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Damped soft phonons and diffuse scattering in (Bi1/2Na1/2)TiO3
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Neutron-scattering studies of (Bi1/2Na1/2)TiO3 (BNT) have been performed to elucidate the microscopic
mechanism of the broad maximum in the temperature dependence of the dielectric constant at Tm ∼ 600 K and
the reduction in the piezoelectric properties above the depolarization temperature, 460 ∼ 480 K. We observed
diffuse scattering near the � point below 700 K, which competes with the superlattice peak at the M point of the
tetragonal phase but coexists with the superlattice peak at the R point of the rhombohedral phase. The diffuse
scattering shows an anisotropic Q shape extending along the 〈100〉 direction transverse to the scattering vector Q,
which is explained by atomic shifts bridging the tetragonal and rhombohedral structures. We propose that the broad
maximum in the dielectric constant is associated with a diffusive first-order transition between the competing
tetragonal and rhombohedral phases. In addition, we found that the diffuse scattering is reduced for single crystals
grown under high oxygen pressure, which suggests an analogy with the central peak in hydrogen-reduced SrTiO3.
Inelastic neutron scattering near the � point reveals a heavily overdamped soft mode similar to those reported
in lead-based relaxors, the “waterfall” feature. Moreover, a damped soft transverse acoustic mode is observed
for the 〈100〉 direction as the anisotropic diffuse scattering, indicating phase instabilities with the same origin
as that of the diffuse scattering. The recovery of the soft mode is observed near the depolarization temperature,
which coincides with the disappearance of the superlattice peak at the M point. These results indicate that the
depolarization and the waterfall feature originate in the dynamic nature of ferroelectric clusters in the coexisting
tetragonal/rhombohedral phase.
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I. INTRODUCTION

Bismuth sodium titanate (Bi1/2Na1/2)TiO3 (BNT) is a
complex ABO3 perovskite in which the A site is randomly
occupied by one of two valence cations, Na+ and Bi3+. Since
the discovery of BNT by Smolenskii et al.,1 its structural
and ferroelectric properties have been investigated, with
attention to its peculiar phase transition sequence and com-
plex ferroelectric properties.2 Recently, BNT and BNT-based
compounds have gained considerable attention as lead-free
ferroelectric or piezoelectric materials due to their relatively
large spontaneous polarization and high Curie temperature
(TC).3–5 The structural phase transition from the cubic to the
tetragonal phase occurs first at 813 K. The tetragonal phase was
thought to be antiferroelectric because of a pinched dielectric
hysteresis loop in a solid solution of BNT and SrTiO3.6

However, a recent neutron diffraction study revealed that the
tetragonal phase is ferrielectric with antiparallel atomic shifts
between Bi/Na and Ti cations along the fourfold axis [001].7

The rhombohedral phase arises at 700 K on cooling and
coexists with the tetragonal phase in a wide temperature range
of 200 ∼ 300 K.8 The rhombohedral phase is ferroelectric with
parallel cation shifts along the polar 〈111〉 axes.7 Interestingly,
the structures of the tetragonal and rhombohedral phases
include tilts of the TiO6 octahedra, an in-phase tilt about the
fourfold pseudocubic axis for the tetragonal phase, and an
antiphase tilt about the threefold pseudocubic axes for the
rhombohedral phase, which give rise to superlattice peak at
the M and R points, respectively.8 Thus, the ferroelectric

properties in the pure tetragonal phase and pure rhombohedral
phase are now understood. However, the intermediate phase
at which the rhombohedral and tetragonal phases coexist is
not fully understood. For example, a broad maximum in the
temperature dependence of the dielectric constant occurs at
∼600 K (Tm), whereas no phase transition has been observed
near Tm.

Another unsolved problem in BNT is the dramatic reduction
in the piezoelectric properties in the rhombohedral phase above
a depolarization temperature of 460 ∼ 480 K,9,10 which is
more than 200 K lower than the onset temperature of the
rhombohedral phase. It is worth mentioning that a broad
maximum in the dielectric constant and depolarization without
a structural phase transition have been observed in lead-
based relaxors.11,12 In these materials, nanometer-scale regions
having local, randomly oriented, ferroelectric polarizations,
so-called polar nanoregions (PNRs), are believed to be
responsible for these peculiar features. A characteristic diffuse
scattering associated with PNRs13 and overdamping of the soft
transverse optical (TO) mode14–16 have been reported in classi-
cal relaxors with B-site disorder such as Pb(Mg1/3Nb2/3)TiO3-
(PMN-) based and Pb(Zn1/3Nb2/3)TiO3- (PZN-) based com-
pounds, although the microscopic mechanism of the diffuse
scattering is still under debate.17–21 In BNT, diffuse scattering
and the soft mode near the superlattice peaks at the M

and R points for the successive phase transitions have been
intensively investigated.8,22–25 Although diffuse scattering near
the � point has been reported from neutron scattering24 and
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x-ray diffraction,26 the detailed temperature and Q dependen-
cies of the diffuse scattering and soft mode have not been
studied yet.

