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Using neutron elastic and inelastic scattering and high-energy x-ray diffraction, we present a comparison of
40% Pb�Mg1/3Nb2/3�O3-60% PbTiO3 �PMN-60PT� with pure Pb�Mg1/3Nb2/3�O3 �PMN� and PbTiO3 �PT�.
We measure the structural properties of PMN-60PT to be identical to pure PT, however, the lattice dynamics
are exactly that previously found in relaxors PMN and Pb�Zn1/3Nb2/3�O3 �PZN�. PMN-60PT displays a well-
defined macroscopic structural transition from a cubic to tetragonal unit cell at 550 K. The diffuse scattering is
shown to be weak indicating that the structural distortion is long-range in PMN-60PT and short-range polar
correlations �polar nanoregions� are not present. Even though polar nanoregions are absent, the soft optic mode
is short-lived for wave vectors near the zone center. Therefore PMN-60PT displays the same waterfall effect as
prototypical relaxors PMN and PZN. We conclude that it is random fields resulting from the intrinsic chemical
disorder which is the reason for the broad transverse optic mode observed in PMN and PMN-60PT near the
zone center and not due to the formation of short-ranged polar correlations. Through our comparison of PMN,
PMN-60PT, and pure PT, we interpret the dynamic and static properties of the PMN-xPT system in terms of a
random field model in which the cubic anisotropy term dominates with increasing doping of PbTiO3.
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I. INTRODUCTION

Relaxor ferroelectrics have generated considerable in-
terest recently due to their promising application as piezo-
electric devices.1,2 Pb�Mg1/3Nb2/3�O3 �PMN� and
Pb�Zn1/3Nb2/3�O3 �PZN� are prototypical relaxor systems
which display a diffuse transition with a broad and frequency
dependent peak in the dielectric response. Despite an intense
amount of research into the structural and dynamic proper-
ties of these materials, there is little consensus and under-
standing of the relaxor’s interesting structural and dielectric
properties.

In spite of the presence of a peak in the dielectric re-
sponse, the bulk unit cell in both PMN and PZN remains
cubic at all temperatures in the absence of an applied electric
field.3,4 Even though no macroscopic structural transition oc-
curs, strong diffuse scattering around the Bragg peaks is ob-
served in both PMN and PZN at low temperatures. The dif-
fuse scattering is onset near the Burns temperature Td, where
index of refraction measurements suggest that local regions
of ferroelectric order are formed in a paraelectric back-
ground.5 This interpretation has recently been further justi-
fied by a pair-distribution function analysis and 207Pb
NMR.6,7 These local regions of ferroelectric order have been
referred to as polar nanoregions.

The phonons in PMN and PZN are characterized by a
soft, zone center, transverse optic mode �TO� which becomes
highly damped between the Burns temperature Td, where po-

lar nanoregions are formed, and the lower critical tempera-
ture Tc.

8 Tc in both PMN and PZN is defined as the tempera-
ture at which the dielectric susceptibility displays a sharp
frequency independent peak under the application of an elec-
tric field. The damping of the TO mode is restricted to a
small region around the zone center. The interpretation of the
critical wave vector where the TO mode becomes broad has
been the subject of much debate recently with several models
being proposed including dampening from polar nanore-
gions, mode-coupling, and a soft quasioptic mode.9–12 In
contrast to the optic phonons, the transverse acoustic �TA�
mode does not become strongly damped, however, the line-
width of the TA mode does show a subtle broadening at Td
and a recovery below Tc.

13

Doping with PbTiO3 �PT� in PMN or PZN has been
shown to suppress the relaxor behavior and drive the system
toward a conventional ferroelectric. The structural phase dia-
gram as a function of PbTiO3 doping is quite intricate and
has been investigated using high-resolution synchrotron
x-ray diffraction. The phase diagram is reproduced in Fig. 1.
With increasing PT doping, the low temperature unit cell
changes shape from cubic to rhombohedral, monoclinic, and
tetragonal, respectively.14,15 The dielectric response for low
PT dopings is highly frequency dependent, indicating strong
relaxor behavior. For large PT dopings in the tetragonal re-
gion, the dielectric response is largely frequency independent
with the response characterized by a sharp peak around the
critical temperature.16–18 Therefore, the relaxor nature, as
characterized by the frequency dependence of the dielectric
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susceptibility, is suppressed for large PT dopings when the
unit cell is tetragonal and when the structural properties be-
gin to strongly resemble those of pure PbTiO3.19

Despite many studies, no unified model of the relaxor
transition has been presented. Previously, we were able to
explain the dynamic and static properties of PMN and PZN
in terms of a simple random field model involving two com-
peting energy scales.4 This model was able to account for the
two temperature scales and the lack of a clear bulk structural
transition at Tc. Other models to describe the relaxors in
terms of random field and random bond models have also
been proposed.20–22 It is clearly important to try and extend
these models to describe the entire phase diagram. In this
paper, we will show that the PMN-60PT can also be inter-
preted in terms of random fields. This shows that indeed the
entire PMN-xPT maybe understand in terms of a simple uni-
fied picture.

