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Antiferroelectric �AFE�, ferroelectric �FE�, or relaxor states can appear in Pb�In1/2Nb1/2�O3 �PIN� depending
on the perovskite B-site randomness. We studied the effects of this randomness on the dynamics of PIN by high
resolution inelastic x-ray scattering using ordered PIN �AFE� and disordered PIN �relaxor� single crystals. We
have found a clear softening of a transverse optic mode at the � point in both samples, indicating a robust and
intrinsic ferroelectric dynamical correlation regardless of the actual ground state. We believe that the correla-
tion results in a FE instability mode, which gives yield to the FE and relaxor states. We interpret that AFE is
stabilized only when In and Nb ions are spatially ordered enough to overwhelm the FE instability. As the B-site
randomness becomes larger, AFE is suppressed and the hidden FE state starts appearing. Ultimately, the
randomness begins to predominate over the development of FE regions and blocks a long range FE order,
which we believe yields polar nanoregions resulting in relaxor behaviors.
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I. INTRODUCTION

Relaxors are characterized by a number of unusual prop-
erties, many of which are not fully understood. The dielectric
constant ��T� exhibits a large and broad peak around Tmax,
which is usually near room temperature �RT�. � and Tmax
strongly depend on the frequency of the external field, which
indicates a relaxation process with multiple time scales. For
nearly half a century since the discovery of relaxors,1,2 much
attention has been paid to lead-based-perovskite relaxors be-
cause they often show colossal dielectric and piezoelectric
responses, which is appealing for industrial applications. De-
spite long and intensive research, however, arguments about
the intrinsic mechanism for unusual properties in lead-based
relaxors are still unsettled. This is mainly because we have to
deal with the nanoscale randomness intrinsic to the relaxors.

The lead-based relaxors have a Pb�B�B��O3 complex-
perovskite structure, where two different ions occupy the B
site stoichiometrically to conserve the average charge of 4+,
e.g., the prototypical relaxor Pb�Mg1/3

2+ Nb2/3
5+ �O3 �PMN�.1–3

Since a 1:2 order �cell tripling� has not been observed in the
relaxors, such a 1:2-type relaxor seems to have a kind of
frustration at the B site. In a simple consideration, the 1:1
order �cell doubling� is favorable for smaller strain, while the
1:2 order is required for the charge neutrality. As a result, the
B site becomes inevitably random. There is another type of
relaxor such as Pb�In1/2

3+ Nb1/2
5+ �O3 �PIN�,4 which does not

have frustration and the B-site randomness might be con-
trolled. Indeed, the B-site randomness of PIN is controllable
by heat treatment, e.g., In and Nb are 1:1 ordered along the

111 direction when PIN is annealed, while disordered when
it is quenched. PIN with the 1:1 ordered B site transforms
into an antiferroelectric �AFE� state.5 PIN with a partially
ordered B site is ferroelectric �FE�.6 PIN with a strong B-site
randomness becomes a relaxor.5 Thus, the B-site randomness
is an essential condition for the relaxor state.

It is generally accepted that the relaxor properties are as-
sociated with the so-called polar nanoregions �PNRs�, which
were originally proposed by Burns and Dacol7,8 through
measurements of the refraction indices n�T� of PMN7 and
Pb�Zn1/3Nb2/3�O3 �PZN�.7 They found that n�T� deviates
from an ordinary linear temperature dependence below a
characteristic temperature Td�600 K, which is much higher
than Tmax�300 K. They proposed a model that randomly
oriented, nanoscale polar regions start appearing locally in
the paraelectric matrix below the Burns temperature Td,
which gives rise to the unexpected deviation of n�T� without
affecting macroscopic dielectric properties and grow with
decreasing temperature.

It is well known that PNRs give diffuse scattering around
a fundamental Bragg position. In the case of PMN, the dif-
fuse intensities were seemingly unrelated to the amplitude of
a condensed soft transverse-optic �TO� mode,9,10 which was
originally pointed out by Vakhrushev and co-workers.11,12 To
study the inconsistency, Hirota et al.13 revisited PMN by
neutron diffuse and inelastic scatterings. They reached a con-
clusion that the diffuse scattering intensities are not only
from the condensed soft TO mode but also from a uniform
phase shift of PNRs against the surrounding paraelectric ma-
trix. The uniform phase shift sets in when the soft TO mode
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is condensed and breaks the center of mass condition kept
for phonons. Concerning this concept, Wakimoto et al.14 re-
vealed a mode coupling between TA and the soft TO modes
in PMN, which provides a mechanism for uniform phase
shift. After their work, the importance of mode couplings in
relaxors has been reported by some groups.15–17

