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Mesoscopic hierarchic polarization structure in the relaxor ferroelectrics Pb[(Mg1/3Nb2/3)1-xTix]O3
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Mesoscopic polarization structures such as polar nanoregions and polarization domain walls are the key factors
connecting microscopic fundamental polarization structures with macroscopic practical dielectric properties. A
snapshot observation of the domain in the relaxor ferroelectrics Pb[(Mg1/3Nb2/3)1-xTix]O3 just in the vicinity
of morphotropic phase boundary region was performed by use of 7-ps single shot soft x-ray laser pulse.
A self-assembled evolution of the oblique polarization domain was observed in Pb[(Mg1/3Nb2/3)72.2Ti27.8]O3

under the sample temperature decreased with the thermal equilibrium condition. Based on energetic discussion,
antiphase shift of domain wall pairs keeping flat boundaries was proposed for the dielectric response. A sharp
enhancement in the dielectric response at the vicinity of morphotropic phase boundary region reported previously
was recognized as evidence for the hierarchic nature of the present oblique polarization domain wall.
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I. INTRODUCTION

Those studying relaxor ferroelectrics have been inter-
ested in their large dielectric response and utility for many
dielectric devices. Meanwhile, the advantageous properties
of Pb[(Mg1/3Nb2/3)1-xTix]O3 (PMN–x% PT), which is an
isomorphous solid solution between Pb(Mg1/3Nb2/3)O3 and
PbTiO3, is one of the most popular materials that has attracted
interest not only in industrial applications [1,2] but also, in
fundamental condensed matter physics [3–5]. It is well known
that some macroscopic properties of a solid can never be
resolved simply into the microscopic nature of the crystal
structure and electronic states but originates inherently in
the mesoscopic level hierarchy [6,7]. Mesoscopic polarization
structures such as polar nanoregions (PNRs) [8] and polar-
ization domain walls [9] are certainly the matter of this type
that connects microscopic fundamental polarization structures
with macroscopic practical dielectric properties.

The structural symmetry of PMN–x% PTs in the paraelec-
tric phase is cubic; however structural symmetry in the fer-
roelectric phase varies dependon PT concentration [10]. The
structural symmetry in the ferroelectric phase around room
temperature changes from rhombohedral to monoclinic and
finally changes to tetragonal as the PT concentration increases
[1]. The morphotropic phase boundary (MPB) region appears
between 31% PT and 37% PT concentration [11–14].

*Corresponding author: namikawa@u-gakugei.ac.jp
†Retired.

It was reported that PNRs appear in PMN-x% PT below
30% PT and increase the size as the concentration of PT
increases. Matsuura et al. investigated the sizes of PNRs in
PMN–x% PT samples between 0% PT and 40% PT using
diffuse neutron scattering measurement [15]. Close to room
temperature, the sizes were estimated to be 1.3, 3.4, and
35 nm for 0% PT, 10,% PT and 20% PT samples, respec-
tively. There was no diffuse scattering for PMN–30% PT
and PMN–40% PT samples. Guo et al., using diffuse x-ray
scattering measurement [16], observed 10 × 17 nm PNRs
aligned periodically at a 28% PT sample under dc field when
the sample is near the phase transition temperature. The dis-
appearance of the diffuse scattering indicates the appearance
of long-range ferroelectric order, which is associated with
macroscopic polarization domains. Bai et al. observed spindle
like macrodomains ∼1 μm in width and ∼40 μm in length
in PMN-30% PT samples at room temperature by polarized
optical microscopy [17].

The origin of a large dielectric response for PMN–x%
PT observed in the MPB region has been assigned to the
polarization rotation, which is thought to be related to the po-
larization direction easy to rotate in the monoclinic phase [13].
Matsushita et al. observed a sudden sharp enhancement of the
dielectric response εr from ∼4500 up to ∼7500 around 28%
PT concentration, however the origin of this anomalous di-
electric response is yet to be resolved [18]. We show dielectric
constants for PMN–x% PT as a function of PT concentration
in Fig. 1, which is reconstructed from Fig. 7 in Ref. [18]. The
dielectric constants increase suddenly at the region around
28% PT concentration which is situated just below the MPB
region indicated by the meshed area in the figure. The lower
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FIG. 1. PMN–x% PT dielectric constants depend on the Ti con-
centration. This graph was reconstructed from Fig. 7 in Ref. [18].
The MPB region is indicated by the hatched area.

vicinity of MPB region, where the PT concentration ranges
from 28 to 30%, is a singular region, where PNRs disappear
and polarization domains appear. A sudden increase in di-
electric constants at this region could not be explained by the
polarization rotation model as applied to monoclinic phase be-
cause the crystal symmetry at this region is the rhombohedral.
We need another mechanism that is based inherently on the
mesoscopic nature of the polarization structure.

