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b Universitat Politécnica de Catalunya EPSC, Department of Applied Physics, Av. Canal Olimpic s/n,
Castelldefels, 08860 Barcelona, Spain

Available online 2 November 2005

Abstract

T g, X-ray
d tions was
p e structure
n logical
s l treatment
a
X th
X of
t
©

K

1

i
r
p
w
e

m
t
p
t

en
que-
’
ic
sto-

lline
mer-
ods,
t and
use of
f the

uch
a
pro-

tion

0
d

he crystallization of a SrBi2Nb2O9 gel-glass obtained using the amorphous citrate method was studied by micro-Raman scatterin
iffraction, and electron microscopy techniques. A citric acid–ethanolamine gel with the stoichiometric proportion of the metallic ca
repared as polymeric precursor and calcined to obtain the amorphous complex. Nanocrystallites with a metastable fluorite-typ
ucleate from the amorphous complex below 500◦C, as shown by X-ray scattering and confirmed by electron microscopy. The morpho
tudy by scanning electron microscopy revealed the nucleation of nanocrystals in the glass-like amorphous powder after therma
t 500◦C. Raman features characteristic of the stable Aurivillius nanocrystals can be detected after thermal treatment at 550◦C, while using
-ray diffraction the crystallization of the Bi-layered perovskite phase is observed only after treatment at 625◦C or higher temperatures. Bo
-ray and Raman scattering detected single phase nanocrystallites with Aurivillius structure above 650◦C. The distinctive Raman features

he different SrBi2Nb2O9 nanocrystallites and its evolution with thermal treatment is presented.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

SrBi2Nb2O9 (SBN) is ann = 2 member of the Auriv-
llius family of layered perovskites. It is orthorhombic at
oom temperature, with a Curie temperature∼430◦C. SBN
resents interest as lead-free high temperature piezoelectric
ith very high resistance to electrical fatigue during ferro-
lectric switching, i.e. for applications substituting PZT.

SBN ceramics are normally prepared by solid state
ethods,1 but the loss of Bi at high temperature promotes

he formation of an undesirable non-ferroelectric Bi-deficient
yrochlore phase.2 Bulk powders can be prepared by low
emperature methods, i.e. aqueous solution,3 or combus-
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tion synthesis.4 The preparation of SBN thin films has be
reported both by ‘chemical’ methods, i.e. using an a
ous solution gel route,5,6 or by sol–gel7 and by ‘physical
methods: pulsed laser ablation.8 Advantages of a polymer
precursor water route include an excellent control of the
ichiometry, good structural homogeneity of nanocrysta
powders (i.e. control of particle size, absence of agglo
ates) difficult to achieve by other low temperature meth
i.e. combustion synthesis; the use of simpler equipmen
cheap reagents compared to physical methods and the
moderate temperatures, thus avoiding the formation o
unwanted pyrochlore phase.

Compared to other Bi-layered perovskite oxides, s
as SrBi2Ta2O9 (SBT),9,10 SBN offers the advantage of
lower preparation temperature. However, the nucleation
cess of SBN powders is not well known. The crystalliza
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of metastable phases with fluorite structure at low tem-
perature has been reported, but there is no study on the
experimental conditions, i.e. thermal treatment, particle size,
which lead to the formation of the intermediate fluorite
SBN.

The present study aims to investigate the crystalliza-
tion from an amorphous complex with SBN stoichiom-
etry of Bi-layered perovskite-type nanocrystallites of the
Aurivillius phase via an intermediate fluorite-SBN phase.
Raman scattering has been used prominently to deter-
mine the nucleation of the different phases. The different
Raman features characteristic of each phase and its evo-
lution with thermal treatment and microstructural changes
are presented. The use of a Raman microprobe allows the
local study of the nanocrystallites in the analyzed areas
(∼2�m2).

2. Experimental

2.1. Preparation of the Nb-precursor

The preparation of aqueous Nb-, Bi-, and Sr-precursors
have been described previously.11–15 Aqueous solution–gel
synthesis of ceramics containing group Vb metals (like Nb
in SBN) is very complicated since very few salts are water-
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2.5. Powder X-ray diffraction

The crystalline structure and phase purity of the obtained
samples were characterized the X-ray powder diffraction
(XRD), using a Siemens D5000 diffractometer with Cu K�
radiation. The XRD patterns were collected with an angle
step of 0.01 for all measurements.

