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Raman spectra of a complex perovskite system (Pb;_,Ba,)(YbgsTay5)O3, x = 0.0,0.1 and 0.2 have been studied at low tem-
perature in the range of 10-250K. The fascination of the system is that it undergoes a crossover from a highly ordered anti-
ferroelectric (x = 0.0) to ferroelectric (x = 0.1) to disordered relaxor ferroelectric (x = 0.2). The nature of splitting that prevails in
Fpe (60 cm1), Fyo (=538 cm~!) modes and their gradual merging and disappearance with x indicates an orthorhombic symmetry
for x = 0.0 and a pseudo-cubic structure for x = 0.2. The mode at 420 cm ' suggests the existence of rhombohedral distortion in all
the compositions. The soft mode behavior of the F,, modes has been analyzed by fitting the data with the power law

wy =A(Te —T)A.
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1. Introduction

Since last four decades, relaxor ferroelectrics (RFEs) with
complex perovskite structure A(B’B”)O; have been exten-
sively studied owing to their potential applications and fas-
cinating basic Physics.'™ The characteristic properties of
RFEs include (i) high dielectric constant, (ii) strong dielectric
dispersion around 7,,, the temperature corresponding to the
dielectric constant maximum, (iii) diffused phase transition
around 7, and (iv) absence of macroscopic polarization far
below T,,. The polar nanoregions (PNRs) exhibited in RFEs
are believed to be responsible for the multi-scale dynamics
and spatial in-homogeneity that leads to the above peculiar
properties. Generally, RFEs are nonpolar paraelectrics at high
temperature, upon cooling PNRs start appearing at Tg; the so-
called Burn temperature and then grow with further de-
creasing temperature. Nevertheless, when the temperature
lowers down to a temperature named freezing temperature
(T;), PNRs become large enough resulting their dynamics to
slow down to an extreme point and get frozen into a glassy
phase i.e., nonergodic relaxor phase. In some earlier reports,
the existence of PNRs in RFEs has already been verified
experimentally®~'* and also explained the mechanism behind
their formation employing different models.'*~'® However, a
conclusive understanding of the physics defining RFEs is still
lacking and needs further attention.

In viewpoint of lattice dynamics in displacive ferro-
electrics, it has been inferred that the phase transitions are
caused by softening and condensation of transverse optic

(TO) phonon modes at zone center. The previous studies
demonstrate that in RFE, the dispersion of the transverse
acoustic (TA) and low-energy TO phonons at temperatures
above Ty were noticed to be identical to that observed in the
PE phase of normal displacive ferroelectrics. Moreover, the
optic mode exhibited in RFEs softens in a similar manner
mostly seen in displacive type ferroelectrics when the tem-
perature approaches 7z and follows the Cochran law
wy = A(Tc — T)P. Further, the TO modes in RFEs at T < T;
behave consistently with the distinctive behavior of a ferro-
electric soft mode. However, in the temperature range be-
tween Ty and Ty, the lattice dynamics of RFEs are different
from normal ferroelectrics.'”2?

Using Raman scattering, many groups have studied the
soft mode behavior of a displacive or a RFE separately and
distinctively. In this present work, an interesting solid solu-
tion (Pb;_,Ba,)(YbysTays)O5 (PBYT) is considered for in-
vestigation which undergoes a crossover in phase transition
from antiferroelectric (x = 0.0) to ferroelectric with diffuse
transition (x = 0.1) and then to RFE (x = 0.2). In the litera-
ture, it is also mentioned that the composition x = 0.0
exhibited weak relaxor behavior around the antiferroelectric
to ferroelectric transition.” In fact, the virgin composition x =
0.0 is highly ordered but the degree of ordering decreases
with increasing x.*?* Although the degree of ordering is
verified by room temperature XRD and Raman spectra, till
date, the low temperature Raman study has not been done.
As the T,, values shifted to lower temperature, it may be
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interesting to study the Raman spectroscopy at lower tem-
perature to acquire useful information. This study focuses on
the Raman spectra of the above mentioned three composi-
tions exhibiting different degree of ordering and phase tran-
sition behavior. Emphasis has been given to the phonon
dynamics involved in those samples below the freezing
temperature 7 and hence the Raman spectra were recorded at
a very low temperature range (250-10 K).

