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At the heart of the relaxor behavior lies the development of mesoscopic or intermediate range order and the
low frequency or relaxation dynamics associated with it. To investigate this development, we have measured
the Raman spectra of a Pb�Zn1/3Nb2/3�O3 �PZN� single crystal over a wide temperature range from
1000 K to 150 K. The spectra are analyzed using several different physical models, focusing particularly on
the low frequency part. Both relaxation and coupled phonon dynamics are identified. The evolution of the
relaxor dynamics is marked by three characteristic temperatures, Burns temperature, TB�650 K, and two other
temperatures, Td�470 K and Tf �340 K, which together define four major ranges. Combining the fitting
results from the Raman spectra and other experimental results in PZN, we describe the relaxor dynamics in
these four ranges, in terms of the strength and lifetime of the correlations between off-center ions. Relating the
dynamics observed in PZN to that in KTa1−xNbxO3 �KTN�, we develop a microscopic model based on the
coexistence of a fast and a slow motion of the off-center Pb and Nb ions which accounts for both types of
dynamics �coupled phonon and relaxational� between TB and Tf, and show evidence for a series of local phase
transitions taking place below Td.
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I. INTRODUCTION

Relaxor ferroelectrics A�B�B��O3 have been studied ex-
tensively in the past several years because of their important
technical applications and original fundamental physics.1–4

They are characterized by the mixed occupancy of the B site
and the off-centering of some of the ions. In
Pb�Zn1/3Nb2/3�O3 �PZN�, the B site can be occupied by ei-
ther niobium or zinc and in Pb�Mg1/3Nb2/3�O3 �PMN� by
either niobium or magnesium. Differences in the atomic radii
and valences of the two B-site cations can lead to the forma-

tion of chemically ordered regions with a Fm3̄m space sym-
metry dispersed in a disordered matrix with an average

Pm3̄m space symmetry.5–7 The other essential characteristics
of relaxors is the presence of off-center ions imparting elec-
tric dipole moments to individual unit cells. In lead relaxors,
the Pb ions have clearly been shown to be displaced from
their high symmetry site, although the direction of the dis-
placement is not definite for all of them. ��111�, �110�, or
spherical distribution�. In PMN, x-ray results have suggested
either �110� displacements8 or a spherical distribution,9 par-
ticularly at high temperatures, also suggested by nuclear
magnetic resonance �NMR� results.10 In PZN, a Pb displace-
ment in the �111� direction seems more probable.11 More
recently, the Nb ions have also been shown to be displaced
from their site in a �111� direction, although by a smaller
amount.5,6,12,13 This is also the case in the nonlead relaxor
KTa1−xNbxO3 �KTN�.14 As a result of symmetry, Pb2+ and
Nb5+ can each occupy either 12 or eight equivalent off-center
positions in the unit cell. At high temperature, both are ex-
pected to switch relatively freely between these positions and
the time-averaged structure remains cubic.9 At lower tem-
perature, their positions and motions become correlated, giv-

ing rise to the formation of polar nanoregions �PNRs� and to
their low frequency or relaxational dynamics. The structural
aspects of the PNRs have been studied by x-ray,15,16 neutron
diffraction and elastic neutron scattering.17–22 The develop-
ment of a mesoscopic structural order in relaxors is now well
documented and best identified by the appearance of diffuse
elastic neutron scattering.19,22 The wave vector width of the
diffuse scattering peak �q �in units of 2� /a, with a being the
lattice parameter�, provides a direct measurement of the ex-
tent of the intermediate range order or correlation length, �
=2/�q, and the distribution of the diffuse scattering intensity
in reciprocal space provides information on the internal
structure and orientation of the PNRs.22 The dynamical as-
pects of the PNRs have been studied using various spec-
troscopies, dielectric spectroscopy,23–27 neutron scattering,
and light scattering �Raman, Brillouin�.28–36 With regards to
the relaxor dynamics, the frequency width �� of the central
peak �CP� that appears in the inelastic light or neutron scat-
tering spectra around zero energy provides a direct measure-
ment of the characteristic relaxation time, �=2/��. Raman
scattering has the advantage that light couples directly to
polarization and is therefore well suited for a study of the
PNR dynamics. In addition, one can acquire the entire spec-
trum in one sweep, covering both relaxations at lower fre-
quencies and vibrational excitations at higher frequencies.
Moreover, because the wave vector conservation rule does
not apply in disordered systems and all wave vectors can
therefore contribute, Raman is well suited for the study of
relaxors in which excitations on different length scales are
coupled. On the other hand, this can also render the interpre-
tation of the Raman spectra more difficult, which is one of
the challenges addressed in the present paper.