HERE Shimizu et al. investigated the correlation length of
the Bragg reflection using a Ti-composition-gradient crystal
[19]. Negative correlation between electric response and do-
main size was found in this region. However, the distribution
of the residual strain is by no means homogeneous in the
Ti-composition-gradient crystal. Residual strain caused by
the cooling process deteriorates the growth of the domain
size in crystal. Direct observation of mesoscopic polarization
structure by use of single-composition crystals is highly ex-
pected to clarify the nature of the abovementioned sudden
enhancement of the dielectric response around 28% PT.

Yan et al. pointed out the dielectric permittivity of PMN-
33% PT strongly depends on the cooling rate across the
relaxor-ferroelectric phase transition temperature [20]. Okino
et al. confirmed the cooling rate dependences of the dielectric
constant and observed the cooling rate dependence on grain
size [21]. Viehland et al. pointed out that the motion of
the domain boundary contributes to the dielectric response
[22]. Gorfman et al. investigated the nanoscale changes in
ferroelectric domain walls by observation of the temperature
correlation of x-ray speckle patterns [23]. Evolution of the
mesoscopic secondary polarization structures of PMN–x%
PT around 28% PT in cooling has a crucial importance for
understanding the hierarchic nature of the relevant anomalous
dielectric properties.

We investigate the temperature evolution of domain struc-
tures at just below the MPB region under two different cooling
rates, the thermal equilibrium condition and the nonequi-
librium condition. The soft x-ray (SXR) pulse laser with
a wavelength of 13.9 nm and a pulse width of 7 ps is a

FIG. 2. Schematic of the experimental setup of the coherent
SXR speckle patterns and temperature dependence. The polarized
coherent SXR laser beam is focused on the sample surface, and the
reflected beam from the sample is acquired by an SXR CCD camera.

suitable tool for investigating the polarization domains
through the birefringence [24]. We investigate the evolution of
the mesoscopic secondary polarization structures of PMN–x%
PTs using the picosecond speckle technique of the SXR pulse
laser. After the discussion of dynamics of domain wall fluctu-
ation, we show an illustration of response of the mesoscopic
polarization structure to the external electric field, which is
responsible for the anomalous dielectric constants.

II. EXPERIMENTAL

PMN–x% PT samples with 26.6% PT, 27.8% PT, and
28.3% PT were grown in the [110] direction using the one
batch melts Bridgeman method by spontaneous nucleation.
These values of PT concentration have ambiguity less than
0.6%. Details of the crystal growth have been previously
described by one of the present authors and his collaborators
[18]. The temperature Tm at which the dielectric constant of
the sample attained its maximum (measured by an external
field of 1 kHz) was 412 K for PMN–26.6% PT, 418 K
for PMN–27.8% PT, and 421 K for PMN–28.3% PT. The
structural symmetry of the PMN–26.6% PT sample crystal
only transformed from cubic to rhombohedral at TC. The
structural symmetry of the PMN–27.8% PT sample crystal
and PMN–28.3% PT sample crystal varied from cubic to
tetragonal at the structural phase transition temperature TC,
and the tetragonal symmetry transformed again to rhombo-
hedral at the secondary transition temperature Trt . The size
of the (001) slab-cut samples was 5 × 3 × 0.5–0.7 mm3. The
surfaces of the samples were polished to an optical grade.

