The Korean Journal of Ceramics, 5[4] 341-347 (1999)

A Combined Rietveld Refinement on the Crystal Structure of a
Magnetoelectric Aurivillius Phase Bi,Ti,;FeO , Using Neutron
and X-ray Powder Diffractions

Taegyung Ko*, Changho Jun* and Jeongsoo Lee**

*Department of Ceramic Engineering, Inha University, 253 Yonghyun-dong,
Nam-gu, Incheon 202-751, Republic of Kareq
*Korea Atomic Energy Research Institute, 150 Dukfin-dong, Yusong-gu,
Taemun 305-353, Republic of Korea
(Received November 6, 1999)

An ambigmty on the correct room temperature structure of Bi,Ti,FeQ,; was resolved using a combined Rietveld
refinement of neutron and X-ray diffraction. The structure of ilus compound has been reported to have a space
group of F2mm (adopting 2-fold rotation symmetry along the c-axis) or A2 am. However, our diffraction study
reveals that some refleclinng would violate F-centermg and eonfirm that they helong to AZam. Our refinement
with the space group of A2 am converged al R, =6.85%, pr=9.°23% and 12:1.5;:36 for an isotropic lemperature
model with 85 variables. The lattice constants are a=5.4677(1) A, b=5.4396(1) A. and c=41.2475(8} A. Tn struc-
ture, Ti/Fe atoms at the oxygen octahedral sites of the perovskite umt are completely disordered, resulting m
that these atoms are transparent in neutron diffraction. The octahedra of the perovskite unil are relatively dis-
placed along the a-axis against the Bi atoms, which contribute as a major component to the spontanecus polar-

ization of Bi Ti,FeQ,,
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I. Introduction

mong the Aurivillius phase, a series of Bi, Ti.Fe O,,,..

(BITnBF) are compounds complexing perovskite layers
of ferromagnetic BiFeQ, (BF} into a ferroelectric Aurivillins
phase Bi,Ti,0,, (BIT). As a result, BITnBF has been known
an unusual oxide showing magnetoelectricity at ambient
conditions."™ For this compound, eleclric field can be induc-
ed by applying magnetic feld, and vice versa. This conver-
sion could make a polarized slate retained even after re-
moval of magnetic field. At present, the arigin of the magne-
loelectric effect in BITnBF is not clearly known yet. How-
ever, it appeared to be inlluenced hy various struectural di-
stortions in the perovskite layers containing ferromagnetic
Fe* and polarizable T1* ions. In the reported BITnBF com-
pounds, the number (n} allowed for the perovskite layers
has been reported to be five.” Such an accommodation is
expected to be associated with various commensurate dis-
placive modulations of constituent atoms resulting in
orthorthombic distortion in common. Wither ef af.” suggest-
ed that for the Aurivillius phase, three major displacive
modes can be derived from the pareni structure having the
space group of Fmmm: F2mm mode [or atomie shifts along
the a-axis, Bmah or Amam mode for octahedral rotation
about the a-axis, and Bbab or Bham mode for octahedral
rotation about the c-axis. In particular, the F2mm mode is
considered to be a major digplacive mode inducing sponta-
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neous polarization.

For BIT1BF, Kubel and Schmid” reported from both si-
gle and powder X-ray diffractions that the structure of
BIT1BF is orthorhombic, whose space group belongs to F2mm
{assuming a-axis as a polar direction). Later, Ko et al.”
showed that from a synehroton X-ray diffraction data, it
could have the space group of A2 am implying that the true
space group needs to be resolved. On the ather hand, Kubel
and Schmid”' suggested that BIT1BF undergoes phase tran-
sitions from F2mm-Fmmm at 560°C and Fmmm-T4/mmm at
750°C. These phase transition points have been also recog-
nized from dielectric measurements at high (empera-
tures.™ Therefore, if BITIBF has the space group of A8 am,
the phase of F2mm could be an intermediate temperature
one. This means that the F2mm phase could be metastably
quenched, which is process-dependent. Olherwise, their Xoray
diffraction data might not show the correct room temperature
structure, very likely due to dominant scaltering of Bi atoms
over pxygen atoms. In this study, we atternpt to reveal the
nature of this room temperature structure adopting a comhined
neutron and X-ray diffraction, which can provide higher {rans-
parency for heavy atoms such as Bi and higher scatterng for
light atom such as O, compared to X-ray diffraction only.