2.6. Raman

Raman spectra of all the samples were recorded at
room temperature on a Jobin Yvon T64000 Raman micro-
spectrometer equipped with a triple monochromator and a
coupled-charge device detector.

2.7. SEM

Samples were observed in an JEOL apparatus after Pt–Pd
coating.

3. Results

X-ray diffraction. The evolution of XRD patterns after
different thermal treatments is shown inFig. 1. Patterns
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oluble because of the high valency and the subseque
ydrolysis. Nevertheless, a stable aqueous Nb-precurso
e prepared starting from Nb-oxalate.12 A peroxo-citrato
iobium(V) precursor solution is prepared by a synth
oute similar to that of Narendar et al.13 Although Nb-oxalate
s water-soluble, it is however not suitable for gel form
ion. The first synthesis step comprises the dissolutio
iobium(V) ammonium oxalate in an aqueous solution
itric acid and hydrogen peroxide. After heating this m
ure at 150◦C, a yellow precipitate of niobic acid is forme
fter isolating it by filtration, this Nb-compound is used
b-source for synthesis.

.2. Preparation of the Bi-precursor

An aqueous Bi-precursor is obtained by dissolution o
itrate in water and ethanolamine.14,15

.3. Preparation of the SBN-precursor

The three-metallic SBN-solution is prepared by the a
ion of Sr-acetate to a mixture of the Nb- and the Bi-precu
olutions in stoichiometric amounts. In order to obtain a
le solution, an excess of citric acid has to be added.

.4. Thermal treatments

To induce the formation of SBN crystallites, we used t
al treatment at 550, 650, 700 and 750◦C for 2 h at a rate o
◦C/min.
t
a and b, measured after thermal treatment up to 40C,
learly reveal the amorphous nature of the SBN pre
or. The XRD patterns 1c and d, after treatment u
00◦C, show characteristic peaks corresponding to the p
1 1 1), (2 0 0), (2 2 0) and (3 1 1) of a SBN-fluorite pha
he patterns have broad diffraction peaks, attributed
ery small crystallite size of the SBN fluorite nanocr
allites. The crystallite size calculated using the Sche
quation

= 0.9λ

β cosθ

ig. 1. XRD pattern after thermal treatment at 25◦C (a), 400◦C (b), 500◦C
c), 600◦C (d), 625◦C (e), 650◦C (f), 700◦C (g), 800◦C (h) and 900◦C (i).
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whereL is the mean crystallite size,β the full width at half
maximum andλ the used wavelength (1.54183Å), is about
6 nm. At 600◦C, we can observe the same broad features
of SBN-fluorite than at 500◦C, although with more intense
peaks.

At 625◦C a drastic change occurs, the XRD pattern in 1e
reveals the formation of a new phase with the SBN Bi-layered
perovskite structure, accompanied by a rapid growth of the
particle size to mean values of∼80 nm in the new crystal-
lites, while crystallite sizes of SBN-fluorite nanocryustallites
remain one order of magnitude smaller. At this temperature
the XRD features of both phases coexist. The XRD pattern
of the sample treated at 650◦C clearly reveals the formation
of SBN-layered perovskite phase at the expense of SBN-
fluorite. Only small traces of the fluorite features remain, and
the layered perovskite is at large the main phase at 650◦C.
The XRD patterns in 1g, h and i, above 700◦C, show only
the features of Bi-layered perovskite SBN crystallites.

The XRD spectra indicates that SBN crystallites are
already transformed into the ‘Aurivillius’ phase with double-
perovskite structure at 650◦C. Only at 625◦C XRD features
of both allotropes can be observed simultaneously.

3.1. Scanning electron microscopy (SEM)
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talline pellets. Elemental analysis by EDX,Fig. 2, indicates
that the proportions of the metal cations remained unchanged
after nucleation of the SBN nanocrystallites and a significant
reduction of the intensity in the C peak. The formation of
elongated ‘rodlike’ nanocrystallites was observed by SEM
after thermal treatment at 700◦C. The anysotropic shape of
the rodlike nanocrystallites is caused by the differences in
the growth rate for different crystalline planes during the
growth of Bi-layered perovskite crystals, with a complex
crystal sytructure.

3.2. Raman

In situ Raman microspectroscopy is an useful tool for
studying the crystallization process from amorphous and
determining the optimum conditions for thermal treatment.
Vibrational spectroscopy studies were carried out to confirm
the structural changes undergone by the amorphous precursor
treated at different temperatures. The samples treated below
550◦C showed luminescence in the used experimental condi-
tions. The observed luminescence is attributed to the presence
of unburned organics, because the combustion of the organic
part of the complex is not complete at this temperature.