In this study, we performed inelastic and elastic neutron
scattering on single crystals of BNT near the � point to
elucidate the microscopic mechanism of the broad maximum
in the dielectric constant and the depolarization in BNT.
We have concentrated on the diffuse scattering and phonon
spectrum near the � point and measured q profiles and
temperature dependence. This paper is organized as follows.
The experimental details are described in Sec. II. The observed
diffuse scattering and phonons are reported in Secs. III
and IV, respectively. The origin of the broad maximum in the
temperature dependence of the dielectric constant and phonon
anomalies are discussed in Sec. V. A summary and conclusions
are given in Sec. VI.

II. EXPERIMENTAL DETAILS

Yellowish transparent single crystals of BNT with typical
dimensions of 5 × 5 × 5 mm3 were grown using a flux method
under an oxygen pressure of 1 atm. The parts of the crystals
used in Fig. 5 were grown under a high-oxygen-pressure
atmosphere10,27 and show lower leakage current and better
polarization switching. Before the electrical measurements
and neutron-scattering experiment, the crystals were annealed
at 950 ◦C for 10 h in air to reduce the oxygen vacancies
and release the strain induced during crystal growth. For the
dielectric response measurements, the annealed crystals grown
under high-oxygen-pressure atmosphere with a (100) face
were cut into 0.1- to 0.2-mm-thick plates, and gold electrodes
were sputtered onto the (100) surfaces.

Neutron-scattering studies were performed on the annealed
single crystals using the University of Tokyo’s triple-axis
spectrometers “PONTA” and “HQR” installed at the JRR-3
reactor at the Japan Atomic Energy Agency. The horizon-
tal collimation sequences were 40′-80′-sample-40′-80′ and
Guide-40′-sample-60′-60′ for PONTA and HQR, respectively.
The final neutron energies were fixed using a pyrolytic graphite
(PG) analyzer to 14.7 and 30.5 meV for measurements
using PONTA and to 14.7 meV for the diffuse scattering
measurement using HQR. A PG filter was placed in front of the
analyzer to diminish the scattering of higher-order neutrons.
For the diffuse scattering study with PONTA, an additional PG
filter was used in front of the sample to eliminate higher-order
neutrons.

For phonon measurements, we mounted the single crystal to
access the (hk0) scattering plane in the pseudocubic notation.
To study the distribution of the diffuse scattering in three-
dimensional Q space, two scattering planes, (hk0) and (hkk),
were used. Reciprocal lattice units (rlu) are used where 1 rlu =
2π/a, and a = 3.887 Å is the room temperature lattice
parameter in the pseudocubic notation.

The phonon intensities of the same scans shown in Fig. 6
and Fig. 9 differ by a factor of ∼2 due to different final
neutron energies (Ef ). For Ef of 30.5 meV, contamination
by higher-order neutrons is less than 10%, whereas the ratio
becomes ∼60% for Ef of 14.7 meV. Although the higher-order

neutrons do not contaminate the inelastic signal, the intensity
normalized by the neutron monitor is reduced by this factor.

III. EXPERIMENTAL RESULTS

A. Dielectric response

Figure 1 shows the temperature dependence of the real (ε′)
and imaginary (ε′′) parts of the complex dielectric constant
at various frequencies; the phase transition temperatures are
represented by dotted lines. The cubic-to-tetragonal phase
transition occurs at 813 K, and the rhombohedral phase appears
at approximately 700 K.7,8 The tetragonal and rhombohedral
phases coexist in a wide temperature range, and the pure
rhombohedral phase is observed below 400 K. In the cubic
and tetragonal phases, ε′(T ) follows the Curie-Weiss law, as
shown in Fig. 1(c). The increase in ε′′(T ) at high temperatures
in Fig. 1(b) is associated with the electrical conductivity at
high temperatures. Below T ∼ 700 K, ε′(T ) starts to deviate
from the Curie-Weiss law, and it shows a broad maximum at
Tm ∼ 600 K. A dielectric dispersion starts to appear below
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FIG. 1. (Color online) Temperature dependencies of (a) dielectric
permittivity ε ′, (b) dielectric loss ε ′′, and (c) the inverse of ε ′ of
annealed BNT single crystal measured along the [100] direction
during heating. Vertical dotted lines divide the temperature region
into areas representing cubic (C), tetragonal (T), and rhombohedral
(R) phases and their mixtures. Thick dotted line in (c) represents a fit
to the Curie-Weiss behavior for high-temperature data (above 800 K).
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FIG. 2. (Color online) Constant intensity contours of the diffuse scattering near various nuclear Bragg points of BNT measured at T = 400 K
with Ef of 30.5 meV. Each contour corresponds to a logarithmic change in intensity of 0.2 (base 10). Arrows represent the directions of
the wave vector Q for each Bragg reflection. Contours in (a)–(c) were measured in the (hk0) scattering plane, whereas those in (d) and
(e) were obtained in the (hkk) plane. To compare contours in different zones directly, the contours in the (hkk) zone are plotted in a k range of
−0.106 < k < 0.106 (rlu) corresponding to the same Q range in Å−1 in the (hk0) zone.

