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SUMMARY 
 Relaxor ferroelectrics exhibit a very unusual polarization behavior from which 
derive unique electrostrictive, piezoelectric and other properties.  This behavior and 
these properties are due to the presence of nanoscale structural and polar order, the 
polar nanoregions (PNR), which can easily reorient under very modest external 
electric field, in stark contrast with conventional ferroelectrics. Moreover, when 
these nanoregions are aligned, their local distortions add up coherently to a 
macroscopic strain, hence their remarkable electrostrictive and piezoelectric 
properties.  Initially, we demonstrated this effect in KTa1-xNbxO3 (KTN) and were 
able to identify the local internal symmetry of the PNR in KTN and explain their 
behavior under an applied electric field.  We then extended the study to the more 
complicated lead relaxors, PbMg1/3Nb2/3O3 (PMN), PbZn1/3Nb2/3O3 (PZN) and 
(1-x)(PbZn1/3Nb2/3)O3-(x)PbTiO3 (PZN-PT).  In particular, following the 
evolution of the diffuse intensity in neutron scattering and X-ray measurements, we 
were able to determine the evolution of the polar order from the pure PZN system 
to the mixed system, PZN-PT.  This evolution with addition of PT, provides a 
physical basis for the remarkably easy polarization rotation that gives PZN-PT its 
unique properties for composition near the so-called morphotropic boundary 
(MPB).  
Through quasi-elastic and inelastic neutron and Raman scattering, we also obtained 
information about the local (nano)dynamics of these PNR’s. We thus identified 
three ranges in the evolution of the polarization with temperature: a purely dynamic 
range, a quasi-dynamic range when the PNR’s appear but can still reorient as 
“giant dipoles”, a quasi-static range when the system undergoes a series of 
“underlying” or partial transitions (on a mesoscopic scale) and, finally a frozen 
range below the last one of these transitions”.   
This work has provided a useful framework to describe the structural and 
temperature evolution from the nanoscopic to the mesoscopic polar order and even 
to a macroscopic polar order in the presence of an applied electric field.  The results 
of this study also provide a physical model to explain the very strong polarization-
strain coupling in these relaxors. 
 
 

mailto:jt02@lehigh.edu


 
 

The object of the present grant was to study the physical properties of relaxor 
ferroelectrics at the nanoscopic level. “Relaxors” have been shown to exhibit remarkable 
piezoelectric and/or electrostrictive properties that reveal a particularly strong 
polarization-strain coupling.  This coupling is believed to be mediated by polar 
nanoregions that form randomly throughout, and behave as giant electric dipoles 
interacting with one another via their polarization as well as via strain when they are 
aligned.  

In this study, our aim was to determine the internal structure and shape of these 
nanoregions, and their role in the relaxor dynamics and in the large electrostrictive 
coefficients.  
Our experimental investigation made use of elastic neutron and X-ray scattering for the 
first part and inelastic and Raman scattering for the second part of the study. We also 
studied the polarization-strain coupling using dielectric spectroscopy 

For the sake of comparison, we are investigating three relaxor systems, KTa1-

xNbxO3 (KTN), PbZn1/3Nb2/3O3-PbTiO3 (PZN-xPT) and PbMg1/3Nb2/3O3 (PMN). 
•Diffuse neutron scattering revealed the presence of polar (structural) 

nanoregions.  In both KTN and pure PZN, these regions were found to be in the form of 
disks with typical dimensions between 20 Å and 200 Å, depending on the temperature.  
In KTN, the regions are tetragonal but in PZN they are rhombohedral. In PZN-xPT, the 
diffuse scattering decreases and the width of the Bragg peak increases, suggesting two 
well developed and coexisting components: regions with tetragonal and rhombohedral 
symmetry coexist.   

•A new monoclinic phase was discovered in PZN-9%PT near the “morphotropic 
phase boundary” (MPB) that separates the rhombohedral from the tetragonal phase fields, 
which is not present in PZN-8%PT.  This monoclinic phase fully develops under an 
electric field.  Our synchrotron X-Ray scattering results indicated that this phase is also 
absent for x>10.5% and is consequently relatively narrow.  This observation is significant 
because the electrostrictive coefficients of the Pb-relaxors, and of PZN-xPT in particular, 
are especially large near this boundary.  

•Polarized and Depolarized Raman spectra were also obtained on these systems.  
The low frequency part of the spectra, and its temperature dependence, is explained in 
terms of a coupling between transverse acoustic modes and the reorientational motion of 
polar nanoregions. 
 

The goal of the study was to understand the structural and polarization 
underpinnings of the relaxor behavior observed in many disordered ferroelectrics.  
This was done by, first revisiting the model relaxor system KTN, which we have 
extensively studied in the past, and applying the fundamental understanding thus 
obtained to the more complex lead relaxors.  The techniques used were Raman and 
neutron scattering as well as dielectric spectroscopy. For the study of ferroelectrics 
or relaxors, neutron scattering is a complementary technique to Raman because 
neutrons, being scattered by nuclei, are sensitive to structural distortions while 
photons, being scattered by electrons, are particularly sensitive to polarization.  
 



