quadratic relation

Fig. 4. Compositionally ordered domains in partially ordered (S ¼ 0:4)
ceramics: (a) 0.97 PMN––0.03 La(Mg2/3Nb1/3)O3, (b) 0.94 PMN––
0.06 Pb(Sc1/2Nb1/2)O3 and (c) 0.96 PMN––0.04 Pb(Mg1/2W1/2)O3. The
dark field TEM images are formed with the (1=2 1=2 1=2) superlattice
spot in the h110i-zone axis selected area electron diffraction pattern.

and a small discrepancy is observed only in the low-temperature range. On the other hand, the height of the peak,
em, is much smaller in PLMN than in PMN (see Table 1),
which can be attributed mainly to the composition variation (due to La doping) rather than to the modified ordering. Indeed, the difference in em between the disordered
and ordered ceramic samples of the same composition is
comparatively small in all cases (see Table 1).
The dielectric response in the ergodic relaxor phase (i.e.
in the temperature range of the permittivity maximum) is
believed to be determined mainly by the reorientations of
the dipole moments of dynamic PNRs. The other contributions related to soft phonons, motion of the boundaries of
(static and dynamic) PNR, etc. also exist [9, 27, 28]. In particular, different polar-phonon modes related to CORs and

eA
ðT  TA Þ2
¼1þ
;
e
2d2

ð1Þ

where TA and eA are the fitting parameters standing for the
extrapolated values of the height and position of the static
dielectric constant peak, i.e. TA Tm ( f ¼ 0) and eA em
(f ¼ 0), and d is the diffuseness parameter characterizing
the width of the peak. The dielectric dispersion in the temperature range of the peak was found to follow the KWW
relaxation law which includes two parameters, namely, the
characteristic relaxation time, t, and the stretching exponent 0
b
1 (the value b ¼ 1 corresponds to the Debye relaxation and a decreasing b indicates widening of
the relaxation time distribution in the frequency domain).
The temperature dependences of these relaxation parameters in all compositions studied (Fig. 6 gives some examples) follow the Vogel-Fulcher-type relationships:


Et
t ¼ t0 exp
;
ð2Þ
ðT  Tf Þ


Eb
:
ð3Þ
b ¼ b0 exp 
ðT  Tb Þ
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Fig. 6. Temperature dependences of the relaxation parameters in disordered and partially ordered (S ¼ 0:4) 0.97 PMN––0.03 La(Mg2/3Nb1/3)O3
ceramics. The fits to the Vogel-Fulcher relationships [Eqs. (2) and (3)] are
shown by dashed and solid lines for disordered and partially ordered samples, respectively.

The parameters Tf and Tb (Tf ﬃ Tb) are the extrapolated
temperatures at which the characteristic relaxation time
and the width of the relaxation spectrum become infinite,
respectively, signifying the freezing of the spectrum. The
best-fit relaxation parameters for different compositions
are listed in Table 1.
Comparison of the dielectric relaxation characteristics
of all the ordered and disordered samples confirms the
trends found above by comparison of PMN and PLMN
crystals. The parameters d, which characterize the shape
(diffuseness) of the temperature dependence of the static
dielectric constant and the Vogel-Fulcher parameters Tf ,
t0, Et, Tb, Eb and b0, which describe the temperature evolution and freezing of the relaxation spectrum, are the
same, or almost the same, in the disordered samples as in
their partly ordered counterparts. The influence of the
compositional order on the magnitude of the dielectric
constant (the value of em) is also comparatively small.
This behaviour presents a striking contrast to the behaviour of Pb(B01=2 B001=2 )O3-type relaxors where compositional ordering causes significant variations in the temperature and diffuseness of dielectric peak, as well as in the
dielectric dispersion [2, 4–6].
The dielectric spectroscopy data are related to frequencies lower than 1 MHz and therefore provide information concerning the relaxation at comparatively low temperatures where PNR dynamics becomes comparatively
slow. The relaxation at higher frequency range was studied
by means of Brillouin scattering [30]. The Brillouin spectra were collected in PMN and PLMN crystals in backward scattering geometry and probed the longitudinal
acoustic (LA) phonons propagating in the [100] pseudocubic direction. Interaction of PNRs with acoustic phonons
leads to a significant decrease in sound velocity and consequently to a decrease in the value of the related Brillouin frequency shift (nB ) as compared to the shift which
would have been observed without PNRs (n1 ). Besides, if
the relaxation time of PNRs is comparable with the reciprocal acoustic mode frequency, additional acoustic damping appears resulting in widening of the Brillouin peak.

a

b

Fig. 7. Comparison of the LA mode behaviour in the compositionally
disordered PMN and partially ordered (S ¼ 0.44) 0.98 PMN––
0.02 La(Mg2/3Nb1/3)O3 crystals in terms of the temperature dependences of (a) the part of the Brillouin frequency shift related to the
interaction with PNRs and (b) the relaxation time calculated from the
width of the Brillouin peak according to Eq. (4).