We investigated the appearance and growth of polariza-
tion domains by speckle measurements using coherent SXRs
with instrumentations illustrated in Fig. 2. The SXR laser
beam developed at the National Institutes for Quantum and
Radiological Science and Technology (QST) have a wave-
length of 13.9 nm with a bandwidth of approximately 10−4,
a pulse width of 7 ps, and more than 108 spatially coherent
photons per pulse [25,26] The SXR laser beam is a suit-
able tool for investigating the fluctuation of the polarization
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domains using picosecond speckle technique through the bire-
fringence. A vertically polarized SXR laser beam, prepared
by a plane mirror with a 45◦ incidence angle, was focused
on the sample using a spherical mirror. The diameter of the
focal spot at the sample position was 100 μm. The glancing
angle was 10◦ with respect to the sample surface. The SXR
laser beams reflected through birefringence from spatially
distributed polarization domains interfered with each other
and resulted in speckle patterns. The speckle patterns were
recorded by a charge-coupled device (CCD) camera placed
140 mm downstream from the sample. In this experimental
setup, the observable maximum domain size was approxi-
mately 415 × 73 μm [2], which was restricted by the pixel
size of the CCD camera (13.5 × 13.5 μm [2]) and the
incident angle of the SXR laser beam. The spatial resolution
of the calculated autocorrelation function in this study was
approximately 300 nm, which was restricted by the adoption
area of an image taken by the CCD camera.

III. RESULTS

Coherent SXR speckle patterns for PMN–26.6% PT,
PMN–27.8% PT, and PMN–28.3% PT samples observed at
temperatures 428 K (above Tm), 398 K (between Tm and Trt),
and 353 K (below Trt) during cooling are shown in Fig. 3.
Direct beam patterns are shown for reference. Autocorrelation
patterns at 353 K are also shown in Fig. 3 at the last column.

The speckle patterns for PMN–26.6% PT at each tem-
perature are almost a mirror image of the direct beam and
do not differ with each other. While the speckle patterns for
the PMN–27.8% PT sample and for the PMN–28.3% PT
sample vary with temperature, which means that polarization
domains appearing in the sample change their sizes and shapes
with the temperature. Autocorrelation images for the PMN–
26.6% PT sample, for the PMN–27.8% PT sample, and for
the PMN-28.3% PT sample at 353 K are shown in the last
column in the Fig. 3. The autocorrelation image obtained by
a speckle pattern of PMN–26.6% PT is just the image of the
incident beam. No polarization domains larger than 300 nm
in size (this value is the lower limit of observation) have been
observed in the PMN–26.6% PT sample. The autocorrelation
pattern obtained by the speckle pattern of PMN-28.3% PT
shows that a few large domains exist. In contrast, the autocor-
relation pattern obtained by a speckle pattern of PMN–27.8%
PT revealed ordered oblique stripe domains. However, even if
polar nanoregions less than 300 nm exist in 26.6% PT, 27%
PT, and 28% PT samples, they could not be recognized due to
the limit of resolution.

FIG. 3. Speckle patterns for PMN–26.6% PT, PMN–27.8% PT,
and PMN–28.3% PT samples. Direct beam patterns are also shown
for reference. Autocorrelation patterns at 353 K are shown to the
right side of speckle patterns.

FIG. 4. Temperature dependences of (a) the lattice constant,
(b) the rocking curve width (full with at half maximum) at the 200
Bragg peak position, and (c) the capacitances for each frequency for
the PMN–27.8% PT sample.

Hereafter we concentrate the investigation on the origin
and the behavior of these ordered oblique stripe domains ob-
served at PMN–27.8% PT. The appearance of the ferroelectric
phase in the PMN–27.8% PT sample was confirmed by x-ray
diffraction and capacitance measurements. The temperature
dependences of the lattice constants and the widths of rocking
curves were measured at BL22XU in SPring-8 [27]. The sam-
ple temperature decreased from 430 to 360 K in the cooling
process and increased from 360 to 430 K in the heating
process. No external electric field was applied while using
the x-ray diffraction measurements. The lattice constants and
the width of the rocking curve were observed around the 200
Bragg peak position. The results are shown in Figs. 4(a) and
4(b). Cubic to tetragonal phase transition took place at 407 K
on cooling. The lattice constant, aC, in the cubic phase split
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FIG. 5. Observed speckle patterns, calculated spatial correlation functions, and cross-sectional profiles of spatial autocorrelation functions.
(a) and (b) Coherent SXR speckle patterns for the PMN–27.8% PT sample measured under cooling in thermal nonequilibrium and equilibrium
conditions, respectively. (c) and (d) Spatial autocorrelation functions obtained from the speckle patterns shown in (a) and (b), respectively.
(e) and (f) The cross-sectional profiles perpendicular to the domain walls in (c) and (d), respectively

into two lattice constants, aT and cT, in the tetragonal phase.
We have indicated the structural transition temperatures on
cooling (heating) as T c

C (T h
C ). The expansion of the rocking

curve width took place at 2–4 K below T c
C on cooling. The

dielectric capacitance was measured by using an LCR meter.
Figure 4(c) shows the temperature and frequency dependence
of capacitance. The capacitance shows a hysteresis loop upon
cooling and heating. The capacitance has its maximum at
TM(=418 K), and the capacitance also shows abrupt changes
at T c

C and T h
C . The structural changes and the dielectric

behaviors around the structural phase transition temperatures
coincide with each other.