T ∼ 500 K on cooling, which is close to the depolarization
temperature of 460 ∼ 480 K.9,10 Thus, the broad maximum
in ε′(T ) and depolarization occur not at the start or end
point of structural phase transitions but in the coexisting
tetragonal/rhombohedral phase. In addition, Tm exhibits no
frequency dependence, which differs markedly from lead-
based relaxors.12

B. Diffuse scattering

In relaxor ferroelectrics, anisotropic diffuse scattering with
a characteristic Q shape, such as a butterfly or ellipsoid pattern,
depending on the location in Q space, has been observed
near Tm.13,28 To reveal the origin of the broad maximum
in ε′(T ), we investigated diffuse scattering around several
nuclear Bragg peaks. Figure 2 shows intensity contours of
the diffuse scattering on a common logarithmic scale around
(110), (100), (210), and (122) measured at T = 400 K. Near
(100) and (011), ellipsoidal diffuse scattering is observed along
the direction transverse to Q, as shown in Figs. 2(a), 2(d), and
2(e). In addition, diffuse scattering with different Q patterns is
observed near (110), (210), and (122): a butterfly shape near

(110) and asymmetric shapes near (210) and (122), which
is consistent with a previous x-ray study.26 To analyze the
anisotropy of the diffuse scattering quantitatively, we plotted
the diffuse scattering intensity as a function of the polar angle
for the data at |q| ∼ 0.09 (rlu), where q is the reduced wave
vector from a nuclear Bragg point.

The polar plots and their schematic scan trajectory are
shown in Fig. 3. Near (100), the diffuse scattering intensity
has two peaks at θ = −90 and 90◦ corresponding to the [010]
direction perpendicular to the wave vector Q of (100). Near
(110), new peak structures at 0 and 180◦ also appear, which
produce a fourfold peak structure along the 〈100〉 direction.
In addition, the intensities along the longitudinal direction
(θ = −135, 45◦) are much weaker than those along the
transverse direction (θ = −45, 135◦), indicating a transverse
nature. Careful inspections of the diffuse scattering near (100)
suggest that the longitudinal component exists in the diffuse
scattering as shown in Figs. 2(a) and 2(d). However, the
longitudinal components near (100) are much weaker than
the transverse components, as (110). Near (122), the fourfold
peaks at θ = −90◦,0◦,90◦,180◦ remain, but the peak at θ = 0◦
(90◦) is much smaller than that at 180◦ (−90◦), indicating a
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FIG. 3. (Color online) Angle dependence of the diffuse scattering
for the radius of |q| ∼ 0.09 (rlu) around nuclear Bragg peaks (a) (100),
(b) (110), and (c) (122) measured at T = 400 K. (d) Angle definition
and the Q region used in plots (a)–(c) are shown schematically on the
intensity contour of diffuse scattering near (110). Data for (a) and (b)
were obtained in the (hk0) zone, whereas those for (c) were measured
in the (hkk) zone, as shown in Fig. 2.

greater intensity on the lower-Q side of the Bragg peaks. A
similar asymmetry in the diffuse scattering can be seen near
(210) [Fig. 2(c)]. The peak at θ = −26.5◦ in (122) corresponds
to the transverse component. The characteristics of the Q shape
of the diffuse scattering can be summarized as follows.

(i) Anisotropy: The intensity ridge extends along the [100]
and equivalent directions.

(ii) Transverse nature: The diffuse scattering is strong along
the direction perpendicular to Q but weak along the direction
parallel to Q, which indicates scattering from ferroelectric
fluctuations.

(iii) Asymmetry: The diffuse intensity for the lower-Q side
of the Bragg peak is stronger than that for the higher side,
especially for Bragg peaks at large Q.
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FIG. 4. (Color online) (a) Diffuse scattering measured near (110)
along the [100] direction at various temperatures for BNT measured
while cooling. Solid lines are fits to the data as described in the text.
(b) Temperature dependence of the integrated intensity for the diffuse
scattering (open circles). (c) Thermal variation of the correlation
length extracted from fits to scans in (a).

Features (i) and (ii) are similar to those reported for
the diffuse scattering in lead-based relaxors with B-site
disorder,13,28 although the direction of anisotropic diffuse
scattering is different. On the other hand, similar diffuse
scattering with feature (i) and (ii) has been reported in relaxor
with A-site disorder K1−xLixTiO3.29 The above features of the
diffuse scattering are consistent with previous x-ray studies
except for (ii), the transverse feature.26 The origin of the
diffuse scattering and the difference between x-ray and neutron
diffraction will be discussed in Sec. IV.

