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The fluctuations of electric polarization in a disordered ferroelectric substance, relaxor crystal
PbMg, ;3Nb,/303 (PMN), were studied using a nonlinear inelastic light-scattering technique, hyper-

Raman scattering, within a 5-100 cm™!

spectral interval and in a broad temperature range from 20 to

900 K. The split ferroelectric mode reveals a local anisotropy of up to about 400 K. Spectral anomalies
observed at higher temperatures are explained as due to avoided crossing of the single primary polar soft
mode with a temperature-independent, nonpolar spectral feature near 45 cm~!, known from Raman
scattering. The temperature changes of the vibrational modes involved in the measured fluctuation spectra
of PMN were captured in a simple model that accounts for the temperature dependence of the dielectric
permittivity as well. The observed slowing down of the relaxational dynamics directly correlates with the

huge increase of the dielectric permittivity.

DOI: 10.1103/PhysRevLett.117.155501

A large variety of ferroelectric relaxors originate from
the generic perovskite structure ABO5 in which the single
B-type ion is replaced by a mixture of B’ and B” cations [1].
These complex perovskite crystals exhibit broad and
frequency-dependent peaks in their dielectric response,
associated with a huge value of the static dielectric constant
without any long-range polar ordering [2—6]. The origin of
these behaviors is debated [3,7-12]. One popular scenario
is the formation of randomly oriented polar nanoregions
(PNRs) at high temperature [3,13-15]. Owing to the
{B'B"} chemical disorder, these nanoregions do not grow
into macroscopic domains below the Curie-Weiss temper-
ature T, as in the usual ferroelectric substances [16]. Such
a kind of disorder at nanoscale places relaxors at a very
interesting frontier position between crystals and disor-
dered systems. Indeed, although perfectly crystalline mac-
roscopically, they exhibit most of the universal properties
of glasses, motivating many theoretical [17-22] and exper-
imental investigations [7,23-26].

Within that family, lead magnesium niobate,
PbMg; 3Nb,,30; (PMN), is a textbook example. Its
structure remains cubic in average down to the lowest
temperatures [14]. It has been proposed that the formation
of dynamical PNRs occurs around the Burns temperature
T, =620 K [27,28], that they start to become static around
T* =400-500 K [29-33], and that their dynamics slows
down until 7'y ~ 220 K [7,34] (see Fig. 1). Many spectro-
scopic experiments have been performed in an attempt to
relate these assumptions to the dynamical phenomena.
These investigations include neutron scattering [35-39],
Raman scattering [40], and infrared absorption [41] experi-
ments. Another technique, hyper-Raman scattering (HRS)
[42], is particularly suitable for probing the low-frequency
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polar modes in nonpolar crystal phases [43,44]. The most
important outcome of HRS studies of relaxors [45—47] was
a neat observation of the two low-frequency anharmonic
modes [45] in the vicinity of T;. These two modes were
associated with the two components of the soft mode, split
by the local polar anisotropy [48].

However, these findings raised new questions, such as
the following: Are there one or two soft modes well above
T,;, when the material is in its paraelectric state [35,39]?
How do these excitations relate to the vibrations observed
below T [40,41,49]7 What is the nature of the quasielastic
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FIG. 1. Structure of complex perovskites. Left: B’ and B” atoms
are distributed randomly so that on average, the crystal has a
cubic Pm3m structure. Some experiments indicate the presence
of Fm3m (checkerboard-ordered) clusters (bold square). Middle:
Eigenvectors of the low-frequency vibrations emphasizing the
in-phase motion (¥, mode) and the out-of-phase (¥,, mode in
the Fm3m-symmetry cluster) motion of the lead atoms. Right:
Characteristic temperatures delimiting regions of normal para-
electric (p), dipole gas (g), dipole liquid (/), and dipole ice (s)
relaxor states, respectively.
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FIG.2. Hyper-Raman spectra and their fit: (a) Temperature dependence of the HRS intensity, Ijjrs. (b) Same spectra normalized by the
Bose factor emphasizing an almost 7-independent behavior of w,. (c) Zoom of the spectra at 30 K showing three modes at low
temperature. (d) Fit of the HRS spectra of PMN from 30 K to 900 K. (e) High resolution spectra (in log scale) in the temperature domain
where the soft mode (@) is overdamped. (f) Spectrum of PMT at 750 K.

peak observed in between 77 and 7% [30,50], where the
dielectric response exhibits its maxima [41]? Such ques-
tions could not be answered by HRS experiments at that
time because the basic experimental setup as described in
Refs. [46,47] allowed us to probe the soft mode spectra of
PMN only in a limited range of temperatures around 7';. To
resolve these issues, previous measurements are completed
here with three additional HRS experiments, each designed
to deal with a particular experimental difficulty, associated
with (i) the presence of strong elastic scattering below T,
(ii) the strong blackbody radiation background at temper-
atures well above T, and (iii) the extreme spectral
resolution requirements in the intermediate temperature
range around 7.