We investigate the static and dynamic properties of PMN-
60PT and compare them to those of PbTiO3 and the relaxor
Pb�Mg1/3Nb2/3�O3 in an effort to present a unified picture for
the PMN-xPT phase diagram. The purpose of this paper is
threefold. First, we compare the elastic scattering in PMN-
60PT with PMN and PT. We will show that PMN-60PT un-
dergoes a well-defined structural transition in a similar man-
ner to PT. Second, we compare the diffuse scattering in
PMN-60PT to other relaxors and show that short-ranged po-
lar correlations are absent at low temperatures. This is indi-
cated by the absence of temperature dependent diffuse scat-
tering as observed in the relaxors PMN and PZN. Third, we
compare the lattice dynamics in PMN-60PT and show that

the soft optic-mode is very similar to PMN in that it is
heavily damped near the zone center. The anomalous lattice
dynamics near the zone center therefore cannot be attributed
to the presence of short-range polar correlations as previ-
ously suggested. We attribute the dampening of the zone-
center optic phonon to the presence of random fields and
discuss the PMN-xPT phase diagram in terms of a random
field model where the cubic anisotropy term dominates with
increased PT doping.

II. EXPERIMENTAL DETAILS

Neutron elastic and inelastic measurements were con-
ducted at the C5 and N5 triple-axis spectrometers located in
the National Research Universal �NRU� reactor at Chalk
River Nuclear Laboratories. For all measurements the
sample of PMN-60PT was mounted such that reflections of
the form �HK0� lay within the scattering plane. For tempera-
tures between 100 and 600 K, the sample was mounted in an
orange cryofurnace. For temperatures between 600 and
800 K, a high-temperature furnace was used which utilized a
molybdenum radiative shield to ensure that the sample was
heated uniformly. To prevent degradation of the sample, the
temperature was limited to 800 K. The �4 cm3 crystal was
grown by the modified Bridgman technique previously
described.23 To compare the diffuse intensity located around
the Bragg peaks to that of PMN, diffuse scattering measure-
ments were carried out on a 4 cm3 sample of pure PMN also
grown by the modified Bridgeman technique. The sample
was aligned in the �HK0� plane in an orange cryofurnace. To
compare absolute intensities between different crystals, all
diffuse scattering data were normalized to the intensity of a
transverse acoustic phonon measured at Q= �2,0.14,0�.

For measurements on C5, a variable vertically focusing
pyrolytic graphite �002� monchromator and a flat graphite
�002� analyzer were used with the horizontal collimation
fixed at 12�-33�-S-29�-72�. A graphite filter was used on the
scattered side to filter out higher order neutrons and a liquid
nitrogen cooled sapphire filter was used before the mono-
chromator to reduce the fast neutron background. Measure-
ments on N5 were conducted with a flat graphite monochro-
mator and analyzer and horizontal collimations were set to
30�-26�-S-24�-open. All measurements were conducted by
fixing the final energy at 14.6 meV and varying the incident
energy defining the energy transfer as ��=Ei−Ef. All inelas-
tic data was corrected for higher-order contamination of the
incident beam monitor as previously described.24

X-ray diffraction measurements were performed on the
X17B1 beamline of the National Synchrotron Light Source
�NSLS� located at Brookhaven National Laboratories. A
monochromatic x-ray beam of 75 keV with an energy reso-
lution of 10−4 ��E /E� was used. A charge coupled device
�CCD� detector was put after the sample to acquire diffrac-
tion images. The beam was incident along the �001� crystal-
lographic direction such that the CCD recorded diffraction
patterns close to the �HK0� plane. This allowed the diffuse
scattering in PMN-60PT to be mapped out over several wave
vectors simultaneously. For both PMN and PMN-60PT, the
sample was aligned in a displex such that low-temperatures

FIG. 1. The crystal system as a function of PbTiO3 doping is
plotted. For low-PT concentrations, the unit cell is rhombohedral
while for large PT concentrations the unit cell is tetragonal. For
intermediate concentrations, a monoclinic unit cell is observed. The
vertical dashed line marks the position of PMN-60PT in the phase
diagram. Points are obtained from Ye et al. �Ref. 15� �open circles�,
Noheda et al. �Ref. 14� �closed circles�, and Shirane et al. �Ref. 19�
�open square�. Note that M refers to a monoclinic unit cell.
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could be reached and thermal diffuse scattering arising from
phonons could be reduced. The method used to map out the
diffuse scattering is the same used previously to measure the
three-dimensional line shape of the diffuse scattering in
PZN-xPT.25

III. ELASTIC SCATTERING

In this section we first investigate the structural transition
in PMN-60PT. We show the absence of low-temperature dif-
fuse scattering and hence find that polar nanoregions are not
present. We will show that there exists a weak high tempera-
ture diffuse component previously observed in pure PMN
and attributed to short-range chemical order.

A. Structural properties: First-order structural transition

The structural transition in PMN-60PT was studied with
neutron diffraction by conducting scans through the �200�
Bragg peak. Examples are illustrated in Fig. 2 at 450, 500,
and 550 K. At high temperatures, a sharp, single peak is
observed indicative of a cubic unit cell characterized by a
single lattice parameter. This sharp resolution limited peak
splits into two peaks as a result of the unit cell changing
shape from cubic to tetragonal. The two peaks illustrate the
formation of domains with different lattice parameters along

the a and c axes. The lattice constant as a function of tem-
perature is plotted in Fig. 3, a transition from cubic to tetrag-
onal lattice parameters is observed. The change in lattice
constant near the critical temperature, Tc, is very different
from those of pure PMN where no strong anomaly in the
lattice constant is observed near Tc in single crystal
samples.26 The presence of a sharp well-defined structural
transition is consistent with the dielectric results, which show
a frequency independent peak in the dielectric response. This
contrasts with PMN, where the peak in the dielectric con-
stant is highly frequency dependent. Therefore the structural
properties of PMN-60PT are very different to that of pure
PMN observed from both neutron elastic scattering and di-
electric measurements.