2. Experimental

The (Pb;_,Ba,)(Ybg 5Tay5)O3, x = 0.0,0.1 and 0.2 ceramics
were prepared by solid-state reaction with optimized calci-
nation and sintering temperatures of 900°C and 1325°C for
4h respectively.” The Raman spectra were taken in the fre-
quency range 1000-40cm~! in the low temperature range
250-10K and recorded in back scattering geometry using
200 mW output power of 488 nm line of an Ar-ion laser. The
scattered light was analyzed using a double monochromator
(SPEX 14018) and detected with a photo-multiplier tube
(Hamamatsu R120) operating in a photon counting mode. For
recording Raman spectra at low temperature, a Linkam stage
was used along with a 20x objective. The position and full
width at half maximum (FWHM) of the Raman peaks were
obtained by fitting the spectra with Lorentzian line shape
(Jandel peak fit program).>* For each spectra, the number of
lines were chosen to obtain a best fit.

3. Results and Discussion

Figure | shows the Raman spectra of PBYT ceramics at
10K in the range 40-1000cm~!. The number of modes
are deconvoluted as 44, 23 and 15 (approximately) for x =
0.0,0.1 and 0.2, respectively, and it clearly suggests a struc-
tural change with increasing x. As per the earlier report,?® the
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Fig. 1. Raman spectra of (Pb;_,Ba,)(YbysTay5)O3 ceramics
at 10K.
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structure of PBYT changes from orthorhombically distorted
pseudo-monoclinic cell (space group Pbnm) at x = 0.0 to a
pseudo-cubic (space group Fm3m) for x = 0.2. Again, there
is possibility of decrease of B-site ordering leading to the
disappearance of splitting and subsequently merging and
broadening of modes. Further, the number of modes observed
for x= 0.2 is more than the number (4: A;,+E;+2F,,)
predicted theoretically for Fm3m.>> This indicates a deviation
of the local structure from the average structure due to the
presence of PNRs as the system exhibited relaxor behavior.
Nevertheless, the contribution of phase coexistence and dis-
tortion cannot be brushed aside because the composition x =
0.2 is suggested as the morphotropic phase boundary for the
present solid solution.>* Figure 2 plots the temperature de-
pendence of Raman spectra for all the ceramics in the fre-
quency range 40-100cm~!. In this frequency range, three
strong peaks are observed for x = 0.0 and one broad peak for
x = 0.2. The mode observed around 60cm ™! is assigned to
the F,, Pb-localized mode. Generally, in complex per-
ovskites, Fy, mode arises due to the movement of A-site
cations along with the oxygen atoms and the position of the
mode expected to be influenced by the mass of A cation and
A-O bond parameters.>®

As per theoretical calculation, in cubic symmetry, the F,
modes are triply degenerate but when the symmetry reduces
to orthorhombic, these modes split into three lines. Our
results show excellent matching to the theoretical prediction
as the composition, x = 0.2 with pseudo-cubic symmetry
display a single broad peak and subsequently split into three
peaks around the peak at 60cm~! for the composition x =
0.0 exhibiting orthorhombic symmetry. Again, it appears that
there is a small shift observed for F,, towards lower fre-
quency with Ba concentration as anticipated because the
mass of Pb is more.

Nevertheless, a careful study of this mode as a function of
temperature reveals a reasonable softening of the mode and
can be assigned to the soft mode in this system. Temperature
dependence of the soft mode wave number is plotted in Fig. 3
for all the three compositions. Figure 3(a) is reproduced to
carry out a comparative study.

The soft modes show a nonlinear variation and fit into the
power relation w;, = A(T¢ — T)?, where w, is the mode fre-
quency, A is a constant, T is the expected ferroelectric phase
transition temperature and (3 is a critical exponent related to
order parameter.”’ Actually, this PBYT system is a very in-
teresting system. As per the temperature-dependent dielectric
data, PYT exhibits weak relaxor behavior at lower tempera-
ture, marked by transition from antiferroelectric to ferro-
electric state.>* With increasing Ba, the relaxor behavior
becomes stronger. Generally, it is considered that the relaxor
phase transition is not a first-order phase transition rather it is
likely to be a second-order phase transition.”® Moreover, the
optic mode exhibited in RFEs softens in a similar manner
mostly seen in displacive type ferroelectrics when the tem-
perature approaches Tp and follows the Cochran law.”’
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Fig. 2. Temperature-dependent Raman spectra in the frequency range 100-30cm—!.

Further, the TO modes in RFEs at T < T; behave consistently
with the distinctive behavior of a ferroelectric soft mode.”” In
analogy to the above facts, we have used Cochran law w, =
A(Tc — T)? to analyze the soft mode for the system.

In Fig. 3, the experimental data are shown by scattered
points and the solid lines are the fitted curves to the above
mentioned power law. The fitting parameters are given in the
figure. The fitting parameters indicate a gradual increase of
constant A and a gradual decrease of the critical exponent §
as Ba concentration increases. This decrease of J may be
related to the gradual crossover from first-order phase tran-
sition to diffuse transition then to weak relaxor behavior. It
can be inferred that the degree of interaction between the
PNRs and their freezing temperatures are different in those
compositions, which may directly or indirectly influence the
phonon dynamics. Moreover, the T, values 426 K (x = 0.0),
390K (x = 0.1) and 283 K (0.2) obtained from the fitting are
in close accordance with the ferroelectric phase transition
temperatures reported earlier in dielectric constant versus
temperature data for the compositions respectively.”>* Hence,
the possibility of a significant contribution of the soft mode in
the ferroelectric phase transition in all the compositions
cannot be avoided.