To study the thermal evolution of the anisotropic diffuse
scattering in BNT, we performed a Q scan along the [100]
direction near (110) at various temperatures between 300 K and
900 K. Figure 4(a) shows the temperature dependence of the
peak profile of the diffuse scattering near (110). At T = 900 K,
there is no diffuse scattering and the profile contains only a
narrow resolution-limited (110) peak. A weak diffuse peak
appears at 700 K and increases gradually on cooling, which
is consistent with the pioneering work of Vakhrushev et al.23
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The profiles were fitted to the sum of a broad Lorentzian
and a narrow Gaussian function of q, corresponding to the
diffuse scattering and the (110) Bragg peak, respectively. The
obtained integrated intensities for the diffuse scattering are
plotted as a function of temperature in Fig. 4(b) and Fig. 10(a).
The onset temperature of the diffuse scattering at the � point
of 700 K coincides with the deviation from the Curie-Weiss
behavior in the dielectric constant shown in Fig. 1(c). The
correlation length ξ is determined from the inverse of the half-
width at half-maximum κ = 1/ξ , as shown in Fig. 4(c). Above
500 K, ξ is constant at ∼10 Å. Then ξ gradually increases
below 450 K and reaches 57 ± 8 Å at 300 K. Thus, both the
intensity and correlation length of the diffuse scattering show
no enhancement near Tm, which differs substantially from the
diffuse scattering in lead-based relaxors.30,31

Two of the authors recently succeeded in growing high-
quality BNT single crystals showing lower leakage current and
better polarization switching by developing new crystal growth
methods under high oxygen pressure.10,27 They succeeded in
increasing remanent polarization, which was attributed to a
reduction in the clamped domain walls at oxygen vacancies.
As for the growth condition dependence of the broad maximum
temperature of the dielectric constant and the depolarization
temperature, we confirmed that these temperatures do not
depend on the atmosphere of crystal growth. To study the
correlation between the diffuse scattering and atom vacancies,
we performed the same Q scan as in Fig. 4(a) for the high-
quality single crystals grown under various oxygen pressures
(PO2 ). The peak profiles of the Q scan for BNT single crystals
grown under air and PO2 = 0.2 and 10 atm are shown in Fig. 5.
In order to compare diffuse scattering grown under different
conditions, profiles are plotted on the same intensity scale
after normalizing the data by crystal volume and counting
time. The crystal grown under high PO2 clearly shows less
diffuse scattering than that grown under low PO2 . We repeated
the same procedure for several crystals and obtained a similar
trend: larger diffuse scattering for crystals grown with less
oxygen pressure. This result indicates a close correlation
between crystal defects and diffuse scattering. However, the
diffuse scattering loses almost all of its intensity at T = 700 K,
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FIG. 5. (Color online) Diffuse scattering measured near (110)
along the [100] direction at T = 300 K for BNT crystals grown
under air and under oxygen pressures of 10 atm. The intensities are
normalized by crystal volume and counting time.

as shown in Fig. 4, which is unexpected for defect-origin
Huang scattering. The other possible explanation for the above
observation will be discussed in Sec. IV.

C. Lattice dynamics

By analogy with the diffuse scattering in lead-based re-
laxors, the observed temperature-dependent diffuse scattering
near the � point suggests the appearance of small polar
clusters at temperatures much higher than that of the pure
rhombohedral phase (below 400 K). However, the diffuse
scattering does not show any anomaly near Tm, as described
in the previous section. To study lattice instabilities near Tm

and the depolarization temperature, we investigated phonon
dispersions of transverse modes near (220). Figures 6(a)–6(c)
show constant-Q scans at T = 400 and 670 K. At q = 0, there
is no clear phonon peak in the spectra at 670 K, whereas a small
shoulder appears at h̄ω = 11.6 meV at 400 K, as indicated by
the thick arrow. The TO mode near the � point is not visible
because the TO mode for q < 0.10 is heavily overdamped at
670 K. At q = 0.15, well-defined transverse acoustic (TA) and
TO modes are observed at both 400 and 670 K. The TO mode
at 670 K clearly appears at a lower energy than that at 400 K,
which indicates softening of the TO mode at 670 K. A similar
trend in the soft TO mode is also observed at q = 0.20. On the
other hand, the TA mode at q = 0.20 becomes soft at 400 K,
which leads to a flat TA dispersion near the zone boundary
at 400 K. When the dispersion drops dramatically at some
q values, a constant-energy scan is better than a constant-Q
scan to find a phonon peak in (Q,ω) space. Figures 6(d)–6(f)
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at T = 670 and 400 K with fixed Ef = 14.7 meV. Intensity for q = 0
is plotted on a logarithmic scale to show the small peak clearly. Arrows
indicate peak positions summarized in Fig. 7 and Fig. 8(b).
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show constant-energy scans at h̄ω = 6, 7, and 8 meV for
this purpose. A broad peak structure is observed at q = 0.10
(h̄ω = 6 meV), 0.12 (7 meV), and 0.15 rlu (8 meV), indicating
a sharp drop in the TO branch near q ∼ 0.12.