The presence of a distinct bulk transition from a cubic
unit cell to a tetragonal unit cell is very similar to the cubic
to tetragonal distortion observed to occur in PbTiO3 at
750 K. The transition �characterized by the lattice constants�
is abrupt as expected for a first-order transition as seen in
pure PbTiO3.27 This is very different to that observed in
PMN, PZN, and low doped PMN-xPT and PZN-xPT relax-
ors. In PMN and PZN, the unit cell remains cubic in shape at
all temperatures, though PZN has been found to have a near
surface region where a structural transition is observed.3,28

With increasing PT doping, the bulk unit cell in PMN does
eventually undergo a structural transition, though PMN-
10PT has been found to have an anomalous near surface
layer similar in nature to that observed in PZN.29

B. Diffuse scattering and high-temperature chemical
short-range order

The relaxors PMN and PZN display two types of diffuse
scattering. One is highly temperature dependent around Tc,

FIG. 2. Radial scans through the �200� Bragg peak are plotted
for various temperatures. At low temperatures, the presence of two
peaks indicates that the unit cell is tetragonal in shape where a
single sharp peak at high temperatures indicates that the unit cell is
cubic. The resolution is given by the horizontal bar.

FIG. 3. The lattice parameters as a function of temperature are
plotted around the critical temperature Tc. The two lines below Tc

correspond to the a and c lengths.
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the second �denoted as the high-temperature diffuse compo-
nent� is not temperature dependent and present at the highest
temperatures measured. In PMN and PZN, the temperature
dependent diffuse scattering in the �HK0� scattering plane

manifests itself as rods extending along the �110� and �1̄10�
directions. The diffuse scattering is onset above Tc, and rises
steeply through Tc until it saturates at low temperatures.
Therefore the diffuse scattering can be interpreted in terms of
short-ranged polar correlations. At high temperatures, ex-
ceeding the Burns temperature Td, the second type of diffuse
component �high temperature diffuse� is observed along the
predominately longitudinal direction �i.e., parallel to Q� and
has been interpreted as resulting from chemical short-range
order.30 The scattering from chemical short-range order is
considerably weaker than the low-temperature diffuse scat-
tering and its intensity is not strongly temperature dependent.

We conducted searches for diffuse scattering in PMN-
60PT using both neutron and x-ray diffraction. Neutron mea-
surements were made by conducting mesh scans near the
�210� and �100� Bragg positions. X-ray measurements were
made using a CCD detector such that many Bragg peaks
could be simultaneously studied. Scans were done both
above and below Tc to check for any possible temperature
dependence. Both techniques gave consistent results.

The main result illustrating diffuse scattering in PMN-
60PT is displayed in Fig. 4 which plots surveys done in both
PMN-60PT and PMN �for comparison purposes� using
75 keV x-rays at X17B, NSLS. The incident beam was
aligned along the �001� direction such that reflections of the
form �HK0� could be studied. All measurements presented
here were done in transmission mode to eliminate any pos-
sible surface contamination. Measurements were conducted
at low temperatures where the optic mode is observed to be
both underdamped and to shift to high energies �see next
section�, thereby minimizing effects of thermal diffuse scat-
tering from phonons. This technique is very similar to that
used elsewhere.25 The data for both PMN and PMN-60PT
were normalized to the same scale through a measurement of
the background at the edge of the detector.

Figure 4 clearly shows that the diffuse scattering in PMN-
60PT is considerably weaker than that in PMN. PMN shows
strong diffuse streaks aligned along the �110� directions,
whereas PMN-60PT shows no such diffuse scattering. A
small amount of diffuse scattering along the predominately
longitudinal direction is observed from the x-ray scans in
PMN-60PT. The geometry is similar to the scattering attrib-
uted to chemical short-range order in PMN. To investigate
this scattering in more detail, we used elastic neutron scat-
tering.

To make a direct comparison of the diffuse intensity in
PMN-60PT to that of PMN, we measured the diffuse inten-
sity around �210� using mesh scans conducted at the N5 and
C5 thermal triple axis spectrometers, Chalk River. The result
is presented in Fig. 5 with both scans normalized by the
intensity of a transverse acoustic phonon measured from a
constant-Q scan at �2, 0.14, 0�. The phonon normalization
corrects for both volume differences and spectrometer effi-
ciency. The comparison in Fig. 5 shows that any diffuse scat-
tering elongated along �1 1 0� is very weak or absent in

PMN-60PT and confirms the result derived from high-energy
x rays. However, there is a clear diffuse scattering compo-
nent elongated along the longitudinal direction in PMN-
60PT, which is of similar strength to that observed in PMN
along the same direction. The longitudinal diffuse scattering
was first observed by Hiraka et al. using cold neutrons.30 The
scattering was observed to be present at the highest tempera-
tures studied and to be temperature independent. It was con-
cluded that the longitudinal diffuse scattering was most
likely due to short-range chemical order on the B site. The
observation of the weak high temperature diffuse component
also sets the sensitivity of the experiment and indicates that
if a strong diffuse component was present in PMN-60PT, it
would have been observed in these experiments.

