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Molecular Electronic Polarization Visualization in Bi,SiOs

—~Protocol for Ferroelectric Properties—

Younghun Kim, Jungeun Kim, Masaki Takata

Structural Materials Science Laboratory, RIKEN SPring-8 Center

For design of novel functional materials, it is essential to
understand not only their atomic level but also electron level
structures. Our research target is Bi,SiOs (BSO), which has been
considered as one of good candidates of lead-free ferroelectric
materials. This material has a Aurivillius-type structure with the
parallel layer of silicate layers (SiO;)* sandwiched by the bismuth
oxide layers (Bi,0,)*" as shown in Figure 1.? In this system, the
structural flexibility of the silicate layer can be regarded as a key
factor of emergence of ferroelectric properties. In fact, a large
electronic polarization along c-axis has been predicted by the DFT

calculation. However, due to the crystal facet it is very difficult to

Fig. 1 Crystal structure of

Bi>S10s.

measure the electric susceptibility along b and c-axis. In this study, we have visualized the ionic polarization

for each layer and demonstrated how we estimate a contribution of the electronic polarization to the

macroscopic polarization using the charge density and electrostatic potential® obtained by analyzing

synchrotron powder diffraction data with Maximum Entropy Method (MEM).

By the precise structural analysis, it was found that BSO has a structural distortion induced by the

structural phase transition from the orthorhombic (Cmcm; No. 63) to the monoclinic structure (Cc; No. 9)

with cooling. Using the observed intensities estimated by Rietveld refinements, the MEM charge electron

density and the electrostatic potential results were obtained. Figure 2 shows the electrostatic potential colored

on an isoelectron density in the ferroelectric and paraelectric phase. This figure shows that a potential

difference between cation and anion at 300 K is enhanced

300K 773K

compared with that at 773 K. These results correspond to o
the ionic polarization within each molecule. The 1o 5@%7339‘ )3,) 09() ,
- - g - - - - - = = = '\'
significantly enhanced ionic polarization of each layer is 3
indicative of the ferroelectricity of bulk BSO material. dui ) ) O (@) oo ¢) o

Figure 3 shows two-dimensional electrostatic potential (33,0, O&’ ,,’ OO OOO

ayer

maps with their electric field. The electrostatic potential 0 0

P> o P ;9,393 )00000
counter lines and electric field direction at 773 K for both T_,

On the other hand, the
distributions at 300 K are asymmetrical reflecting the

layers are symmetrical.

crystal symmetry. Here we try to evaluate the electric
susceptibility for each molecule to each direction a, b and
c-axis.

To calculate this, we composed the total

MEM isosurface : 1.5 eh\’

Fig. 2 3-dimensional electrostatic potential
distribution for visualization of
polarization. It was colored from 1.8 e/A to
2.8 e/A on 1.5 e/A3 isosurface of charge
density along bc plane having large
polarization.



contribution into the nucleus charge and electron charge, which were calculated based on the atomic position

and electron density, respectively. Note that total electron density was redistributed to each ion by the

potential local minimum. As a result, the ferroelectric polarization of the silicate (bismuth oxide) layer were
-8.5 (9.2), 0.0 (0.0) and -72.5 (52.6) uC/cm? along a, b and c-axis, respectively. In addition, the total
ferroelectric polarization is originated from the c-axis; they were 0.7, 0.0 and 19.9 uC/cm? along a, b and

c-axis, respectively. It seems that the polarization effect cancels each other out, but we have found the silicate

layer plays a key role for ferroelectric polarization.

By using both the electron density and electrostatic potential maps, we demonstrated that the

macroscopic polarization can be decomposed into electronic polarization. We believe that this approach is

300K W 773K

very useful for designing of expected
functional materials such as rare metal free
ferroelectric material.

This  research was conducted in
collaboration with Prof. Mitsuru Itoh (Tokyo

Institute of Technology) et al.
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Fig. 3 2-dimensional electrostatic potential map
with electric vectors at each layer. The range of
electrostoatic potential value 1s from -2.15 e/Ao to
21.85 e/Afor the silicate layer and from -2.00 e/A to
20.00 e/A for the bismuth oxide layer, respectively.
The black arrows indicate electric vectors and they
are evaluated from the minus gradient of the
electrostatic potential at each point.
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