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Cation distribution in the Bi4−xRExTi3O12 (RE=La, Nd) solid
solution and Curie temperature dependence
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Bi4−xRExTi3O12 (RE=La, Nd) ferroelectric powders were prepared by a co-precipitation route.
Raman spectroscopy and X-ray diffraction were employed to determine the crystal site of
La3+ and Nd3+ as well as the effect of their addition on the crystal structure. It was found that
La atomswere not only placed preferentially in pseudo-perovskite A sites for concentrations
x≤1.2 but also substituted for Bi3+ in (Bi2O2)2+ layers for greater concentrations. A similar
behavior was observed with the limit value x=0.8 in case of Nd3+. In solid solution La or Nd3+

ions diminish the distortions in the octahedron formed by oxygen atoms, so there is a
tendency to undergo a transition in crystal symmetry from orthorhombic to tetragonal.
Finally differential scanning calorimetry (DSC) shows a linear dependence of the Curie
temperature (Tc) when the amount of La3+ or Nd3+ was increased.
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1. Introduction

The Aurivillius phases were first described in 1949 [1]. These
phases consist of (An−1BnO3n+1)2− blocks regularly interleaved
with (Bi2O2)2+ sheets. For n=3, Bi4Ti3O12 Bismuth Titanate (BIT)
undergoes a ferroelectric to paraelectric phase transition at the
Curie temperature (Tc=675 °C). The room-temperature diffrac-
tion data can be accounted for by orthorhombic symmetry
(B2cb) with a=5.4489 Å, b=5.41 Å, and c=32.815 Å [2].

Compared to other ferroelectric materials [e.g. lead zirco-
nate titanate (PZT) can be employed in the range of 0–250 °C],
this compound has a high Curie temperature (Tc) whichmakes
it useful over a wide temperature range for standard electronic
elements (sensors, capacitors and piezoelectric transducers).
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From consideration of the structural chemistry of the Aur-
ivillius phases, the compositional modification as well as the
size effect can offer useful guidelines toward the search for the
new materials, which can meet the commercial demands for
Tc, conductivity, coercivity and compliance [3].

The ion substitution, also known as site engineering
technique [4], may be an effective method for improving the
ferroelectric properties of BIT crystals. In this regard, La3+, Nd3+,
substituted materials have recently proven very attractive due
to their large ferroelectricity and their excellent fatigue resis-
tance [5–7]. This large ferroelectricity as well as a low leakage
current density can be explained by the rotation enhancement
of TiO6 octahedra in the a–b plane accompanied with a shift of
the octahedron along the a-axis by the La3+ substitution for Bi3+
nse de Madrid.
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Fig. 1 – (a) Raman spectra of Bi4− xLaxTi3O12 and
(b) compositional dependence of the low-frequency modes
for Bi4− x LaxTi3O12.

Fig. 2 – (a) Raman spectra of Bi4−xNdxTi3O12 and
(b) compositional dependence of the low-frequency modes
for Bi4− x NdxTi3O12.
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in the pseudoperovskite layer [8]. One particularly important
issue is to find where the La3+ and Nd3+ ions are incorporated
and how the doping level influences the structure; an issue
which may shed new light on the inherent properties of this
material.

Optical phonons are sensitive to variations in interatomic
potentials and local site coordination. Atomic substitution can
therefore bemonitored trough the variations in frequency and
intensity of Raman active modes [9].

Osada et al. [9] investigated Raman spectra of Bi4−xLaxTi3O12

(x=0–2) prepared via solid-state reaction. With La3+ doping, the
Bi mode corresponding to perovskite A site exhibits a sub-
stantial hardening, whereas the Bi mode originating from Bi2O2

layer is negligibly changed and they have identified a precise
cation distribution, which indicates a pronounced site selectiv-
ity of La ions for the A site for x≤1.

Many materials undergo abrupt changes in structure or pro-
perty on heating and, if the material forms a solid solution, the
temperature of the change usually varies with composition. The
changes, which may be, for example, ferroelectric–paraelectric
transitions at the Curie temperature, can usually be studied
readily by Differential Scanning Calorimetry (DSC) since most
phase transitions have an appreciable enthalpy of transition [10].