Figure 6 illustrates contour scans around the �100� Bragg
peak above and below Tc. A clear absence of any diffuse rods
along the �110� and �110� is observed. The weak scattering
along the longitudinal direction is similar to the high-

FIG. 4. �Color online� X-ray scans done using a CCD detector at
X17B. The upper panel plots diffuse scattering in PMN-60PT and
the lower panel illustrates the diffuse scattering measured in PMN.
The data have been normalized by the background. The diffuse
scattering geometry is very different in both materials. The weak
powder lines are from the sample mount and displex.
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temperature diffuse present in pure PMN. The weak diffuse
scattering observed in PMN-60PT is temperature indepen-
dent and does not change near Tc. This contrasts to the �110�
type diffuse scattering in PMN which grows substantially
near Tc. It is also different from that in PZN, where the
diffuse scattering intensity shows a peak near Tc, suggestive
of a critical component which is directly related to a struc-
tural transition. In PMN-60PT, no such behavior is observed.

The high-temperature diffuse cross section is likely due to
ordering on the B site between the Mg and Nb ions as sug-
gested previously for pure PMN. The scattering intensity in
both the �210� and �100� zones of the weak diffuse compo-
nent in PMN-60PT is clearly more intense on the larger Q
side than the low-Q side. This is consistent with the diffuse
cross section resulting from atomic displacements where I
��Q��2, where � is the atomic displacements. Theoretical
studies of the ordering on the Mg and Nb sites have sug-
gested that short-range order would lead to displacements on
the Pb site.31 The ordering is expected to occur at tempera-
tures in excess of �1000 K, consistent with the lack of any
temperature dependence below 800 K measured in this ex-
periment. This conclusion is supported by NMR data which

show a small amount of ordering on the B site at high tem-
peratures as evidenced by two components to the 93Nb line
shape.32 High resolution electron microscopy and polarized
Raman studies have also provided strong direct evidence for
short-range ordering on the B site.33,34 It is interesting to note
that near �100�, the diffuse scattering peaks at around 1/3
where in pure PMN it is observed to peak at around the
incommensurate position of �0.1. The peak at around 1/3 is
expected in a fully ordered Pb�B1/3� B2/3� �O3 with a B�-B�-
B�-B� type structure providing evidence that the high-
temperature diffuse scattering is associated with ordering on
the B site. Therefore the addition of Ti through doping with
PbTiO3 may promote ordering on the B site and possibly
reduce the structure disorder.

In the relaxor ferroelectrics PMN and PZN, the �110� rod
type temperature dependent diffuse scattering comes from
the formation of polar nanoregions, or regions of ferroelec-
tric order in a paraelectric background. The absence of dif-
fuse scattering in PMN-60PT suggests that the polar nanore-
gions are replaced by a long-range ordered tetragonal
structure. The presence of weak diffuse scattering along the
longitudinal direction suggests that short-range chemical or-
der still exists in highly doped PT. The short-range chemical

FIG. 5. Contour scans around the �210� Bragg peak measured in
PMN and PMN-60PT. The data have been normalized to the inten-
sity of an acoustic phonon measured at Q= �2,0.14,0� in both
samples. The diffuse scattering geometry is very different in both
materials with an absence of the �1 1 0� diffuse scattering in PMN-
60PT. The powder ring at lower momentum transfer is due to alu-
minum in the sample mount. The powder line through the �210�
point in PMN is indicative of the presence of a small amount of
powder in the sample.

FIG. 6. Contour scans around the �100� Bragg peaks above and
below Tc. No strong temperature dependent butterfly diffuse scat-
tering pattern �as observed in PMN� is observed in PMN. A tem-
perature independent bowtie pattern is observed indicating that high
temperature short-range chemical order is present in PMN-60PT.
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order closely resembles the B�-B�-B� type ordering expected
based on stoichiometry. The absence of �110� rod type tem-
perature dependent diffuse scattering in PMN-60PT marks a
clear difference between PMN-60PT, and the prototypical
relaxors PMN and PZN.

IV. PHONONS

In classic ferroelectrics, the phonons play an important
role in the formation of a long-ranged polar phase as a trans-
verse optic phonon softens in energy to zero frequency at the
critical temperature. PbTiO3 displays classic dynamic behav-
ior near Tc with the zone-center frequency approaching zero
frequency at the critical temperature. Relaxors, however,
show a broad optic mode near the zone center and do not
completely soften. In understanding the structural transition
in PMN-60PT, it is important to characterize the dynamic
behavior and compare it to both PMN and pure PbTiO3.

A. Line shape and data analysis

The phonons of most interest in ferroelectrics are the low-
energy transverse acoustic and optic modes. We investigated
the dispersion and line shape of the phonon modes from both
constant-Q �where energy is scanned fixing the momentum
transfer� and constant energy �where the momentum transfer
is held fixed while scanning energy� scans. The difference
between the two methods is illustrated in Fig. 7. The disper-
sion of the TA and TO modes is illustrated in Fig. 7 as

measured from constant Q scans near the �220� position at
T=350 K. The temperature dependence of the optic mode
frequency is of the greatest interest as it can be directly re-
lated to the dielectric constant.

We have measured both the T1 and T2 phonons by con-
ducting constant-Q scans in the �200� and �220� zones. In the
�200� zone, we have studied transverse acoustic T1 phonons
with the propagation vector along the �010� direction and
polarization along �100�. For scans near �220�, we have in-
vestigated T2 phonons with propagation vector along �110�
and polarization along �110�. Therefore any anisotropy in the
lattice dynamics can be studied.

