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The phase diagram and the relationship between the crystal coherence length and electrical response of
Pb[(Mg1/3Nb2/3)1−x

Tix]O3 (PMN-xPT) near the morphotropic phase boundary (MPB) have been precisely
investigated using a single crystal with a Ti composition gradient by synchrotron x-ray diffraction and inelastic
light scattering at room temperature. The crystal has two boundaries at Ti compositions of 29.0 and 34.7 mol%
which correspond to the phase boundaries between the monoclinic B (MB ) and C (MC) phases and between the
MC and tetragonal (T ) phases, respectively. The crystal coherence length determined from the widths of Bragg
peaks varies by over two orders of magnitude in a 10 mol% range of the Ti composition. It is shown that there
is a strong negative correlation between the electrical response and the crystal coherence length at the sub-μm
scale. The results are explained by the size effects of domains near the MPB.
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The relaxor ferroelectrics exhibit huge electrical response,
i.e., dielectric and piezoelectric coefficients which have broad
range temperature dependencies. These properties are useful
for various devices, such as condensers, actuators, and trans-
ducers, which require a large capacitance/mechanical strain
and a small size. One of the most well-known and widely
studied relaxor ferroelectrics is Pb[(Mg1/3Nb2/3)1−x

Tix]O3

(PMN-xPT), a solid solution of Pb(Mg1/3Nb2/3)O3 (PMN),
and PbTiO3 (PT). The x versus temperature phase diagram
of PMN-xPT has a ferroelectric rhombohedral (R : R3m)
Ti-poor region and the ferroelectric tetragonal (T : P 4mm)
Ti-rich region, which are separated by morphotropic phase
boundary (MPB: x ∼ 30 mol%) [Fig. 1(a)]. The MPB is nearly
parallel to the temperature axis. PMN-xPT shows maximum
electrical response near the MPB composition [1].

Many studies have been devoted to investigating the origin
of the large electrical response of relaxor ferroelectrics near
the MPB. The observation of stabilized monoclinic symmetry
[2–4] is believed to be the most important discovery for relaxor
ferroelectrics near the MPB [Fig. 1(a)] [5–8]. Phenomenolog-
ical [6] and also first-principles [7] calculations have indicated
the importance of polarization rotation in the monoclinic
symmetries for obtaining large electrical response. As shown
in Fig. 1(b), the polarization in the T , R, and O symmetries is
aligned in the 〈001〉, 〈111〉, and 〈101〉 directions, respectively.
In contrast, the polarization vectors in the monoclinic B (MB :
Cm) and C (MC : Pm) phases are confined within the (100)
and (010) planes, that is, the polarization directions are aligned
along [uvu] (u > v) and [u0v] (u < v), respectively [3,6,7].
This is because the spontaneous polarization vector for the
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monoclinic symmetry can rotate more easily than that for the
R and T symmetries under even a small external field [5,8].
On the other hand, Ishibashi and Iwata explained the large
response in a stabilized orthorhombic (O) phase near the MPB
by a phenomenological approach [9,10]. They showed that the
transverse instability of polarization near the MPB is enhanced
without introducing monoclinic phases.

Matsushita et al. reported the detailed Ti composition
dependence of the dielectric (εr at 1 kHz) and the piezoelectric
(d33) constants of PMN-xPT which have a sharp peak near
28.0–28.8 mol% and vary by approximately 10%–20% at room
temperature even though they have the same Ti composition
[Figs. 2(a) and 2(b)] [11]. The origin of the sharp peak
and the scattering of the data cannot be understood from
the previous phase diagram (averaged symmetry). Matsushita
et al. predicted that these features of electrical response are
related to inhomogeneities in the relaxor ferroelectrics.

Inhomogeneities in the relaxor ferroelectrics have been
discussed as a means of explaining the increase in the
degree of electrical response by multidomain states [12], the
coexistence states of R and T phases [13,14], an adaptive
phase that consists of nanodomains [15], the rotation of local
polarizations [16], and so forth. Although many experimental
results have directly and indirectly shown the existence of
inhomogeneities in the relaxor ferroelectrics [17–24], the
relationship between the large electrical response and the
length scale of the inhomogeneity is not well known.