The Raman spectra of relaxors would normally be ex-
pected to contain two characteristic features, a soft phonon
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mode and a central peak �CP�. However, these spectra have
been difficult to interpret for three reasons. First, they exhibit
broad and overlapping peaks, particularly in the low fre-
quency region which contains the relaxor-relevant features.
This suggests the existence of coupling between relaxation�s�
and phonon excitations. Second, as mentioned above, the
Raman spectra of relaxors can contain contributions from all
possible wave vectors in the Brillouin zone and one needs to
identify which wave vectors contribute within a given fre-
quency range in order to understand the physics. Finally,
photons can be scattered in both chemically ordered and dis-
ordered regions. For the preceding reasons, it is therefore
necessary to assume a model and then fit the spectra accord-
ingly, in order to separate the spectral features and identify
their origins. A number of Raman studies of relaxor ferro-
electrics have been reported.28–33 However, in all these stud-
ies the authors may have oversimplified the problem by fit-
ting their spectra using a single model and concluding to its
validity on the basis of the goodness of fit. In the present
paper, we report a more complete Raman study of PZN. We
analyze the entire spectrum using several possible models
and show that all of them give excellent fits to the spectra.
Only through a cross-examination of the fitting results ob-
tained with these different models are we able to evalulate
the plausibility of each of them, identify the relevant physi-
cal mechanisms and understand their evolution with tem-
perature: dynamical correlations between off-center ions, the
appearance of the PNRs and their reorientational dynamics,
coupling between relaxation and phonon excitations, local
phase transitions and eventually freezing. The physical de-
scription that emerges from this analysis draws from this
cross-examination, from complementary measurements
made on PZN and from a comparison between KTN, PMN,
and PZN. In a previous paper,37 we analyzed the behavior of
the CP in KTN, PMN, and PZN, and found striking similari-
ties between the three compounds. In the present paper, we
expand on this comparison and develop a general framework
to describe the temperature evolution of the relaxor dynam-
ics. An essential element of this framework is the existence
of an intermediate temperature, which truly marks the ap-
pearance of permanent PNRs, often associated with Burns
temperature in the past. For this reason, in the present paper,
we choose to designate Burns temperature as TB and use Td
for the intermediate temperature. The third and final tem-
perature is the freezing temperature, Tf.

II. EXPERIMENT

The PZN crystal used in this study was grown by the high
temperature solution technique. A rectangular slab sample
was cut from a large as-grown crystal along �100�, with di-
mensions 5�5�7 mm3. All faces were polished to an opti-
cal finish. The sample was excited by an argon ion laser with
a wavelength of 514 nm and a power of 300 mW. A right-
angle scattering geometry was used, in which the incident
light was along x-�100� and the scattered light was detected
along y-�010�. Polarized spectra x�zz�y �VV� and x�zx�y
�VH� were recorded over a wide temperature range while
cooling from 1000 K to 150 K, using a double-grating ISA

Jobin Yvon spectrometer equipped with a Hamamatsu pho-
tomultiplier R-649. For most of the measurements, the slits
were opened to 1.7 cm−1. However, at temperatures close to
the maximum of the dielectric constant, the slits were nar-
rowed down to 0.6 cm−1 in order to acquire more precise
data in the low frequency or quasielastic region.

III. RESULTS

Figure 1 shows examples of VV and VH Raman spectra at
different temperatures. The spectra have been separated into
three groups from top to bottom: those above TB, between TB
and Tf, and below Tf. It should be noted that the Raman
spectra show marked changes around Tf �340 K and that Tf
is well below the dielectric maximum temperature Tm, which
is around 420 K.38 The Raman spectra shown in Fig. 1 are
typical of relaxors and are consistent with spectra reported in
the literature. As mentioned in the Introduction, all modes
are broad and overlapped, and no clear mode softening is
observed. Consequently, a complete symmetry assignment of
the Raman peaks is difficult. Nonetheless, based on a critical
analysis of our Raman spectra and on other complementary
experimental results �e.g., neutron scattering�, definite modes
and their mutual coupling can still be identified. In the next
few sections we first make general remarks about these Ra-
man spectra and then carry out a critical analysis using sev-
eral physically plausible models.

A. Two-phase model and Raman mode assignment

Early evidence of short range chemical order on the B
sublattice was reported in the form of weak diffuse �h+1/2,
k+1/2, l+1/2� superlattice reflection peaks in selected area
electron diffraction �SAED�.39–41 The short range order was
later confirmed by high resolution synchrotron x-ray diffrac-
tion, showing that chemical order is primarily responsible for
the superlattice diffraction peaks.42–45 Two models have been
proposed for chemical ordering on the B sublattice: the
space-charge model and the random layer �random site�

FIG. 1. Examples of Raman spectra taken at different tempera-
tures for �a� x�zz�y �VV� and �b� x�zx�y �VH� upon cooling. x, y, and
z are along cubic crystal axial directions and the phonon wave vec-
tor is along �110�.
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model.7,39,44,46 Both models suggest an Fm3̄m space group
for the chemically ordered regions. These ordered regions

are dispersed in a disordered matrix with an average Pm3̄m
space group. One should therefore expect the Raman spectra
to be a superposition of two scattering contributions, one
from the chemically ordered nanoregions and the other from

the disordered matrix with average cubic symmetry Pm3̄m.47

Group theoretical analysis show that the vibrational modes
for the two different phases are48,49

disordered matrix;

Pm3̄m�Z = 1� for T � Tc,

3T1u�IR� + T2u�I�

↓

R3m�Z = 1� for T 	 Tc,

3A1�IR,R� + 4E�IR,R� + A2�I� ,

ordered nanoregions;

Fm3̄m�Z = 2� for T � Tc,

A1g�R� + Eg�R� + 2T2g�R� + T1g�I� + 4T1u�IR� + T2u�I�

↓

R3m�Z = 2� for T 	 Tc

7A1�IR,R� + 2A2�I� + 10E�IR,R� ,

where Tc is the presumed phase transition temperature. How-
ever, as we shall see below, there is no single Tc but a tran-
sition region. IR and R designate infrared and Raman active
modes and I represents a silent mode. At very high tempera-

tures, none of the modes are Raman active for the Pm3̄m
phase, although Raman modes from the ordered regions of

Fm3̄m can appear, A1g�R�+Eg�R�+2T2g�R�, all of which are
nonpolar modes. The Raman tensors associated with these
symmetry modes are

A1g:�a

a 	 ; Eg:�b

b

− 2b
	;

T2g:� d

d d

d
	 .