To extract parameters such as the frequency position and
linewidth as a function of temperature, a particular line shape
must be convolved with the resolution function and fit to the
data. The measured intensity from a triple-axis spectrometer
is directly proportional to S�q ,��, which is related to the
imaginary part of the susceptibility through the fluctuation
dissipation theorem,24

S�q,�� =
1

�
�n��� + 1����q,�� . �1�

We have used the following form for the imaginary part of
the susceptibility given by the antisymmetrized linear com-
bination of two Lorentzians,

���q,�� =
A � 	

		���2 + ��� − � �0�q��2


−
A � 	

		���2 + ��� + � �0�q��2

, �2�

where 	��� is the frequency dependent half-width-at-half-
maximum �HWHM�, �0�q� is the undamped phonon fre-
quency, and A is the amplitude. For acoustic modes, we have
approximated the dispersion to be linear �0=c �q�. For optic
modes, we have set the dispersion to have the form described
by

�2�T� = 
0
2�T� + �q2, �3�

where 
0�T� is the temperature dependent zone-center fre-
quency and � is the temperature independent slope. This is
the same line shape used previously for PMN and PZN.4

B. Transverse acoustic: Comparison with PMN

The acoustic mode in PMN has been studied in detail by
several groups.8,13 A subtle broadening of the acoustic mode
was observed in PMN over a broad range in temperature
extending from the critical temperature Tc to the high tem-
perature Burns temperature Td. The broadening in the TA
mode was very small compared with the significant damping
of the TO mode which was observed to occur over the same
temperature region. In PMN, the broadening of the TA peak
has been associated with a dampening from polar domains
formed near the Burns temperature. Given the absence of any
strong diffuse scattering in PMN-60PT, it is important to
study the linewidth of the acoustic mode to see if any broad-
ening above Tc is observed.

FIG. 7. The dispersion of the TA2 and TO2 is plotted near the
zone center at Q= �220� for T=350 K. For higher temperatures,
near Tc, the zone-center optic frequency was extracted by extrapo-
lating to the zone center from nonzero-q. The dashed arrows indi-
cate the two types of scans �constant E and Q� used to investigate
the phonons.
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We have investigated the temperature dependence of both
the TA1 and TA2 modes scanned near the �200� and �220�
zones, respectively. The results at Q= �2,0.21,0� and Q
= �2.15,1.85,0� are plotted in Fig. 8. To extract the full-
width from constant Q scans, we fit the equation given by the
antisymmetrized linear combination of two Lorentzians
stated previously. Unlike PMN which shows a significant
sharpening of the TA mode near Tc, PMN-60PT displays a
significant broadening of both the T1 and T2 modes below Tc.
We attribute this broadening to the formation of the domains
in the tetragonal phase.

To verify the presence of domains in the bulk and hence
different acoustic and optic slopes near the zone center, we
searched for a splitting of the acoustic or optic peaks at low
temperatures, well away from the structural transition where
the difference in elastic constants is the largest. A splitting of
the TO mode was observed at low temperatures �as illus-
trated in Fig. 9� near the �220� Bragg peak. This splitting
confirms the presence of domains and hence a tetragonal
distortion. The observation also confirms that the tetragonal
distortion is a bulk effect and not due to a near surface region
as observed in PMN and PZN.

The temperature dependence of the TA linewidth in PMN-
60PT is very different from that in PMN. PMN-60PT shows
no clear broadening of the TA mode above Tc. This is con-
sistent with the fact that the diffuse scattering is very weak in
PMN-60PT and also that the broadening originates from the
polar domains in pure PMN. Therefore our results on PMN-
60PT directly associate the broadening of the TA peak in

PMN with the presence of polar domains. The result also
supports our assertion that the polar regions in PMN-60PT
are either small or absent.

C. Overdamped zone center transverse optic mode

As stated previously, the optic mode plays an important
role in the structural distortion in ferroelectrics. The optic
mode in PMN-60PT was investigated by conducting both
constant-Q and constant energy scans near the �220� and
�200� positions. Typical scans are illustrated in Figs. 10 and
11. At the highest temperatures investigated, no propagating
transverse optic mode is observed at the zone center �q=0�.
Scans at small but nonzero q in both the �200� �Fig. 10� and
�220� �Fig. 11� zones at 800 K show the optic mode to be
broad and to recover at only nonzero �q�. At lower tempera-
tures, below Tc, a recovery of the optic mode is measured as
a TO peak is observed at the zone center. It is interesting to
note that no well-defined optic mode was observed near the
zone center between Tc and 800 K indicating that the optic
mode remains damped with little recovery to very high tem-
peratures. The presence of an overdamped optic mode is fur-
ther verified by a constant energy scan through the two
branches of the optic mode. Figure 12 plots a scan along the
�2,q ,0� direction at a fixed energy transfer of 6.2 meV. The
scan cuts through the two dispersive branches of the optic
mode giving rise to two peaks symmetrically displaced from
q=0. The fact that no well-defined peak is observed in a
constant-Q scan, but observed in a constant energy scan,
indicates that the TO mode is heavily damped and has a short
lifetime associated with it.

The presence of a highly damped TO mode over a broad
range in temperature near Tc is very similar to the behavior

FIG. 8. The transverse acoustic linewidth is plotted as a function
of temperature for both the T1 �near �200�� and T2 �near �220��
modes. A significant broadening is observed near Tc. This is inter-
preted as resulting from domains.