In this paper, revisiting the precise phase diagram at room
temperature, we report the experimental observation of the
correlation between the nanometer-to-micrometer inhomo-
geneity and the large electrical response [11] by synchrotron
x-ray diffraction and inelastic light scattering using a sin-
gle crystal of PMN-xPT with a Ti composition gradient
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FIG. 1. (Color online) (a) Phase diagram of PMN-xPT obtained
by powder x-ray diffraction [28,29]. The thick horizontal line in the
phase diagram is the region of our investigation. (b) Crystallographic
phases corresponding to different polarization directions [3,7]. (c)
Microscopic image of PMN-xPT single crystal with Ti composition
gradient. (d) Schematic drawing of the sample.

[Fig. 1(c)]. In the present x-ray measurement, we focus on
the Bragg reflection for obtaining the crystal coherence length
relating to the inhomogeneity, and we do not focus on the
diffuse scattering that originates from nanodomains or polar
nanoregions [17,18]. Since the previously proposed phase
diagrams of PMN-xPT and Pb[(Zn1/3Nb2/3)1−x

Tix]O3 showed
slight differences according to their measurement techniques
and conditions, i.e., x-ray or neutron diffraction, powder or
single-crystal diffraction [25–27], we employ light scattering
to confirm that the bulk of the sample has the same phase
boundaries as those observed using x rays.

To gain insight into the origin of the electrical response
near the MPB, a systematic study involving the preparation
of many samples with slightly different x values is required,
considering the x versus temperature phase diagram of PMN-
PT [Fig. 1(a)]. As an alternative, a single crystal of PMN-
xPT having a Ti composition gradient is ideally suited for
this purpose if possible. Fortunately, such a single crystal was
provided by JFE Mineral Co., Ltd [11]. By the combination
of this crystal with the x-ray microbeams, we can perform
precise experiments [30] near the MPB by scanning the x-ray
beam relative to the sample position without changing the
experimental setup. An as-grown sample was cut to provide a
{100} plane with dimensions of 62.7L × 15.0W × 0.3T mm3,
which was optically polished. Figure 1(c) shows a polarized
microscopy image of the sample. Two phase boundaries can be
clearly observed from the changes in color and brightness. The
Ti composition distribution was determined by measurement
of the Ti fluorescence (Kα: 4.51 keV) intensities in comparison
with reference PMN-xPT (x = 38.7 and 0 mol%) samples
using a 200 × 100 μm2 x-ray beam. We also confirmed that

the intensity of the Pb fluorescence (Lβ : 12.61 keV) was almost
constant at all positions, which was used for the normalization
of the measured Ti fluorescence intensities. The Ti composition
of the crystal changed from 27.0 to 38.0 mol% over its length of
62.7 mm, while the absolute value of deduced Ti composition
had an error of ±0.6 mol%. By comparison with the previous
reports [27–29], we estimated the phase in each region in
Fig. 1(c) to be MB , MC , and T as shown in Fig. 1(d). The
composition range of our measurements is drawn with a thick
horizontal line in Fig. 1(a).

The synchrotron x-ray diffraction experiments were per-
formed at BL22XU in SPring-8 [31]. The incident x-ray energy
was tuned to 12.94 keV (=0.0958 nm), just below the PbLIII

absorption edge (13.04 keV). The penetration depth of the x
rays in PMN-xPT was estimated to be 14 μm. We mainly
focused on the pseudocubic (400) reflection. The size of the
incident beam was 200 × 200 μm2. The resolution in the
reciprocal space along the wave-vector (longitudinal) direction
was approximately 0.001 nm−1, corresponding to a crystal
coherence length of 1 μm.

The inelastic light scattering in the GHz frequency range
was measured using a Fabry-Perot interferometer [32] under a
microscope in the backscattering geometry with incident light
of λ = 532 nm. The incident beam was focused to a spot of
up to 10 μm diameter.

Figure 3 shows typical peak profiles obtained by x-ray
diffraction in the longitudinal direction. The lattice constants
as a function of the Ti composition are shown in Fig. 2(c)
using solid marks. Two phase boundaries are also clearly
indicated from the changes in lattice constants. We also show
the results of Singh et al. using open marks [28]. Our results are
consistent with those in previous reports [27–29], and the two
phase boundaries at Ti compositions of 29.0 and 34.7 mol%
can be assigned to the MB–MC and MC–T phase boundaries,
respectively.

