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A facile and environmentally friendly synthesis method has
been employed to prepare micron or submicron single-crys-
tal Bi;_,La,FeOj3 with different particle shapes. Various forms
of the crystallite are obtained, such as cubic, tetragonal, and
semi-sphere crystallites, by means of molten salt synthesis.
The thermal stability of BiFeO3; perovskite is greatly en-
hanced by substitution with LaFeO;. The pure phase of
Bi;_,La,FeO3; can be obtained without the use of the rapid
thermal technique by introducing with small amounts of
LaFeOj; into BiFeOj;. The structure of Bi; ,La,FeO3; changes
from rhombohedral BiFeO; (R3c) to orthorhombic LaFeO;
(Pnma) with an intermediate orthorhombic phase (C222),

which is demonstrated by the X-ray diffraction, Raman spec-
toscopy, and electron diffraction. The formation of Bi;_,La,-
FeOj3 can be completed in a short time (i.e. 30 min), as the
reaction temperature reaches the melting point of NaCl. For
the synthesis of Big4LagsFeOs, the nuclei occur with an ir-
regular tetragonal shape in the initial nucleation stage and
then grow with a regular tetragonal profile in the following
growth stage. The Bi,_,La,FeO; crystal growth was revealed
to follow the Ostwald ripening mechanism.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

BiFeO; and perovskites based on it (ABOs) have at-
tracted much attention as multiferroic materials because of
their potential applications in new types of electronic de-
vices, such as multiple-state memories and new data-storage
media.l' ] BiFeO; is well known to be the only multiferroic
oxide to date that exhibits both ferroelectric (7 = 830 °C)
and G-type antiferromagnetic (7T = 370 °C) properties
above room temperature.l'l The spontaneous polarization
of BiFeOj; in heteroepitaxially constrained thin films has
been greatly enhanced to almost an order of magnitude
higher than that of single crystals.['l There are still several
challenges, such as high leakage, high coercive field, ferro-
electric reliability, and weak ferromagnetism, that need to
be overcome before the successful application of BiFeOs as
a multiferroic material. In order to resolve these problems,
most efforts have recently focused on the specific synthesis
techniques®® and partial substitution of BiFeO;
byA2*B**O; and RFeO; (A = Pb and Ba, B=Ti, and R =
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La, Nd, Pr, etc.).B81 In particular, LaFeO5 with an ortho-
rhombic structure (space group Pnma) has a homogeneous
antiferromagnetic order (7x = 740 °C) and no ferroelectric
order.’] The multiferroic properties of BiFeO; have been
successfully enhanced by the substitution with non-ferro-
electric end member LaFeO; in the ceramic and film
forms.*=1 In this way, BiFeO; has achieved the properties
necessary for fatigue-free ferroelectric switching, excellent
dielectric loss and enhanced remanent polarization and
magnetization.?-!

For the Bi,_.La FeOs; (BLF) multiferroic material, much
effort has been focused on films and ceramics,> ! and some
effective synthesis methods, such as sol-gel,[!*!!] hydrother-
mal,l'? and molten salt synthesis,[!3] are available for pre-
paring the end members, especially of BiFeO3. However, as
for Bi;_,La FeOj; solid solutions, they were mainly obtained
by means of the conventional solid-state reaction.*!4 It is
well known that the molten salt synthesis (MSS) is a large-
scale, one-step, rapid, and environmentally friendly method
for preparing functional materials. In particular, the particle
shape depends on the type of salt, surfactant, and composi-
tion, and it could be controlled by suitable synthesis condi-
tions.['3] In this study, single phase Bi,_.La,FeOs, with the
whole composition range, was synthesized in a NaCl me-
dium in the temperature range 820-900 °C after a short
heating time (2 h). No impurity phases, such as Bi,sFeOyq
and Bi,Fe, Oy, could be detected in the products prepared
by the present MSS method; these impurities are difficult
to remove by other methods.['®!81 The crystal structure and
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phase transition are discussed in detail. The particle shape,
interestingly, depends on the composition. Furthermore,
the possible crystal growth mechanism is also revealed in
this study.