Figure 4 shows the Raman spectra in the range 400-
100 cm~! recorded at different temperatures. In this frequency

range, three major peaks at ~ 200,259 and 360cm™! are
observed at x = 0.2, but with reduction of symmetry at lower
compositions, each one of the peak clearly split into three
peaks and several new peaks appeared. The broad peak
around 200cm~! with a hump around 177 cm~! emerges
due to the relative rotation of octahedron due to size mis-
match in B’-O-B” bond and attributed to F;, mode. The
other two strong peaks at 22 259 and 360 cm~! attributed to
F,, mode due to asymmetric O-B-O bending vibration
arising from rhombohedral structural distortion and F,, mode
due to electron-phonon coupling of Pb2* lone pair electrons
respectively. The changes noticed in those modes further
evidence the orthorhombic symmetry along with thombohe-
dral distortion in lower concentration; with increasing Ba
concentration, the structure gradually modifies towards
higher symmetry but the rhombohedral symmetry remains
present within the studied compositions. Moreover, with in-
creasing temperature, these modes undergo no substantial
shift in their wave number but as expected, they show
thermal broadened. The presence of an asymmetric O-B-O
bending vibration mode at 420cm~! (Fig. 5) with F, sym-
metry provide further evidences to confirm the existence of
rhombohedral distortion.?” In fact, the mode evolves as
stronger and prominent as the Ba concentration increases.
It remains to be stronger with increasing temperature
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Fig. 3. Temperature-dependent of frequency of F,, mode at 60 cm ™!, The scatter point are the experimental data and the solid line is the fitting

curve to the power relation.
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Fig. 4. Temperature-dependent Raman spectra in the frequency range 400—-100cm !,
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Fig. 5. Temperature-dependent Raman spectra in the frequency range 1000—400cm .

suggesting the persistence of rhombohedral symmetry in
those samples, which is one of the reasons for the increase in
diffuseness. Hence, the present observations are considerably
in accordance with the earlier prediction of a morphotropic
phase boundary i.e., the coexistence of more than one
structural phases at the composition x = 0.2 as per the di-
electric study.

Figure 5 plots the Raman spectra in the frequency range
1000-400cm~! and displays two strong and characteristic
peaks at ~ 535cm~! and 835 cm~!. The former is assigned
to F,, symmetric bending of BOs octahedra and later is
assigned to the A;, mode arises due to the movement of
oxygen atoms along B’'-O-B” with cations at rest. Usually,
this high frequency A, mode is a measure of B-site ordering
in complex perovskites.?® The shifting of this mode indicates
a change in the degree of ordering due to the size mismatch at
A-site as Pb is substituted by Ba in this present system. In
analogy to the earlier dielectric studies, the B-site ordering
decreases with increasing Ba concentration. However, the
mode undergoes no change with increasing temperature
maintaining the short range ordering in the temperature range

studied. Nevertheless, the high frequency F;, mode shifts
towards lower frequency side with increasing temperature.
Though the shift is observed in all the samples, the level of
shifting gradually decreases with Ba concentration. This may
be due to the fact that the FE phase transitions are gradually
showing relaxor type behavior in Ba substituted compounds
though at low temperatures all the samples exhibit FE phase.
Also, there is possible modification in antiferroelectric cou-
pling of Pb2* cations and ferroelectric coupling of B-site
cations as the system crossover from antiferroelectric to fer-
roelectric and then to RFE with increasing Ba concentration.

4. Summary

Single phase (Pb;_,Ba,)(Ybys5Tay5)03, x = 0.0,0.1 and 0.2
ceramics were prepared by solid state reaction method and
Raman spectra were recorded on those samples in the fre-
quency range 1000—40cm~" at low temperatures 250-10 K.
The spectra revealed orthorhombic symmetry for the anti-
ferroelectric PYT and the structure gradually changed to a
pseudo-cubic symmetry. The existence of rhombohedral
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distortion was also evidenced in the PYT sample and the
distortion further increased with increase of Ba concentration.
The low frequency F,, mode at ~60 cm~! showed soft mode
behavior in all compositions suggesting ferroelectric phase at
low temperature. The mode clearly fit into a power law and
the 7, values obtained from each fit match well with the
phase transition temperature observed in dielectric measure-
ments of those samples.
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