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Relaxor ferroelectricity is observed in many strongly disordered ferroelectric solids. However, the
atomistic mechanism of the phenomenon, particularly at high temperatures, is not well understood. In this
Letter we show the local lattice dynamics as the origin of relaxor ferroelectricity through the first use of
the dynamic pair-density function determined by pulsed neutron inelastic scattering. For a prototypical
relaxor ferroelectric, Pb�Mg1=3Nb2=3�O3, we demonstrate that the dynamic local polarization sets in
around the so-called Burns temperature through the interaction of off-centered Pb ions with soft phonons,
and the slowing down of local polarization with decreasing temperature produces the polar nanoregions
and the relaxor behavior below room temperature.
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Strongly disordered ferroelectric materials called re-
laxor ferroelectrics are attractive for various applications
because of their exceptionally high dielectric and piezo-
electric responses over a wide range of temperature [1,2].
They show a strong and broad peak in the dielectric con-
stant as a function of temperature, with the peak tempera-
ture, Tf, being frequency-dependent. Above Tf they show
high dielectric response that is little dependent on fre-
quency. This high dielectric response is considered to be
due to formation of polar nanoregions (PNRs), mesoscopic
regions with local polarization [3–5]. But optical measure-
ments suggest that local ferroelectric activity is present up
to a much higher temperature, known as the Burns tem-
perature, Td [6]. Judged from the frequency dependence of
dielectric constant, the frequency range of ferroelectric
polarization dynamics at such high temperatures has to
be comparable to that of lattice dynamics (THz). Indeed,
anomalous phonon behavior called the ‘‘phonon waterfall’’
has been observed by inelastic neutron scattering measure-
ment, at temperatures below Td and above Tf, while regu-
lar phonon dispersion is observed at T > Td and T < Tf
[7–9]. Between Td and Tf a portion of the phonon disper-
sion becomes overdamped, implying strong effect of dis-
order and localization of lattice dynamics.

But the atomistic mechanism to produce these unique
dynamics and temperature dependence of relaxor ferro-
electrics is not well understood. In this Letter we report
the direct observation of the dynamic local polarizations in
a prototypical relaxor ferroelectric, Pb�Mg1=3Nb2=3�O3

(PMN), and show how the local lattice dynamics and its
evolution with temperature will produce the relaxor ferro-
electric behavior. PMN has a nominally cubic perovskite
structure, but randomness in the A-site occupation by Nb5�

and Mg2� results in the strongly distorted local structure

[10] and apparently in the relaxor behavior. PMN has Tf of
about 230 K at low frequencies (�10 Hz), increasing to
320 K at 1 GHz [11] with Td of 635 K. In order to observe
such local lattice dynamics directly, we have carried out
inelastic neutron scattering measurements to determine the
dynamical structure factor S�Q;E� over a wide range in Q
and E, where Q is the scattering vector (momentum trans-
fer) and E � @! is the energy transfer. Since phonons are
overdamped, in order to observe local lattice dynamics the
results were Fourier transformed over Q to examine the
real-space dynamic correlation. The measurements were
done with the pulsed neutron time-of-flight method using
the PHAROS spectrometer at LANCE, Los Alamos
National Laboratory, on a powder PMN sample of about
100 grams provided by J.-S. Park and K.-S. Hong of School
of Material Science and Engineering, Seoul National
University. The incoming neutron beam was monochrom-
atized by a mechanical chopper, and scattered neutrons
were detected as a function of time by an array of position
sensitive detectors placed over a wide range of scattering
angles up to 160�. The measurements were performed at
temperatures 680 K, 590 K (�Td), 450 K, 300 K, 230 K
(�Tf), and 35 K. High incident energy of 250 meV was
selected to access a wide range of Q (up to about 20 �A�1)
and E space. Since the inelastic neutron scattering cross
section is small, we had to continue the measurement for as
long as two days at each temperature.