The most clearly identifiable feature of the spectra is the
mode around 780 cm−1, which exhibits marked temperature
and polarization dependencies. As shown in Fig. 2, this mode
is also well separated from other modes in the high tempera-

ture cubic phase; it appears in the VV but not in the VH
spectrum and has therefore been assigned an A1g
symmetry.28,29,47 At low temperature, it appears in both the
VV and the VH spectra due to symmetry lowering. An in-
tense mode is also observed in the low frequency region of
the spectrum at 50 cm−1, which, in view of recent neutron
scattering studies,50,51 may represent a contribution from the
flat zone boundary transverse acoustic mode, TA�ZB�, made
possible by the disorder. It is interesting to note that this
50 cm−1 peak is a singlet in VV but a doublet in VH at high
temperatures, and a doublet in both VV and VH below Tf
�this is more clearly seen in PMN�.31 If one of the compo-
nents of the doublet most likely represents the contribution
from the zone boundary transverse acoustic mode, the other
may either arise from a splitting of the former upon symme-
try lowering or, alternatively, from the T2g mode in the
chemically ordered regions. At intermediate frequencies, a
shoulder composed of at least two strongly overlapping
peaks is visible between 75 cm−1 and 150 cm−1. It too exhib-
its a marked polarization dependence; at 350 K and above, it
appears in the VV but not in the VH spectrum. It most likely
contains a contribution from the TO1 mode in the disordered
regions. This assignment is supported by neutron scattering,
which reveal a broad or highly damped result that show a
broad or highly damped TO1 mode on the high frequency
side of the TA�ZB�, eventually disappearing below TB �“wa-
terfall” phenomenon�. The other contribution is unclear at
this point. For this reason, and because it would be difficult
to obtain reliable sets of parameters for two separate modes,
we chose to fit the shoulder with a single peak. In this way,
reliable physical parameters can be obtained for the central
peak and the other low frequency modes, even though the
TO frequency thus obtained is most likely too high. At Tf,
the intensity in this part of the VV spectrum is drastically
reduced with the loss of the shoulder between 75 cm−1 and
150 cm−1, and a sharp decrease in intensity and splitting of
the 50 cm−1 peak. The characteristically different polarized

FIG. 2. Polarization dependence of the Raman spectra just be-
low and above Tf.
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Raman spectra, respectively above and below Tf, indicate
that Tf is associated with a clear structural change. It is use-
ful to note that Tf falls well below the dielectric maximum
temperature Tm and, in fact, lies where the dielectric relax-
ation is “exhausted;”52 it is hereafter called the freezing tem-
perature.

B. Characteristic temperatures around 340 K, 470 K, 650 K

The highest frequency A1g mode around 780 cm−1 is
strong and well separated from other modes, and reliable
parameters can be obtained from its fitting. Figure 3 shows
the temperature dependencies of its intensity, width and fre-
quency shifts. Three ranges can clearly be identified, sepa-
rated by two clear anomalies, respectively at TB
650 K and
Tf
340 K. In addition, a small plateau in the temperature
dependence of its intensity can be noticed around an inter-
mediate temperature Td
470 K. Further evidence for the ex-
istence of this intermediate temperature Td can be found in
Fig. 4, which shows the total integrated intensity in the VV
and VH spectra, respectively. Upon cooling from high tem-
perature, the VV intensity first decreases down to TB, and
then increases upon further cooling, with a dip around Td

470 K. Below Td, the total VV intensity increases again
and drops drastically around Tf 
340 K. It is important to
note that the VH intensity also starts to increase below Td

470 K. The anomaly around 470 K must therefore reflect a
significant change in the dynamical properties of PZN upon
cooling. As we show below, following the model previously
developed for KTN, the intermediate temperature Td marks
the onset of long-lived correlations between off-center Pb
and Nb ions, i.e., local phase transitions resulting in the for-
mation of permanent PNRs with their associated local strain
fields. The large and final drop in total intensity at Tf

340 K reveals the freezing of internal vibrational or other-
wise dynamical degrees of freedom.

IV. PHYSICAL MODELS FOR THE LOW FREQUENCY
RAMAN SPECTRUM ANALYSIS

As was seen in Fig. 1, the low frequency Raman spectra
of PZN consist of a narrow central component and several
broad and overlapping modes. The narrow central compo-
nent or central peak �CP� is associated with slow relaxational
phenomena, the characteristic time of which can be obtained
from the inverse linewidth, �=2/��. In addition, these spec-
tra reveal a broad central intensity, which could be attributed
either to an overdamped phonon or to a second relaxation
process characterized by a shorter time. Superposed on this
broad central intensity are several overlapping modes, which
can couple to the central mode and/or to one another. One
possibility is that of a transverse optical �TO� mode coupled
to the central relaxation mode,53,54 as proposed in several
systems.55,56 Alternatively, recent neutron scattering studies
of PZN suggest a TO mode coupled to the TA�ZB�
mode.18,20 Such a coupling has been evidenced in normal
ferroelectrics and should be active here, although one would
expect it to be strongly modified by the presence of PNRs. If
uncoupled, Raman modes can be modeled as damped har-
monic oscillators �DHO�.31 In the following, we show that
the Raman spectra can be fitted equally well by a number of
different models. The validity of these models must then be
judged, not so much on the quality of the fit but rather on the
meaningfulness of the values obtained for the fitting param-
eters and of their temperature dependence.

A. One CP plus several DHOs

In the first and simplest model, we consider one narrow
CP and independent DHO for all the phonons.