Results and Discussion

The end member BiFeO; of Bi;_.La, FeO; can be synthe-
sized by means of MSS only under very limited sintering
conditions, i.e. narrow temperature range of 800 10 °C,
rapid heating rate, and quenching process. The formation
of single phase BiFeO; is also influenced by the type of
salts.'3 The impurity phases, such as Bi,sFeO,, and
Bi,Fe 0o, could be formed due to either thermodynamic
preference during the heating process or decomposition of
BiFeO; during the cooling process. The process of rapid
heating and quenching favors the formation of pure phase
BiFeO;. However, it is important to note that doping with
a very small amount of La can be favorable for the forma-
tion and for increasing the thermal stability of perovskite
phase BLF. For compositions with x = 0.10, the synthesis
of the pure phase of BLF can be carried out at a normal
heating rate and does not need the quenching process.

As shown from Figure 1, as-prepared BLF compounds
constitute a single phase, and no other impurities such as
Bi,sFeOy4 and Bi,Fe 04 could be detected. The XRD pat-
terns can be indexed as single phase in the whole composi-
tional range 0.05 = x = 1.0. The structure of BLF evolves
from the rhombohedral BiFeO; (R3c¢) to the orthorhombic
LaFeO; (Pnma) with an intermediate orthorhombic phase
(€222)." From the evolution of the XRD patterns, it can
be clearly seen that the (006) peak at 26 = 39.1°, which is
strikingly characteristic of BiFeOs; (R3c¢), gradually disap-
pears when x < 0.2, and the (111) peak at 20 = 25.4°, which
corresponds to LaFeO; (Pnma), appears when x > 0.6. The
evolution of the phase can also clearly be seen in the en-
larged XRD pattern in the 20 range 45-48° (Figure 1b).
The single profile (024) of BiFeO; splits into two peaks in
the range 0.2 = x = 0.5, and these two peaks then merge
into a single peak at x = 0.6 with increasing x. For the BLF
solid solution, a phase transition occurs at when x is about
0.2 and 0.6. The values of x at the point at which phase
transition from rhombohedral to orthorhombic occurs
agrees well with those reported for ceramics.[3!41]

Bi;_.La,FeOj; exhibits several phase transitions from end
member BiFeO; to LaFeO;. In particular, the phase transi-
tion is more complex in the lower-La-content region (x <
0.20). For example, some previous studies suggested that no
phase transition occurs and that the rhombohedral struc-
ture (R3c) is maintained when x < 0.19;3:19-2% however, a
triclinic P; structure was reported in the range 0.06 < x <
0.24.211 Thus, in this investigation, a selected-area electron
diffraction (SAED) study was performed on BLF with the
composition BijggLag 10FeOs to confirm whether the crys-
tal symmetry is in the rhombohedral or triclinic phase. Two
electron diffraction patterns were obtained from the same
particle of BijgoLag 10FeO5 (Figure 2a,b). These two elec-
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Figure 1. (a) X-ray patterns of Bi; .La,FeO; with x = 0.05, 0.2,
0.4, 0.6, 0.8, and 1.0; (b) the evolution of enlarged X-ray peaks in
the 20 range 45-48°.

tron diffraction patterns can be indexed as a rhombohedral
structure (R3c) with a zone axis of [3140] and [1010]. The
zone axis [1010] was obtained after a rotation of about
19.4° on the tilting axis [0006]. The calculated lattice pa-
rameters are @ = b = 5.57(4) A and ¢ = 13.81(7) A, which
are in agreement with literature data.[>”! Figure 2 ¢,d depicts
the SAED patterns of a typical individual cube for other
Bi,_La,FeO; compositions (x = 0.05 and 1.0, respectively).
The sharp diffraction spots indicate that the individual cube
of BLF is well developed in the single crystal. The SAED
patterns of Bij¢sLag ¢sFeO3; and LaFeOs could be indexed
in the space group R3c¢ (No.161) and Pnma (No. 62),
respectively (Figure 2¢,d). The calculated lattice parameters
are a = b = 5.57(3)A and ¢ = 13.83(5) A for Bigos-
Lag ¢sFeO; and a = 5.554)A, b = 5.56(4) A and ¢ =
7.85(3) A for LaFeOs, which are in agreement with the pres-
ent XRD results and the literature data.!'*-2%
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Figure 2. Electron diffraction patterns of Bi;_.La ,FeOs: (a) and (b)
show the same Bi, oLa, ;FeOs particle tilted to the zone axis [3140]
and [1010], respectively; pattern (b) is derived from (a) after the
rotation of about 19.4° on the tilting axis (indicated by the dash
line); (c) BiggsLagosFeOs; (d) LaFeOs.
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These phase transitions in BLF are also supported by
Raman scattering spectroscopy (Figure 3). At x < 0.2, the
Raman spectrum is similar to BiFeOj; thin film and ceramic
spectra, and the Raman spectrum at x = 0.6 shows a sim-
ilar character to that of LaFeO5.[322 However, the Raman
spectra for 0.2 = x = 0.5 are very different from those of
end member BiFeO; and LaFeO;. In the rhombohedral
phase (x < 0.2), the Raman spectra of BLF with x = 0.05
and 0.10 show negligible LO-TO splitting with A4; sym-
metry in the lower frequency region, which indicates that
the short-range interatomic force dominates the long-range
force in the bulk state of BLF, in contrast with that in epi-
taxial films of BiFeO;.[??l The optical modes of three 4,
modes (labeled by A4;-1, 4;-2 and 4,-3), as well as E(1TO)
and E(2TO), which are dominated by the covalent Bi-O
bonds, show a slightly downward shift with increasing La
content. According to the simple harmonic model [Equa-
tion (1)], the 4; and E(TO) modes should shift upwards
because of substituting lighter La atoms for heavier Bi
atoms; however, these optical modes shift inversely with in-
creasing La content, which indicates the softening of the
force constant k between the Bi—O bonds. Substitution of
Bi by La weakens the strong hybridization between Bi
(6s%6p?) and O (2s?2p*). As the La content increases to x =
0.2, a pronounced change appears in the Raman spectrum.
Several new active modes appear, such as those at 106.8 and
623.7 cm™!, and the 4;-1 mode abruptly shifts upwards. As
the La content continues to increase to x = 0.6, another
phase transition occurs between the two orthorhombic
phases, with the disappearance of the mode 4,-2 and 4,-3.
In Bi; ,La, FeOs;, the structural phase transformations at x
= 0.2 and 0.6, revealed by the Raman spectra, agree well
with those revealed by the XRD investigations.