We now know that the B-site randomness plays an essen-
tial role in the relaxor properties and that phonon behaviors
are important to the relaxors as well. How does the B-site
randomness contribute to the instability of phonon modes?
For solving this problem, we have chosen PIN, where the
B-site randomness can be controlled by heat treatment. Fig-
ure 1 shows the S2-AnT-T phase diagram of PIN,4,18 where
S2 is the chemical order parameter5 at the B site and AnT is
the annealing temperature. The ground state of PIN strongly
depends on S2, i.e., AFE for S2�0.7 �ordered PIN or
O-PIN�, FE for 0.4�S2�0.7, and relaxor for S2�0.4 �dis-
ordered PIN or D-PIN�.

Until recently, only an inelastic neutron scattering �INS�
had been able to measure the phonon dispersions. INS re-
quires large 1 cc-class crystal for precise measurements of
the phonons. However, it is difficult to grow a large enough
PIN single crystal. Moreover, indium contained has a large
neutron absorption coefficient. The situation has been
changed by the appearance of the third generation synchro-
tron light sources, which facilitate high resolution �� meV�
inelastic x-ray scattering �IXS� with high photon flux and
�100 �m2 sized small beam. Thus the IXS technique has
become another probe for the phonon-dispersion measure-
ments. We therefore employed a high resolution IXS tech-
nique to study the structural dynamics of PIN.

II. EXPERIMENT

A. Sample preparation

Single crystals of PIN were grown by the flux method
from PbO-In2O3-Nb2O5.6 The mixture in a platinum crucible
was heated up to 1000 °C and held at this soak temperature
for 5 h, then the melt was cooled to 950 °C at a rate of

3 K /h down to 800 °C at a rate of 5 K /h, and finally down
to RT at a rate of 100 K /h. Typical size of the as-grown
crystals were 1–2 mm and yellow in color. O-PIN was ob-
tained by 20 h annealing at 650 °C, while D-PIN was ob-
tained by a quenching from 900 °C using liquid nitrogen.
The temperature dependences of the dielectric constant of
O-PIN and D-PIN show AFE and relaxor behaviors, respec-
tively, which are the average information within the bulk.

For IXS measurements, the PIN samples were cut for pro-
viding a �100� plane and etched for eliminating the mechani-
cal strain. Note that x ray used for scattering experiments
usually have the penetration length of 1–100 �m, which de-
pends on the wavelength and the sample studied. We define
the region where x-rays penetrate as “skin,” which should be
distinguished from nanometer-scale “surface.” Since there is
a possibility that the state of the skin region is different from
the bulk one,18,19 we confirmed the state of the prepared skin
regions by x-ray scattering. We used a Mo K� radiation with
the x-ray power of 55 kV�280 mA, which is monochroma-
tized by a PG�002� reflection. The energy of the Mo K� ra-
diation �17.5 keV� is close to that used in the IXS measure-
ment �21.7 keV�; thus, the skin thickness should be similar
to each other.

Figure 2 shows the results of mesh scans in the H0L zone
for �a� O-PIN and �b� D-PIN. The h

40 l
4 superlattice spots and

no diffuse scattering were observed in the O-PIN crystal, as
shown in Fig. 2�a�. It means that the state of the prepared
O-PIN is unambiguously a single phase of AFE.18,20 On the
other hand, a strong diffuse scattering around the Bragg po-
sition and no superlattice spot were observed in the D-PIN
crystal, as shown in Fig. 2�b�, indicating that the state of the
prepared D-PIN is a single phase of relaxor.18,21

B. High resolution inelastic x-ray scattering

The phonon measurement was carried out using the high
resolution IXS spectrometer at BL35XU of SPring-8.22 Data
were collected using the Si �11 11 11� reflection at
21.747 keV, which provides an overall resolution of
1.6–1.8 meV depending on the analyzer crystal. Among all
operating IXS facilities, BL35XU is uniquely well appointed
for phonon measurements having a two dimensional analyzer
array. The use of 12, 4 �horizontal��3 �vertical�, analyzer
crystals, placed with 120 mm spacing at 9.8 m on the two-
theta arm �horizontal scattering plane�, and 12 independent
detectors �room temperature CdZnTe chips, dark count rates
	�0.001 Hz� allows a collection of 12 momentum transfers
simultaneously. This greatly facilitates data collection for
both longitudinal and transverse modes when all four �three�
analyzers can be placed along a common symmetry
direction.23 The full 95 mm diameter of each analyzer crystal
was used to get a maximum count rate, so the momentum
resolution was �0.1 Å−1 full width at half maximum
�FWHM� at Si �11 11 11�. The beam size at the sample was
about 64�70 �m2 �vertical�horizontal� FWHM for Si �11
11 11�. For all the works, a slit was placed before the sample
to insure a proper alignment so that the beam was onto the
sample and into the center of the spectrometer. The measured
spectra were normalized using the beam intensity monitored
at the downstream of this slit.
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FIG. 1. S2−AnT−T phase diagram of PIN �Ref. 4�.