11. Experimental Procedure

A stoichiometric amaount of the oxides Bi,0, (99.99%. Ald-
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rich), Fe,0, (99.98%, Aldrich), and Ti0, (99.99%, Aldrich)
was ball-milled over twe days. The mized powder was press-
ed to form into a pellet and then heated in a Pt crucible at
900°C for one hour. In the ascending heating stage, the sam-
ple was intermittenily maintained at 650°C for one hour to
avoid melting. After heating, the hardened sample was
crushed, sieved to <150 mesh, and then ground using a
motorized agate mortar and pestle. The powdered sample
was pressed to form into a pellet and then heated at 1,060°C
for 16 hours. Finally, the pellet was hand-crushed in an
agate mortar, sieved to <400 mesh and annealed at 1,000°C
far two hours followed by slow cooling. All the heating was
performed in air with keeping the pellet sample contained
inside the Pt crucible.

Neutron powder diffraction data were collected on HRPD
at Hanaro (Korea) using a neutran wavelength of 1.8339 A,
About 10 g of BIT1BF was placed in a cylindrical vanadium
can. The can was rotated during the data collection. Data
colleclion was carried out with a 32 multi-detector system,
which covered the 20 range of 0°~160° with a step scan of
0.05°. Commnl, time was given 70 seconds for each step. For
analysis, the data below 10° and above 155" were excluded,
which were interfered by beam line compenents.

X-ray powder diffraction data were collected on a Philips
(X'pert) diffractometer (divergence slit=0.5°, receiving slit =
0.15°) with the Bragg-Brentano geometry at KBSI (Korea)
using a monochromatic CuKe radiation aperated at 40 kV
and 40 mA. The step scan was adopted to cover the 26 of
20°~140" with the step width of 0.02° in 26 and the counting
time of 7 seconds for each step.

A combined Rietveld refinement for the neuiron and the
X-ray data was performed using GSASY with the space
group of A2 am. Starting structural parameters were esti-
mated based on an assumed parent stucture model with the
space group of Fmmm. With a disordering of transition
metal atoms, Ti and Fe in 3: 1 atomic raiio, the neutron
scattering length of Ti/Fe atom is virtually zero. Therefore,
the initial refinement was carried out without these metal
atoms for the neutron diffraction data, whaich gave the loca-
tions of the other atoms in structure. Our result confirmed
that the sites of the Ti/Fe atoms were vacant. In other
words, such a transparency for the Ti/Fe atoms in the neun-
tron diffraction revealed that the Ti and Fe atoms are com-
pletely disordered. To locate the Ti/Fe aloms additionally, a
combined refinement was performed including the X-ray
diffraction data.

In the refinement, background was fitted by a cosine Fou-
rier series with eight terms. Peak shape was modeled using
the pseudo-Voigt profile function with coefficients parame-
terized by Thompson et ¢l.” for the parameters of profile
width and the Lerentzian profile broadening. The neutron
peaks showed a considerable degree of profile asymmetry
for 20 below 387, while the X-ray ones did not show signifi-
cant profile asymmetry. In the beginning, the neutron
refinement was carried out for the whole range of the angle
data. When an asymmetry correction was applied for the
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lower angle data, a strang correlation occurred with the unit
cell paramsters. However, there was not a significani
change in structural data. Therefore, the successive neutron
refinement was performed for only the 38°~155° portion of
the diffraction pattern in 28. This procedure could allow a
stable convergence with a greater confidence on the refined
structural data. In addition, the dala showed a weak pre-
ferred orientalion due to plate-shaped crystal forms, which
was corrected to improve the peak fit. For X-ray diffraction
data, an absorption correction for surface roughness gave an
improvement on thermal paramelers of the TvFe atoms.
Refinement of the bismuth occupancies gave no indication
of any significant deviation from their stoichiometries. In
the combined refinement, 85 refined parameters were glo-
bally varied including 36 positional paramelers and 13 iso-
tropic temperature parameters. The x parameter of Bi was
fixed as an origin for a polar axis. A stable convergence for
the final refinement was achieved to R =6.856%, R, = 9.23%,
and ¥°=1.66 with 8340 observations. The crystal data and
standard R factors for the profile [its were given in Table 1,
the refined structural parameters were presented in Table 2
and the fitted powder patterns for the neutron and X-ray
diffractions were shown in Fig. 1.

II1. Results and Discussion

1. Structure Refinement

Kubel and Schmid” from a single crystal and a powder &-
ray diffraction study showed that the space group for
BIT1BF is F2mm. However, our neutron data was unable {o

Table 1. {rystal Data and Details of the Combined Neuiron
and X-ray Refinements

Chemieal formula Bi Ti,FeO,,
Z 4
Caleulated density (g/em® 8.037
Space group A2 am
a(d) 5.4677(1)
b(4) 5.4396(1)
c(A) 41.2475(8)
Number of 2341  neutron 5999  x-ray
Obervations
Number of 454 neutran 1376 x-ray
Reflections
Number of 85 iotal
Variables
o 0.0686 neutron 0.1097 =x-ray (00923 total
R+ 0.0534 neutron 0.0824 xray  0.0685 total
e 1.655 total