RAMAN STUDY 
• KTa1-xNbxO3(KTN) revisited 

KTN is a particularly useful model system because of its simplicity.  Its 
relaxor behavior can be uniquely traced to the existence of off-center niobium ions. 
During the first period, we made measurements of polarized Raman scattering over 
a wide temperature range, from the high temperature (cubic) phase to the lowest 
temperature (disordered rhombohedral) phase, and spanning the essential 
structural changes that take place in this system. Both polarizations of the scattered 
light, VV and VH, were measured separately.  The results very clearly indicated the 
appearance of the polar nanoregions that are responsible for the relaxor behavior, 
followed by one or several “underlying” transitions, marked by definite changes in 
the Raman spectrum but no splitting of the X-Ray diffraction peaks. 

We followed the temperature dependencies of the central peak and of the 
second order acoustic 2TA peak.  The central peak is due to the relaxational motion 
of the polar nanoregions between crystallographically equivalent orientations. Its 
temperature dependence shows that the number of these orientations decreases as 
the system goes through several “underlying” transitions and the local symmetry 
decreases accordingly, to the point at which no reorientation is permitted. 
Simultaneously, the frequency of the transverse acoustic mode also decreases, going 
through a minimum at the third and last structural transition, where the system 
assumes an ordered rhombohedral phase when cooled in an external electric field. 
This softening of the transverse acoustic mode can be convincingly attributed to 
coupling of the TA mode to the reorientation of the polar nanoregions. 
  A comparison of Raman measurements in the presence of a bias field also 
confirmed the above results and revealed, by contrast with measurements with no 
field, the lifting of the long range order frustration resulting from the random 
orientation of the polar regions and of their local strain.  Applying even a small bias 
electric field overcomes this frustration and, by allowing an easier rotation of the 
polar nanoregions, enhances the rotational-translational coupling to the TA mode. 
 
 
• PbMg1/3Nb2/3O3 (PMN), PbZn1/3Nb2/3O3 (PZN), (PbZn1/3Nb2/3)O3-xPbTiO3 (PZN-
PT) 

Understanding the relaxor behavior in the lead compounds is a much more 
arduous task than in KTN, because the former exhibit intermediate range chemical 
order and much more distorted unit cells, with several of the atoms being off-center.  
This complexity is evident from the many contradicting interpretations of their 
Raman spectra that exist in the literature.  However, we showed that, following the 
guiding thread of KTN, the behavior of these more complex systems can be 
understood with a relatively high degree of confidence. 

Both pure PMN and PZN exhibit very similar trends to KTN in the 
temperature evolution of their Raman spectra.  Even though they are, on average, 
cubic at high temperatures (~1000K), disorder-induced first order Raman peaks are 
nevertheless observed, dynamically broadened at first and then becoming sharp at a 
lower temperature (“underlying” transitions).  
 



Our Raman results led us to distinguish four major temperature ranges: 
-a high temperature range, T>TB (Burns temperature), in which the 

polarization is fully dynamic, and the local symmetry is cubic. 
-two intermediate ranges within which a two timescale dynamics is 

observable:  the first one, T*<T<TB, a quasi-dynamic range within which the motion 
of the off-center ions is correlated on a short time scale only and no local strain 
fields are present; the second one, Tf<T<T*, a quasi-static range within which the 
motion of the off-center ions is correlated on a long time scale. In the first stage, the 
long time local average cubic symmetry is preserved while in the latter stage the 
polar regions have formed, creating local strain fields, and the local symmetry is 
consequently lower (rhombohedral).  The latter quasi-static stage is also the stage in 
which the relaxor behavior is observed in dielectric measurements.  

-a low temperature or static range, T<Tf (freezing temperature), in which 
only the long timescale dynamics, if any, survives.  
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NEUTRON STUDY 
In parallel to the Raman study, we also performed a neutron study of the lead 
relaxors, and also revisited KTN.  
• PbZn1/3Nb2/3O3  (PZN), PbZn1/3Nb2/3)O3-xPbTiO3 (PZN-PT) 
Our neutron study of the lead relaxors focused on two particular aspects, the 
internal structure, orientation and dynamics of the polar nanoregions, and their 
interaction with phonons, particularly the transverse acoustic (TA) phonons. 

By means of elastic diffuse neutron scattering, we were able to confirm the 
existence of T* and Tf

 , already identified in the Raman study above.  The 
observation of diffuse scattering below T* marks the appearance of small distorted 
regions, and the rapid increase of the distortions below T* (relief of extinction) 
coincides with the partial structural ordering mentioned. 