Figure 7 summarizes the TA and TO dispersions at T =
670 K overplotted on the constant intensity contours of the
phonon scattering near (220). The TO mode becomes soft
and drops sharply at q ∼ 0.12, which is very similar to those
reported in the classical relaxor PZN-8%PbTiO3 (PT)14 and
PMN,15 the “waterfall” anomaly. Although no clear phonon
peak is observed near the � point for q � 0.10, the intensity of
the overdamped soft TO mode is substantial, as is clear from
the contours. Therefore, we schematically show the dispersion
of the overdamped soft mode by a shaded area.

As shown in Fig. 6(a), the waterfall feature disappears
and the soft mode recovers at T = 400 K, which coincides
roughly with the depolarization temperature. To study the
temperature dependence of the soft TO branch, we performed
a constant-energy scan at h̄ω = 8 meV at various temperatures
[Fig. 8(a)]. The peak structure at which the waterfall intersects
h̄ω = 8 meV shifts from q = 0.15 to 0.10 on cooling from
T = 670 K to 500 K. Below T = 400 K, the peak structure
disappears in the constant-energy scan at h̄ω = 8 meV.
Together with the results of constant-Q scans at 400 K, this
result indicates that the soft mode near the � point becomes
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harder than 8 meV at 400 K. Figure 8(b) summarizes the
thermal variation in the TA and TO branches. In the coexisting
tetragonal/rhombohedral phase between 400 and 700 K, the
soft mode becomes hard as the temperature decreases but
it is still overdamped near the � point down to 500 K. It
then eventually recovers at temperatures between 400 and
500 K, which is close to the depolarization temperature of
460 ∼ 480 K.

The overdamped soft mode near the � point in the coexist-
ing tetragonal and rhombohedral phases indicates the dynamic
nature of polar clusters in the coexisting phase. To study the
energy dependence of the anisotropic diffuse scattering at
finite q, we compare constant-Q scans at (2.15,1.85,0) (where
the anisotropic diffuse scattering is weak) and (3,−0.21,0)
(where the anisotropic diffuse scattering is strong). Figure 9
shows the energy spectrum at these Q measured in the cubic
phase (T = 820 K), coexisting tetragonal/rhombohedral phase
(600 K), and rhombohedral phase (400 K). At T = 820 K,
the TA mode at (3,−0.21,0) is heavily overdamped, whereas
an underdamped TA mode is observed at 4.5 meV for
(2.15,1.85,0). A mismatch between the instrumental resolution
and the dispersion surface can cause significant spectral
broadening, which is known as the “defocused” condition.
However, this is not the case here because these Q points
are in the “focused” condition for the current experimental
setup (right-handed triple-axis spectrometer). Thus, the TA
mode is not isotropic: It is soft and overdamped for the [01̄0]
direction, which is the same direction as the anisotropic diffuse
scattering. Since the diffuse scattering is reduced for crystals
grown under high oxygen pressure, the damping of acoustic
mode may be weakened for such high-quality crystals, which
will require further study. On cooling, the appearance of a small
shoulder at h̄ω ∼ 4 meV (T = 600 K) and 5 meV (T = 400 K)
indicates the recovery of the TA mode at (3,−0.21,0). However,
the recovered TA mode at (3,−0.21,0) is still softer and broader
than that at (2.15,1.85,0). In addition, substantial quasielastic
scattering remains at T = 400 and 600 K for (3, −0.21,0) that
is absent at (2.15,1.85,0). These results indicate that BNT
has phase instabilities with the same origin as that of the
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FIG. 9. (Color online) Constant-Q scans at [(a)–(c)] (3,−0.21,0)
and [(d)–(f)] (2.15,1.85,0) measured at various temperatures with
fixed Ef = 30.5 meV. The solid lines are fits to a sum of Lorentzian
and Gaussian functions for (a)–(c) and to a sum of two Gaussian
functions for (d)–(f). A clear TO mode was not observed at
(3,−0.21,0), indicating a small structural factor.

diffuse scattering: a competition between the rhombohedral
and tetragonal phases.

IV. DISCUSSIONS

A. Diffuse scattering

We observed anisotropic diffuse scattering extending along
the 〈100〉 and equivalent directions near the � point for
T � 700 K. Here we discuss the correlation between the
diffuse scattering near the � point and the dielectric and
ferroelectric properties of BNT. Figure 10(a) shows the thermal
variations in the dielectric constant measured at 1 MHz
and the integrated intensity of diffuse scattering near the
� point. The intensities of the superlattice peaks at the M

point ( 1
2 , 3

2 ,0) and the R point ( 3
2 , 1

2 , 1
2 ) are overplotted as

a function of temperature. Although the cubic-to-tetragonal
phase transition has been reported at T = 813 K, the M point
peak was observed up to 900 K. The component above 813 K
is presumably the quasielastic scattering reported previously,
which persists up to ∼900 K.8 The diffuse scattering intensity
gradually grows on cooling below 700 K and shows no rapid
increase at Tm ∼ 600 K, at which the dielectric constant has a
broad maximum. This differs markedly from PMN; the diffuse
intensity grows as ε′(T ) near Tm,30,31 as shown in Fig. 10(b).
In addition, Tm exhibits no frequency dependence in BNT. The
disagreement between the thermal variation of the dielectric
constant and the diffuse scattering and the lack of dielectric
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2500

