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Quasielastic central peak and acoustic anomalies in a �001� lead magnesium niobate-lead titanate
single crystal have been investigated by the high-resolution micro-Brillouin scattering. Two acoustic
anomalies were observed at temperatures, TC-T�415 K and TT-R�348 K. The damping showed a
significant dispersion at T�550 K, associated with the enhanced dynamics of local strain fields
created by the polar microregions. The temperature evolution of the quasielastic central peak
exhibited anomalies in the overall intensity and relaxation time that were associated with the line
shape interferences of the central peak and the acoustic mode. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2768306�

The complex perovskite relaxor ferroelectric �FE� sys-
tem Pb�Mg1/3Nb2/3�O3 �PMN� and its solid solutions with
PbTiO3 �PT� such as, �1−x�Pb�Mg1/3Nb2/3�O3–xPbTiO3

�PMN-xPT� and �1−x�Pb�Zn1/3Nb2/3�O3–xPbTiO3

�PZN-xPT� have been a subject of extensive investigations
owing to both their exceptionally strong piezoelectric prop-
erties and quest for a comprehensive understanding of the
nature of relaxor FE materials.1,2 In the phase diagram, com-
positions of the most practical interest lie in the low symme-
try monoclinic region called the morphotophic phase bound-
ary �MPB�; separating rhombohedral �R3m� and tetragonal
�P4mm� FE phases. Relaxor FE single crystals near this
boundary exhibit unusual high piezoelectric constant, elec-
tromechanical coupling coefficient, and ultrahigh strains3,4

when poled along the pseudocubic �001� direction which is
different from the polarization directinon ��111��.

The most probable scenario toward understanding these
extraordinary piezoelectric properties of the relaxor FE state
stems in the well established existence of unique entities the
so-called polar microregions �PMRs� with randomly oriented
local polarization, appearing at/above Burns temperature TB
�Ref. 5� ��620 K for PMN� in a disordered �site and/or
charge� matrix that give rise to local quenched random fields,
and hence transition to a long range ordered state is pre-
vented. The relaxor FE materials are also fascinating because
they resemble glasses in the sense that they exhibit aging,
memory, rejuvenation,6–9 and Vogel-Fulcher-type
relaxation10,11 phenomena. However, in contrast to glasses,
these characteristics have been observed in relaxors not only
in the frozen regime but also even above the susceptibility
maximum temperature Tm ��265 K for PMN�. At the same
time the relaxor state can be switched to FE long range or-
dered state by applying sufficiently high electric fields, add-
ing PT �a classic soft mode FE� to varing concentrations, and
exhibiting the presence of some criticality. This has lead to

recent findings that the presence of critical behavior in the
electric field–temperature–composition phase diagram of
PMN-xPT �and possibly in other relaxors� is at the heart of
this giant electromechanical response near the MPB.12 Cou-
pling between the optical and acoustic phonons in PMN
�Ref. 13� and PMRs and TA phonons in PZN-xPT �Ref. 14�
has been associated with the dynamics of ion off-centering
and appearance of PMRs, respectively. In the Raman study
of the PZN crystal, both relaxation and coupled phonon dy-
namics have been identified.15 Recent light scattering studies
on PZN-xPT crystal have indicated the existence of an inter-
mediate temperature at which the coupling between the
PMRs and acoustic modes becomes more visible.16 In this
letter we present a direct evidence of mode coupling that
gives rise to line shape anomalies in the light scattering spec-
tra of the PMN-33%PT �001�-oriented single crystal using
the high-resolution micro-Brillouin scattering.

PMN-33%PT single crystal, grown by the Bridgman
method, was put inside a cryostat cell �THMS 600� placed on
the stage of an optical microscope �Olympus BH-2�. The
phonon modes were excited by a single frequency Ar+-ion
laser at a wavelength of 514.5 nm and a power of
�100 mW. The micro-Brillouin light scattering experiments
were performed in the backward scattering geometry by us-
ing a six pass tandem Fabry-Pérot interferometer from room
temperature to T�650 K with a stability of ±0.1 K and an
accuracy of ±1 K. For accurate detection of the acoustic
anomaly the Brillouin spectra were recorded by employing a
smaller free spectral range �FSR� of 30 GHz while a rela-
tively larger FSR of the order of 100 GHz was used to ob-
serve the quasielastic central peak �CP�.

