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Polycrystalline samples of pure BiFeOs-PbTiO5; (BF-PT) and those upon substituting Bi by La up to 50%
(x <0.5) were synthesized using a solid-state reaction method. A composition-driven tetragonal-cubic
transition, identified from X-ray diffraction, was found to occur at x=0.4. We report the phonon spectra
of pure and La-substituted BF-PT and its assignment. From the behavior of total Raman intensity, the
origin of the symmetry-forbidden Raman spectra is identified to lie in substitutional disorder. The
dependence of splitting of A;—E modes and that of the LO-TO modes on composition are obtained and
their consequences on ionicity are discussed.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Multifunctional materials that couple electric, magnetic, and
structural order parameters resulting in coexistence of ferro-
electric, ferromagnetic, and ferroelastic behaviors have attracted
considerable attention in recent years. There is a growing interest
in complex ABOs; type perovskite multiferroics, which exhibit
magnetoelectric effect [1,2]. Such materials find applications in
areas such as transducers, magnetic/ferroelectric data storage,
spintronics, and magnetic sensors [3-6]. In this context, rhombo-
hedral BiFeOs (BF) is unique among other multiferroic materials
due to the coexistence of two types of long-range order: anti-
ferromagnetic order below the Neel temperature Ty=370 °C and
the ferroelectric order below the Curie temperature Tc=827 °C
[7,8]. However, the compound was not found to show the
magnetoelectric effect, as a spiral modulated spin structure led
to disappearance of overall magnetization [9]. In addition, the
electric polarization was also found to be quite low [10,11].
Furthermore, the synthesis of ideal perovskite phase of pure BF
is difficult because of comparable thermodynamic stability of
Fe3*+ and Fe?™ states of iron in this compound [12,13].

In order to overcome these limitations, several solid-solutions
have been synthesized and their properties are investigated. The
solid-solutions of BF with other ABO; compounds such as PbTiO3
(PT), PrFeOs, and BaTiOs stabilize the perovskite phase and
exhibit spontaneous magnetization [14-16]. Recently, Zhu et al.
[17] have carried out structural studies on (1-y)(BiFeOs)-
y(PbTiO3) solid solutions as a function of composition. For
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y>0.31, the system was found to become tetragonal (space
group P4mm). Cheng et al. [18] studied La-modified BF-PT
mixed-crystal system 0.45(Bi;_xLayFeO3)-0.55(PbTiO3) for
x<0.3 and found that remanent polarization and magnetization
increased as a function of x. These single phase compounds were
found to crystallize in the tetragonal perovskite structure (space
group P4mm) similar to BF-PT. Recently, Singh et al. [19] have
studied the 0.50(Bi; _yLayFeO3)-0.50(PbTiOs3) for x=0.5 and found
magnetoelectric coupling factor to be higher than that for pure
BiFeOs. Rietveld analysis of the data suggested a cubic structure
for the solid-solution (space group Pm3m) [19]. These results
suggest that this system should undergo a tetragonal-cubic
structural transition in the range 0 <x <0.5. This has not been
studied. Although there have been a large number of dielectric
and magnetic studies on pure and La-substituted BF-PT demon-
strating their excellent multiferroic properties [16-23], there is
none on the phonon spectra of this family of compounds from a
fundamental point of view. This in spite of the fact that the
phonon dynamics can provide useful insight into microscopic
properties such as mode softening, structure property relations,
nature of local ordering, and structure in the nano-scale range
[24,25]. Raman spectroscopy is a powerful technique for studying
short-range order [26-28] and phase transitions in perovskites
[26,29-31]. It may be pointed out that eight Raman-active
phonons are expected for the tetragonal phase (P4mm), whereas
for the cubic space group no first order Raman spectrum is
expected. This is because all the atoms occupy sites with an
inversion symmetry [26]. Here, we report synthesis and investi-
gations of structural and vibrational properties of pure and La-
substituted (Bi;_xLay)o.sPbosFeqsTigs03 compounds using X-ray
diffraction and Raman spectroscopy. Polycrystalline powder sam-
ples were synthesized using solid-state reaction technique. The
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emphasis is to understand the nature of the phonons in this
mixed-crystal system and to probe the crystallographic phase
transition.