2000

1500

1000

ε'
(T

)

1000800600400200
T (K)

100

80

60

40

20

0

Integrated Intensity (arb. unit)

 ε' (T)

(a) BNT

Tdp

T T

12x10
3

10

8

6

4

2

ε '
(T

)

500400300200100
T (K)

100

80

60

40

20

0

Intensity (arb. unit) ε' (T)

 Γ - Diffuse 

(b) PMN

dp m

 Γ - Diffuse
 M-Bragg
 R-Bragg

FIG. 10. (Color online) Temperature dependence of the dielectric
constant measured at 1 MHz and the intensity of the diffuse scattering
near the � point (� diffuse) for (a) BNT and (b) PMN. The dielectric
constant data for BNT are the same as in Fig. 1 and those for PMN
are from Ref. 26. The intensities of diffuse scattering for BNT are
q integrated as in Fig. 4, whereas those for PMN are the values at
(1 − q,1 + q,0) with q = 0.05 measured by Hiraka et al. (Ref. 23)
using cold neutrons. For (a) BNT, the intensities of the superlattice
peak at the M point ( 1

2 , 3
2 ,0) (M-Bragg) (current study) and the R

point ( 3
2 , 1

2 , 1
2 ) (R-Bragg) (Ref. 8) are overplotted. The intensities of

the diffuse scattering near the � point and those of the Bragg peak
at the M point are normalized to 100 by their respective maximum
values. The vertical dotted lines show the temperature at which the
dielectric constant has the maximum (Tm) and at which depolarization
occurs (Tdp).

dispersion near Tm indicate different origins of the broad
maximum in the dielectric constant in BNT and lead-based
relaxors.

Note that the ε′(T ) resembles the intensity of the superlat-
tice peak at the M point. In general, susceptibility becomes
large toward phase transition and suppressed as temperature
decreases below the transition temperature. In BNT, the
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tetragonal phase appears at 813 K,7 Therefore, the increase
in the dielectric constant on cooling below 813K could not
be explained by the development of stable tetragonal phase.
Instead, the rhombohedral and tetragonal phases coexist in
a wide temperature range between 400 and 700 K.7,8 In
addition, a quasielastic scattering has been observed at the R

point below 1020 K,22 which indicates competition between
the tetragonal and rhombohedral phases from much high
temperatures above 700 K. Furthermore, a large hysteresis
in the dielectric constant [Fig. 10(a)] and the intensities of the
superlattice peaks at the M and R points8 have been observed
at the transition from the tetragonal to the rhombohedral phase.
Although no discontinuity in the dielectric constant has been
observed, these results indicate a first-order transition from the
tetragonal to the rhombohedral phase. It is possible that random
occupation of the A site in the ABO3 structure by Na+ and
Bi3+ cations causes diffusive phase transitions. It is known that
susceptibility does not diverge significantly for a first-order
transition because a transition occurs at higher temperatures
than the divergence temperature. Because the broad maximum
in ε′(T ) for BNT appears at roughly the onset temperature of
the superlattice peak at the R point, as shown in Fig. 10, the
broad maximum in ε′(T ) could be associated with the diffusive
first-order transition from the tetragonal to the rhombohedral
phase. The resemblance of the ε′(T ) and the intensity of the
superlattice peak at the M point then is presumably due to the
increase of a metastable tetragonal phase.

We observed a qualitative difference in the Q pattern of the
diffuse scattering between x-ray and neutron diffraction. Near
(100), the x-ray study showed diffuse scattering along the [100]
direction, which is longitudinal to Q,26 whereas the current
neutron study finds a much stronger diffuse intensity along
the [010] direction, which is transverse to Q. The possible
explanation for this discrepancy is the difference in scattering
power between x-rays and neutrons. The scattering length for
x-rays is proportional to the number of electrons Z, whereas
that for neutrons, with a scattering length b, has no regularity
with respect to Z. The number of electrons Z for Bi3+ is
much larger than those for the other ions. In addition, larger
atomic displacement of Bi3+ than the other ions has been
reported from neutron powder diffraction study.7 Thus, the
main contribution to the diffuse scattering obtained by x-rays is
the atomic displacement of Bi3+, whereas the diffuse scattering
in the neutron study includes an atomic shift of all atoms with
the same order. In addition, the neutron scattering length for
Ti ion is negative, which produces a large structure factor
for the antiparallel shift between Bi/Na and Ti and a small
one for the parallel shift. As described in the Introduction,
such antiparallel cation shifts of Bi/Na and Ti are realized in
the tetragonal phase. Moreover, the antiparallel cation shifts
are along the fourfold axis of the tetragonal phase, which is
consistent with the diffuse intensity rods along the 〈100〉 and
equivalent directions.