Ultra-fine powders with high purity are needed in order to
fabricate well-sinterable and phase-pure ferroelectric cera-
mics. There are several methods to synthesize Bi4Ti3O12

powders, including solid-state reaction [11], fused salt [12],
hydrothermal synthesis [13], sol–gel processing [14], and co-
precipitation [15] processes. While most of the studies on
tape-cast and sintered platelets reported relative density to be
less than 95% of theoretical value [15,16], Villegas et al. [17]
have used an oxalate co-precipitation method to prepare
Bi4Ti3O12 powder and they have obtained a well-densified
ceramic (N97% theoretical density) [18].

In this paper, the Bi4−x RExTi3O12 (RE=La3+, Nd3+) powders
werepreparedbyaco-precipitationmethodandcharacterizedby
DSC, Raman spectroscopy and XRD. We analyze Raman spectra
of Bi4−xLaxTi3O12 and Bi4−xNdxTi3O12 within x=0 to 2, the
ferroelectric–paraelectric transitions and how the La3+ and Nd3+

ion addition modified the crystal structure.
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2. Experimental

Bi(NO3)3·5H2O Aldrich 99.99%, Ti((CH3)2CHO)4 Aldrich 97% and
Nd2O3 Ventron 99.9% or (C2H3O2)3La·H2O Aldrich 99.9%, powders
wereusedasstartingmaterials. First, twosolutionswereprepared
by dissolving Bi(NO3)3·5H2O and either Nd2O3 or (C2H3O2)3La·H2O
in nitric acid, at pHb2. A third solution was prepared by
dissolving Ti((CH3)2CHO)4 in a 5/95 vol.% mixture of acid nitric
and isopropanol. The three solutions were eventually mixed
together and were precipitated using a concentrated ammonia
solution under stirring. During the whole process, the pH was
maintained above 11. The final precipitate was washed with
isopropanol to get a pH of 7, and was dried at 90 °C overnight.

Ramanmeasurementswere performedwith T64000 instru-
ment from Horiba — Jobin Yvon using the 514.5 nm line from
an Ar+ laser. The scattered light was dispersed by a triple
spectrometer with double subtractive stage (spectral
resolutionb1.5 cm−1). Samples were observed by Scanning
Electron Microscopy using a Leica Cambridge Stereo Scan 440
microscope with accelerating 20 kV potential and 500 pA of
beam current. Thermal behavior of the as-prepared powder
Fig. 3 – (a) and (c) XRD spectrum of BLT and BNT solid solutions, r
spectrum zoom in the peak corresponding [(2 0 0), (0 2 0)] planes
concentrations.
was analyzed by Differential Scanning Calorimetry (DSC) in
air in a differential scanning calorimeter TGS-DSC Nestzch,
Jupiter STE 449C, with a heating rate of 10 °C/min. The
crystalline phase was analyzed by X-ray diffraction (XRD) on
annealed powders using a Bruker D8 Advance diffractometer
witch uses monochromated CuKα radiation as source.
3. Results and Discussion

3.1. Cation Distribution in Bi4−xRExTi3O12 (RE=Nd3+ or La3+)

Figs. 1 and 2 show room-temperature Raman spectra of
Bi4 − xLaxTi3O12 (BLT) and Bi4 − xNdxTi3O12 (BNT) exhibiting
intense phononsmodes at 65, 90, 119, 148, 228, 269, 334, 541 and
616 cm−1. In the ferroelectric phase, the complexity of the BLT
andBNTunit cellsmakes it difficult to assignall observedmodes.
The activation of “extra”modes is connected either to a strongly
distorted structure or oxygen vacancies [9]. The vibrational
modes of BIT can be classified as lattice translations involved in
Bi3+ displacement and internal modes of the TiO6 octahedron.
Considering the vibrational modes related to the atomic mass,
espectively, at several cation concentrations. (b) and (d) XRD
for BNT and BLT solid solutions at several cation
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the low-frequency below 200 cm−1 is attributed to the motion of
heavy Bi atoms while internal vibrational modes of the TiO6