Most of the (400) peak widths along the longitudinal
direction are much broader than the instrumental resolution
(Fig. 3), which means that the crystal coherence lengths are
shorter than the value defined by the resolution presented
above. The average crystal coherence length (ξ ) is defined
by ξ = 1/κ (nm) according to Scherrer’s equation, where
κ (nm−1) is the half width at half maximum of the (400) Bragg
peak along the longitudinal direction in the reciprocal space.
In the T phase, some peaks were resolution limited, where
the crystal coherence lengths were more than 1 μm. To obtain
information on the length scale of over 1 μm, we performed
coherent x-ray scattering measurements [33,34]. By narrowing
the incident beam to 10 × 10 μm2, we obtained almost perfect
spatial coherence of the x rays by considering the incident
x-ray energy and the distance between the light source and the
sample. Using the coherent x rays, a single sharp peak was
observed at each measurement point along the x direction in
the T phase. This suggests that the 10 × 10 μm2 irradiated
regions contain almost no faults. The typical size of domains
in the T phase is estimated to be larger than 10 μm. The
Ti composition dependence of the crystal coherence length is
summarized in Fig. 2(d).

The crystal coherence length has a minimum near the MB–
MC phase boundary and rapidly changes from approximately
70 nm to over 10 μm with the change in the Ti composition

174121-2



NEGATIVE CORRELATION BETWEEN ELECTRICAL . . . PHYSICAL REVIEW B 92, 174121 (2015)

0.400

0.402

0.404

0.406

0

2000

4000

6000

8000

D
ie

le
ct

ric
 c

on
st

an
t,

r

0

1000

2000

3000

d 33
 (p

C
/N

)
La

tti
ce

 c
on

st
an

ts
 (n

m
)

C
oh

er
en

t l
en

gt
h 

(n
m

)

40

45

50

26 28 30 32 34 36 38
5

10

15

Ti composition x (mol%)

Fr
eq

ue
nc

y 
sh

ift
 (G

H
z)

MB MC T
(a)

(b)

CP

10000
1000

100

(d)

<

LA
(e)

(c)
a b c Singh et al.
a b c Our results 

FIG. 2. (Color online) Ti composition dependence of (a) dielec-
tric constant [11], (b) piezoelectric constant [11] (d33), (c) lattice
constants (solid marks are our results, open marks are previous results
[28], solid lines are a guide to the eye), (d) crystal coherence length,
and (e) contour maps of Brillouin spectrum.
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FIG. 3. (400) Bragg peak profiles measured along longitudinal
direction at Ti compositions of 27.3, 29.0, 32.9, and 38.0 mol%.
These profiles are normalized by the peak intensities.

of about 10 mol% in the crystal. The broadening trend of
the Bragg peaks near the MPB was previously reported for
PMN-xPT with coarse x steps (over 3 mol%) [35,36]. Our
present results were obtained with fine x steps (0.04 mol%)
and cover the two phase boundaries near the MPB along the x

direction.
Figure 2(e) shows the intensity contour maps of the inelastic

light scattering spectra of the longitudinal acoustic (LA)
phonon mode and the central peak (CP) corresponding to
the 40–50 GHz and the 0–15 GHz regions, respectively. The
spectra are normalized by the total intensity of one spectrum of
±66.259 GHz except the ±5 GHz corresponding the Rayleigh
scattering. Information on the polarization fluctuations can
be obtained directly from the CP, and indirectly from the LA
phonon mode via polarization-strain coupling [37,38]. The LA
mode shows a hardening trend with increasing Ti composition,
indicating that the crystal becomes stiffer with increasing Ti
composition. This result can be understood from the volume
reduction of the unit cell with increasing Ti composition
[28,29]. The peak widths and relative intensities of the LA
mode and CP show a clear change at the two phase boundaries
determined by the x-ray diffraction, indicating that no clear
difference can be seen between the bulk and the skin [25–27]
region in this sample.