2. Experimental details

Polycrystalline (Bi; _xLay)os5PbgsFepsTigs0s samples were
synthesized for x=0.0, 0.2, 0.3, 0.4, and 0.5 by the solid-state
reaction technique. High purity starting materials (Bi;Os, La;0s,
PbO, Fe,03, and TiO,) of 99.9% purity (Alfa Aesar) weighed in
stoichiometric proportion were mixed and ground together.
Powders were then calcined in a closed platinum crucible for
3 h at 500 °C in air, reground and calcined again for 4 h at 800 °C.
The calcined powders were pressed into pellets and sintered at
1100 °C for 2 h. Precaution was taken to avoid loss of PbO from
the sample, which considerably affects the physical properties.
This was done by placing PbZrO; powder around the pellet, which
maintains a high partial pressure over the sample [32]. The pellet
was about 10.5 mm in diameter and 1.5 mm thick.

X-ray powder diffraction patterns of the sintered samples were
measured to determine the structure and confirm the phase
purity. Cu-Ko radiation was used for recording the diffraction
patterns using Siemen’s X-ray diffractometer (D500). Diffraction
patterns were analyzed using STOE software for indexing the
peaks and obtaining the refined lattice parameters. Raman spectra
were recorded at ambient temperature using 514.5 nm line of an
Ar-ion laser covering the range 40-1000 cm ™! using a Ranishaw
micro-Raman spectrometer (model-InVia). A 100 x objective was
used for focussing the laser beam on the sample. The spectrometer
resolution for 1800 1/mm grating was ~2 cm™~!. For recording
Raman spectra at low temperature, a Linkam stage was used along
with a 20 x objective. Data acquisition time and the laser power
were adjusted for obtaining a good signal-to-noise ratio. The
spectra were fitted to Lorenzian line shapes for obtaining the
mode frequencies using PEAKFIT software (JANDEL). Energy dis-
persive X-ray (EDAX) analysis of the samples was carried out using
Cam Scan (CS 3200) scanning electron microscope (SEM). For
dielectric measurements, silver electrodes were applied on
cleaned surfaces of the disk-shaped sintered pellets. Capacitance
was measured using an impedance analyzer (Model N4L PSM
1735, Newton4th make) in the frequency range of 8-125 kHz.

3. Results and discussion

Fig. 1 shows X-ray diffraction patterns from the pure and La-
substituted BF-PT (0 < x < 0.5). All the diffraction peaks could be
fitted to the tetragonal phase with space group P4mm for x < 0.3.
The tick pattern shown at the bottom of the figure is the
calculated peak positions for the tetragonal phase for x=0. It
may be pointed out that it is in principle possible to fit this
pattern also to centrosymmetric space group P4/mmm. However,
as BF-PT exhibits ferroelectric properties, it is more appropriate
to analyze the structure under non-centrosymmetric space group
PAmm. From the X-ray reflections, it can be seen that as there are
no unindexed lines, the compounds are single phase. The (00 1)
reflection at 20° 26 is found to shift towards (1 0 0) peak and the
two merge at x=0.4. This suggests a reduction in the c-cell
parameter of tetragonal phase as x increases and attaining a value
same as that of cell parameter a for x=0.4. Similar merging of
doublets at 20~32°, 47°, and 53° is also found corresponding to
(101)-(110), (002)-(200), and (201)-(210) reflections,
respectively. The c/a ratios were calculated to be 1.133, 1.047
and1.022 for x=0.0, 0.2, and 0.3, respectively. One can notice
that the lattice anisotropy (c/a) becomes smaller with increasing
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Fig. 1. X-rays diffraction patterns of (Bi; _xLay)o.5PbosFeqsTips03 (0 <x < 0.5). The
tick pattern is the calculated peak positions for the tetragonal phase (P4mm) for
x=0.
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Fig. 2. Variation of the lattice parameters (c and a) as a function of composition in
the La-substituted BF-PT solid solution system, (0 <x <0.5). The curves drawn
through the data are guide to the eye.

La-content. For x> 0.4, the diffraction patterns fit to a cubic
structure with space group Pm3m. Thus, the structural change
from tetragonal to cubic phase arises due to the homovalent
substitution of Bi (ionic radius 1.34 A) by La (ionic radius 1.36 A)
[33]. Fig. 2 shows the variation of the cell parameters as a
function of La-composition. An unusually large tetragonality (c/
a=1.133) is found for x=0.0, which decreases to 1.022 for x=0.3.
For x > 0.4, the tetragonal distortion disappears and a cubic phase
with lattice parameter a=3.9467(2) A emerges.