OHWADA et al. PHYSICAL REVIEW B 77, 094136 �2008�

094136-2



In the present experiment, the reciprocal lattice of each
sample was set using a pseudo-cubic unit cell. We have mea-
sured transverse and longitudinal modes around the 3 0 0
positions. The scanning paths in a momentum space are
shown in Fig. 2 by black arrows. All data were taken at room
temperature.

III. EXPERIMENTAL RESULTS

A. Analysis of the inelastic spectrum

Figure 3 shows inelastic profiles of the transverse modes
for O-PIN and D-PIN. The asymmetry of the intensity in the
x-ray-energy gain �E	0� and loss �E
0� sides is due to the
Bose factor. As shown in the panels of data at the zone
boundary, the first peak around 6 meV is from the
transverse-acoustic �TA� mode, while a broad peak around
15 meV is from the TO mode.

Each profile of the observed phonon modes is simply ana-
lyzed by a linear combination of damped-harmonic-oscillator
�DHO� formulas.24,25 The response function for the DHO is
written as

Fi��� =
�

1 − e−��/kT

�i

��2 − �i
2�2 + �2�i

2 , �1�

where the phonon energy ��i �i=TA, TO, LA, LO1, and
LO2, L=longitudinal� and the frequency-independent damp-
ing constant �i �peak FWHM�. The first factor in Eq. �1� is
called the detailed balance factor. The equation describes en-
ergy loss process as well as energy gain process. An elastic
scattering is described by the delta function ���. Finally, the
fitting function I��� is defined by considering the resolution
function R��� of each analyzer as

I��� = �A � ��� + �
i

B � Fi���� � R , �2�

where the operator “�” means a convolution. A and B are
proportional coefficients for the present fitting and they are

proportional to the elastic component and dynamical struc-
ture factor, respectively. The resolution function R��� of
each analyzer is experimentally determined. Mode coupling
between acoustic and optic modes is not considered. The
fitting results are shown in Fig. 3.

B. Intrinsic ferroelectric instability

Figure 4 shows the phonon dispersions of O-PIN and
D-PIN. The transverse modes of O-PIN and D-PIN are dis-
played in Figs. 4�a� and 4�b� and the longitudinal modes are
displayed in Figs. 4�c� and 4�d�, respectively. The � point �3
0 0 position� is not accessible because of an elastic scatter-
ing. The solid lines drawn through the data are guides to the
eye for making comparison between O-PIN and D-PIN. Note
that the full energy scale for the transverse modes is different
from that of the longitudinal modes.

The overall picture of the dispersions of O-PIN up to
30 meV is similar to that of D-PIN, e.g., the TA and LA
modes almost degenerate, the energy of the TO mode is
slightly higher than that of the LO1 mode, and the LO2
modes show a large softening toward the �-point as much as
12 meV. What particularly important in Fig. 4 is that the TO
modes, which are ferroelectric modes, of both the samples
show a large softening toward the � point of 6 meV. The
result implies that a strong FE dynamical correlation exists
not only in the ferroelectric relaxor D-PIN but also in the
antiferroelectric O-PIN. Although we have not studied a pos-
sible condensation of the soft mode, we believe that the
mode is unstable toward FE over a wide S2 range because
the FE state is induced by a slight introduction of the B-site
randomness.

C. Phonon folding in O-PIN

We have found that the observed LA branch of O-PIN
strays out of the estimated LA branch 	see the gray curve in

FIG. 2. �Color online� Mesh scan results of �a� O-PIN and �b� D-PIN. h
40 l

4 superlattice spots for O-PIN and a strong, butterfly-shaped
diffuse scattering for D-PIN were observed.
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Fig. 5�a�
. We estimated that the LA branch of O-PIN is the
same as that of LA of D-PIN. Since, as seen in Fig. 4, the TA
branches of both the samples are almost same, and the LA
and TA modes of D-PIN almost degenerate. We also show
the inelastic profiles of the longitudinal modes of O-PIN and

D-PIN 	see Figs. 5�b� and 5�c�
. The dotted lines are for a
guide to the eyes. One can clearly see that the lowest branch
of O-PIN �LA� shows a flat dispersion.