After thermal treatment at 550◦C, luminescence effects
disappear from the spectra, due to the complete combustion
o ous
c tion
o hous
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SEM reveals an evident change in the sample treat
00◦C (Fig. 2). The onset of crystallization, due to the nuc
tion of SBN-fluorite nanocrystallytes in the amorphous
ursor below 500◦C, clearly modifies the appearance of
ellets from a typical gel-glass structure to that of polyc

ig. 2. SEM micrographs of the amorphous SBN precursor: (top) aft

fter thermal treatment at 500◦C, showing a polycrystalline pellet after the nuc
f the organic part of the amorphous complex. Amorph
arbon is a common impurity formed during the combus
f the organic part in samples prepared from an amorp
etal-complex route, especially when the complex ha
levated C content. It is not normally detected by XRD b

al treatment at 400◦C, showing the typical appearance of a gel-glass; (bot

leation of SBN-fluorite nanocrystallites and EDX results (right).
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Fig. 3. The Raman scattering after thermal treatment at 550◦C shows only
features of SBN-nanocrystallites and indicates the absence of amorphous
carbon.

is readily detected by Raman. The absence of the typical fea-
tures of amorphous carbon in the higher Raman shift region of
Fig. 3demonstrates that solid carbon is not present in the sam-
ple treated at 550◦C. The Raman features inFig. 3correspond
only to SBN-nanocrystallites. The absence of luminescence
effects and of amorphous carbon indicate that at 550◦C the
combustion of the organic phase and also of the solid carbon
resulting as byproduct of the combustion is complete.

Fig. 4 shows Raman spectra obtained from the sample
treated at 550◦C taken at different points in the micro-mode
over a reduced sample volume. The existence of two dif-
ferent spectra is clear. The characteristic Raman features of
metastable fluorite-type SBN nanocrystallites, with a broad
band centered at∼750 cm−1, are shown in the top graph
in Fig. 4. Other Raman spectra (bottom graph inFig. 4)
show additional bands at∼175, 205 and 840 cm−1, char-
acteristic of SBN with a Bi-layered perovskite structure. At
this temperature treatment the Raman features correspond-
ing to both structures appear together in many analyzed
areas, but only those corresponding to SBN-fluorite appear
in every spectrum. Therefore, we conclude that the sam-
ple treated at 550◦C is composed mainly by SBN-fluorite
crystallites with scattered SBN-perovskite crystallites as a
second phase. Considering that the approximate diameter
of the analyzed area focussed by the exciting laser beam is
∼1�m, both types of local order coexist closely and we must
a ccurs
v ture.
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Fig. 4. Raman spectra taken at different points in the sample treated at
550◦C. Top: characteristic Raman spectra of fluorite-type SBN nanocrys-
tallites. Bottom: other analyzed areas show additional features (main bands
at∼175, 205 and 840 cm−1) characteristic of Bi-layered perovskite SBN.

We can observe the coexistence of the Raman bands cor-
responding to the fluorite and layered perovskite SBN crys-
tallites also in the sample treated at 600◦C. Raman features
of both phases are detected clearly in the macro mode over a
wide analyzed area (Fig. 5). Both peaks are present in every
spectra in this sample.

Raman scattering shows a great capability to detect
changes in the local order involving significant variations
in the anion–cation bond-forces, as it is the case here, with
the new Raman bands associated to the perovskite. The XRD
patterns at 550 and 600◦C (Fig. 1) do not detect the crys-
tallization of any perovskite-SBN and show only wide peaks
corresponding to SBN-fluorite. The absence of clear XRD
features of the SBN-perovskite could be attributed to the
small size of the crystallites. As the main peaks overlap, it
is difficult to distinguish the smaller features characteristic
of the SBN-perovskite pattern. It is of interest to compare
the significant difference in crystallite sizes, calculated from
XRD using the Scherer equation, between both SBN phases,
and its evolution with temperature. Because the higher pen-
etration of X-rays in the pellets, with sizes of several hun-
ssume that nucleation of the stable SBN-perovskite o
ia the SBN-fluorite intermediate phase at this tempera
he SBN-fluorite is an intermediate phase where the
ations (Sr, Bi and Nb) occupy randomly the 8-coordina
ite typical of the fluorite structure. This more disorde
tructure is closer structurally to the amorphous than the
le Bi-layered perovskite structure and therefore form
metastable intermediate phase. The differences in the

ive intensities of the Raman bands in the different spectr
aused by local inhomogeneities in the distribution of b
hases.
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Fig. 5. Raman spectra in the sample treated at 600◦C. The peaks marked
with vertical lines at∼750 and 840 cm−1 corresponds to the main feature of
SBN-fluorite and SBN–Bi-layered perovskite, respectively.