In order to study the chemical composition, EDAX was carried
out on the samples. The EDAX spectrum for x=0.5, shown in
Fig. 3, exhibits the presence of all the elements. The estimated
compositions (final stoichiometry) were found to be in agreement
with those of the starting compositions. The scanning electron
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Fig. 3. EDAX spectrum of the sample for x=0.5. The inset shows SEM micrograph
of fractured surface of the pellet.
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Fig. 4. Temperature dependence of real part of relative dielectric permittivity at
various frequencies between 8 and 125 kHz for x=0.5. The arrow indicates the
direction of increasing frequency.

micrograph (inset of Fig. 3) taken on a fractured surface for x=0.5
pellet reveals a well sintered nature of the pellet with an average
grain size of 1-2 pm. Dielectric and magnetization measurements
were also carried out on the samples. Fig. 4 shows ¢; vs T plot at
different frequencies for x=0.5. It is evident that a diffuse
(relaxor-type) phase transition is exhibited similar to that
reported by others for 50% La-substituted BF-PT [19]. As the
aim of the present study is to investigate the phonon spectra, the
dielectric data is included briefly for the sake of completeness.
We now discuss the phonon spectra of BF-PT. As mentioned
earlier, PbTiOs; (PT) is a classical example of tetragonal ferro-
electric material at ambient temperature and belongs to the space
group P4mm. The irreducible representation of optical phonons in
this phase is I'gpr=3A; +4E+B;, where A; and E modes are both
Raman and Infrared active, whereas the B; mode is only Raman
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Fig. 5. (a) Raman spectra of (Bij _yLay)o.5Pbo_sFepsTip 503 sample measured at 25
and —196 °C (For x=0.0), (b) Raman spectra of (Bi;_xLay)osPbosFeqsTips03
samples (0.2 <x <0.5) at ambient.

active. Since BF-PT also has the same symmetry, the same set of
modes is expected here too. Fig. 5 shows the Raman spectrum of
pure BF-PT and also those of La-substituted compounds. Raman
spectra of La-substituted BF-PT will be discussed later. In the case
of pure BF-PT, five prominent peaks and three shoulders are
discernible. By analyzing the spectra using PEAKFIT, ten modes
could be identified in the frequency range 40-1000 cm~'. The
fitted mode frequencies are listed in Table 1 and are assigned by
comparing with those of PT [34]. The lowest frequency mode
appears at 65cm~'. In Raman spectrometers with a single
monochromator and notch filter, often spectra are strongly
attenuated at lower cm~'. However, the notch filter used in this
set up permits measurements down to 30cm~'. In order to
confirm, whether the 65 cm~! mode is genuine or an artifact of
the notch filter, Raman spectrum of another compound Zr(WO,)-,
which has a Raman peak at 41 cm~', was also recorded. The
spectrum exhibited a clear mode at 41 cm™'confirming the
genuineness of the 65 cm~! mode in BF-PT. One can see that
none of the three A;-LO modes are present; this may be either
due to insufficient intensity or due to small LO-TO splitting of A,
modes. All these modes are broad as compared to those reported
[34] for PbTiOs single crystal. The broadening can arise due to
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Table 1

Mode frequencies of the Raman bands in pure and La-substituted BF-PT for x=0
and 0.5 obtained from Lorenzian fitting of spectra. The reported mode frequencies
of PbTiO3 single crystal and their assignments are also included for comparision.

(Bi _xLay)o.sPbg sFepsTip 503 present Assignment PbTiO3® mode
work mode frequency (cm~1) frequency
(em™")
x=0.0 x=0.5
65 63 EV-TO 89
113 - EV-LO 130
199 - A{V-TO 148
247 233 E?-TO 220
284 276 E“-TO, E¥-LO 290
380 - AP-TO 362
476 477 E?-LO 440
566 540 E®-TO 508
689 684 AP-TO 650
789 733 E®-LO 720
2 Ref. [34].