As usual, the CP is modeled using a Lorentzian function
centered at zero frequency shift

2A0

�


0

4�2 + 
0
2 , �1�

where A0 is the strength of relaxation and 
0 is the relaxation
rate. Finite frequency Raman modes can be described by
DHO and the general intensity expression is then written as

FIG. 3. Temperature dependencies of the mode intensity, width,
and frequency shift around 780 cm−1.

FIG. 4. Temperature dependencies of the total VV and VH spec-
trum intensity.
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I��� =
2A0

�


0

4�2 + 
0
2 + � n

n + 1
�

i

Ai�i�i
2�

��2 − �i
2�2 + �2�i

2 ,

�2�

where Ai, �i, and �i are the amplitude, damping, and fre-
quency of the ith Raman mode. n+1 and n are the population
factors, respectively, for the Stokes or the anti-Stokes part of
the spectra, with n= �exp��� /kBT�−1�−1. To prevent con-
tamination of the spectra by the specularly reflected laser
light, a narrow central region of ±5 cm−1 was excluded in
our fitting. Two examples of fits are shown in Fig. 5. The two
characteristic features in this particular analysis are the nar-
row CP and the overdamped mode, which we associate with
the soft TO1 mode. This mode is overdamped at 350 K but
underdamped at 300 K, in agreement with neutron scattering
studies. Figure 6 shows the temperature dependence of the
CP intensity and width. Three anomalies are apparent,
around 650 K, 470 K, and 340 K. The appearance of an
anomaly at an intermediate temperature, Td
470 K, is an
essential result of the present study. It coincides with the
onset of the relaxor behavior as seen in the dielectric
spectra,52 and should therefore be associated with the appear-
ance of the PNRs and of their reorientational motion �see
discussion below�.

B. CP-TO coupling plus DHOs

In their neutron scattering studies, Shapiro et al. proposed
a model in which the central component arises from a low
frequency resonance in the self-energy of the soft mode.53

The spectral contribution of this mode is given in anhar-
monic perturbation theory as

S��� =
1

�
�n + 1�F Im�2 − �2 + ���,T��−1, �3�

where n is the phonon occupation number,  is the q depen-
dent harmonic frequency, and F is the mode amplitude. In
their analysis, the self-energy term ��� ,T� was assumed to
have the form

���,T� = ���T� − i��0�T�� −

�2


 − i�
, �4�

where ��T� is a correction to the harmonic frequency  due
to the interaction, �0 is the phonon damping, 
 and �2 are the
relaxation rate and coupling strength. Barker proposed a
similar model for a two-mode coupling, starting from a set of
two coupled equations of motion.54 In our case, we consid-
ered the second mode to be the relaxation mode giving rise
to the CP. With this CP-TO coupling, the dielectric constant
is expressed as

���� = ���� +
S�t

2

�t
2 − �2 − c�t

2/�1 − i��� − i��t

, �5�

where ���� is the high frequency dielectric constant, �t, �t,
S, c, and � are the bare phonon mode frequency, damping,
amplitude, coupling strength, and relaxation time, respec-
tively. The spectral intensity is proportional to the imaginary
part of the dielectric constant.

FIG. 5. Two fitting examples at 350 K and 300 K. A CP plus
DHOs were used to fit the Raman spectra, see Eq. �2�. The TO1 is
overdamped at 350 K and underdamped at 300 K.

FIG. 6. Central peak intensity and width obtained by fitting
Raman spectra with a Lorentzian centered at zero frequency shift
and DHOs.
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Our Raman spectra are fitted equally well by these two
different models and the values of the parameters obtained
from both of them are similar. Figure 7 shows an example of
a fit using Barker’s model, and the parameters obtained from
the two models are plotted in Fig. 8 for comparison. The
parameters obtained from the two models follow identical
trends, except above 650 K and in the vicinity of 470 K.
With both models the CP intensity begins to increase and its
width to decrease at Burns temperature, TB
650 K, thereaf-
ter following a similar trend to that of the total spectrum
intensity �Fig. 4�. With both models, the TO bare phonon
frequency and damping drop at 650 K, although much more
dramatically with Barker’s model, increase again around
500 K and finally drop below Tf 
340 K. Below 340 K, the
phonon is underdamped. These Raman results are consistent
with the neutron scattering results,17,18,20 except for the TO1
mode frequency which is much higher in our fitting than that
obtained in the neutron scattering study. As was indicated
earlier, this is due to the fact that the Raman intensity in that

frequency range was fitted with a single peak even though
two overlapping peaks appear to be present. It is worth not-
ing that, because the TO1 mode is strongly overdamped
��TO��TO� above Tf, it could be fitted equally well by a
broad CP. For the same reason, and because Shapiro’s model
is only the result of an anharmonic perturbation of the TO
phonon, Barker’s model is physically more appropriate to
describe the present system. It also confirms more clearly the
previously recognized changes at TB.

C. CP plus TA-TO coupling and DHOs

A coupling between the soft TO and an acoustic TA mode
has been evidenced in several normal ferroelectrics, starting
with BaTiO3.57 It is therefore not surprising that such a cou-
pling could also be active in relaxors. A TA-TO coupling was
previously proposed to explain the compositional depen-
dence of the Raman spectra of ceramic samples at room
temperature,33 although the authors only used independent
oscillators in their analysis. Because of the disorder present
in relaxors, we would indeed expect the mode to be coupled
but we would also expect this coupling to be modified or
possibly overridden by the relaxational dynamics of the
PNRs. As indicated by neutron scattering,50,51 the 
45 cm−1

frequency of the coupled TA mode corresponds to the flat
wave vector range near the zone boundary, which is closest
to the frequency of the zone center TO mode. Assuming that
the shoulder between 
75 cm−1 and 
150 cm−1 contains
contributions from both the TO and another mode or a split
TO, we have fitted the spectra with a narrow CP, a TA at
50 cm−1 coupled to a TO mode in that frequency range and
the remaining modes as DHOs. As before, the CP was fitted
with a simple Lorentzian function. The spectral response in
the case of a real coupling coefficient is expressed as57

S�q,�� = �n + 1�
�

A2 + �2B2 ���2
2 − �2�B − �2A�F1

2

+ 2�BF1F2 + ��1
2 − �2�B − �1A�F2

2� , �6�

where

A = �1
2 − �2��2

2 − �2� − �2�1�2 − �2,

B = �1�2
2 − �2� + �2�1

2 − �2� .