octahedron having tree kinds of modes are expected to appear
above 200 cm−1. The main bands at ~260, ~460 and ~840 cm−1

share a similar doping dependences [9]. The bands below
200 cm−1 are attributed to different Bi sites. The band at
65 cm−1 is assigned to a rigid-layer mode which originates from
Bi displacement in the Bi2O2 layers. On the other hand, the three
bands at 90, 119, and 148 cm−1 are related to the Bi atoms in the
pseudoperovskite units [19].

Fig. 1(a) shows the Raman spectra obtained for BLT solid
solutions at different concentrations of La3+. The intensity of
the vibrational modes decays until they disappear, as what
occurs for the band at 90 cm−1 due to random distribution of
cation in the three possible A sites, replacing Bi3+ in the
pseudoperovskite lattice [19,20].

Fig. 1(b) shows the wavenumber dependence of the vibra-
tional modes with the amount of La3+. The band at 60 cm−1,
which is associated with the Bi3+ in the (Bi2O2)2+ layers is
invariant with respect to La3+ concentration until x=1.2, where
small variation appears. This implies that (Bi2O2)2+ layers donot
participate in the substitution process of BLT solid solutions
with x≤1.2. In contrast, the bands at 90, 119 and 148 cm−1, which
are associated with the Bi3+ in the A sites, get diffuse and their
wavenumber increases with the increment of La3+ in solid
solution, which implies that A site participates actively in the
substitution process in the BLT solid solutions with x≤1.2 [9].

The change in vibrational modes at frequencies greater
than 150 cm−1 is related with the decrease in the octahedral
Fig. 4 – (a) and (b) SEM micrographs of BLT for x=0.4 and 1.2 respe
respectively.
tilting and the relaxation of lattice distortions. This is
indicative of the phase transition of orthorhombic structure
to tetragonal structure [20].

Fig. 2(a) and (b) shows the Raman spectra of BNT and the
dependence of vibrational modes on the amount of Nd3+,
respectively. The behavior observed of vibrational modes in
BNT solid solutions is similar to that observed in BLT solid
solutions. InBNTsolid solutions the bandat 60 cm−1 is invariant
with respect to Nd3+ concentration until x=0.8. At greater
concentrations the vibrational modes are slightly modified. As
in BLT solid solutions, it implies that (Bi2O2)2+ layers participa-
tion to the substitution process stars from x=0.8 only.

The ionic radii of Bi3+ and La3+ are almost the same [21],
whereas Nd3+ is smaller. Consequently, in BNT solid solutions
the octahedron formed by oxygen atoms is more distorted
than in BLT solid solutions. For this reason, in BNT solid
solution the vibrational modes associated with the layers are
slightly modified from x=0.8 whereas for the vibrational
modes in BLT solid solution these modifications are displayed
at higher concentration (x≥1.6).

The influence of the ionic radius of cations is also observed in
theX-raydiffractionspectra (XRD). Fig. 3(a) and (c) shows theXRD
spectrum of BLT and BNT solid solutions, respectively. Fig. 3(b)
shows a peak corresponding to [(2 0 0), (0 2 0)] Bragg reflections at
several La3+ concentrations. It can be clearly seen from Fig. 3(b)
that the shift of peaks in the Bragg's reflections for the BLT as
functionof La3+ concentration is practically zero.Nevertheless, in
Fig. 3(d) for theBNTcompositions, theshift of thepeaks increases
as Nd3+ concentration increases and for x=0.8 the corresponding
ctively, (c) and (d) SEM micrographs of BNT for x=0.4 and 1.2
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BNT has a shift of peaks bigger than that for the corresponding
BLT.