FIG. 9. Constant Q scan at Q= �2.1,1.9,0� taken at T=150 K,
below the transition from cubic to tetragonal transition. The optic
mode is clearly seen to be split into two peaks indicative of the
underlying tetragonal domain structure in the sample.
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observed in PMN. In PMN, the optic mode is highly damped
between Tc ��200 K� and the Burns temperature Td ��600
K�. In PMN-60PT, the optic mode is damped at least over the
range of temperatures of �500–800 K. Assuming that the
temperature ranges scale with Tc, as they do in PMN and
PZN, the broad TO mode over such a large temperature
range is consistent with the behavior observed in PMN.

The presence of a broad TO mode similar in lineshape and
temperature dependence to that of PMN is very surprising as
diffuse measurements show that there is an absence of any
diffuse scattering indicative of polar nanoregions. In PMN,
one possible model for the broad TO mode was that polar
nanoregions, which are formed at the Burns temperature, sig-
nificantly damp the optic mode. This conclusion was drawn
from the observation that the diffuse scattering and the
dampening were onset at nearly the same temperature. Our
measurements on PMN-60PT show that polar nanoregions
are absent and are replaced by a long-range ordered struc-
ture, indicating that such an interpretation for the dampening
of the soft mode needs to be revaluated.

Even though the polar nanoregions are absent in PMN-
60PT and are not directly observable from diffuse scattering,
we do observe diffuse scattering along the longitudinal direc-
tion indicative of a short-range chemical order signifying the
presence of a substantial amount of structural disorder. The B
site in this PbBO3 structure consists of a mixture of B
=Mg2+, Nb5+, and Ti4+. It is likely that the large difference in
oxidation states on the B site will introduce large electric

field gradients thereby introducing significant random fields.
We therefore conclude that random fields introduced from
the substantial amount of chemical disorder are the cause for
the overdamped TO mode rather than any disorder intro-
duced through polar nanoregions. The high temperature dif-
fuse scattering represents some form of domains or localized
order in the sample, possibly from chemical short-range or-
der as suggested by Hiraka et al.30 A comparison to other
disordered structures is given later in the paper.

A comparison of the soft-mode temperature dependence
in PMN, PMN-60PT, and pure PT is presented in Fig. 13.
The open circles for PMN and PMN-60PT were taken from
constant-Q scans at the zone center. For temperatures near
Tc, the zone center frequency is very difficult to determine as
the linewidth becomes large. We therefore conducted
constant-Q scans at nonzero q away from the zone center and
then extrapolated to the zone center using the formula �2

=
0
2+�q2. 
0 is the zone-center frequency and � was fixed

to be temperature independent. Based on this method, the
zone-center frequency can be extracted even though the TO
mode is overdamped near the zone center and is represented
by the filled points in Fig. 13.

The soft mode behaviors of PMN and PMN-60PT around
Tc are very similar. In both compounds the TO does not
completely soften to zero energy, however, it decreases in
energy to �5 meV. Both compounds show a clear recovery
of the TO mode below a characteristic temperature. It is in-

FIG. 10. Typical constant-Q scans near the �200� position at 700
and 800 K illustrating the highly damped TO phonon near the zone
center. The TO mode recovers at larger q=0.21, indicating that the
anomalous dampening is restricted to the zone center. The data were
taken at the C5 spectrometer.

FIG. 11. Typical constant-Q scans near the �220� position at 350
and 800 K used to extrapolate to the zone center. The data were
taken at the N5 spectrometer. At high temperatures, the TO mode is
broad and not observable at q=0 with a constant-Q scan. The data
at 350 K indicate a recovery of the TO mode, especially clear at
nonzero q=0.15.
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teresting to note that in PMN-60PT, the recovery occurs be-
low Tc where a well-defined structural transition from a cu-
bic unit cell to a tetragonal cell occurs and where there exists
a peak in the dielectric response. However, in PMN, the re-
covery starts at a much higher temperature of about 400 K.
The high temperature recovery maybe more closely associ-
ated with the peak in the dielectric response, rather than the
temperature where the structural transition is onset under the
application of an electric field. We emphasize that in pure
PMN, Tc is defined as the temperature at which a sharp
anomaly appears in the dielectric susceptibility under the ap-
plication of an electric field. In zero field, there is no detect-
able structural transition in the bulk of PMN.

The temperature dependence of the soft transverse-optic
mode in PMN and PMN-60PT is very different from that in
PbTiO3. The slope of the soft-mode above Tc is dramatically
altered from the pure material and is not described simply by
mean-field theory which predicts the slope of the tempera-
ture dependence below Tc to be twice that above Tc. As noted
by Halperin and Varma,35 in the presence of defects the tem-
perature dependence of the soft-mode can be dramatically
altered near Tc. Therefore, at least qualitatively, the tempera-
ture dependence of the soft-mode can be interpreted in terms
of slowly relaxing or frozen defects.