We show two series of observed coherent SXR speckle
patterns for the PMN–27.8% PT sample at four different
temperatures below T c

C in Figs. 5(a) and 5(b). Speckle patterns
shown in Fig. 5(a) were observed on a thermally nonequilib-
rium condition, while those in Fig. 5(b) were observed on a
thermally equilibrium condition. On cooling in the thermal
nonequilibrium condition, the sample temperature was de-
creased by 5 K/2 min step, and then the SXR speckle patterns
were observed shortly thereafter. In contrast, in the thermal
equilibrium condition, the sample temperature was decreased
by 1 K/5 min step and held for about 20 min before SXR
speckle measurements. Speckle patterns reflect the evolution
of the distributions of polarization domains because the origin

of the soft x-ray speckles is birefringence. Information about
domain sizes and adjacent domain distances can be evaluated
from a spatial autocorrelation function that is calculated from
the intensity distributions of the speckle patterns. Figures 5(c)
and 5(d) show spatial images of autocorrelation functions
derived from the speckle patterns shown in Figs. 5(a) and 5(b),
respectively.

Both domain shapes in Figs. 5(c) and 5(d) gradually be-
come distinct with decreasing the sample temperature. As
shown in Figs. 5(c) and 5(d), polarization domain shapes,
which appeared in the PMN–27.8% PT sample just below
the phase transition temperature (403 or 402 K), were irreg-
ular. However, with decreasing temperature, these irregularly
shaped polarization domains evolved into stripe-shaped peri-
odic domains. The domain patterns are oblique stripe-shaped
periodic structures toward the [−110] direction. The domain
shapes in Fig. 5(c) are irregular and domain boundaries are
unclear. However, the domain shapes in Fig. 5(d) differ from
those in Fig. 5(c), and the domain boundaries of the stripe-
shaped structures become clear and the width of each domain
becomes narrower as the sample temperature decreases. The
stripe-shaped oblique domains are 90° domains with polar-
ization directions of [010] and [100], which are parallel and
perpendicular to the polarization of the incident SXR laser
beam, respectively. Figures 5(e) and 5(f) are cross-section
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FIG. 6. Shot by shot cross-section profiles. Shot by shot fluctuation of the domain boundaries are shown. (a) Fluctuation of domain
boundaries are clearly shown at nonequilibrium condition. (b) No obvious fluctuation could be recognized at equilibrium condition.

intensity profiles perpendicular to the domain walls derived
from autocorrelation functions shown in Figs. 5(c) and 5(d),
respectively.

Shot by shot fluctuation of the cross-section intensity pro-
files are illustrated in Fig. 6. In the case of the nonequilibrium
condition, each profile in Fig. 6(a) shows a different pattern
depending on the observation that even the short range corre-
lation looks similar. On the other hand, under the equilibrium
condition each profile in Fig. 6(b) is surprisingly similar at
any moment of observation. Even a little fluctuation in width
of the domains are identified depending on the moment of the
observation, and domain boundaries seem to keep a similar
shape at any moment of observation. The stripe domains look
very steady.

IV. DISCUSSION

At the temperatures range around 385–400 K Kutnjak
et al. reported an appearance of excess heat capacity in a
PMN–29.5% PT sample [28], whose PT concentration was
close to our PT concentration of 27.8%. The excess heat
capacity means the existence of additional entropy, which
can be expressed as �S = ∫(Cp/T ) dT , where S, Cp, and T
is entropy, heat capacity, and temperature, respectively. The
result shown in Fig. 1(a) in their article means a reduction in
entropy took place when the crystal was cooled from 400 to
385 K. This temperature range coincides with those at which
the evolution of stripe-shaped polarization domains occurred
in our experiments. The evolution of stripe-shaped domains
observed in the PMN–27.8% PT sample during cooling in
the thermal equilibrium condition can be recognized as a
self-assemble process for polarization domains accompanied
by a release in entropy.