several factors. The Raman spectrum of a polycrystalline powder
sample is expected to be broader because of scattering of phonons
at grain boundaries. In addition, because of randomly oriented
grains, the phonon propagation direction is random with respect
to crystallographic direction. Hence, the modes with mixed A;-E
character or mixed LO-TO character can arise. This is found even
in polycrystalline powders and thin films of PbTiOs; [35]. The
broadening of spectrum can also arise due to finite (ambient)
temperature of the sample, because phonon life-times are known
to decrease as temperature is increased. In order to confirm
whether the Raman bands become sharper upon lowering tem-
perature, we have also measured the spectrum at —196 °C and
the same is included in Fig. 5(a). One can see that all the major
peaks have nearly the same width while some of the weak bands
that existed as shoulders such as those at 131, 199, 384 and
478 cm~! (labeled with arrows), become more prominent at
—196 °C. Thus, the temperature does not play a dominant role
in determining the widths of the Raman bands in this mixed-
crystal system. Another reason for phonon line-shape broadening
could be the substitutional disorder arising from the random
occupancy of cation site A by Bi/Pb and of cation site B by Fe/Ti.
Consider a unit cell containing either FeOg or TiOg octahedron.
Depending on the magnitude of the Fe-O and Ti-O force con-
stants the bond distances can fluctuate from one unit cell to the
other. This would make the characteristic vibrational frequencies
of the two octahedra different. Although X-ray diffraction gives
average cell parameters, and average atom positions for A, B, and
O, on a microscopic scale there are fluctuations in the bond
lengths and microscopic strains in the mixed-crystals [36].
Assuming that a given unit cell has TiOg octahedron, the six
neighboring unit cells may have either TiOg or FeOg octahedra
with a 50% probability. Thus, there are large number of ways in
which different octahedral can occupy neighboring cells. Each of
these configurations would result in slightly different vibrational
frequencies and the total Raman lines shape. For example, for Ti-
O stretching vibration, the spectrum will be a weighted sum of all
possible frequencies. This argument is also valid for Bi-O and Pb-
O vibrations. Thus, broadening of all modes is expected in 50-50
random solid-solution BF-PT as compared to pure PT. Raman
spectra of La-substituted BF-PT, shown in Fig. 5(b), exhibit
gradual change. For x=0.2 the Raman features are nearly the
same except that the intensity is slightly reduced. For x=0.3,
eight distinct Raman modes could be found in the same frequency
range. The peaks are further broadened and the intensities
reduced upon increasing the La-composition. Fig. 6 shows the
individual components and total fitted spectrum for x=0.4.

20
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Fig. 6. Raman spectrum fitted to sum of 7 Lorenzian peaks for x=0.4 composition.
Individual fitted peaks are also shown.

Table 2
Correlation diagram between irreducible representations of the Cy4, (tetragonal)
and Oy, (cubic) point groups.

(PAmm) Cay (Pm3m) Oy,
A1 (R, IR) Fyy (IR)

E (R IR)

Bi (R) F,, (inactive)

Similar Lorenzian fitting has been done for other compositions
also. Table 1 also lists the frequencies of observed Raman modes
for x=0.5. In the cubic phase the fitting yielded seven modes. The
modes in the cubic phase are even broader due to substitutional
disorder. Substitutional disorder has been shown to cause a
significant broadening of Raman line-shape in other mixed
crystals [37].

As mentioned earlier, upon La-substitution the tetragonal
anisotropy reduces and the system becomes cubic for x> 0.4.
The irreducible representation for the optical phonons in the
cubic phase is I'ope=3F;,+F>,, where the F;, mode is Infrared
active, and F,, is a “silent mode”, since it is inactive both in the
Raman and in the infrared. These modes can be correlated to
those of the tetragonal phase via a correlation diagram (Table 2).
Thus, no Raman active modes are expected in the cubic phase. On
the other hand, seven of the modes of the tetragonal phase for
x=0.3 could be identified unambiguously in the cubic phase also.
The modes in the cubic phase that have correspondence with
those of the tetragonal structure appear to arise due to the
breakdown of the Raman selection rule due to the substitutional
disorder at the cation site and essentially represent the phonon
density of states. Similar symmetry-forbidden Raman scattering
has been reported in BaTi; _xZryO3 and BaCe,Zr; _,O3 [30,31]. Very
recently a small rhombohedral (space group R3c) distortion of the
cubic phase has been reported, based on the presence of very
weak satellite peaks in the neutron diffraction for x=0.5 system
[38]. It may be pointed out that for the rhomohedral symmetry, a
total of thirteen Raman active phonons (4A;+9E) are expected
[39]. On the other hand, in the present study we find only seven
modes for x > 0.4. Furthermore, all these modes continue to have
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correspondences with those of the tetragonal phase. In view of
this, it is inappropriate to assign the modes of x=0.4 and 0.5 to
those arising from a rhombohedral structure. In fact, the rhom-
bohedral angle of the basic pseudo-cubic cell turns out to be
90.03° from the reported hexagonal primitive cell parameters
[38]. It is likely that this small distortion is not able to activate the
modes predicted for this symmetry. Thus, it is reasonable to
attribute the spectra to symmetry-forbidden scattering.