In PMN, there are two well-defined temperature scales
defined by the behavior of the soft transverse optic mode.
There is a high temperature region where the optic mode
reaches a minimum in energy and begins to recover. There is
also a second temperature scale at Tc where an anomaly ap-
pears in the dielectric susceptibility under the application of
an electric field. In contrast to this, PMN-60PT displays one
temperature scale where the optic mode recovers in energy
and a structural transition occurs. PMN-60PT does display a
broad TO mode analogous to PMN. In contrast to both PMN
and PMN-60PT, pure PbTiO3 displays a well-defined soft

TO mode which goes to zero, initiating a structural transi-
tion. Therefore, in terms of optic phonons, PMN-60PT is
very similar to the behavior of prototypical relaxor ferroelec-
trics like PMN and PZN. The temperature dependence and
line shape of the TO mode is, however, very different from
the behavior in PbTiO3.

V. CONCLUSIONS AND DISCUSSION

We have shown that there is no strong temperature depen-
dent diffuse scattering in PMN-60PT, in contrast to pure
PMN. This has been demonstrated using survey scans done
with penetrating 75 keV x rays, neutron elastic scattering,
and also through the absence of any anomalous broadening
in the TA mode above Tc. The absence of diffuse scattering
in PMN-60PT implies that that polar nanoregions are now
replaced by large domains and long-range structural order.
We have also shown that there exists a broad transverse optic
mode near the zone center which is very similar to pure
PMN. Therefore the broadening of the TO mode �and hence
the waterfall effect� cannot arise from the formation of polar
nanoregions. These results show that the elastic scattering is
very similar to a classic ferroelectric, PbTiO3, however, the

FIG. 12. A constant energy scan cutting through the two
branches of the optic mode at 700 K, E=6.2 meV is plotted. Even
though the optic mode does not show a sharp peak in a constant Q
scan, it is clearly present from a constant energy �const. E� scan.
This indicates that the mode is strongly damped near Tc.

FIG. 13. A comparison of the soft mode temperature depen-
dence in PMN, PMN-60PT, and pure PT. The data for PT were
taken from Shirane et al. �Ref. 19�. The closed symbols represent
values obtained by extrapolating from nonzero q to the zone center.
The open circles are TO energy values obtained from a direct
constant-Q scan at the zone center.
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dynamics including the soft optic mode are nearly identical
to a relaxor ferroelectric with no well-defined structural tran-
sition.

To investigate a possible microscopic model to consis-
tently explain the diffuse and optic phonon data in PMN and
PMN-60PT, we consider the origin of the two types of dif-
fuse scattering in more detail. It has been shown by Hirota et
al.36 and Vakhrushev et al.37 that the atomic displacements
associated with the diffuse scattering consists of a center of
mass conserving component, associated with the condensa-
tion of the optic mode, and a center of mass shift. A recent
detailed analysis of the acoustic and optic coupling in PMN
has shown that mode coupling between the acoustic and op-
tic modes is weak and therefore it is not likely that the center
of mass shift occurs at the same temperature at which the
optic mode softens.38 Another explanation is that the center
of mass shift is present at much higher temperatures and
maybe associated with the short-range chemical order indi-
cated by the presence of high-temperature diffuse scattering.
In this scenario, center of mass shifted domains occur at a
high temperature and give rise to diffuse scattering along the
longitudinal direction. These domains introduce defects into
the crystal lattice and significantly damp the optic mode as it
softens in energy near Tc. The presence of a center of mass
shift at high temperatures therefore consistently explains the
presence of both the high-temperature diffuse scattering as
well as the significant damping of the optic mode near Tc
throughout the PMN-xPT phase diagram. The origin of this
disorder maybe associated with the disorder on the B site, as
the longitudinal diffuse scattering disappears and the damp-
ing of the transverse optic mode disappears in the limit of
pure PbTiO3.

The presence of locally shifted regions in the crystal will
ultimately introduce defects into the crystal lattice. One of
the simplest examples of a crystal with defects is the H2-
D2 mixed crystal.39 Powell and Nielsen describe a theory of
phonons in a crystal with defects in which the cross section
has two components giving rise to coherent scattering. The
first is a modified phonon cross section resulting in well-
defined peaks in energy resulting from the excitation of
phonons. The second is a broad resonance diffuse term with
a width which is a measure of the density of host modes into
which the impurity mode can decay. The diffuse component
was difficult to observe on its own due to the fact that it was
extremely broad in momentum and energy and the cross sec-
tion depended on the difference of the mixed atoms. It is
interesting to note that the phonons in H2-D2 have some
strong similarities to those in the mixed ion relaxor systems.
In particular, the low energy TO mode was observed to sig-
nificantly broaden in energy at a characteristic wave vector
where the TO dispersion overlaps with the broad resonance
component in the defect phonon cross section. At that par-
ticular energy, the TO mode has a short lifetime due to an
increase in the number of decay channels. The TO mode was
damped considerably despite the fact that the TA mode does
not show any significant effect. This is nearly identical to the
behavior in the relaxor ferroelectrics where there is also a
characteristic wave vector where the TO mode becomes sig-
nificantly damped.11 We emphasize that this resonance is not
a well-defined mode, but a continuum of states providing a

new decay channel when a propagating mode �like the TO
mode� crosses the correct energy scale.

The presence of a density of states or a broad resonance
contribution to the scattering is further supported by Raman
and dielectric measurements. Previous dielectric experiments
on PMN40 have shown the presence of a finite density of
states at low energies. This appeared in addition to the soft-
mode response which agreed with the soft transverse-mode
measured with neutrons. The calculated neutron scattering
spectra at low temperatures displayed the presence of two
peaks, the higher energy peak is the soft-mode measured at
the zone center with neutrons, while the lower-energy peak
has not been observed with neutrons. A similar low-energy
peak in the dielectric response has also been observed in
PST.41 The new lower energy peak might represent a broad
resonance suggested here which results in significant damp-
ening of the optic mode over a certain range in energy and
momentum.