As mentioned in the introduction, a sharp peak of εr

(∼8000) can be seen at approximately 28.5 mol% [Figs. 2(a)
and 2(b)]. This composition of 28.5 mol% corresponds to the
MB–MC phase boundary observed at 29.0 mol% in Figs. 2(c)
and 2(e), considering the error of ±0.6 mol%. εr gradually
decreased between x = 29 and 34 mol%, and is almost
completely suppressed above x = 34.5 mol% (in the T phase).
d33 also shows similar behavior.

It is now clear that the crystal coherence length (ξ ) at the
sub-μm scale and the electrical response have a negative cor-
relation over a wide Ti composition range. As shown in Fig. 2,
the crystal coherence length decreases toward the MB–MC

phase boundary, while the electrical response increases, with
the former having a minimum and the latter having a maximum
at the MB–MC phase boundary. The crystal coherence length
increases from the MB–MC phase boundary towards the MC–
T phase boundary while the electrical response decreases, with
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the former suddenly increasing and the latter decreasing at the
MC–T phase boundary. The evolution of the observed crystal
coherence length with the Ti composition can explain the
difference in the degree of electrical response between the MB–
MC and MC–T phase boundaries, shown in Figs. 2(a) and 2(b).

A similar negative correlation has been reported for BaTiO3

with engineered domain configurations, where the smaller
the domain size, the higher the degree of electrical response
observed [39,40]. Domain-size effects have also been observed
in PMN-xPT and Pb(In1/2Nb1/2)O3-PMN-PT with engineered
domain configurations [41–43]. If the crystal coherence length
corresponds to the domain size, the negative correlation near
the MPB could be explained as a domain-size effect. As
previously mentioned, the domain-size effects were observed
in the compositionally uniform samples only by changing
the external fields [39–42], whereas, in our case, the crystal
coherence length was shown to be controlled by the Ti
composition. Both cases can be understood as a domain-size
effect, however, the mechanism of the domain-size control
seen in the present Ti-composition-gradient sample remains to
be solved.

A possible interpretation of the domain-size effect is that the
electrical response of the domain walls is enhanced [39,40,44].
According to this interpretation, the electrical response of the
bulk should strongly correlate with the volume of the domain
walls. However, if we assume the domain-wall thickness to be
equal to the lattice constant a, the value is reasonable in the
case of normal ferroelectrics [45]. In the present case, the ratio
of the volume of domain walls to the bulk is approximately
a/ξ (∼0.006 in the case of ξ = 70 nm), implying that the
contribution of domain walls is too small to explain the present
experimental results.

Recently, Iwata et al. have suggested that the effective
domain-wall size under an electric field increases near
the MPB. The regions of the metastable R (T ) phase become
the thick domain walls of the stable T (R) phase on the
coexistence states [13,14]. This suggestion makes it worth
considering the domain structures and susceptibility of the
domain walls under an electric field. This should be clarified
in future investigations of the relaxor ferroelectrics near the
MPB.

Before closing this paper, it was found that the LA mode
hardened by 0.6 GHz between 29.0 and 29.8 mol%, during
which the intensities of the LA mode and CP increased and

decreased, respectively, as shown in Fig. 2(e). Furthermore,
the lattice constants gradually changed in the same region
[Fig. 2(c)] despite the first-order phase transition. It will
be interesting to clarify whether the O phase exists in this
narrow region connecting the MB and MC phases because a
transition from the MB phase to the MC phase without passing
through the O phase is unnatural [6,28]. This should be studied
carefully using our sample with a Ti composition gradient.

The phase diagram and the relationship between the crystal
coherence length and the electrical response of PMN-xPT near
the MPB have been precisely investigated using a single crystal
with a Ti composition gradient by synchrotron x-ray diffraction
and inelastic light scattering at room temperature. The crystal
has two boundaries at Ti compositions of 29.0 and 34.7 mol%,
which correspond to the phase boundaries between the MB and
MC phases and between the MC and T phases, respectively.
The crystal coherence length determined by the widths of
Bragg peaks varies by over two orders of magnitude in a
10 mol% range of the Ti composition. It was found that there
is a strong negative correlation between the electrical response
and the crystal coherence length at the sub-μm scale. We have
confirmed that the results can be explained by the size effects
of domains near the MPB.
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