To explain such a flat dispersion toward the � point, we
need to take a folding mode into account. The dotted curves

FIG. 3. �Color online� IXS
profiles of transverse modes for
O-PIN and D-PIN and fits with
Eq. �2� using a least-squares
method. The fitting results are
shown by a red solid line. The
components of the calculated pro-
file are also shown by black �elas-
tic�, green �TA mode�, and blue
�TO mode� solid lines.
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drawn in Fig. 5�a� are folded branches for 4a�4c unit cell
for guides to the eye. The folding mode well explains the
peak structure around =0.25. The LA mode around 
=0.25 and 0.5 are not observable near E=0 because no su-
perlattice Bragg peaks exist at these momentum transfers.
The scattering amplitude of the acoustic mode is propor-
tional to the static structure factor �the square root of the

corresponding Bragg intensity�. There is no evidence for the
folding of LO1 and LO2 modes in the present results. We
mention that we scanned around some h

40 l
4 superlattice spots

but observed no acoustic mode because superlattice intensi-
ties are 102–103 times weaker than those of fundamental
Bragg spots.

IV. DISCUSSION

A. Effect of the B-site randomness to the intrinsic ferroelectric
instability

We have found clear softening of the TO modes near the
� point in both the samples, O-PIN and D-PIN, as shown in
Figs. 4�a� and 4�b�. It is known that the softening trend of the
TO modes toward the � point exists in a conventional re-
laxor ferroelectrics such as PMN9 and PZN.26 The existence
of the ferroelectric instability in antiferroelectric O-PIN is
almost exactly the same way as in the relaxor D-PIN. It is
significant for considering the origin of relaxor behavior in
the lead-based-perovskite materials. The present results for
PIN indicate that the ferroelectric instability intrinsically ex-
ists regardless of the ground state, in other words, the ferro-
electric instability is independent of the B-site randomness.

How does the B-site randomness �=S2� generate a relaxor
state? We suppose that an antiferroelectric instability coexists
with the ferroelectric instability in PIN because the AFE state
appears in O-PIN. The antiferroelectric instability, however,
has not been observed along the �-to-X zone studied in the
present experiment. This is presumably because the phonon
branches from the AFE superlattice peaks are too weak to be
observable in the present IXS measurements, as mentioned
in Sec. III C.

Based on the experimental facts and the above supposi-
tion, we suggest the following scenario concerning the phase

FIG. 4. Phonon dispersions of transverse modes of �a� O-PIN and �b� D-PIN and longitudinal modes of �c� O-PIN and �d� D-PIN. The
solid and open circles represent the transverse and longitudinal modes, respectively. Two solid curves in each figure are guides to the eye
with the aim of comparing O-PIN and D-PIN. Note that the full energy scale for the transverse modes is different from that of the
longitudinal modes.

FIG. 5. �a� Longitudinal phonon modes of O-PIN. Folded
branches are estimated as shown by dotted and solid curves. A dark
gray curve represents the estimated LA dispersion, which is the
same as that of LA of D-PIN. The inelastic profiles of the longitu-
dinal modes of �b� O-PIN and �c� D-PIN are shown. The dotted
lines are for a guide to the eyes.
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transitions of PIN as the B-site randomness is increased �S2
is decreased�: The AFE state is stabilized when In and Nb
ions are spatially ordered, overwhelming the FE instability.
The hidden FE state appears as the B-site randomness be-
comes stronger and suppresses the AFE instability. Short-
wavelength phonons �the AFE instability� might be easily
affected by a randomness rather than long-wavelength
phonons �the FE instability�. Ultimately, the randomness
competes with the development of FE regions and blocks a
long range FE order. We believe that it gives yield to PNRs,
resulting in relaxor behavior. Thus, the B-site randomness in
PIN suppresses the AFE instability and enhances the FE in-
stability, while blocking a long range FE order.

B. A-site off-centerness and antiferroelectric instabilities

In Sec. IV A, we have speculated that an antiferroelectric
instability coexists with the ferroelectric instability in PIN.
The coexistence of the instabilities will be predicted by con-
sidering another important structural character in the lead-
based perovskite relaxor in addition to the B-site random-
ness. It has been revealed by precise structural analyses that
the lead ion at the A site is strongly off-centered in relaxors
such as PMN27 and PZN.28 Recent atomic pair distribution
function method analysis of Yoneda et al.29 on O-PIN and
D-PIN also presented that the local environments of both the
samples are quite similar, where the lead ions are strongly
off-center. A conventional x-ray diffraction experiment of
O-PIN performed at BL14B1 of SPring-8 �not shown� also
suggests a large displacement of the lead ions. Let us call this
behavior as “A-site off-centerness.” The structure analysis of
the D-PIN shows the amount of the displacement of the lead
ion to be about 0.3 Å.30