Figure 7a shows the temperature dependences of the additional frequency shift, Dn ¼ n1  nB . The n1 values
were estimated by means of extrapolation of linear nB (T)
dependence observed at T > TB (where PNRs are absent)
to lower temperatures. The relaxation time shown in
Fig. 7b was calculated using the relation
tLA ¼

GB  G 1
;
2pðn21  n2B Þ

ð4Þ

where GB is the Brillouin peak full-width-at-half-maximum and G1 is the constant value of GB observed at T > TB
(see Ref. [30] for more details). It is evident that both Dn
which should depend on the concentration of PNRs, and
tLA which is determined by the PNRs relaxation times are
practically the same in the ordered and disordered samples
almost in the whole temperature range of ergodic relaxor
phase.
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Fig. 8. Thermal depolarization current measured during zero-field
heating
of
disordered
and
partially
ordered
(S ¼ 0:4)
0.94 PMN––0.06 Pb(Sc1/2Nb1/2)O3 ceramics after cooling at 10 kV/
cm. The current for pure PMN ceramics obtained under the same
conditions is shown by dashed line for comparison.

Besides the small-signal dielectric measurements the response to a large external dc electric field was studied. It
is known that this field, being larger than certain threshold
value, can induce in relaxors a metastable ferroelectric
phase at T < Tf [31]. We studied this phase transition by
measuring the pyroelectric current on heating (without
field) for the samples in which the ferroelectric phase has
been induced by field-cooling through Tf. The example for
Sc-doped ceramics is shown in Fig. 8. The temperature of
the transition from ferroelectric to ergodic relaxor phase
(TC ) was determined as the temperature of the current
peak. To characterize the diffuseness of the transition the
half-width of the depolarization current peak at 2=3 maximum (W) was measured and presented in Table 1. One
can see that the compositional disorder has practically no
effect on the transition temperature TC, but significantly
increases the diffuseness of the transition. The same conclusion has been made based on the shape of the temperature dependences of the remnant polarisation determined
from the ferroelectric hysteresis loops [26].

Fig. 9. Temperature dependences of the dielectric constant measured
in a PMN-55PT crystal at different frequencies in the [001] direction.
Solid and dashed lines represent fitting of experimental data to the
Curie-Weiss law and the quadratic law, Eq. (1), respectively.

poling electric field) through sharp phase transition at
TC ¼ Tm ¼ 521 K [33].
Our dielectric and light scattering experiments revealed
in a wide temperature range above TC the behaviour typically observed in relaxors and usually attributed to the existence of PNRs. As can be seen in Fig. 9, the dielectric
constant follows the Curie-Weiss law, e ¼ C=ðT  TCW Þ,
at high temperatures with TCW > Tm (a feature typical of
relaxors). The deviation from this law is observed in relaxors at the Burns temperature. In PMN-55PT the deviation
is found at about 620 K. This is practically the same deviation temperature as in pure PMN and it can be interpreted as the Burns temperature, TB . In the interval of
Tm < T < TB the characteristic of the ergodic relaxor
phase quadratic relation for the dielectric constant, Eq. (1),
is valid with the parameters listed in Table 1.
The Brillouin spectra of PMN-55PT and their temperature variations also show typical relaxor features. Upon
approaching TC from above, the strong central peak ap-

Phase transitions and relaxation
in doped Pb(Mg1/3Nb2/3)O3 without CORs
In the previous section we discussed relaxors in which the
size of CORs was increased as compared to the pure
PMN. In some cases, however, doping can lead to a size
decrease and even complete elimination of CORs. In particular, this happens in (1  x)PMN––xPbTiO3 solid solutions where CORs disappear at x exceeding 0.4, as
found by transmission electron microscopy [18] and confirmed by synchrotron X-ray scattering studies [32]. The
question was naturally raised whether PNRs still exist
when CORs are absent. To answer this question, we studied the 0.45 PMN––0.55 PbTiO3 (PMN-55PT) crystal. One
particular feature of this crystal is that the ferroelectric
phase appears spontaneously upon cooling (i.e. without