First, the low-temperature spectra had to be recorded
using an ultranarrow notch filter to reduce the strong elastic
(hyper-Rayleigh) line, and a filter positioned at the exit of the
laser to remove the residual background on the tail of the
laser spectral line. The combination of both allowed us to
measure inelastic responses as weak as 1 count/mn at peak
maxima down to £8 cm™!. This gave us a new possibility, to
inspect the low-temperature HRS spectra of PMN (Fig. 2).
One observes three modes at 30 K, labeled w;, i = 1,...,3
by increasing frequencies. Modes @, and w, are very close
to each other but they could be distinguished by their
different polarized HRS efficiencies. Figure 2(b) shows
the HRS spectra normalized by the Bose-Einstein population
factor. This representation reveals that the @, mode has
practically the same frequency and spectral shape at any
temperature there, while the w; mode is strongly temper-
ature dependent and it gradually collapses into the elastic
(hyper-Rayleigh) line upon heating. An additional mode
with frequency s [see Fig. 2(c)] can be followed roughly to

room temperature [see Fig. 2(d)]. The spectra have been
fitted assuming damped harmonic oscillators (DHOs) for
the three vibrations. The results are shown in Figs. 2(d)
and Fig. 3.

Second, raw HRS spectra of PMN taken at temperatures
above ~750 K suffer from a sizable background signal
arising from the blackbody radiation. However, it turned out
that this background can be measured independently at each
temperature and removed from the spectra. In this way, we
could study the two earlier reported paraelectric soft modes
[45] up to 900 K [see the top of Fig. 2(d)]. Their frequencies,
obtained from the fits with DHO formulas, disclosed an
unexpected change in the temperature trend (w; and @, in
Fig. 3), typical for the avoided crossing phenomenon.
Moreover, two underdamped paraelectric soft modes with
similar temperature dependence were also found in
PbMg, 3Ta; ;305 (PMT), [Figs. 2(f) and 3], indicating that
this avoided crossing is a common feature of cubic relaxors.

Third, we have pushed the limits of the HRS technique
to access the spectral response of the lowest frequency w;
mode between T, and T*, where it transforms into an
overdamped excitation and where it manifests as a
quasielastic scattering. Since the truly elastic scattering
intensity (hyper-Rayleigh) increases there as well, the
experimental setup was modified in order to allow signal
detection with a very high dynamical range and also a high
spectral resolution, at the expense of the overall intensity
reduction. A logarithm plot of such HRS spectra is
presented in Fig. 2(e). The profile of the elastic component,
which defines the apparatus resolution function, has been
measured independently at 20 K, a temperature at which
the inelastic signal is negligible. The fits include two DHOs
(w; and w,, respectively) and a delta function at zero
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FIG. 3. Mode splittings and mode couplings: Temperature
dependence of the modes w;, @w,, and w3, observed by HRS.
The limit at @ = 0 of the two gray regions defines the crossovers
from the vibrational to the relaxational regime of the polar w,;
vibration. The splitting of the latter into A, and E vibrations is the
likely signature of the growth of a polar anisotropy on cooling
below ~400 K. The full and dashed lines associated with {@, m, }
and { @, Whara | respectively, result from a mode-coupling model
(see text). The same model successfully applies to PMT (inset).
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frequency, all convoluted with the apparatus function.
The frequency @; has been extracted down to ~420 K.
For temperatures below, the soft mode damping I’
becomes so large that the spectral line shape does not
allow estimation of w? and T'; independently. Therefore,
only their ratio w, = w% /T, corresponding to half width
of the w; mode spectral response, was considered as the
remaining reliable parameter (for further clarification and
comparison, see, e.g., Refs. [44,45,51]). This soft mode
relaxational frequency @, could be reliably estimated
down to about 330 K (see Fig. 4).

The temperature dependence of the frequencies of the
three modes is compiled in Fig. 3. The above mentioned idea
of the avoided crossing differs from the previous scenarios
(Refs. [38,39,48]) and implies that the temperature depend-
ence of w; and w3 may originate from a single soft mode and
a single hard mode. Indeed, the measured temperature course
of w; and w, can be nicely adjusted to the square roots of
the eigenvalues of a 2 x 2 dynamical matrix, describing a
single bare soft mode, with the Cochran-law temperature
dependence (w,.; = Av/T —T), coupled to a mode with
T-independent frequency y,, through a T-independent
coupling A. The temperature course of the bare and dressed
frequencies is plotted in Fig. 3 with dashed and full lines,
respectively; calculations correspond to @y,,q = 42.7 cm™!,
Ty =358 K, A =944 cm™'.