Figure 1 shows the typical Brillouin spectra of PMN-
33%PT �001� single crystal at some selected temperatures.
These spectra were measured in the scattering geometry,
c�a ,a+b�c̄, where a, b, and c represent �100�, �010�, and
�001� directions, respectively. One longitudinal acoustic
�LA� mode and an additional transverse acoustic �TA� mode
coupled with the quasielastic CP were observed in this ge-
ometry. The Brillouin frequency shift ��LA� and the hyper-
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sonic damping ��LA� of the LA mode obtained from these
spectra have been plotted in Fig. 2 as a function of tempera-
ture. The acoustic velocities of LA and TA modes are con-
trolled by the respective elastic constants, e.g., c11 and c44, in
the cubic phase. The measured values of c11 and c44 for T
�TC-T, say, at �453 K, were 163 and 77 GPa, respectively.
The existence of different acoustic anomalies can be clearly
differentiated from these data. It is also important to mention
that by analyzing the spectra presented in Fig. 1 with the
damped harmonic oscillator �DHO� couple mode scheme
�described below� or uncoupled DHO or Voigt function re-
produced similar results. The reason lies in the fact that LA
mode is hardly affected by the CP and/or the TA mode.

It can be observed from Fig. 2 that with decreasing tem-
perature, � deviates from linearity and begins to increase at
T�550 K, whereas �LA shows softening comparatively at a
much higher temperature �beyond the measured tempera-
ture�. It is remarkable to note that this dispersion in � and
�LA exhibits similar temperature dependencies to that of
PLZT relaxor FE ceramics.10 The two subsequent acoustic
anomalies occurring at temperatures TC-T�415 K and TT-R
�348 K show the paraelectric �PE� cubic-tetragonal and
then tetragonal-rhombohedral FE phase transformations, re-
spectively. This depicts that the structural changes have sig-

nificant influence on the elastic behavior of the crystal. The
gradual softening of �LA and rise in � can be attributed to the
appearance �and subsequent growth� of the PMRs at/above
the Burns temperature TB, far from Tm, where the optical
index of refraction deviates from the high temperature linear
behavior.5

The temperature dependent Brillouin spectra of the CP in
the temperature regimes of interest are shown in Fig. 3. From
these spectra two temperature regions can be identified: �i�
T�TC-T and �ii� T�TC-T, where the spectra consists of LA
mode and TA mode coupled with the CP, and LA mode and
the CP, respectively. Accordingly, we have analyzed the
spectra for T�TC-T by a damped harmonic oscillator �de-
scribing LA mode, �LA=2��LA�,

�1��,T� � ��LA
2 �T� − �2 − i��LA�T��−1,

and a DHO �describing TA mode� coupled with the Debye-
type CP by the response function with relaxing self-energies
related to the imaginary part of the dynamic susceptibility,17

�2��,T� � ��TA
2 �T� − �2 − i��TA�T� −

	2�T�
1 − i�


�−1

,

where 
 is the Debye relaxation time and 	2 is the coupling
constant, i.e., the measure of interaction strength between the
quasielastic CP and the coupled TA mode of frequency
�TA�=2��TA� and damping factor �TA.

The TA mode became very weak approaching T
�370 K and ultimately disappeared in the vicinity of TC-T.
Damping ��TA� and frequency shift ��TA� of the TA mode
remained unchanged for T�TT-R and were of the order of
�4.5 and �163 GHz, respectively; however, the same could
not be obtained reliably for T�TT-R due to complete merg-
ing of TA mode into the CP. In the PE phase �T�TC-T� the
fitting process was carried out with an uncoupled CP and the
LA mode. It is important to note that the repeated fitting
process yielded reproducible behavior of the fitting param-
eters in the two temperature regimes.

Overall intensity factor and relaxation time �
� of CP as
obtained from the coupled/uncoupled mode analysis of the
measured spectra are shown in Fig. 4. Several things can be
inferred from these data. �i� With decreasing temperature,
relaxation time of CP increases approaching a sharp maxi-

FIG. 1. Brillouin spectra of a PMN-33%PT single crystal at some selected
temperatures. The circles show the experimental data and solid line between
the circles is the fitting result.