w=+k/m* (1)

where w is the mode frequency, k is the force constant, and
m* is the reduced mass of optical mode.
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Figure 3. Raman scattering patterns of Bi, .La,FeO; with the com-
position 0.05 = x = 1.0. The positions of active modes of
Bi,_.La,FeOs (x = 0.05 and 0.10) are calculated by full-pattern
fitting with the Lorentzian line.
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Figure 4 presents the SEM images of the BLF crystal-
lites. It can be seen that BLF with x = 0.05, 0.2, and 0.4
mainly consists of cubic crystallites with truncated edges
and corners (inset of Figure 4b). The average size is about
1 um. For x = 0.6, the particle shape changes to a tetrago-
nal crystallite with flat faces, sharp corners and well-defined
edges (inset of Figure 4d). However, as x increases to 0.8
and 1.0, the particle shape markedly evolves into a se-
misphere, and the size of particle is ca. 300 nm. It could be
concluded that the particle shape and size of BLF depend
on the composition. Such a dependence of particle shape
on the composition is also found in the perovskite
Ca;_,Sr, TiO; prepared by MSS.I'>?! The shape can be fur-
ther controlled by investigating the effects of different types
of salts and surfactants. As shown in Figure 4, some small
particles adhere to large ones, which indicates that the
growth of BLF could follow the Ostwald ripening mecha-
nism.[?3l After the formation of BLF, the smaller particles
gradually dissolve into the NaCl flux, and then redeposit
onto the larger particles. Furthermore, during the cooling
process, the dissolved BLF in the NaCl flux precipitates as
very fine particles adhering to the large particles. This crys-
tal growth mechanism is also directly supported by the
HRTEM measurement, which will be discussed in the fol-
lowing paragraph.

Figure 4. SEM images of Bi, .La,/FeO;: (a) BiggsLagosFeOs;
(b) BipgLlag,FeOs; (c) BigglagsFeOs; (d) BigglagsFeOs;
(e) Big,LaggFeO;; (f) LaFeOs. The insets show the shape of an
enlarged particle.

As shown from Figure 5, the EDS analysis confirms that
the chemical composition BiygsLag osFeOs3 agrees with the
nominal ratio. The elements of Cu and C originate from
the TEM grid. A further high-resolution TEM (HRTEM)
image of BijgsLaggsFeO5 reveals the nature of the single
crystal. The interplanar spacing of about 2.83 A corre-
sponds to the (104) plane of Bij¢sLaggsFeOs. It is impor-
tant to note that the thin border of the BijgsLag osFeOs
cube is in the amorphous form, while the inside is in the
single-crystal form, which can clearly indicated by Fourier
transform (Figure 5b). The electron diffraction in the area
1 shows the amorphous ring, whereas the electron diffrac-
tion in the area 2 shows the sharp diffraction spots (insets,
Figure 5b). The dissolved BLF in the NaCl flux first de-
posits onto the surface of the large particles in the amorph-
ous form, and then gradually crystallizes with increasing
3657
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sintering time. The growth of the BLF crystal follows the
Ostwald ripening mechanism, as confirmed by the present
HRTEM investigation.