The wy,q¢ mode appears to be intrinsically a nonpolar
mode, because it is not influenced by the temperature
crossovers between subsequent relaxor states. Therefore, it
can be assumed that the dielectric strength is attached only
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FIG. 4. Soft polar dynamics and dielectric response. (a) The
slowing down of the polarization dynamics in PMN is highlighted
by (i) the lowering of the soft mode relaxational frequency (circles,
@) down to ~0.7 cm™!, (ii) the divergence of its response at
@ = 0 [diamonds, I, (@ = 0)], and (iii) the rise of the total
intensity at @ = 0 (Isyg in the inset). For comparison, the cross
symbols (4) in and near the shaded region stand for the neutron
spin-echo data [25]. (b) Temperature dependence of the dielectric
response at THz frequencies as extracted directly from the HRS
data (arbitrary units). The maxima of ¢(7') at 34 GHz and 74 GHz
(circle) are reproduced from dielectric measurements of Ref. [41].
(c) Inverse permittivity of PMN at 1 kHz, obtained from dielectric
measurement (line) and recalculated from the HRS data
with (squares) and without (circles) mode coupling. Dashed lines
in panels (a) and (c) are guides to the eyes emphasizing a linear
behavior.

to the wy, mode. Within such coupling model, the overall
low-frequency dielectric permittivity ¢, can be then
expressed as [52]
2

€0 = € T B QSOﬂA R (1)
Wofe — (@)
where Qs is the plasma frequency of the bare soft mode.
With reasonable values for the high frequency dielectric
constant, €., = 25, and for the plasma frequency Q. =
735 cm™! [4], the above formula reproduces very well the
experimental data for the static permittivity [Fig. 4(b)].
Note that if instead the same dynamical dipole moment
(the plasma frequency €,.) would be assigned directly to
the @; mode, the derived inverse permittivity [inverse of
€ + (Qqoi/@1)?* shown by full circles in Fig. 4(c)] would
be a clearly concave function of temperature even in the
temperature region where the direct dielectric measure-
ments show an essentially Curie-Weiss (linear) behavior
[full line in Fig. 4(c)]. This comparison gives additional
support to the present coupled-mode model, where the
ferroelectric F;, Last-type [4] (Fig. 1) soft mode is
identified with the bare wg.; mode.
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The magnitude of wy,y and its almost constant temper-
ature behavior over the whole investigated temperature
range suggests its close correspondence with the strongest
low-frequency band in Raman spectra [31,40,53-55]. This
Raman band is often assigned to the F, optic mode of the
idealized Fm3m (Z = 2) structure with a rocksalt B-site
ordering. This F,, mode is actually an acousticlike mode
folded from the Brillouin zone corner of the parent Pm3m
(Z = 1) structure, what explains its temperature stability
and rather low frequency. However, in the presence of
considerable B-site occupational fluctuations [56], it is
reasonable to assume that the Fm3m (Z = 2) symmetry is
strongly perturbed and many other modes from the flat part
of the acoustic phonon branches near the Brillouin zone
boundary are contributing to this Raman band. This
disorder also allows for the bilinear coupling between
the two bare modes of intrinsically different symmetry.

The upper and lower limits of the gray regions in Fig. 3
stand for the maximum of the DHO spectral response
(wop), and for the undamped frequency (@wcp), respectively
[45]. In the temperature interval where these quantities are
vanishing, the polar soft mode exhibits a relaxational
behavior and the most relevant frequency scale is its
relaxation frequency .. Here it is realized roughly
between T, and T4. The narrowing of the soft mode line
shape, decreasing w,.j, and the concomitant divergence of
the soft mode scattering intensity I at w =0 when
approaching T, are the signatures of the slowing down of
the polarization dynamics [Fig. 4(a)]. The relaxations
measured by neutron spin echo in the overdamped regime
[25] are also compared to our data in Fig. 4(a). The values
of the inverse relaxation time match rather well with @,
implying that both techniques are probing the same over-
damped soft mode rather than two distinct dynamical
components (as seen, e.g., near the ferroelectric phase
transition of BaTiO5 [52,57]). Note that qualitatively, the
two temperature crossovers between the vibrational and
overdamped dynamics reported here are compatible with
the previous observations in optical and neutron scattering
experiments. Most likely, the HRS technique reveals the
relevant spectral details more neatly because it happened to
simultaneously yield a better spectral resolution and
dynamical range of detectable scattering intensity.