The model parameters , �, and � are the phonon fre-
quency, damping, and coupling constant, while the indices 1
and 2 denote the TA and TO modes, respectively. F is the
mode amplitude in Raman and the dynamic structure factor
in neutron scattering. Examples of fits at two different tem-
peratures are presented in Fig. 9. Once again, the fits are
excellent. The temperature evolution of the parameters from
the TA-TO coupling model are shown in Fig. 10, together
with those from the earlier fitting of a CP plus DHOs for
comparison. The temperature dependence of the TO param-
eters is almost identical for the two models as well as for the
earlier Barker’s model, showing a drop in both frequency
and damping at 650 K, a maximum at 470 K and a final drop
at 
340 K. However, a comparison of the CP parameters
obtained with the two models reveals interesting differences

FIG. 7. A fitting example at 350 K using Barker’s model, see
Eq. �5�.

FIG. 8. Fitting parameters obtained using the Shapiro �filled
symbols� and Barker’s �open symbols� model; relaxation rate 
,
integrated intensity of the coupled mode, bare phonon frequency �0

and damping �.
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and similarities. In particular, the two models disagree be-
tween 650 K and 470 K and below 340 K, but agree in the
range 470 K–340 K, where we expect the relaxational dy-
namics of the PNRs to dominate. In addition, the temperature
evolution of the CP intensity from the TA-TO coupling
model agrees well with that from Barker’s model and the
total spectral intensity in Fig. 4. Figure 11 compares the tem-
perature dependence of the coupling strength for the CP-TO
from Barker’s model with that from the CP+TA-TO cou-
pling model. It is interesting to note that the TA-TO coupling
coefficient is large between 650 K and 470 K and again be-
low 340 K but small between 470 K and 340 K, while the
CP-TO coupling increases in this latter range.

V. DISCUSSION
Based on the fitting results presented above, it is clear that

the goodness of fit is not a sufficient criterion to validate a
particular model. A critical examination of the values of the
fitted parameters and of their temperature dependence is also
essential. In addition, the comparison of the fitted parameters
from different models can help identify the model-
independent characteristics of the system studied and shed
light on the particular physics of that system, here the for-
mation and dynamics of polar nanoregions and their possible
coupling to phonons in PZN. Following this approach, we
first note that a common feature of the results obtained from
the different models is the existence of three characteristic
temperatures, TB, Tf, and an intermediate temperature Td, or
equivalently four characteristic temperature ranges. In the
following discussion we first show that the similarities and

differences between these results can be analyzed within the
framework of these four characteristic temperature ranges
�see Figs. 8, 10, and 11�. Then, we discuss the meaning of
the four characteristic temperatures identified. In particular,
the identification of an intermediate temperature, Td, not only
raises the question of the significance of this temperature but
also, by consequence, that of Burns temperature, commonly
associated with the appearance of the PNRs.

Particularly revealing illustrations of the first point can
be found in the summary Fig. 12, in which we plot the
integrated intensities and widths of the CP obtained from
the four models. Between TB and Td, the CP-TO and the
CP+DHOs models are seen to put equal intensities in the CP
and significantly more than does the CP+TA-TO model.
This observation means that the CP-TO coupling does not
significantly affect the intensity distribution between the two
individual components, CP and TO, and suggests that the
relaxation giving rise to the CP is not strongly coupled to the

FIG. 10. Results of CP+TA-TO coupling �filled symbols�, and
of a single CP plus DHOs �open symbols�.

FIG. 11. Temperature dependences of the relative coupling
strength for two models; �a� CP-TO coupling; �b� CP plus TA-TO
coupling.

FIG. 9. Fitting spectra at 350 K and 600 K, using the CP plus
coupled TA-TO model, see Eq. �6�. The CP and the coupled mode
are indicated by arrows.
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TO phonon mode between TB and Td. In this range, the nar-
row CP must therefore be due to an independent relaxation
process, the rate of which is given by 
 and decreases from
approximately 750 GHz down to 250 GHz across the range.
In the same range, our Raman results suggest and neutron
scattering results confirm50 that the TO mode is strongly
overdamped below TB and therefore sufficiently broad so as
to overlap significantly with the flat zone boundary TA mode.
This is the temperature region in which the TO has all but
disappeared from the neutron scattering spectra �“waterfall”
phenomenon� and a ridge of scattering at constant Q suggests
an almost vertical drop of the TO branch down into the TA
branch.50 Therefore, in Fig. 12, the CP+TA-TO model pro-
vides the more physically plausible results. It shows the CP
intensity or strength of the relaxation increasing to a certain
level and then saturating around 500 K. In PZN as in many
simple perovskite ferroelectrics such as BaTiO3, the TA-TO
coupling is expected to be active, probably even enhanced by
the disorder in PZN. This appears to be further confirmed in
Fig. 11, where the TA-TO coupling coefficient is seen to be
quite strong between TB and Td, while the CP-TO coupling is
much weaker. We further discuss the specifics of this TA-TO
coupling later in this section.