Surprisingly, the A-site off-centerness is inherent to the
lead-based AFE materials having a simple-perovskite struc-
ture such as PbZrO3 �PZ�31 and PbHfO3,32 while no A-site
off-centerness is found in a prototypical FE material PbTiO3
�PT�.31–33 The relation between the A-site off-centerness and
the AFE instability is understood in terms of chemical bond-
ing. The off-centerness of the lead ion at the A site induces a
covalent bonding between Pb 6p and the nearest neighbor
O 2p states,34 which will drive a lattice instability. Such a
covalent bonding is clearly observed by a recent structural
analysis.31 Actually, a first-principles study of antiferroelec-
tric PZ35 reproduces a coexistence of the FE instability with
the AFE instability, e.g., an instability at the � point �zone
center� and that at the M or R point �zone boundary�. We
therefore believe that there intrinsically exists a competition
between the FE and the AFE instabilities inside the lead-
based perovskite relaxor having the A-site off-centerness. Is
such a coexistence of several kinds of lattice instabilities
really necessary for generating a relaxor state? This might be
an essential problem of relaxors.

We now also speculate that the B-site randomness con-
trols a balance among several kinds of instabilities and fi-
nally chooses the FE instability but blocks a long range FE
order.

C. Waterfall-like anomaly in PIN

Figure 6 shows the momentum dependence of the line
width of the TO modes normalized by the mode energy. The

linewidths tend to overdamp toward the � point. This is
reminiscent of the “waterfall,” as was discussed in Refs. 9,
26, and 36.

One of the most characteristic anomalies seen in the lead-
based relaxor is waterfall;26 the lowest-lying TO branch ap-
pears to precipitously drop into the acoustic branch at a finite
value of the momentum transfer near =0.15. The waterfall
is widely seen in conventional relaxors such as PMN,9

PZN,36 and their solid solutions with PT, PMN-x%PT,37 and
PZN-x%PT.26 At the beginning of the finding of the water-
fall, it was discussed in connection with PNR. However, it
has been gradually understood that the waterfall is not di-
rectly related to the relaxor state because the waterfall be-
havior was observed even in the ferroelectric PZN-15%PT38

and PMN-60%PT,39 where PNR does not exist.
We speculate that the overdamping trend toward the �

point, as seen in Fig. 6, is a waterfall-like anomaly. The
results are consistent with the waterfall being unrelated to the
PNR generation because the present waterfall-like behavior
was seen in antiferroelectric O-PIN, where PNR is absent.
The waterfall-like behavior is commonly seen in both O-PIN
and D-PIN and is independent of the B-site randomness and
PNR. As the waterfall does not appear in PT,40 which has no
A-site off-centerness,31–33 we suggest that the A-site off-
centerness should play an important role in the appearance of
the waterfall. We note again that the local environment of
O-PIN is quite similar to that of D-PIN,29 i.e., the lead ions
are strongly off-center.

V. CONCLUSION

We studied the lattice dynamics of the PIN by high reso-
lution IXS, taking much into account of the difference of the

FIG. 6. Normalized line widths �� /E� of the transverse optic
mode of �a� O-PIN and �b� D-PIN. A trend of the overdamping
toward the � point �waterfall-like behavior� is seen in both O-PIN
and D-PIN.
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B-site randomness, using O-PIN �AFE� and D-PIN �relaxor�
single crystals. It has been found that there is a clear soften-
ing of TO mode at the � point in both samples, indicating a
robust and intrinsic ferroelectric dynamical correlation re-
gardless of the actual ground state. We believe that the cor-
relation results in a FE instability mode, which gives yield to
the FE and relaxor states. We now interpret that AFE is sta-
bilized when In and Nb ions are spatially ordered, over-
whelming the FE instability, and that the hidden FE state
starts to appear as the B-site randomness becomes stronger
and suppresses AFE instability. Ultimately, the randomness
competes with the development of FE regions and blocks a
long range FE order, which yields PNRs resulting in relaxor
behaviors.

Finally, we have speculated that the B-site randomness
suppresses the AFE instability and relatively enhances the
FE instability, while it blocks a long range FE order. We have
further supposed, in connection with the A-site off-
centerness, that several kinds of instabilities coexist in the
lead-based perovskite relaxors. The B-site randomness con-

trols a balance among several kinds of instabilities and fi-
nally chooses the FE instability but blocks a long range FE
order.

The waterfall-like behavior was seen in both the samples.
The results are consistent with the waterfall being unrelated
to the PNR generation. Relation between the waterfall and
the A-site off-centerness is also discussed.
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