In the spirit of the new model, the overdamped soft mode
observed in our experiments should determine the dielectric
properties of PMN in a broad temperature range. It is well
known that the fixed-frequency dielectric permittivity of
PMN peaks at a temperature 7., that increases with the
measuring frequency: it is close to T when in ultraslow
measurements in mHz frequency range and it approaches
about 400 K for the dielectric response detected at a few
hundreds of GHz [41]. Such an extremely broad frequency
range is not accessible by the HRS technique. Nevertheless,
for frequencies in the THz range, we could directly extract
from our spectra the temperature dependence of the
HRS soft mode response intensity, corrected for the

Bose-Einstein factor [see Fig. 4(b), the contribution of
the @, mode was removed]. The intensity maxima 7', of
such reduced HRS intensity plots clearly merge well with
the 7. values of the previous GHz-range dielectric
measurements, as expected.

The polar nature of the modes observed in the HRS
experiment is also corroborated by a reasonable correspon-
dence of the w, and w5 frequencies with their counterparts
detected directly by IR spectroscopy below 7'y [41]. These
two modes have an opposite trend than that of the high-
temperature soft mode, and they have been therefore
assigned to the A; and E components of the ferroelectric
soft mode, renormalized and split by the presence of the
static polarization. Present experiments give clear evidence
of the A-E splitting up to about 400 K, suggesting the
polar anisotropy persists well above the freezing temper-
ature Tr. However, our data do not support the continuity
between @, and w; branches, conjectured in previous
works [35,45].

In addition, the steepest temperature dependence of the
second harmonic signal /gy (total intensity scattered at
@ = 0), presumably related to the overall polarization of
the lattice, is observed well above the T temperature [see
the inset of Fig. 4(a)]. These findings thus indicate that 7',
is much more likely related to the freezing of the dynamics
of the nanodomain polar boundaries rather than with the
volume freezing of the polarization itself, because the latter
appears to be already frozen near 7*.

In summary, the state-of-the-art HRS experiments
accomplished here yielded a comprehensive picture of
THz-range polarization dynamics in a PMN perovskite
relaxor. The dynamical signature changes with temperature
[9,58]. (i) At temperatures above T;, we have identified a
single intrinsic soft mode, as expected for a normal para-
electric phase. The mode is underdamped and the only
anomaly is the clear signature of mixing with a nonpolar,
disorder-induced hard mode. (i) Between 7, and T%,
the dressed soft mode clearly continues to soften
(dw,/dT > 0) and it largely accounts for the low-
frequency dielectric properties. Its dynamics acquires a
relaxational character, but there is no evidence for dipole
condensation yet. The effects ascribed usually to the
so-called dynamic polar nanoregions or lead off-centering
are probably just due to the fluctuations of this soft mode.
This stage could be considered as a dipole gas state (g in
Fig. 1). (iii) HRS spectra taken in the dipole liquid stage
between T* and T, (I in Fig. 1) are consistent with the
picture of the soft mode split in two components, both
having the reversed temperature dependence (dw/dT < 0).
Such a temperature trend and the polar anisotropy suggests
that the bulk polarization is largely condensed. It also
suggests that the observed high dielectric response with a
broad spectrum of relaxation times can be understood as
due to mobile interfaces between regions of condensed
polarization similar to ferroelectric domains. (iv) Finally,
saturation of the second harmonic signal below T'; (state s
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in Fig. 1) is consistent with total freezing of the polarization
dynamics, perhaps due to the pinning of the interfaces.

In conclusion, the present HRS experiments give a new
perspective for understanding the THz-frequency polariza-
tion dynamics of perovskite relaxors. The temperature
behavior of the ferroelectric soft mode and its components
is described in the full temperature range and it is related to
the dielectric permittivity via a phenomenological model.
Singlet-doublet splitting of the ferroelectric soft mode is
observed only up to about 400 K, i.e., only in the relaxor ice
and the relaxor liquid states. At higher temperatures, a new
picture of the single paraelectriclike soft mode interacting
with a disorder-induced hard mode is proposed. This
picture allows us to explain the temperature dependence
of the hyper-Raman spectra of both PMN and PMT, and
very likely in the other perovskite relaxors as well. This
extraneous spectral feature, here identified as a hard,
Raman-active mode, arises probably due to antiferroelectric
vibrations similar to the F,, mode of the hypothetical
Fm3m-symmetry chemically ordered cluster, but the pre-
cise clarification of its microscopic nature still remains a
challenge for future atomistic modeling.

One of us (J.H.) would like to thank the Czech
Science Foundation for its support of this work (Project
No. 15-041215).
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