Numbers in parentheses are esd’s in the last significant digit.
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be fitted with the space group F2mm showing that some
weak reflections violated F-centering. It is possible that the
structure with F2mm could be a metastably quenched high
temperature polymorph considering that F2mm is higher

Table 2. Refined Positional and Thermal Parameters for Bi.-
Ti,FeQ,,

Atom  Site X ¥ % Utx10%A%)
o 4a  .3310(26) .3252(28) 0 .8734)
O2) 8b  .0082(18) —.0075(17) .25050(25)  .67(18)
Q03) &b .3271(20% .1882(19) .09477(21) 1.38(22)
G4) 8b  .2918(22) .3026(16) .19455(15) 1.13(23)
OB 8b .041%23) .0310(18) .03983(20) 1.29(22)
Q06) 8b 6088197 .45564(18) .06110i20) 1.19(23)
Qen 8h  .0843(18) —.0311(21) .14698(21) 1.32(27)
o) 8b  .5346(20) .5144(21) .13864i21) 0.96(23)
Ti/Fe(l) 8b 2951(19) .2514(38) .04871(15) .37(26)
Ti/Fe(2) 8bh .2916(20; .2582(32) .15292(16)  .28(25)
Bi( 4a  .250000° —.2441(1() 0 1.63(9)
Bi(2) 8b  2322(12) -2606(67 .21925(4)  0.95(6)
Bid) 8b  .2470(14) —2452(8) .104682(34)  1.09(8)

Numbers in parentheses are esd’s in the last significant dig-

its.

‘Fixed parameler.
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than A2 am in symmetry. At high temperatures, BITIBF
has been suggested to undergo the phase transitions from
FZmm to Frmm at 560°C and from Fmmm to I4/mmm at
750°C.7 If the high temperature polymorph has the space
group F2min, a phase transition from A2 am to F2mm may
exisl below 600°C. In BIT1BF, Ko e ol reported that an
anomaly exigts around 400°C in the variations of dielectric
constant with temperature. However, this change has not
been detected in birefringence” with the inerease of temper-
ature. Al present, it i3 not clear that the change of dielectric
canstant at 400°C is associated with a structural change. On
the other hand, the refined structure based on A2 am was
very similar on average to that of F2mm. A major difference
was in splitting of equatorial oxygen atoms of oxgen octahe-
dra in structure. Therefore, if BITIBF undergoes a symme-
try change from A2 am to F2mm, a very little change occurs
1 slructure. We could consider that some weak scattering
arising from A-centering such as 0kl (k+1=2n) might not be
well resolved in X-ray diffraction, in which the splitting oxy-
gen atoms largaly causes such scattering. Furthermaore, X-
ray dillraction can be dominated by strong scattering from
heavy atoms such as Bi. Hence, it might be not possible to
derive a correct structural model from X-ray diffraction data.

2. Coordinations of Bi atoms

The crystal structure of BIT1BF is presented in Fig. 2.
The perovekite unit of [BiaTiaFeOlﬂ]g' ermsists of four nxygen
octahedra containing Ti/Fe atoms, which is interleaved with
[Bi,0,1"" layers. Table 3 presents the interatomic dislances
of metal-oxygen calculated from the refined positiomal
parameters. The distributions of Bi-O distances indicale
that all Bi environments appear to be highly asymmetric
since each Bi** ion has a lone pair of electrons. The Bi atoms
of the Bi,0, layers have apparently a tetragonal pyramidal
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Fig. 1. Neutron{upper) and X-ray (lower) diffraction profiles
for Bi,Ti,FeO,., from the combined neutron and X-ray
Ristveld refinement: observed profile {cross) and calculated
profile {solid). The difference curve appears at the bottom of
the figure. The tick marks below the profile indicate the posi-
tiong of the Bragg reflections.

0{7) Of 7/1’

Fig. 2. The crystal structures of Bi,Ti, FeO
[100](lefi) and [110](right).
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Table 3. The Interatomic Distances (A) of Metal-Oxyvgen
[BiEOE]E_ layer Bi(2)-((2) 2.176(10% 22739 2.303(10) 2.492(10
Bi2)-04) 2.661(8) 2.621(10) 3.230(10) 3.291(8)
Bi(2)-0(7) 3.350(9)
Bi(1)-0(1) 2.333(13 2.384(15) 3.128(14) 3.207(12)
Bi(1}-00(5) 2x2.495(10) 2x2.571(11)
Bi(1)-0(6) 2x2.522(8) 2.%3.311(9)
Bi3)-0(3) 2.352010 2.452(11) 3.140(11) 3.213(1
Bi3)-0(5) 3.262(9) 3 334(8)
Bi(33-0(a) 2.60009) 3.382(9)
Bi(3}-O(T 2.279(N 2.950(M
[B Ti,Fe0,,]* perovskite layer  Bi(3)-0(8) 2.835(11) 2.479(11)
TiFe(1-O(1) 2.058(7)
Ti/Fet1)-0O(3) 1.939(10)
T¥Fe(D-O(5) 1.870(17) 2.073(20)
Ti/Fe(1)-O(6) 1.895(21) 2.045(18)
TVFe(2)-O(3) 2.436(11)
Ti/Fe(2)-0(4) 1.734(9
Ti/Fe(2)-0O07) 1.955(18} 2.037(16)
Ti/Fe(2)-0(8) 1.963(16) 2013(17)