@

Bi

Bi | |Bi

34 5 6 7 8 910
Energy [keV]

Figure 5. (a) EDS pattern and (b) HRTEM image of a typical indi-
vidual nanoparticle of Bij gsLag osFeOs. The insets are SAED pat-
terns of area 1 and 2 by Fourier transform.

It is important to note that the particle shape and size
are also different in the nucleation and growth stages, as
has recently been found in the preparation of BaZrOs per-
ovskite particles in NaOH/KOH medium by means of
MSS.P4 What will be the particle shape of BLF in these
two stages? For the BLF perovskite, Big4LagsFeOs
(BLF60) was selected to study this effect because of its rela-
tively uniform tetragonal shape (Figure 4d). In order to dif-
ferentiate the two stages of nucleation and growth, a series
of samples (1-9) corresponding to successive temporal
stages during the formation process of BLF60 (heated at a
rate of 5 °Cmin! to 850 °C and then kept at this tempera-
ture for 240 min) were synthesized. The samples 1-9 were
taken out of the furnace and cooled to room temperature
in air. Figure 6 depicts the reaction-time dependence on the
furnace temperature, the weight percentage of BLF60 (),
and the average particle size for the BLF60 sample. The
weight percentage of BLF60 was calculated on the basis of
the main XRD peak intensity of each phase, which is de-
fined as follows [Equation (2)].

Zw =1srreo /UsLrso + 1,0, 10,0, + 1 Fe,0,) )

where 7 is the main XRD peak intensity of each phase.
The average particle size was determined by statistical
analysis of tetragonal particles on the basis of the SEM
images. As shown from Figure 6, the starting oxides (Bi,Os3,
La,0O;, and Fe,05) do not react in the NaCl medium when
3658
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the furnace temperature is below 600 °C because the reac-
tion temperature is far below the melting point of NaCl
(801 °C). As the reaction temperature rises up to the melt-
ing point of NaCl, the reaction of raw oxides is rapidly
accelerated and the weight percentage of BLF60 largely in-
creases from 6.2% (sample 2) to 77.2% (sample 4) (Fig-
ure 6b). The chemical reaction to form BLF60 can be com-
pleted in a very short reaction time, i.e. 30 min, from sample
2 to 6. Upon heating the initial mixture, the starting oxides
dissolve into the NaCl molten salt, react, and then grad-
ually form BLF60. With increasing reaction time, nucle-
ation occurs as the supersaturated solute concentration of
BLF60 reaches the critical solubility (Ch,), which is above
the equilibrium solubility (Cp).?*) Once nucleation occurs,
growth of the particles takes place simultaneously. However,
as the concentration is below Chyi, in the following reaction
process of raw materials, nucleation stops, and the existing
nuclei continue to grow. As shown in Figure 6b, this stage
can be regarded as the growth stage without nucleation
(sample 6-9), where the formation of BLF60 is complete
and no raw oxides exist in the NaCl molten salt for further
nucleation. For samples 1-5, nucleation and particle growth
take place simultaneously. In this stage, once nucleation oc-
curs, the particle size of sample 2 increases to ca. 200 nm
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Figure 6. (a) Furnace temperature, (b) weight percentage of
Big4Lay ¢FeOs, and (c) average particle size as a function of reac-
tion time for Bij4La¢FeOs. The numbers represent the sample of
Big 4Lag ¢FeOs heated at different reaction times.
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(Figure 6¢). The particle size increases rapidly in the initial
stage of BLF60 formation (i.e. samples 2-5) and then grad-
ually increases in the following growth stage (i.e. samples
6-9).