In the next lower temperature range, between Td and Tf,
the fact that both the CP+TA-TO and the CP+DHOs models
put equal intensities in the CP indicates that the TA-TO cou-
pling does not influence the CP; the same results are ob-
tained for the CP, whether the phonons are treated as coupled
or uncoupled. The higher CP intensity obtained from the
CP-TO model is due to the fact that this model tends to
emphasize the very low frequency spectral region. However,
since the TO had already become decoupled from the CP
slower dynamical process in the previous higher temperature

range, we do not expect this coupling to play an important
role in this lower temperature range either. The temperature
evolution of the CP in this lower range is therefore
most likely that given by either of the two superposed
lower curves in Fig. 12, obtained from the CP+DHOs or
CP+TA-TO model. In this temperature range, the CP inten-
sity is seen to increase more rapidly than in the previous
higher temperature range and all four models give approxi-
mately the same low relaxation rate 
. These observations all
converge to suggest that the CP dynamics in this range is
dominated by the reorientation of the PNRs, whose relaxor
behavior also dominates the dielectric spectrum. This inter-
pretation is further confirmed in our Raman data by the in-
crease in the total VH intensity shown in Fig. 4, indicative of
rotations. However, the same changes that are responsible for
the evolution of the CP also appear to influence the TA-TO
coupling, the coefficient of which goes through a minimum
in Fig. 11. Overall, from the considerations presented in this
and the previous section, the CP+TA-TO model appears to
yield the more physically plausible results.

The physical insight that we can gain from the fit results
for the bare TO phonon should be somewhat more specula-
tive since the spectral region from 75 cm−1 to 150 cm−1 was
fitted with a single peak. However, the fact that all models
yield similar trends for the bare TO phonon adds credence to
the results obtained. Moreover, as we shall see, the trends
observed here support the interpretations obtained from the
CP and even provide complementary information. Over the
whole temperature range investigated, both the frequency
and damping of the bare phonon exhibit a decreasing trend.
The overall decrease in frequency can be attributed to its soft
character and the decrease in damping to an increasingly
static order. At approximetely 500 K, all models show a sud-
den increase in both frequency and damping of the bare TO
phonon. Since these parameters are those of the bare phonon,
the increase in frequency cannot be attributed to coupling but
could be due to a change in crystalline environment and the
accompanying change in force constants. We will demon-
strate later that 500 K or thereabout �470 K� marks the onset
of a series of local phase transitions ending at the “freezing”
temperature Tf. However, we would not expect that these
would lead to an increase in damping of the bare phonon.
The observed increase may instead reflect a static broadening
of the spectral features in this temperature range due to the
appearance of local strain fields resulting from the local
phase transitions. It would therefore be more accurate to re-
fer to the width of the bare phonon rather than to its damp-
ing. The final drop in frequency and width of the bare pho-
non at Tf also corresponds to a sudden intensity drop in the
75 cm−1 to 150 cm−1 frequency range and is therefore less
reliable. It is possibly due to the disappearance of the addi-
tional peak in that range, leaving a TO mode with its true
frequency. This would seem to be confirmed by the fact that
the TO frequency thus obtained is comparable to that ob-
tained from neutron scattering.

We now turn to the second point mentioned at the begin-
ning of this discussion, relative to the meaning of the three
temperatures, TB, Td, and Tf, a meaning already alluded to in
the previous section. Because it is an important result of the
present study, we shall start with a discussion of the interme-

FIG. 12. Comparison of the CP integrated intensities and widths
obtained from the four models.
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diate temperature. Although it may not have been recognized
as such, the intermediate temperature Td has been apparent
for some time in a number of published experimental results.
First and foremost, this is the temperature at which the real
part of the dielectric constant begins to exhibit a strong fre-
quency dependence and an imaginary part appears,52 as ex-
pected from the Kramers-Kronig relationships, and electros-
trictive resonances are observed in the dielectric
spectrum.58,59 It is also the temperature at which the elastic
neutron diffuse scattering begins to grow around specific re-
ciprocal lattice points and in certain directions and the Bragg
peak intensities in the �100� and �111� directions also begin
to increase.19,60,61 The former observation confirms very defi-
nitely the onset of local phase transformations and the latter
the appearance of strain fields �relief of extinction�. To better
understand the nature of these local phase transformations,
we refer to KTN and PMN. In KTN, dynamic correlations of
the off-center Nb displacements are observed at higher tem-
perature, with the Ta ions remaining on center. At a lower
temperature, which corresponds to the intermediate tempera-
ture Td at which the relaxor behavior becomes apparent, ex-
tended x-ray-absorption fine structure �EXAFS� results14 in-
dicate that the Ta ions also become displaced from their high
symmetry site and the Raman spectra exhibit sharp first-
order features,62 indicating a lowering of the local symmetry
or a local phase transition. Also, the broad Raman peak in the
500 cm−1 to 600 cm−1 range of the PMN spectrum splits and
exhibits an order parameter behavior below this intermediate
temperature. By analogy, we therefore identify Td in PZN as
the temperature at which local phase transitions begin to take
place. Because these are local �x-rays do not reveal any
change in macroscopic symmetry�, they generate local strain
fields. Td can therefore be said to be the temperature at which
the PNRs appear, where we associate PNRs with long-lived
or permanent correlations between atomic displacements of
not only the off-center Pb and Nb ions but possibly also of
other initially on-center ions. It is also interesting to note that
Brillouin scattering measurements in PZN36 show a hyster-
esis precisely between Td and Tf, suggesting that the local
phase transitions are first-order-like.