In addition to the difference in scattering power between
x-rays and neutrons, the difference in energy resolution could
also be used to explain the discrepancy between the x-ray
and neutron measurements. The typical energy resolution for
the current neutron scattering study is ∼1 meV at elastic
conditions, whereas x-ray diffraction using high-energy x-rays
with λ = 0.3738 Å (E = 33.2 keV) includes elastic and all

phonon scattering because of its coarse energy resolution, on
the order of eV. As shown in Fig. 9(b), the overdamped soft
acoustic phonon appears only along the [010] direction, which
is transverse to Q. The strong scattering at low energies from
the overdamped soft TA mode can contribute greatly to the
diffuse scattering intensity when the signal is obtained near
the elastic channel within ±1 meV.

We confirmed the asymmetric diffuse scattering reported in
the x-ray study.26 The larger intensity for the lower-Q side of
the Bragg peaks indicates that the small regions responsible for
the diffuse scattering have larger unit cells than the surrounding
matrix. From a Monte Carlo simulation of the x-ray data,
Kreisel et al. suggested that large Bi-Bi bonding (∼2%) and
small Na-Na bonding in planar defects could be the origin
of the asymmetric diffuse scattering. They reproduced the
observed diffuse scattering pattern by assuming the above
displacements with a thickness of two unit cells. However,
our neutron study shows a correlation length of 60 Å at
T = 300 K, which corresponds to ∼15 unit cells. It cannot
be expected that such large bonding coherently exists only for
Bi-Bi bonds in 15 unit cells. Instead, the fact that the tetragonal
lattice parameter cT is larger than the rhombohedral lattice
parameter aR naturally explains the stronger 〈100〉-diffuse
scattering on the lower-Q side of the Bragg peaks. Thus,
atomic shifts bridging the rhombohedral and tetragonal phases
from the ideal position of the rhombohedral phase can explain
both the anisotropy and asymmetry of the observed diffuse
scattering.

Another important finding in the current study of diffuse
scattering is that the diffuse intensity is reduced in high-
quality samples grown under high oxygen pressure. This
does not mean that the diffuse scattering originates in defects
(Huang scattering) because the disappearance of the diffuse
scattering at 700 K cannot be explained by the Debye-Waller
factor. Although significant softening of the elastic constant
on heating toward 600 K has been reported,32 this should
produce the opposite change: larger Huang scattering at high
temperatures toward ∼600 K. Instead, the smaller diffuse
scattering for the sample with fewer Bi/O vacancies can be
associated with a long time trap of soft phonons at these
vacancies,33 as discussed for hydrogen-reduced SrTiO3.34

Together with the transverse nature and asymmetric shape
of the diffuse scattering, we speculate that the origin of the
diffuse scattering could be associated with correlated atomic
shifts in polar metastable clusters with low crystal symmetry
which are trapped near oxygen deficiencies.

B. Lattice dynamics

Vakhrushev et al. investigated the lattice dynamics at
high-symmetry points at zone boundaries in BNT and found
strong quasielastic scattering at the M point below 900 K and at
the R point below 1020 K.8,22 Together with our observation
of the damped soft mode at the � point, this suggests that
quasielastic scatterings at the �, M , and R points coexist for
400 � T � 700 K in BNT. The coexistence of the soft modes
at the � and R points can be understood from the rhombohedral
structure R3c in BNT because it involves an antiphase
tilt of the TiO6 octahedra about the threefold pseudocubic
axes and parallel cation shifts along the polar axes, which
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correspond to two irreducible representations, R25 and �15,
respectively.22 This simplifies the lattice dynamics in BNT
to the competition between the rhombohedral and tetragonal
phases.

Although hardening of the soft mode near the � point is
suggested by the peak shift toward low q in the constant-energy
profile (Fig. 8), the soft mode is heavily overdamped in
the coexisting tetragonal/rhombohedral phase. The damped
phonon spectra equals to quasielastic scattering for large
damping, as shown in Fig. 6(a). Quasielastic scattering means
that the correlation function is rapidly attenuated within a
characteristic relaxation time, which is inversely proportional
to the peak width. The observed quasielastic scattering with
a linewidth on the order of meV indicates a relaxation time
on the order of picoseconds. Thus, the atoms responsible for
quasielastic scattering are expected to hop among metastable
states on a picosecond time scale, which could lead to
depolarization. As the temperature is reduced, the ferroelectric
order is supposed to be stabilized when atoms cannot overcome
the potential barriers separating the quasistable states. We
observed the recovery of the soft mode and the disappearance
of the waterfall feature at 400 K, which indicates such a
stabilization of the ferroelectric state. Furthermore, the water-
fall feature disappears at roughly the depolarization tempera-
ture. These results indicate that the depolarization originates in
the dynamic nature of the rhombohedral phase in the coexisting
tetragonal/rhombohedral phase. We should mention that a
mesoscopic or macroscopic rhombohedral region, which is
believed to be well stabilized, is established in some parts of
the crystal below 600 K. The depolarization between 400 and
600 K indicates that polarizations in mesoscopic/macroscopic
domains are affected by fluctuations of polarizations in small
clusters. When the size distribution of domains is sufficiently
discrete, fluctuations in different hierarchical domains can
be treated as adiabatic changes, that is, scale separation.
However, when the size distribution of domains is continuous
or not sufficiently discrete, fluctuations in small domains
could couple to those in mesoscopic/macroscopic domains.
This possibility requires further study of the dynamics in
mesoscopic domains bridging microscopic and macroscopic
domains.