The unusual temperature dependence of the TO linewidth
in PMN and PMN-60PT can be interpreted in terms of this
defect model. Both compounds show a broad TO mode
which becomes overdamped at a characteristic energy, and
hence wave vector. The fact that broadening only occurs over
a finite temperature region can be explained by the fact that
the TO mode softens considerably with temperature, and
therefore only enters the correct characteristic energy region
over a finite temperature scale. The diffuse or broad mode in
PMN and PMN-60PT can be associated with defect states
introduced by the mixed valency. These low energy states
provide extra decay channels for the TO mode over a finite
energy range. This model is consistent and is expected based
on a random field model introduced recently to describe the
universal properties observed in PMN and PZN.4

The idea of defects causing extra channels at low energies
for the TO mode to decay into is also consistent with a recent
model proposed to describe the dynamics by Yamada and
Takakura.42 They proposed that the broadening of the TO
mode was due to coupling to a random pseudospin variable.
Yamada and Takakura suggested that a microscopic origin
for this could be the random hopping of the Pb2+ ion as it has
been found that the equilibrium position for Pb2+ is slightly
displaced from the high symmetry position. Such a model
has been supported by 207Pb NMR experimental data.7 Ya-
mada and Takakura described the phonons in PMN utilizing
the Langenvin equation which describes the atomic motion
under a random force. The phonon model explained the
broadening of the TO mode near the zone center in accor-
dance with experiment. This model is identical to that pro-
posed by Powell and Nielsen to explain defects in H2-D2.
Yamada and Takakura consider the Pb2+ ions to be hopping
between sites at a characteristic frequency. When the soft-
optic mode energy is close to the hopping frequency, signifi-
cant dampening will occur of the extra channels by which
the phonon can decay into.

It is important to note that PMN displays two very distinct
temperature scales, a high temperature scale where the dif-
fuse scattering is onset �Td� and a lower temperature �Tc�
where a structural transition occurs under the application of
an electric field. These two temperature scales have been
interpreted consistently using a random field model.4 Ran-
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dom fields have also been suggested by other groups to ex-
plain the dynamics and static properties of the relaxors.20–22

In the random field model proposed, the temperature scales
were suggested to result from two universality classes. At
high temperatures, the temperature energy scale can be
thought to be much higher than any cubic anisotropy in the
system effectively making the system Heisenberg like, or
possessing a continuous symmetry. At lower temperatures,
the cubic anisotropy becomes important and the system be-
comes more Ising-like with a discrete symmetry. Both PMN
and PZN show two clear temperature scales. In model mag-
netic systems it was found that systems with a continuous
symmetry are very sensitive to the presence of random fields.
In contrast, systems with a discrete �or Ising� symmetry are
robust to the presence of random fields.

In PMN-60PT, there is distinct absence of two tempera-
ture scales. Both a structural transition and a recovery of the
transverse optic mode occur at the same temperature. Any
model describing the PMN-xPT phase diagram must be able
to consistently describe the behavior in PMN, PMN-60PT,
and PbTiO3. We propose that for increased PT doping the
cubic anisotropy becomes more important, as well, the ran-
dom field must ultimately decrease in the extreme case of
pure PbTiO3, with no mixed valency. In the case of PMN-
60PT, the cubic anisotropy must become important as the
system undergoes a structural transition to a tetragonal
phase, with the atoms shifted along the �100� directions.
Therefore the system can be thought of as effectively having
a discrete symmetry and properties similar to model mag-
netic systems in the presence of random fields.43

The presence of a stronger cubic anisotropy in PMN-
60PT in comparison to PMN is further reflected in the slopes
of the TO1 and TO2 modes. In PMN, the slopes �as defined
by �2� in Eq. �3�� are nearly identical with �2�T1
=590 meV2 Å2 and �2�T2=460 meV2 Å2. In PMN-60PT, the
difference is much more dramatic with �2�T1=955
meV2 Å2 and �2�T2=685 meV2 Å2 indicating that the dy-

namics are more anisotropic in PMN-60PT than in PMN.
Our measurements show that the PMN-xPT phase diagram
may provide a unique example of random fields in structural
transitions and an opportunity to study the dynamics under a
random field where the universality class can be continu-
ously tuned from a continuous to a discrete symmetry.
Clearly, further measurements are required for intermediate
PT concentrations to provide further credence to this model.

We have presented a detailed elastic and inelastic scatter-
ing study of PMN-60PT. Through the use of high-energy
x-rays and elastic neutron scattering, we have shown that any
strong diffuse scattering from polar nanoregions is very weak
or absent in PMN-60PT in favor of a long-range structural
ordered ground state with a tetragonal unit cell. We have
found weak predominately longitudinal diffuse scattering in-
dicative of short-range chemical order. The optic mode is
overdamped around Tc in a similar manner to that in PMN.
We have reconciled this by suggesting that the short-range
chemical order provides extra channels at low-energies into
which the TO mode can decay into, analogous to the case of
the defect crystal H2-D2 and to the Pb2+ ion hopping model
proposed by Yamada and Takakura. We have also interpreted
the presence of a well-defined structural transition in the
presence of defects and a broad TO mode in terms of a
random field model previously proposed to explain the simi-
larity between PMN and PZN.
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