The distribution of this diffuse scattering in reciprocal space allowed us to 
determine the internal structure of the distorted nanoregions and their general 



orientation. In pure PZN, these polar nanoregions have rhombohedral symmetry, 
exhibiting a [111] type distortion, and also grow in that same direction.  However, 
when mixed with PbTiO3 (PT), although the nanoregions retain the same 
rhombohedral symmetry, they tend to grow increasingly closer to a [001] direction. 
This microscopic model provides a natural explanation for the easy rotation of the 
polarization in these systems. Based on the diffuse scattering measurements, we 
were able to estimate the size of the polar nanoregions in pure PZN, which grow 
from ~25Å at T* to 175Å at Tf.  The presence of PT induces larger distortions, which 
result in actual structural transitions, as seen by the splitting of the Bragg peaks.  
On the structural side, we also further characterized the intermediate orthorhombic 
phase straddling the morphotropic phase boundary (MPB) in PNZ-PT. This phase 
bridges the rhombohedral and tetragonal phase fields on either side of the MPB.  

Information about the dynamics of the polar nanoregions was obtained by 
inelastic neutron scattering, through measurements of the so-called Central peak, as 
well as through phonon measurements.  In pure PZN, the intensity of the Central 
Peak rises slowly below TB, then much more rapidly below T*, thus following the 
same trend as the elastic diffuse scattering. With the addition of PT, the intensity of 
the Central peak goes through a local maximum at T*, then decreases slightly and 
finally rises rapidly below Tf. The existence of a local maximum, preceding the 
“underlying transitions between T*and Tf, was also observed in KTN and is taken to 
be the sign of a slight decrease in correlations caused by the appearance of strain 
fields accompanying the partial structural ordering mentioned above.  It does also 
coincide with the onset of the relaxor behavior, i.e. frequency dispersion of the 
dielectric constant as well as an imaginary component.  

Due to their coupling to the polar nanoregions, phonons also provide 
information about the relaxor dynamics.  It is already known that, below TB, and 
even more so between T* and Tf, the transverse optic phonon becomes strongly 
overdamped.  What has been less well studied is the behavior of the transverse 
acoustic mode, which is nevertheless essential to an understanding of the unique 
electrostrictive properties of these materials.  It too becomes overdamped in the 
above temperature range.  Measurements of the phonon width as a function of 
wavevector and temperature suggest that this behavior is connected with the 
existence and dynamics of the polar nanoregions.  
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• KTa1-xNbxO3 (KTN), K1-xLixTaO3 (KLT) 
Of these two systems, the first one, KTN, is a model system of a “soft” relaxor (small 
strain) and the second one a model system of a “hard” relaxor (large strain). An 
exhaustive diffuse neutron scattering study of KLT provided information on the 
formation of the polar nanoregions.  On the other hand, the study of the transverse 
acoustic and optic phonon in KTN provided valuable information on the dynamics. 
The study of KTN Inelastic scattering measurements of the transverse optic and 
acoustic phonons in KTN revealed a very similar behavior to that observed in the 
lead relaxors.  The TO phonon also becomes overdamped between between T* and 
Tf , to the point where it entirely disappears from the spectrum.  Simultaneously, the 
TA phonon decreases in frequency and becomes broad.  These observations strongly 
suggest that the TO and TA modes, which are usually weakly coupled in 
conventional perovskite ferroelectrics, are here very strongly coupled by the polar 
nanoregions. This coupling appears to be fundamental to an understanding of the 
strong electrostrictive effects in relaxor ferroelectrics. Yet, the precise effect of the 
PNRs on this coupling has not been elucidated. In the second period, we plan to 
continue the study in order to gain a more detailed understanding of this essential 
coupling. These results are still being analyzed and new measurements are in 
progress to complete the study. 
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DIELECTRIC AND NMR STUDY 
We also studied both KLT and KTN using dielectric spectroscopy and NMR. The 
dielectric measurements revealed the existence in KTN of nonlinear electrostriction 
and demonstrated the essential role that the polar nanoregions play in coupling the 



polarization and strain in both systems. The NMR measurements in KTN revealed 
the coexistence of two types of dynamics, a fast dynamics of the uncorrelated Nb 
ions and the slow dynamics of the correlated Nb ions or equivalently of the polar 
nanoregions.  
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In summary, during the four years of the project, we have characterized the 
polar nanoregions in several relaxors, obtained estimates of their size and 
information about their internal structure and orientation and obtained important 
information about the type of dynamics present and its evolution with temperature.  
We proposed a general framework that should help develop a general 
understanding and classification of relaxors: we identified four main stages in the 
temperature evolution of their dynamics.  In each stage, correlated relaxational and 
phonon dynamics were observed.  

 
This work resulted in 12 journal papers and 8 conference presentations (2 
presentations resulted in refereed papers). Another major output of the project was 
two PhD theses, successfully defended by D. La-Orauttapong and O. Svitelskiy, one 
REU project that led to a paper (B. George, minority student). Finally, two postdocs 
received advanced training during the project (Grace Yong and Fuming Jiang). 
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