3.2. Microstructure: SEM Images

Fig. 4(a), (b), (c) and (d) shows SEMmicrographs of the sintered
BLT and BNT, respectively for x=0.4 and 1.2. The platelet
shape morphology is compatible with the synthesis method
and the crystal cell of each one of the samples. Actually, these
results agree with other studies in similar compounds [22]. All
images depict grain size in the order of micrometers,
specifically the average for BLT with x=0.4 and 1.2 are 2.9 µm
and 3.1 µm respectively, and for BNT with x=0.4 and 1.2 are
3.0 µm and 2.5 µm, respectively. For the different samples the
average grain size doesn't follow any correlation between
them. The effect on the shape and band maxima of Raman
spectra [23] when the grain size is in the order of nanometers
is well established, but as we mentioned above the samples
used for this study do not match this condition, thus the shift
and shape modification of Raman spectrum bands in BLT and
Fig. 5 – (a) and (b) DSC thermograms of BLT and BNT respectively f
Tc.
BLN series are induced by the progressive substitution of Bi3+

for La3+ or Nd3+ and the site where they are placed.

3.3. Curie Temperature Dependence

The ferroelectric to paraelectric phase transition was followed
by DCS as a function of the doping fraction in BLT and BNT.
The experimental curves as well as Curie temperature vs.
doping fraction plots are given in Fig. 5. Wolfe and Newnham
proposed the following linear relationship for Bi4−xRExTi3O12

compounds [24].

Tc ¼ 669�M r3þRE � r3þBi
� �

xð Þ where M is a constant: ð1Þ

Linear adjustments to our curves lead to the following
results

TcBLT solid solution ¼ 669� 443 xð Þ R2¼ 0:9954: ð2Þ

TcBNT solid solution ¼ 669� 300 xð Þ R2¼ 0:9883 ð3Þ

wherex is the cationamount in theBLTandBNTsolid solutions.
or different concentrations, (c) and (d) the linear adjustment of
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Whit rLa3+=1.14 Å and rBi3+=0.83 Å and rNd
3+ =1.04 Å [25], Eqs. (2)

and (3) return the sameM value of 1429. In Eq. (1), BLT and BNT
thus obey the following law:

Tc ¼ 669� 1429 r3þER � r3þBi
� �

xð Þ: ð4Þ

The addition of La3+ or Nd3+ into solid solution in the BIT
lattice diminishes the distortion in the octahedra formed by
oxygen atoms, making a and b parameters closer. When they
get equal, a change in crystal structure from orthorhombic to
tetragonal is produced, this increment of symmetry is
associated with the transition of ferroelectric to paraelectric
behavior. When increasing the amount of the cation, the
system requires less energy tomake this change of symmetry,
this is the reason thus Tc diminishes based on the amount of
cation in the BIT.
4. Conclusions

By means of Raman spectroscopy it was observed that La
cations were placed preferentially in A sites in concentrations
x≤1.2 and for greater concentrations, evidence of presence of
La cations was observed as much in A sites as in the (Bi2O2)2+

layers. The Nd cations have a similar behavior in the solid
solutions, Nd cations are placed preferentially in A sites for
concentration x≤0.8, whereas for concentrations xN0.8 evi-
dence of presence of Nd cations is observed as much in A sites
as in the (Bi2O2)2+ layers. We discard the grain size effect on
the Raman Spectra by Scanning Electron Microscopy.

La3+ and Bi3+ionic ratios are very similar. Nevertheless, Nd3+

ionic radius is smaller than the very close La3+ and Bi3+ ionic
radii. For this reason the solid solution limit for Bi4− xNdxTi3O12

is smaller than in the solid solution Bi4−xLaxTi3O12.
As observed using X-ray diffraction La3+ atoms in BLT solid

solutions generate a subtle peak diffraction shifts, as well as,
Nd3+ cations in BNT solid solution the peak diffraction shifts
are evident.

The Curie temperature is linearly dependent on the
amount of cation present in the solid solution, and the slope
is a function of ionic ratios of Bi3+, Nd3+ and La3+. We used the
model proposed by Wolfe and Newnham with the parameter
M=1429 calculated by us, in order to describe the Curie's
temperature behavior in this kind of solid solutions.
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