The polarization gradient in the [−110] direction within
the oblique stripe-shaped 90° polarization domains was small,
whereas that in the [110] direction was large at the domain
wall. The growth of 90◦ stripe-shaped polarization domains
toward the [−110] direction was a self-assemble process
accompanied by anisotropies in the polarization gradients
between the [−110] and [110] directions.

When the sample temperature decreases rapidly, fluctua-
tions of polarizations are significant. These large fluctuations
of polarization result in wider domains and unclear domain
boundaries, as shown in Fig. 5(c). Domain boundaries in
the thermal nonequilibrium condition looks disordered with
indistinct and uneven boundaries. On the other hand, when
the sample temperature decreases in the thermal equilibrium
condition, fluctuations of polarizations are small, causing the
presence of the stripe-shaped 90◦ polarization domains with
narrower widths and sharp boundaries as shown in Fig. 5(d).
The stripe-shaped 90◦ polarization domain is known as a
elastic strain highly relaxed domain structure. Each image in
Fig. 5 shows a snapshot picture of the domain with fluctuating
domain walls, however, in the thermal equilibrium condition,
the domain boundary observed by a single shot speckle are flat
and smooth. Each domain boundary appears to be keeping a
common parallel domain wall at any instance of observation
as shown in Fig. 6(b).

Chu et al. pointed out in their phase field simulation [9]
that the compressive strain induces an active fluctuation in
the oblique 90◦ domain wall. This situation is applicable to
our result. On application of an external electric field to the
[010] direction, deformation of the unit cell takes place; lattice
constants in the (001) plane begins to elongate to the [010] and
shrink to the [100]. As the results, compressive strain takes
place toward [100] within the (001) plane. The stripe-shaped
domain wall becomes easy to move by an external electric
field.

When an external electric field is applied to the [010] di-
rection, which is parallel to the polarization direction in one of
the 90◦ stripe-shaped oblique domains, then the domain area
relevant to the polarization direction increases. In this case,
the domain wall shifts reversibly with little increase in free
energy, as pointed out by Zhang and Li [1,29]. If the increase
in the polarization area takes place by the antiphase shift of
parallel domain wall pairs as mentioned by Pertsev et al. [30]
for the case of ferroelectric thin films, then the increase in the
excitation energy of the polarization is suppressed because
there is no need for the creation of new domain walls in
this mode. A schematic drawing of this situation is shown
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FIG. 7. Schematic model of antiphase shift of domain walls
under application of electric field. Elastic strain is almost preserved
at the antiphase shift of domain walls

in Fig. 7. A pair of domain walls face the antiphase shift
keeping with flat boundaries at application of electric field.
In this mode, relaxation of elastic strain is almost preserved,
while the electrostatic energy is reduced by �p · E . In case of
indefinitely shaped polarization domains, on the contrary, if an
increase in the area of the relevant polarization domains occur
by the elongation of the domain wall, the cost of excitation
energy for the new polarization area is larger because the
creation of new domain walls is required. If the shift of
domain wall pairs occurs as a collective mode by an external
alternative electric field, then the suppressed shift energy
of wall pairs is further decreased. Strong enhancement in
dielectric coefficients in Fig. 1 can be recognized as evidence
for collective excitation of the oblique 90◦ domain wall pairs
when an external alternative electric field applied.

Tang et al. [31] observed the frequency dependence of
dielectric constant between 50 and 10 000 Hz in 26% PT

crystal. No sudden enhancement in dielectric constant is
identified. A stripe type domain of less than 300 nm like our
27.8% PT sample may not be exist even in our 26.6% PT
sample.

V. CONCLUDING REMARKS

The large dielectric responses observed in PMN–x% PTs
around the PT concentration 28% can be attributed to a
characteristic nature of the self-assembled oblique 90° po-
larization domains to an external electric field. This peculiar
response of the polarization domain walls to an external
electric field is recognized as evidence for the hierarchical
characteristics of the relevant mesoscopic polarization struc-
ture. A collective mode domain wall response is anticipated in
our oblique 90° polarization domain. The self-assembly of 90◦
polarization domains and the manifestation of mesoscopic hi-
erarchic characteristics clarified in our study are significant for
further research concerning the basic ferroelectric response
and performance of relaxor ferroelectrics.
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