dred microns, the volume analyzed by Raman is predomi-
nantly at the surface compared to the XRD measurements.
Further studies being carried out by TEM will clarify the
crystallization process and if there is any enhanced crys-
tallization at the surface which might cause the enhanced
observation of the Bi-layered perovskite phase by Raman
scattering.

At 650◦C and higher temperatures, 700 and 800◦C,Fig. 6,
the disappearance of the band at∼750 cm−1 clearly indicates
the absence of fluorite-SBN.

3.3. Effect of the cooling rate

We have also studied the effect of the cooling rate
on the Raman spectra. In the sample heated at 550◦C
and slowly cooled, the Raman features characteristic of
the SBN-perovskite phase (prominent bands at∼170,
810 and 840 cm−1) were clearly detected. However, in
the rapidly cooled sample, only the features of SBN-
fluorite—a characteristic spectrum with a broad main band
at ∼750 cm−1—were detected in all the analyzed areas. In
the sample heated at 600◦C and rapidly cooled, the Raman
features correspond clearly to the fluorite-type phase, while
the slowly cooled sample shows prominent features of the
layered perovskite-type phase. A high cooling rate resulted
i type
s

Fig. 6. Raman spectra after thermal treatment at 650, 700 and 800◦C, show-
ing the typical spectra of perovskite-type SBN.

3.4. Assignment of Raman bands

To our knowledge, few studies have reported the Raman
features of SBN.16 Four wide Raman bands correspond
to SBN-fluorite crystallites: three broad TO (A1) phonons
at ∼150, 250 and 570 cm−1 and a TO (Eg) phonon at
∼750 cm−1. It is interesting to note the similarity of
the spectra with the Raman features reported by Syam
Prasad—ref.16—in a melt-quenched SBN-based glass with
added Li2B4O7. Although they attributed the observed modes
to O–B–O vibrations, the spectra in fact clearly indicate
the formation of fluorite SBN, as confirmed by their XRD
and TEM measurements. In their samples, the fluorite peaks
appeared shifted after quenching, but heating at 550◦C elim-
inated the shift.16 The Bi-layered perovskite exhibits a more
complex pattern, with up to 13 different bands identified in
the Raman spectra obtained after thermal treatment at 800◦C
(Table 1).

3.5. Evolution with temperature

The evolution of the most prominent features with tem-
perature is shown inFig. 7. There is a clear shifting on the
Raman bands in the region of coexistence of both phases.
This gradual shifting indicates the intimate mixing of both
phases, so the local neighbourhood of the atoms in each phase
i e Bi-
l s free

T
F s at the

T

5 44
6 42
6 07 840
7 05 836
8 06 835
n the retention of more metastable phase with fluorite-
tructure.

able 1
requencies of the most prominent Raman features of the two phase

(◦C) Raman shift (cm−1)

50 154 173 211 – – –
00 152 168 212 – – –
50 153 175 204 232 275 3
00 153 175 203 232 271 3
00 153 175 203 234 270 3
s affected. The vibrational frequencies measured for th
ayered perovskite reach constant levels in the sample

different temperatures

452 572 755 8
– 455 – 573 – 756 8
– 452 – 577 – 762
431 453 521 578 705 –
430 450 521 578 707 –
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Fig. 7. Shifts on the vibrational frequencies observed in the region of coex-
istence of both phases.

of the intermediate and more disordered fluorite phase, above
650◦C. No peak shifting is observed between samples treated
at 700 and 800◦C.

4. Conclusiones

We obtained single phase SrBi2Nb2O9 nanocrystallites
with fluorite-type structure below 500◦C, with Bi-layered
perovskite at and above 650◦C, and mixtures of both between
550 and 650◦C, via the amorphous citrate route by control-
ling thermal treatment conditions.

Both phases show distinctive Raman features. The Raman
study allows to determine clearly the thermal range of crys-
tallization and the distribution of each phase in the mixtures.
The Raman evolution with temperature showed band shift-
ing in the region where the stable Bi-layered perovskite phase
and the metastable fluorite phase coexist.
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