Figure 7 shows SEM images at the different stages of
BLF60 formation. During the stage where nucleation is
dominant for sample 3 (weight percentage of BLF60 is
39.4%), the particle has an irregular tetragonal crystallite
shape (Figure 7a). As the reaction time is increased, the
particles gradually grow into a regular tetragonal crystallite
with sharp corners and straight edges (sample 9, weight per-
centage of BLF60 is 100%; Figure 7c). The clear profile of
the particles indicates a relatively low solubility of BLF60
in the NaCl molten flux, which could also be supported by
the relatively slow growth rate during the particle growth
stage of the tetragonal particle (samples 6-9 shown in Fig-
ure 6¢). The relatively low solubility of BLF60 does not ac-
celerate the particle growth. In fact, the average size in-
creases only by ca. 25% from sample 6 to 9. After the com-
pletion of the reaction of precursor oxides, the growth of
particles is controlled by the Ostwald ripening mechanism
(samples 6-9),1231 where the smaller particles gradually dis-
solve into the NaCl molten flux and the larger ones grow.
It should to be noted that the particle growth behavior of
BaZrOs is different from that observed in this study. The
particle size of BaZrOs is similar in the predominantly nu-
cleation stage before the formation of BaZrOs is complete;
however, the size grows rapidly in the following particle
growth stage. The particle shape is also different in these
two formation stages; cubic particles are formed in the ini-
tial stage, which then transforms into spheres with increas-
ing reaction time.*¥ Apart from the different nature of the
perovskites, this difference in particle growth behavior ob-
served in the present study and that reported in the litera-
ture could arise from the different types of molten salts. The
temperature-dependent properties of the molten salt, such
as melting point, viscosity, and solubility, will play an im-
portant role in the particle size and shape.

Fe,0, «
Bi,O, =

La,0,
BLF60

J

ﬂ”.—_s X

"
m

Figure 7. SEM images for tetragonal-shaped particles of
Big4Llay ¢FeO; at different reaction times: (a) sample 3, 130 min;
(b) sample 4, 140 min; (¢) sample 9, 400 min. (d) X-ray diffraction
patterns corresponding to these three samples, where the main
peaks for the raw materials are indicated by symbols.
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Conclusions

Bi, . La,FeO; of micron or submicron single-crystals are
prepared by a facile, one-step, and environmentally friendly
molten salt synthesis. The particle shape, which include cu-
bic, tetragonal, and semi-sphere crystallites, evolves with
composition. The structure changes from rhombohedral
BiFeO; (R3c¢) to orthorhombic LaFeO; (Pnma) with an in-
termediate orthorhombic phase (C222), which were re-
vealed by the XRD, Raman scattering spectroscopy, and
electron diffraction. Bi;_,La,FeO; exhibits the rhombo-
hedral symmetry at x < 0.20. For Big4Lag¢FeO3 with a
tetragonal shape, nucleation is completed in a short time as
the reaction temperature nears the melting point of the
NacCl salt. The tetragonal particle size increases rapidly in
the initial stage of Bij4Lag ¢FeOs formation, while it only
gradually increases in the following growth stage. In all tem-
poral stages, Bij 4Lag ¢FeO; exhibits a tetragonal shape. The
Ostwald ripening mechanism plays an important role in the
crystal growth of Bi;_.La ,FeOs. The present simple method
could be useful for large-scale synthesis of other important
multiferroic materials and for the control of the crystal
shape under suitable preparation conditions.

Experimental Section

Bi;_,La,FeOj; was synthesized in the whole composition range 0.05
= x = 1.0 with a 0.1-step and spans several structural transitions
from rhombohedral BiFeO; (R3c¢) to orthorhombic LaFeO;
(Pnma). In a typical reaction, Bi,O3, La,0s, Fe,03, and NaCl were
mixed, with a molar ratio of oxides according to the composition
Bi, .La,FeO; and a molar ratio for BLF/NaCl 1:3. The mixture
was ground in ethanol for 20 min. After the mixture was dried, it
was transferred to a crucible, and then loaded into a furnace. The
pure phase of BLF can be obtained after heating the mixture at
820-900 °C for 2 h and washing the mixture several times with de-
ionized water to remove the NaCl salt. It is important to note that
for the synthesis of BLF at the low values of x (x = 0.05), a process
such as the rapid-thermal technique!®>3! needs to be introduced to
maintain the single phase of BLE The detailed experimental pro-
cess can be found in our recent report.'3l For the synthesis of
Bi,_.La,FeO; with a higher content of La (0.10 = x = 1.0), a
normal heating process can be used. The morphology and structure
of the BLF samples were characterized by scanning electron micro-
scopy (SEM, model: LEO1530, LEO Electron Microscopy Ltd.,
Germany), high-resolution transmission electron microscopy
(HRTEM, model: JEM-2010, JEOL, Japan), and X-ray diffraction
(XRD, model: M21XVHF22, Mac Science, Yokohama, Japan).
Raman scattering data were collected by using a Raman spectrome-
ter (model: JY-T64000, Jobin Yvon, France).
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