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1) %JETiX, DCNQI ® LUMO /N> R D1ig73(DMe-DCNQI),Cu £ ¥ H36< | m-d IR FIV, L
22 UMNEIZ K- THFEICHE KT 5, [K2(a)]

2) #I\3Z DI-DCNQI 431 ® HOMO-LUMO O T3 /L ¥ —7]3 0.8 eV Tdh Y, DMe-DCNQI D 1.2eV
X L8, DI-DCNQI @ HOMO (2133 UFHE D p $liEDZH 5 K&\,
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(DI-DCNQI = 2,5-Diiodo-N,N’"-dicyanobenzoquinonediimine,

DMe-DCNQI = 2,5-Dimethyl-N, N -dicyanobenzoquinonediimine)
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Visualization of Molecular Electronic Polarization in Bi,SiO5
Younghun Kim, Juegeun Kim and Masaki Takata

Structural Materials Science Laboratory, RIKEN

The emergence of ferroelectric property of

300K 773 K
Bi,SiO5 (BSO) has been investigated by visualizing (a) . (0
electronic polarization within a fragment unit, ’i 'i ’i’“i‘ "'H“H
R : v O T
which is collaterally defined from the electrostatic z_mAI e o——o SRS 4 %zm A
M M| ;A o o o oy
potential (EP) analysis based on electron charge 294 SU Te 9 % 919 % 2508 4
_‘ —
density (ECD) using maximum entropy method 2354 E §
y (ECD) using maximu Py Alvvgg 969{@6%
(MEM) [1-3]. teteles” etelete
BSO has a layered structure composed of the . )
SiO; and the Bi,O, layers, which are stacked each (b)I_.‘ '(d)
- . MET AP AP AL S (e S G ¢
other along the a-axis. An appearance of electric ; -0 o0 QO ieg o@| Q'
. I DI R T D e
polarization accompanys the structural phase ¢0® Joa Oﬁbo GEICE 3
transition from the orthorhombic (Cmcm) to the 4 161@:0‘ O¢ ¢f 5@:06” O¢
in ith cooling (Fi R SR s Nt
monoclinic structure (Cc) with cooling (Figure 1). 16080 | Q) (B0 16140 O Do
From synchrotron radiation (SR) X-ray powder I L Gt S L G itk S

diffraction data, nuclear positions and ECD
Figure 1. Crystal structure of BSO at 300 K (a,b) and 773 K (c,d).

distribution are determined by using the MEM/ (a)and (c) were the projected view of Bi,SiOs onto a-c plane.
Rietveld method. The fragment is defined as the (b) and (d) were the projected view onto b-c plane.

region surrounded by the trace of local minimum of EP, which is obtained as the sum of electron- and
nucleus-charge components, U,(r) and U,.(r). The electric polarization based on the ECD/EP analysis is

given by the following equation,
P= ;{Z AN =35 (=) + (2, =23 = [ =3P s+ [ (=3 v + [ 2 =2)p, o2y | (D)

where V and e are the volume of the unit cell and the elementary charge. z; and R; are the atom number and
the position of ith atom. p(7;) is the electron density located at ith pixel. r; and 7, are the position of ith pixel
and the center of mass. This method for the estimation of polarization was termed MaxEnt/fragment EP
method.

Figures 2 show ECDs at the ferroelectric phase (300 K) and the paraelectric phase (773 K). At
ferroelectric phase, the Bi atoms form a stronger covalent bond with one of the four-equivalent
first-neighbored O atoms in the paraelectric phase. The Bi(b)-O(b) and Bi(a)-O(c) pairs form electric dipole
moments, and the two neighboring electric dipoles align against each other in the Bi,O, layer (Figure 2(a)).
On the other hand, the Si atoms in the ferroelectric phase form a stronger covalent bond (Figure 2(b)) with
three of the four-equivalent first-neighbored O atoms in the paraelectric phase, giving rise to the formation of
the SiO; fragment in the SiO; layer. The electric polarization of the SiO; fragment aligns in the ferroelectric

configuration. It is found that the large dipole moment of BSO originates from the SiOs layer instead of the



Bi,0; layer.

With MaxEnt/fragment EP method, the  (a) 300 K 773K
polarization of Bi,SiOs is reasonably decomposed I_’ o
0(c)
into local polarizatons (Table 1). The SiO; layer ° CB] Y \ O 0
shows a large polarization of 27.34 pC/cm’. The é) 0 bw @ 0lb) o O
projected values of the polarization along a- and @ @’ED ()OO
-

c-axis, P, and P, in the SiO; layer are 1.44

Isosurface of charge density : 0.85 e/A3

uC/cm’® and 27.30 pC/cm?, respectively. It should
be noted that the P, is zero due to the inversion
symmetry along b-axis. The Bi,O, layer has small
but a distinct polarization value: the projections
of polarization in the Bi,O, layers are -1.78
],LC/cm2 for P, and -3.82 uC/cm2 for P.. Total P,

and P. of BSO are estimated to be 0.34 uC/ cm’ Figure 2. Dipole moment of Bi-O and SiO; fragment. (a) Shape of
BiO, pyramid with the 0.85 ¢/A’ isosurface. (b) Shape of SiO;
tetrahedral fragment with the 1.5 ¢/A® isosurface. Arrows in (a) and
(b) show the electric dipole moment expected from the structural
distortion.

and 23.48 uC/cm’, respectively. The value of P,
in the preset study is roughly consistent with that
predicted by the theoretical calculation (0.1
uC/cm?) and that determined by PE measurements (0.8 pC/cm?). The P, predicted by the theoretical study is
14.5 uC/em’. The present work demonstrates that the MaxEnt/fragment EP method using the precise X-ray
powder diffraction data enables us to determine the local polarization in the crystal as well as the bulk
polarization values. The newly developed method will facilitate further development of lead free ferroelectric

materials by visualizing local polarizations, which are good clue to understanding an origin and a mechanism

of ferroelectricity.
Table 1. The polarization in the layer and a unit cell of ferroelectric BSO. Unit : nC/cm?
|P| Pa Pb Pc
MaxEnt/ . Bi,0, 4.21(7) -1.78(12) 0 -3.82(2)
axtatiragmen SiO; 27.342) | 1.44(12) 0 27.30(1)
EP method
Bi,SiO5 23.48(3) 0.34(24) 0 23.48(3)
PE hysteresis Bi,S105 - 0.8 - -
First-principl
iStprineip’e Bi,SiOs 14.5 0.1 0 14.5
calculation[4]
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