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Microstructures associated with the ferroelectric (FE) properties in (I1-x)BiFeQ3-
xBaTiO3 were investigated mainly by a transmission electron microscopy. It was found
that large FE domains in BiFeO3z changed into complicated FE microdomains with the
20-30 nm width in the x = 0.25 compound. The directions of the spontaneous polariza-
tion in each FE microdomains were determined by obtaining dark-field images. Changes
of the FE microdomains for x = 0.28 composition as a function of the temperature were
also investigated.
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1. Introduction

Magnetic ferroelectrics (the so-called multiferroic materials) have attracted renewed in-
terest recently because of their potential in novel magneto-eleciric and magneto-optical
devices [1-3]. In magnetic ferroelectrics, both magnetic and ferroelectric (FE) orderings
are involved with local spins and an off-center structural distortion, respectively. These
two seemingly unrelated phenomena can coexist in magnetic ferroelectrics [4-6]. In addi-
tion, the mutual control of magnetization and electric polarization can be accomplished in
hexagonal manganites such as TbMnQO; and HoMnO; [7-9]. A recent work by Zhao et al.
succeeded in observing the electrical control of the antiferromagnetic domain structure in
multiferroic BiFeQs thin films by using the piezo force microscopy, combined with the
X-ray photoemission electron microscopy [10].

BiFe(s; is one of the typical multiferroic materials, in which ferroelectricity and antifer-
romagnetism coexist at room temperature [ 1 1-13]. Some previous works have reported that
BiFeO; exhibits a structural phase transition from the rhombohedral structure (space group
R3c¢) to the cubic one around Te ~1110 K, which accompanies the polar displacement of
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the Bi, Fe and O ions along the [111] direction and the cooperative rotation of the FeOg
octahedra around the [111] axis. The cubic-to-rhombohedral transition accompanies the
appearance of the spontaneous polarization (P) along the [111] direction. Note that the
high-temperature paraelectric structure with the cubic symmetry has not been determined
correctly. Subsequently an antiferromagnetic transition occurs at Ty ~650 K. From these
results, BiFeO5 exhibits the coexisting state of the FE and antiferromagnetic orders at room
temperature. It has been reported recently that the magnitude of P is enhanced dramat-
ically in BiFeQs; thin films with the tetragonal structure (space group: P4mm) [3]. This
experimental result suggested that the decrease of the rhombohedral distortion along the
[111] direction has close relation to the enhancement of the ferroelectricity [3]. Theoretical
consideration by using accurate density functional calculations suggests that large P; comes
from the hybridization interaction between Bi-O and Fe-O bonds [14]. The ferroelectricity
in BiFeOs originates from the distortion of the Bi-O coordination environment as a result
of the stereochemical activity of the lone pair on Bi. ‘

On the other hand, it has been reported that (1-x)BiFe0;-xBaTiO; has a structural
phase transition from the thombohedral structure to the cubic one around the BaTiO; con-
centration (x) of x = 0.33. In addition, anomalies in dielectric and magnetic susceptibilities
were found around x = 0.33. This suggested that there is some close relationship between
structural change and dielectric/magnetic properties in (1-x)BiFeO3-xBaTiO; [15]. Thus,
we have carefully investigated both microstructures and structural changes associated with
the anomalies of dielectric/magnetic properties in (1-x)BiFeO;-xBaTiOsby a transmission
electron microscope (TEM) experiments. Changes of the microstructures associated with
the FE properties will be reported. In addition, the directions of P in each FE domains by
taking dark-field images were determined on the basis of the experimental data.

2. Experimental

Polycrystalline samples of (1-x)BiFeO3;-xBaTiO; with x = 0.0, 0.20, 0.25, 0.28 and 0.35
were prepared by the conventional solid-state reaction method. The crystal structures of the
obtained samples were checked by the x-ray diffraction method. In order to evaluate the
magnetic and FE properties, we have measured both magnetic and FE hysteresis curves at
room temperature. The crystallographic features of the obtained samples were examined
by taking electron diffraction patterns and bright- and dark-field images. Observation was
carried out between room temperature and 700 K, using a JEM-2010 TEM equipped with
a heating holder. Specimens for the TEM observation were prepared by an Ar-ion thinning
technique.

3. Experimental Results and Discussion

BiFeO3 has a rhombohedrally distorted perovskite-type structure at room temperature as
shown schematically in Fig. 1. Note that the space group is identified as R3c. The co-
operative rotation of FeOg octahedra along the [111] direction, in addition to the polar
displacements of Bi, Fe and O ions along the [111] direction, gives rise to the thombohedral
distortion in BiFeQ3. We have carefully investigated changes of the crystal structure by the
increase of the BaTiOsconcentration in (1-x)BiFe(Q;-xBaTiO; by obtaining various electron
diffraction patterns at room temperature. Figure 2 shows the electron diffraction patterns in
(1-x)BiFe03-xBaTiOs;with (a) x = 0.0, () 0.25, (¢) 0.28 and (d) x = 0.35, respectively. Note
that the electron beam incidence is almost parallel to the [1-10] direction. As indicated by
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Figure 1. Crystal structure in the ferroelectric phase of BiFeQs at room temperature.