It is worth noting that the remanent polarization in PMN
develops rapidly at ∼213 K,35 below which the waterfall
feature disappears.36 This similarity suggests a common
depolarization mechanism in BNT and PMN. A recent neutron
scattering study of PMN by Swainson et al. reported that
overdamped soft modes exist not only at the � point but also
at the M and R points.37 All of the soft modes in PMN have a
minimum frequency at 400 K and quasielastic scatterings exist
down to 213 K, indicating the existence of metastable states,
as in BNT. Thus, competition between lattice instabilities with
different crystal symmetries may explain the lack of remanent
polarization between 213 and 400 K in PMN.

We found that the waterfall feature disappears when the
tetragonal phase disappears. The damping of phonon modes
simply indicates energy dissipation from phonon modes to
the other degree of freedom. One possible origin of phonon
damping is coupling to other phonon modes through the
anharmonic potential in a homogeneous lattice. However, this
scenario cannot be used for an inhomogeneous lattice, which

is realized in the coexisting tetragonal/rhombohedral phase of
BNT. On the other hand, Yamada and Takakura explained
the watefall feature in PMN by treating the displacement
of Pb2+ ions as a pseudospin and considering a mode
coupling between random motion of pseudospins and the soft
mode.38 Recently, Matsuura et al. also have succeeded in
describing an overdamped phonon spectrum in PMN-30%PT
by use of the pseusospin-phonon coupled model.39 For BNT,
quasielastic scattering at the �, R, and M points coexist
between 400 and 700 K, indicating metastable tetragonal and
rhombohedral phases in this temperature region. In addition,
large displacements of A-site cations Bi3+ and Na+ have been
reported from a power neutron diffraction study.7 Random
hopping of Bi3+ and Na+ ions among these metastable states
in the coexisting tetragonal/rhombohedral phase then could
possibly couple with soft modes in BNT, which could produce
overdamped phonon spectra.

In addition to the soft TO mode near the � point, we
observed the overdamped soft TA mode along the same
direction as the strong anisotropic diffuse scattering. A similar
overdamped soft TA mode at the same Q as the strong
anisotropic diffuse scattering has been observed in PMN40,41

and has been associated with high piezoelectricity in PMN. In
addition, a recent neutron powder diffraction study suggested
that the true lattice symmetry of the rhombohedral phase of
BNT is monoclinic with space group Cc.42 If the symmetry
of the lowest temperature phase of BNT is monoclinic, the
phase transition sequence of BNT is the same as those in the
MPB region of PMN-PT: cubic to tetragonal and tetragonal
to monoclinic on cooling. Despite the resemblance to the
MPB, the piezoelectric coefficients of BNT are relatively low.1

Thus, the monoclinic structure and its structural instability
seem to have no correlation with the piezoelectricity in BNT.
However, there is an important difference between BNT and
lead-based relaxors: the tetragonal phase is ferrielectric with
small polarization for BNT, whereas it is ferroelectric for
the lead-based relaxors. If the polarization in the tetragonal
phase is small, the polarization in the monoclinic phase
that bridges the rhombohedral and tetragonal structure could
become smaller than that in the rhombohedral phase, which
may reduce the magnitude of the polarization during rotation.
Further measurements are clearly required to provide evidence
of possible polarization rotation in BNT.

V. SUMMARY

We studied the diffuse scattering and lattice dynamics near
the � point in (Bi1/2Na1/2)TiO3 using neutron scattering to
elucidate the complex depolarization process and structural
phase sequence. We observed diffuse scattering near the �

point with an anisotropic Q shape extending along the 〈100〉
directions transverse to the scattering vector Q below 700 K,
which is associated with a deformed rhombohedral structure
bridging the rhombohedral and tetragonal phases. From the
temperature dependencies of the dielectric constant, diffuse
scattering near the � point, and superlattice peaks at the M and
R points, we propose that the broad maximum in the dielectric
constant originates in a diffusive first-order transition between
the competing tetragonal and rhombohedral phases. We found
the heavily overdamped soft transverse optical mode near the
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� point and the overdamped transverse acoustic mode along
the 〈100〉 directions in the coexisting tetragonal/rhombohedral
phase, which is quite similar to those reported in lead-
based relaxors. The recovery of the underdamped soft mode
coincides with the increase in the remanent polarization,
which can be explained by the stabilization of the ferroelectric
rhombohedral phase due to the disappearance of the competing
tetragonal state.
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