Fig. 10. Brillouin spectra measured in the (100)-oriented PMN-55PT
crystal plate in a backward scattering geometry at three different temperatures above TC ¼ 521 K. The central peak increasing with decreasing temperature is found alongside with the Brillouin doublet
from LA mode.
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a

b

Fig. 11. The LA mode behaviour in the PMN-55PT crystal. The temperature dependences of (a) the Brillouin frequency shift and (b) the
Brillouin peak full-width-at-half-maximum measured on cooling and
heating.

pears at T < TB and grows (Fig. 10), the LA mode substantially softens and the width of the peak increases, signalling increasing acoustic damping (Fig. 11). All these
features are related to the existence of the dynamic PNRs
(see Ref. [34] for more details). The relaxation time, t, of
the PNR motion derived from the central peak (it is inversely proportional to the peak width) increases upon cooling in the ergodic relaxor phase, following the relation
t / (T  T 0)1 characteristic of order-disorder phase transitions [34]. However, at TC the value of 1/t is still much
larger than the largest frequency used in our dielectric
measurements. Accordingly, the conventional relaxor dielectric dispersion is not observed in the ergodic relaxor
phase (Fig. 9) and the maximum in the temperature dependence of e appears not because of the dielectric dispersion
(as e.g. in pure PMN) but because of the phase transition.
For this reason Tm is practically independent of frequency
and equals TC.

Further discussion and conclusions
The experiments reviewed in the present paper are consistent with the model in which both static and dynamic
PNRs exist in the ergodic relaxor phase. The evidence of
the static PNRs was obtained with the help of PFM measurements while the characteristics of the dynamic PNRs
were studied with PFM, dielectric spectroscopy and Brillouin scattering. It is shown that the presence of CORs is

not the necessary condition for the PNRs formation: PNRs
are formed even in completely compositionally disordered
PMN-55PT crystals. Furthermore, no correlation between
CORs and dynamic PNRs was observed: the dynamic
characteristics of doped PMN relaxors in a wide frequency
range from 102 to 1012 Hz were independent of the COR
size. This result is consistent with the previous reports
[35, 36] that the degree of compositional ordering had no
substantial effect on the dielectric properties and phonon
dynamics of Pb(Mg1/3Ta2/3)O3, which seems to be characteristic of the Pb(B01=3 B002=3 )O3 perovskite relaxors, contrasting with the Pb(B01=2 B001=2 )O3 perovskites. This difference
is related to the fact that in the fully ordered state of
Pb(B01=2 B001=2 )O3 two B-site sublattices exist, each being
filled by a certain type of B-cations (B0 or B00 ) so that the
translational symmetry is maintained, while in the
Pb(B01=3 B002=3 )O3 case even in the state of the maximal
compositional order one of the two sublattices is filled by
the disordered mixture of B0 and B00 ions and the translational symmetry is still absent.
Our results support the idea that dynamic PNRs may
exist in the ergodic relaxor phase both in compositionally
disordered regions and inside CORs. Indeed, the effects
which are expected to be dependent on the average concentration of PNRs, such as the magnitude of the dielectric constant or the acoustic phonon softening, are nearly
the same in the samples with large and small fractions of
compositionally ordered regions. On the other hand, in
0.4PMN-0.6PT crystals (very close to our PMN-55PT
composition) where CORs are absent, the static PNRs
were not found in the diffuse neutron scattering experiments either [37]. This seems to suggest that static PNRs
may appear only inside CORs. Furthermore, we showed
[25] that the growth of CORs (in PLMN as compared to
PMN crystals) can lead to the growth of static PNRs and
they become so large to be observed in routine X-ray diffraction experiments (a mixture of cubic and rhombohedral phases was found in the PLMN crystals at room temperature).
Another remarkable conclusion is that the COR morphology, which has no significant effect on the dynamics
of PNRs in the ergodic relaxor phase, influences greatly
the ferroelectric phase transition. As discussed elsewhere
[26] this behaviour can be understood in the framework of
the phenomenological kinetic model of diffuse phase transitions in disordered crystals [38, 39], which considers the
dipole structure evolution in relaxor ferroelectrics as the
process consisting of two comparatively independent
steps: creation of PNRs in a wide temperature range of the
ergodic relaxor phase and their thermally activated growth
into large ferroelectric domains at TC .
Although a consistent picture of the relaxor-ferroelectric nanostructure is presented in this article, a number of
conclusions were derived, as already mentioned above,
based on indirect data only. The range of compositions
studied is also rather limited. Therefore, more research is
needed to ensure a thorough understanding of the relations
between compositional order/disorder and dipole dynamics
in Pb(B01=3 B002=3 )O3 perovskite relaxors. These data would
be indispensable for the construction of any successful
theories of relaxor ferroelectrics.
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