Figure 1 shows S�Q;E� of Ni powder measured at
T � 300 K 1(a) and of PMN at T � 450 K 1(b), with
the intensity shown by color. The energy resolution at E �
0 is about 4 meV. Energy is transferred from a neutron to
the sample for E> 0 (energy gain) and from the sample to
a neutron for E< 0 (energy loss). Since the sample is
polycrystalline, all orientations are averaged, so that at
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high Q values many Brillouin zones overlap, making
S�Q;E� rather featureless. Even for Ni only around the
�1 1 1� Bragg peak at 3:1 �A�1 acoustic phonon branches
are barely seen. S�Q;E� of PMN is even more featureless,
because PMN is more complex than Ni and is disordered.
A rapid decrease in the elastic (E � 0) intensity with Q is
due to the strong Debye-Waller factor. In order to extract
the physical meanings of such featureless data, we apply
Fourier transformation to them. The Fourier transform of
the elastic component, S�Q; 0�, describes the static pair-
density function (PDF) of the time-averaged structure over
Q, ��r; E � 0�, i.e., the autocorrelation function of the
time-averaged atomic density [12]. For a perfect crystal
��r; 0� comprises many Gaussian peaks of which position
corresponds to the distance between the crystallographic
sites and the width to the amplitude of lattice vibration. On
the other hand, if we integrate S�Q;E� over energy E
before Fourier transformation, we obtain the PDF of the
instantaneous or snapshot (equal time) atomic positions
[12]. The PDF determined by x-ray scattering is of this
type, since the resolution of x-ray scattering, convention-
ally 1–10 eV, is much larger than the phonon energy and
effectively integrates over all the phonon energies.

The Fourier transform of S�Q;E� overQ and E is known
as the van Hove function, G�r; t� [13], and the Fourier
transform only over E, I�Q; t�, is called the intermediate

function [14]. We define the Fourier transform of S�Q;E�
over Q, ��r; E�, as the dynamic PDF (DPDF) [12,15]. It
describes the atomic correlation, or the distribution of
atomic distances over time, at the angular frequency of
! � E=@. As an example, we show the Fourier transform
of S�Q;E� shown in Fig. 1(a), the DPDF of polycrystalline
Ni, in Fig. 2(a). We also show in Fig. 2(b) the simulated
DPDF obtained by Fourier transforming the S�Q;E� calcu-
lated from the phonon dispersion for Ni [16] including the
experimental resolution of Q and E and the cutoff at Qmax.
They are in good agreement, demonstrating that the DPDF
can be experimentally determined by pulsed neutron scat-
tering with sufficient accuracy. Interestingly both show that
the peak due to the nearest Ni-Ni distance at 2.5 Å splits
into two subpeaks at 2.22 and 2.73 Å, around 33 meV. The
period of the termination error (2�=Qmax � 0:31 �A) is not
commensurate with the peak splitting, indicating that the
peak splitting is real. It should be noted that there is a sharp
van Hove singularity in the phonon dispersion of Ni at this
energy [16]. As will be discussed elsewhere, the DPDF
catches only the local or semilocal phonons that originate
from the flat portion of the phonon dispersion, while
regular phonons with strong dispersion will hardly be
observed by this technique. Thus, this technique comple-
ments the conventional method and focuses only on local

FIG. 2 (color). (a) Dynamic PDF of polycrystalline Ni mea-
sured at 300 K, and (b) DPDF theoretically calculated for
polycrystalline Ni at 300 K.

FIG. 1 (color). Dynamic structure factor S�Q;E� of polycrys-
talline Ni at T � 300 K (a), and of PMN at T � 450 K (b).
Color scheme indicates the intensity.
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phonons that are difficult to study with the conventional
method.

Figure 3 shows the DPDF for PMN measured at T �
450 K. At low energies the first peak at 2 Å is due to the
(Nb, Mg)-O distances, and the second peak at 2.8 Å de-
scribes the O–O as well as Pb–O distances in the average
perovskite structure. Above �15 meV (�4 THz), how-
ever, a strong peak shows up at 2.4 Å. The position of
this peak agrees with the short Pb–O distances that occur
as a result of Pb off-centering in the cage made of 12
oxygen ions [17]. Pb2� is likely to be off-centered in the
direction with more Mg2� ions than Nb5� ions, because Nb
ions make it more difficult for oxygen ions to form cova-
lent bonds with Pb [18]. This extra peak must indicate
dynamic off-centering of Pb in the PbO12 cage. Also the
peak at 3.4 Å seen at low frequencies splits into two, at 3.2
and 3.5 Å, also above 15 meV. This peak corresponds to the
Pb-(Mg, Nb) distances, so the splitting of this peak also
indicates local Pb off-centering against the Mg=Nb sub-
lattice [19]. Thus the DPDF at 450 K shows the presence of
dynamic local polarization of Pb and O at this temperature
with the characteristic frequency of about 4 THz, even
though there is no static polarization.