arrows in Figs. 2(a), 2(b) and 2(c), superlattice reflections at 1/2 1/2 1/2-type positions can
be clearly seen in addition to the fundamental reflections due to the cubic perovskite-type
structure. As understood by the comparison of the intensities of the superlattice reflections
at 1/2 1/2 1/2 in Figs. 2(a), 2(b) and 2(c), these intensities for the composition x = 0.0 are

Figure 2. Electron diffraction patterns at room temperature with the [1-10] incidence in (a) x = 0.0,
(b) 0.25, (¢) 0.28 and (d) 0.35, respectively.
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Figure 3. Ferroelectric domain structure in the x = 0.20 compound. (a) g = [111], (b) tilted and (c)
g =1[1/2 1/2 1/2]. (d) Schematic description of the FE domain configuration determined in this work.

much stronger than those for the compositions x = 0.25 and x = 0.28. It should be noted
that the rhombohedral distortion in these compounds is characterized as the presence of the
superlattice reflection spots at 1/2 1/2 1/2-type positions. These reflections imply that the
rhombohedral distortion in the x = 0.25 and 0.28 compounds is much smaller than that in
the x = 0.0 compound. It is suggested that the magnitudes of the displacements of Bi, Fe
and O ions along [111] direction decrease by substituting BaTiO; for BiFeOs.

Changes of the microstructures related to the FE properties were investigated by ob-
taining the real-space images in (1-x)BiFeOs-xBaTiO;. As reported in the previous work
[10], BiFeOs has large FE domains at room temperature. Note that domain structures due to
the rhombohedrally distorted structure in BiFeQ; correspond to the FE domain structures.
Figure 3(a) displays the dark-field images obtained by using the 111 fundamental reflection
spot at room temperature in the x = 0.20 composition. Note that the 111 fundamental re-
flection spot corresponds to ¢ = [111], where g denotes the reciprocal lattice vector. As can
be understood in Fig. 3(a), the size of the FE domains reduce to the size of the ~100um. In
order to determine the direction of P in each FE domains, we obtained dark-field images
at room temperature by using various different g vectors. For instance, Figs. 3(b) and 3(c)
exhibit the microstructures that were obtained by using g = [111] and ¢ = [1/2 1/2 1/2],



126/[322] . S. Kitagawa et al.

{2} 111 spot

Figure 4. Ferroelectric domain structure in the x = 0.25 compound. (a) g =[111], (b) g = [001] and
(e) g = 1[1/2 1/2 1/2]. (d) Schematic description of the FE domain configuration determined in this
work.

respectively. In the dark-field images shown in Figs. 3(b) and 3(c), the regions with the
bright contrast correspond to the region in which the condition that the product of the g
and P vectors is positive, g-P; > 0, is satisfied. We can determine the direction of P by
obtaining dark-field images with various different g vectors. Figure 3(d) is a schematic
description of the spatial configuration of P; in the composition for x = 0.20.

As the BaTiO; concentration (x) increases in (1-x)BiFeO3-xBaTiOs, it is found that
the average size of the FE domains is reduced and the width of the FE domains can be
estimated to be approximately 100 nm for the composition x = 0.25. In addition, the
boundaries between the adjacent domains are very diffuse in the x = 0.25 compound. Figure
4(a) displays the dark-field image obtained by using ¢ = [111] at the room temperature
in the x = 0.25 compound. As can be understood in Fig. 4(a), the average size of the FE
domains reduces to the 100 nm width. To determine the direction of P, in each FE domains,
we obtained dark-field images at room temperature by using various different g vectors.
Figures 4(b) and 4(c) exhibit the microstructures obtained by using g = (001) and ¢ = (1/2
1/2 1/2), respectively. In the dark-field images shown in Figs. 4(b) and 4(c), the regions with
the bright contrast correspond to the region in which the condition that the product of the g
and P vectors is positive, g-P; >0, is satisfied. We can determine the spatial configuration
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Figure 5. Temperature variation of the ferroelectric domain structure in the x = 0.28 compound.
The images are obtained at (a) 298 K and (b) 680 K, respectively.

of the P, by obtaining dark-field images with various different g vectors. Figure 4(d) is a
schematic description of the spatial configuration of the P; in the x = 0.20 compound.

To confirm that the microstructures obtained in Figs. 3 and 4 are associated with the
FE domain structures, we investigated changes of the microstructures obtained by using
¢ = (111) as a function of the temperature in the wide temperature window between 298
K and 800 K in the x = 0.28 compound. Figure 5 shows the microstructures obtained
at (a) 298 K and (b) 680 K, respectively. In Fig. 5(a) we can see FE domain structures
clearly. As the temperature was increased to 700 K, it was found that the contrast due to
the domain structures disappeared around 680 K, which corresponds to the ferroelectric
transition temperature at 680 K [15]. This means that the domain structure shown in Fig.
5(a) corresponds to the FE domain structure.

4. Summary

In summary, we have clarified microstructures associated with the FE properties in (1-
x)BiFeO;-xBaTiOsby the TEM experiments. It is revealed that structural change from the
rhombohedral structure to the cubic one took place around the x = 0.33 compound at room
temperature by partial substitution of BaTiO5 for BiFeO3. We examined the direction of P;
in each FE domains and found that the FE microstructures in the x = 0.28 compound are
characterized as finely mixed states consisting of the FE domains with the various directions
of the P,.
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