The above interpretation of the intermediate temperature
Td suggests that correlations at higher temperature are only
dynamic or short lived, and only between intrinsically off-
center ions �Pb and Nb� and, most importantly, without the
presence of local strain fields. The meaning of Burns tem-
perature can then be inferred from a combination of our Ra-
man results and the neutron scattering results of Gehring et
al.50 Our Raman spectra reveal a sharp drop in the width of
the CP �i.e., the relaxation rate� and an increase in intensity
upon cooling through TB. The latter is even more clearly seen
on the raw spectra than in the integrated intensity of the CP.
Concurrently, the neutron scattering results reveal the disap-
pearance of the zone center TO phonon from the inelastic
spectra, which suggests a very high damping. A natural ex-
planation of both these observations is that TB is the tempera-
ture at which the growing lifetime of the dynamic correla-
tions between off-center ions exceeds the inverse frequency
of the TO phonon. This explanation is supported by high
resolution pulsed neutron measurements of the atomic pair-
density function �PDF� that have suggested that the local Pb

polarization is dynamically correlated below TB.63 Above TB,
the local intersite motion of the off-center ions is fast and
uncorrelated, dynamically broadening the TO phonon. Below
TB, these correlations, though still dynamic in the absolute
�absence of local strain fields�, will appear static to the TO
phonon whose frequency will then increase, as observed be-
low 500 K. It is then likely that the cooperative intersite
motion of the Pb ions will not be able to follow the TO
phonon, which should thence not become overdamped, con-
trary to experimental results. The solution to this apparent
conflict may come from the recognition that the off-center
Nb ions are still able to tunnel locally between their equiva-
lent sites and therefore follow the TO phonon, but their mo-
tion is now correlated. As described in the microscopic
model below, the number of equivalent sites available to the
off-center Nb ions will be restricted by the now correlated Pb
ions, which may result in a more cooperative motion of the
off-center Nb ions themselves and an overdamped TO pho-
non. In addition, because the correlations between Pb ions
will now be static on the time scale of the TO phonon, they
will break the symmetry seen by the TO phonon and signifi-
cantly enhance its coupling to the TA phonon, as indicated in
Fig. 11 by the increase in the TA-TO coupling coefficient.
Last but not least, this explains the initial observation by
Burns64 of a deviation of the refractive index from a linear
temperature dependence at TB. It is important to note that
such a deviation does not indicate the onset of birefringence,
which in fact has been shown by Ye et al. to occur in PZN
close to our intermediate temperature Td.38 Instead, the
faster-than-linear decrease in the refractive index with tem-
perature observed by Burns is quite consistent with the loss
of polarizability resulting from correlated off-center Pb ions
that can no longer follow the TO mode.

The third and lowest temperature, Tf, is marked by a drop
in the intensity of the CP, a minimum of its width and a drop
of both the bare phonon frequency and width. As seen in Fig.
4, the overall spectral intensity also drops at that point, sug-
gesting the “freezing” of vibrational or otherwise dynamical
degrees of freedom. The drop in intensity of the CP and the
minimum in its width suggests the progressive arrest of the
relaxational motion taking place at higher temperature, pri-
marily the rotation of the PNRs. This interpretation is con-
firmed by the fact that Tf is also the temperature at which the
frequency dispersion of the dielectric constant vanishes52 and
the TO phonon reappears in the inelastic neutron scattering
spectra. The drop in frequency of the bare TO phonon is
more difficult to explain but also less reliable, given our
fitting with a single peak in this part of the spectrum and the
very large spectral changes taking place at that temperature.
It may simply reflect the disappearance of the “other” spec-
tral component overlapping with the TO.

Although the present Raman results by themselves do not
permit a detailed description of the atomic motion underly-
ing this evolution, one can nevertheless attempt such a de-
scription by referring to structural measurements of PZN and
our extensive understanding of KTN �see Ref. 31 and refer-
ences therein�. In KTN, the slow dynamics or relaxor behav-
ior is due to the correlated motion of the off-center niobium
ions. These are displaced in a �111� direction and each one
can tunnel between several equivalent or symmetry-related
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sites �fast motion�. At high temperatures, eight sites are
available within the unit cell and the niobium ions can follow
the TO motion.65 Starting at a Burns-like temperature, TB

Td+25–30 K, correlations develop between niobium ions
and the dielectric constant departs from a Curie-Weiss be-
havior. Experimental results obtained in KTN have led to the
following model:66 near Td, the onset of local phase transi-
tions �similar to those observed at higher Nb concentrations,
only local at low Nb concentrations� progressively restricts
the motion of the off-center niobium ions first to four, then
two sites, and finally to a single site. The restriction of the
Nb ions to four sites results in a �100� time-averaged dipole
moment �local tetragonal symmetry� with possible rotation
of the tetragonal axis �slow motion�. Similarly, the restriction
to two sites results in a �110� time-averaged dipole moment
�local orthorhombic symmetry�, with possible rotation of the
orthorhombic axis. This model is represented graphically in
Fig. 13. It has led us to describe the dynamics in KTN in
terms of two time scales, the fast intersite tunneling motion
of individual Nb ions and the slow motion of their time-
averaged dipole moment, recently confirmed by NMR
measurements.67 In PZN �and PMN� both the lead and nio-
bium ions have now been shown to be off-center,5,6,12,13 each
with a number of equivalent or symmetry-related sites, and a
similar model can be proposed. Above TB, Pb and Nb ions
can reorient freely between several of these sites and their
motion is sufficiently fast that they can follow the TO mode.
There is no relaxation motion and accordingly only a small
narrow CP if any but a very broad central intensity. Because
of a heavier mass, the Pb motion between sites is likely to be