In order to examine the manner in which total Raman
intensity depends on the composition, we measured Raman
spectra at large number of spots on each pellet and obtained
the average integrated intensity (integrated from 40 to
1000 cm~'). In order to make this intensity free from extrinsic
factors such as laser power, focusing and alignment, a fused-
quartz plate, placed next to the pellet, was also measured as a
reference sample. Raman intensity from quartz plate was also
integrated in the same spectral range. The total Raman intensity is
shown in Fig. 7 after normalizing with that of the quartz. One can
see that the scattered intensity decreases rapidly as x approaches
tetragonal-cubic transition boundary. As the tetragonal distortion
(c/a—1)is only 0.022 at x=0.3, the Raman intensity has exhibited
a large decrease as compared to lower x values. The fact that
intensity does not become zero in the cubic phase implies that the
symmetry-forbidden scattering is significant.

As the relaxor behavior in this system is well established [19], a
discussion on the possible correlation of Raman spectra with the
relaxor behavior is in order. Relaxor behavior arises due to existence
of polar nano-grains (PNG) in randomly substituted mixed-crystal
systems [26,40,41]. Microscopic compositional fluctuations or che-
mical ordering over a few nm length scale can give rise to formation
of PNG although X-ray diffraction yields an average cubic structure
consistent with the average stoichiometry. Within the PNG the local
structure could be different due to the chemical ordering. As the
Raman scattering is very sensitive to changes in local structure,
sharp Raman peaks are sometimes [40,41] found, though not
allowed by the cubic point group symmetry. In the present case,
we do not find appearance of new sharp peaks riding over the
symmetry forbidden broad spectrum. It is also worth examining if
one can correlate/identify specific phonons with the magnetoelectric
effect. In this context it is important to point out that ferroelectric
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Fig. 7. Dependence of normalized integrated intensity on La-composition. Curve
through the data is guide to the eye.
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and magnetic properties originate (a) in pure compounds from the
equilibrium positions of different atoms in the unit cell and (b) in
the substituted mixed-crystals from the displacements of atoms
from ideal positions and/or formation of chemically ordered polar
regions of nanometer length scale. Thus, optical phonons do not play
direct role in determining the multiferroic properties. On the other
hand, phonons do play an important role in inducing structural
phase transitions and other physical properties.

The mode frequencies are shown as function of composition in
Fig. 8. Some modes such as A{"-TO, E®-TO, E®-TO, E®-LO show
a decrease of the frequency as x increases, while a few other
modes such as EV-TO, E?-L0O, A®-TO, etc. do not change
significantly. It is worth examining the consequences of changes
in the tetragonal distortion on the phonon spectra. As one can see
from the correlation diagram, the triply degenerate F;, mode of
the cubic phase splits into a singly degenerate A; and a doubly
degenerate E mode due to lowering of symmetry to tetragonal
[34,42]. Thus, a reduction in the anisotropy splitting is expected
as La-concentration is increased. Fig. 9 shows the separation of
A{P-TO and E/V-TO as a function of tetragonal distortion c/a. Note
that A;-E anisotropy splitting reduces as c/a approaches unity. It
may be pointed out that the A{"’-TO and E‘V-TO modes have been
identified as the soft phonons in PbTiO3 across tetragonal-cubic
transition [34] at 495 °C. The softening of these phonons found in
the present work as a function of La-composition is qualitatively
similar to those of PbTiOs. Fig. 9 also shows the LO-TO splitting of
the E® mode as a function of c/a. This splitting is governed by
Born’s effective dynamic charges on the cations and anions. One
can see that the LO-TO splitting increases upon La-substitution
signifying an increase in the ionicity of the system.

4. Summary and conclusions

Pure and La-substituted Bi; _,La,FeO3-PbTiOs, polycrystalline
samples were synthesized for compositions x=0.0, 0.2, 0.3, 0.4,
and 0.5 by the solid-state reaction method. A single-phase
perovskite structure was confirmed by X-ray diffraction. The
system is found to exhibit a tetragonal-cubic structural transition
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at x=0.4. In analogy with the tetragonal PbTiO3, pure BF-PT also
shows all the predicted Raman active vibrations. Although upon
substituting Bi by La the intensities of the Raman modes are
found to diminish, as many as seven modes are found in the cubic
phase, which have correspondence with the modes of the tetra-
gonal structure. These modes, although forbidden by the cubic
point group symmetry, are activated by the substitutional dis-
order and represent phonon density of states. The decrease in the
anisotropy splitting of the A; and E phonons is found to be
consistent with the reduction in c/a ratio. The increase in LO-TO
splitting upon increasing La-composition arises due to increased
ionicity in the mixed-crystal system.
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