When we compare the DPDF at different temperatures,
we find that the temperature evolution is strongly fre-
quency dependent. While measurements were performed
only at six temperatures, we chose to display the results as
a two-dimensional plot, since it makes it much easier to see
what is happening. Consequently, we do not claim detailed
interpolations of the temperature dependence to be accu-
rate, for steps smaller than the actual measurements.
Figure 4(a) shows the temperature evolution of the static
PDF, ��r; 0�, within the resolution of the present experi-
ment (4 meV � 1 THz). It is clear that the local Pb polar-
izations represented by the three split peaks of Pb–O
correlation at 2.4, 2.8, and 3.3 Å disappear above Tp �
300 K. On the other hand, Fig. 4(b) shows the DPDF
integrated from 10 to 20 meV as a function of temperature.

The satellites of the 2.8 Å Pb–O peak at 2.4 and 3.3 Å
extend to higher temperatures than in the static PDF, dis-
appearing only around 600 K, close to the Burns tempera-
ture (635 K). The twin peaks at 3.3 and 3.7 Å at low
temperatures that correspond to the split Pb-(Mg, Nb)
peaks are joined at 3.5 Å at the highest temperature
(680 K), with the split disappearing also around 600 K.

It should be noted that the temperature Tp, up to which
low frequency polarization is present, is between Tf and
Td. This result is consistent with our earlier total PDF
measurements [20,21], which show that the local Pb off-
centering and local rhombohedral distortion occur below
300 K. The total PDF measurement is done in the energy-
integrated mode, but because of the Placzek shift in Q [22]
its energy window is effectively limited [12]. This mea-
surement suggests that the effective energy window is less
than 10 meV. Thus, there is the third temperature scale in
the relaxor ferroelectrics in addition to Tf and Td; the
PNRs are formed below Tp, whereas between Tp and Td
local polarizations are dynamic and are less correlated with
little or no rhombohedral distortion. It is interesting to note
that Tp is close to the temperature, T1f ��350 K�, where
the low temperature ferroelectric relaxation times extrapo-
late to phonon frequencies, and T0 ��340 K� where the
intensity of the softening phonon diverges in extrapolation
from high temperatures [23]. It is also not far from the
temperature (�400 K) where the elastic diffuse neutron
scattering intensity disappears and the intensity of the
quasielastic scattering becomes maximum [24].

The energy of the soft phonon branches involving Pb–O
displacements is about 5–15 meV when the waterfall
behavior is observed [8,23], a similar energy range where
we see anomalies in Figs. 3 and 4(b). This coincidence
suggests that the resonance between the local dynamic off-
centering of Pb ions and these soft phonons produces the
dynamic short-range correlation in polarization, resulting
in the formation of a local polarization cloud at tempera-
tures below Td. This resonance between the local polar
moment and the soft phonons was modeled in a recent
calculation [25]. It also must be the origin of the waterfall
behavior; long wave phonons are scattered by the local
polarization clouds, while there are other interpretations of
the waterfall behavior [26,27]. Below Tp dynamic local
polarizations slow down sufficiently to form PNRs with
local rhombohedral distortion. The behavior of relaxor
ferroelectric solids in the radio-frequency range originates
from the interaction among PNRs that may be described in
terms of the random fields [4,5].

As demonstrated above, the measurement of the dy-
namic PDF resolved a long-standing question regarding
the atomic origin of the formation of dynamic polar nano-
regions, and facilitated the understanding of the relaxor
ferroelectric behavior at the atomic level. While the lattice
dynamics of highly crystalline solids is well characterized
by phonons, in strongly disordered systems phonons are
localized and are difficult to observe by conventional

FIG. 3 (color). Dynamic PDF of PMN at 450 K. See text for
interpretation.
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methods. The DPDF technique described here can be
applied to the study of such systems and has a potential
to solve many difficult problems involving local dynamics,
such as local atomic dynamics in liquids, glasses, and
nanoclusters, certain types of chemical reaction, atomic
transport in fast ionic conductors, and local spin dynamics
in disordered magnets or molecular magnets. As more
powerful pulsed neutron sources, such as the Spallation
Neutron Source (SNS), become available, this technique
can become the technique of choice for the study of local
lattice and local spin dynamics.
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