thermally activated while the Nb motion takes place through
tunneling. Between TB and Td, the local displacements of the
Pb ions become correlated and they can no longer follow the
TO mode, contrary to the Nb ions, which continue to tunnel
locally. In fact, the overdamping of the TO phonon starting at
TB suggests a particularly strong coupling to the cooperative
niobium motion, a point worth studying further. Permanent
PNRs with associated local strain fields form at Td or,
equivalently, local phase transformations begin to occur. It is
interesting to note that, above Td, the absence of local strain
fields and associated effects means that the characteristic fre-
quency of the relaxational dynamics falls between the re-
spective frequencies of the TA and TO mode while, below
Td, it falls below both TO and TA frequencies. One would
therefore expect to observe a change in the TA-TO mode
coupling at Td, and in fact the TA-TO coupling coefficient is
seen to drop below Td. Continuing with the proposed model
below Tf, both Pb and Nb ions within a PNR are displaced in
the same �111� direction, i.e., they are both restricted to a
fixed site within the unit cell and the fast Nb motion has all
but ceased. This can explain why the TO mode is no longer
overdamped and reappears in the neutron spectra. Although
the fast tunneling motion of the niobium ions has all but
ceased below Tf, rotation of the local rhombohedral axis
should still be possible in principle. However, an already
much slower reorientation of the PNRs at low temperatures
and the resulting stronger time-averaged local random fields
may in fact lead to the freezing of the slow motion as well,
explaining the drastic loss of Raman intensity and abrupt
changes in the Raman spectra. If the correlations of the lead
displacements should clearly affect the number of equivalent
sites allowed to the Nb off-center ions, an interesting and as
yet unanswered question concerns the possible effect of the
intersite tunneling motion of the Nb ions on the Pb dynam-
ics.

VI. SUMMARY AND CONCLUSIONS

The polarized Raman spectra of a PZN single crystal have
been measured over a wide temperature range and analyzed
using different models. An important result of this work is
the realization that excellent fits of the spectra can be ob-
tained from all the models used. It is only by comparing the
temperature dependence of the fitting parameters that the
most physically meaningful model can be selected. The com-
parative examination of the fitting results obtained from the
different models confirms the existence of an intermediate
temperature Td, between Burns temperature TB, and the
freezing temperature Tf. In view of the confirmation of the
existence of this intermediate temperature, we have reexam-
ined the meaning of Burns temperature. Our Raman results
suggest that it is the temperature at which the lifetime of the
dynamic correlations between the off-center Pb ions exceeds
the period of the TO phonon, then appearing static on the
time scale of the phonon �or quasidynamic on an absolute
time scale�. This crossover from fully dynamic to quasidy-
namic is marked by a narrowing-down of the low frequency
features of the Raman spectrum, the disappearance of the
long wavelength TO phonon from the inelastic neutron scat-

FIG. 13. A schematic description of the Nb ion motion and its
effect on the VV and VH spectrum intensity: two-time scales. The
Pb ion motion between its equivalent symmetry-related sites, al-
though not shown in the figure, can be described in a similar way.
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tering spectrum as well as a faster-than-linear decrease with
temperature of the refractive index. Between TB and the in-
termediate temperature Td, the dynamics is dominated by the
TA-TO coupling enhanced by the quasidynamic correlations
between off-center ions. Next, Td marks the onset of local
phase transitions, or the appearance of static or permanent
correlations of the off-center ion displacements as well as the
off-centering of other previously on-center ions. This is re-
ally the temperature at which the PNRs can be said to form,
with their accompanying local strain fields giving rise to a
steep increase in elastic diffuse neutron scattering. Also at
that temperature, the dielectric constant begins to exhibit the
strong frequency dispersion that is the hallmark of relaxors.
The temperature range between Td and the freezing tempera-
ture Tf is characterized in the Raman spectra by the growth
of the VH component of scattering, an increase in intensity
and decrease in width of the central peak, and increases in
both the frequency and width of the bare TO phonon. It is
dominated by the rotation of the PNRs and can appropriately
be designated as a quasistatic stage. It is interesting to note
that the temperature range in which the dielectric constant
goes through its maxima lies precisely in this range between
Td and Tf. The lowest and final temperature, Tf, is marked by
a drastic overall drop in scattered intensity and abrupt
changes in the Raman spectrum, which strongly suggest an
arrest of the low frequency relaxational motion. It is also the
temperature at which the frequency dependence disappears
in the dielectric constant and an underdamped TO phonon

reappears in the neutron scattering spectrum. Below Tf, the
dynamics appears to be dominated by a renormalized TA-TO
coupling induced by static disorder. Based on the above in-
terpretation of the Raman results, one can therefore identify
four main temperature ranges or stages in the evolution of
the polarization of PZN: a fully dynamic stage above TB, a
quasidynamic stage between TB and Td, a quasistatic stage
between Td and Tf and a static stage below Tf.

From a comparison of PZN with KTN, we have also pro-
posed a microscopic physical description of the local dynam-
ics taking place in PZN between Td and Tf. The fast tunnel-
ing motion of Nb ions would coexist with the slow thermally
activated and cooperative motion of the Pb ions that consti-
tutes the basic mechanism for the reorientation of the PNRs.
Restrictions placed by the Pb ions on the number of allowed
symmetry-related sites available to the Nb ions should make
their fast motion more cooperative, thereby explaining the
overdamping of the TO phonon. When this fast motion
ceases below Tf, an underdamped TO phonon reappears in
the neutron scattering spectra.
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