FIG. 2. Temperature dependencies of the Brillouin frequency shift ��LA�
�circles� and damping factor ��� �squares� of the longitudinal acoustic mode
of a PMN-33%PT single crystal.

FIG. 3. Brillouin spectra of PMN-33%PT crystal measured with a FSR of
100 GHz in the rhombohedral �303 K�, tetragonal �373 K�, cubic �433 K�,
and cubic �573 K� with no CP, regions, respectively.
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mum around TC-T, where overall intensity factor gives a
small inflection; it then decreases showing a dip at T
�378 K with a corresponding maximum in the overall in-
tensity factor at T�370 K �slowing down of relaxation dy-
namics and growth of CP�. �ii� With further cooling the over-
all intensity factor lowers and 
 shows only minor rise. �iii�
The coupling constant 	2 is minimum, where 
 has a dip
�T�378 K� and becomes highest at TT-R, it then softens
slowly with further cooling. It is also noted that the TA mode
does affect the CP line shape but has no appreciable contri-
bution to the LA mode line profile; hence the two acoustic
anomalies remain unaffected by its appearance. The anoma-
lous behavior of CP parameters �reflected in overall intensity
factor and 
� for T�TC-T demonstrate that it comes from the
line shape interferences due to interaction of TA phonon with
the quasielastic CP. The reason behind this argument lies in
the fact that when we analyzed the same data with uncoupled
DHO and Debye relaxation mode, the anomalies in the 

decreased but the intensity of CP showed two peaks. The
PMR dynamics is no more effective in this temperature
range because the crystal has already been transformed to
long-range ordered state. The other factor that may influence
CP dynamics in the present case is realignment/movement of
domain walls in the FE matrix resulting from the reorienta-
tion of polarization direction from �001� to �111�.18 This ex-
planation is supported by similar remarks about PZN-8%PT
�Ref. 19� and PMN-60%PT �Ref. 20� crystals, where the
interference of acoustic and optical phonon branches gives
rise to “waterfall effect” observed in PMN and PZN relaxors.
Fourier transform infrared spectra21 between 20 and 900 K
revealed the existence of an underdamped soft mode in PMN
crystal. The appearance of CP below TB and its slowing
down character on cooling down to frequencies below the
microwave range has lead to the conclusion that the waterfall
effect may be associated with the overlapping of the soft
mode with the CP.21 From the temperature dependence of the
acoustic anomalies in PMN-33%PT crystal, it can be argued

that in this crystal, a certain temperature point �T�550 K�
below TB indeed exists where the dynamics of PMRs pro-
duce sufficient local strain fields in the crystal that result in
appreciable dispersion in frequency and damping of the LA
phonon mode. This observation is consistent with our previ-
ous findings on PLZT �Ref. 22� and recent light scattering
studies on PZN-9%PT crystal.16 It is about 100 K below this
temperature where the quasielastic CP becomes more promi-
nent as observed in PLZT relaxor23 and in the present case
also. A similar trend of the CP has also been reported for
PMN-32%PT crystal by neutron scattering experiments24

and associated with the dynamical evolution of PMRs.
In summary, high-resolution micro-Brillouin scattering

technique was applied to investigate the acoustic anomalies
and quasielastic CP in a �001�-oriented PMN-33%PT single
crystal. Two acoustic anomalies, PE cubic-FE tetragonal
�TC-T�415 K� and FE tetragonal-FE rhombohedral �TT-R

�348 K� symmetries, were observed. The LA mode data
also exhibited the existence of a temperature point �T
�550 K�, where the dynamics of PMRs becomes more
prominent in PMN-33%PT crystal and possibly in other re-
laxor FE materials. From the analysis of Brillouin spectra
with larger FSR coupling between the acoustic mode and the
quasielastic, CP was evident which gives rise to temperature
dependent line shape anomalies in the relaxation time and
overall intensity factor of the CP. The detailed analysis of the
CP data will be published elsewhere.
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FIG. 4. Temperature dependencies of the overall intensity factor �filled
squares� and relaxation time �
� �filled circles are for coupled mode and
open circles for uncoupled mode analysis� of the quasielastic central peak.
Solid lines are mere guides for the eye. The inset shows the coupling con-
stant 	2 as a function of temperature.
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