Numbers in parentheses are esd’s in the last significant digit.

coordination showing a typical presence of lone-pared elec-
trons of Bi** rather than 12-coordination observed in the
perovskite unit. However, i these layers, a Bi atom make
the distances of 2.18 A~2.49 A with four oxygens of O(2),
while the distances to the nearest oxygen atoms Qi4), which
are the apex oxypgens of the peravskite unit, are 2.56 A~3.29
A. The two oxygens of O(4) are close enough to be the near-
est neighbors of the Bi atom, The other two axypgens of O(4)
are located to be at the distances 3.23 A and 3.29 A, The dis-
tribution of the Bi-0{4) distances is very anisotrophic, which
is agsociated with the rotation of the octahedra about the a-
axis. Furthermore, the Bi atom is at the distance of 3.35 A
with one of O(7) oxygen atoms. A wide spread in the atomic
distances of Bi-O indicates the presence of a lone pair of
electrons, Within the Bi,0, layers, the Bi atom shows a
rather regular bond distances of Bi-O forming a pyramidal
coardination with the four oxygens of (M2), However, the Bi
atom of the Bi, 0, layer can be described nine-fold coordi-
nated including all the oxygen atoms within the distance of
3.5 A, In addition, the Bi,0, layers lteep a certain distance,
1.02 A, to the top of the perovskute wmut by the presence of
O(4), which is a bridging oxygen connected to Bi(2} of the
Bi, 0, layer and Ti/Fe(2) of the perovskite unit. The distance
belween the Bi(Z) and the O{4) aioms along the c-axis
almast exactly corresponds to the Bi*"-lone pair distance of
0.98 A"

On the other hand, Bi atoms in the perovskite unit are
approximately 12-coordinated to neighboring oxygens of
octahedra. The Bi-O distances are in the range of 2.33 A~
3.31 A for Bi(1) and 2.28 A~3.35 A for Bi(3). The parent
structure of the space group Fmmm 15 very close to be tet-
ragonal, in which octahedra containing Ti and Fe ions
would not tilt. As a result, the Bi atams are regularly coordi-
nated with 12 oxygen atoms, However, with the space group
A2 am, the cctahedra of the transition metal atoms become

rotated along the a- and c-axes, resulting in highly anisotro-
pic distributions of the Bi-O distances for either Bi{l) or
Bi(3). The coardinations of Bi(1) and Bi(3) can be better
assumed seven-fold, if the Bi-O distances are limited within
3 A. In general, it has been suggested that the Bi atoms of the
perovakile unil may not show a steric effecl like the Bi atoms
of the Bi,(, layer, since the Bi atoms are in high coordina-
tion®. As shown in Fig. 2 and Fig. 3. the Bi atoms of BITIBF
are asymmetrically displaced oif the assumed center of the 12-
coordinated polyhedra. It can be considered that the presence
of the lone paired electrong affects the displacement of the Bi
atoms even in the pervoskite unil.

2. TilFe-environmenits

From the metal-oxygen distances in Table 3, the Ti/Fe(1}-
O distances are 0.20 A in the difference between the mini-
mum and maximum distances in the horizontal plane of the
oxygen octahedra, while the corresponding difference he-
tween Ti/Fa(2)-0 distances is 0.08 A. This implies that the
oxygens surrounding TY/Fe(1) are more displaced than the
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Fig. 3. The rotations of the Ti/Fe oclahedra aboul the c-axis
in Bi,Ti,;Fe(,,. The +a direction is down and the +b direction
is right.
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ones for TYFe(2), In addition, the distances between TiFe
atoms and apical oxygens such as O(1), {3}, and O{4) indi-
cate that the Ti/Fe atoms are displaced along the c-axis. The
component of the displacement along the c-axis is 0.13 A for
the Ti/Fe(1), while it 1s 0.42 A, for the Ti/Fe(2). The Ti/Fe(2)
atoms in the outer oxygen octahedra of the peravskite unit
appear to be substantially dieplaced along the c-axis. How-
ever, unlike the perovksite compounds, this displacement
along the c-direction will not contribute to the spontaneous
polarization, since their polarization vectors are opposite i
direction due to the mirror plane at z=0.

3. Rotations of Ti/Fe octahedra

In the structure of BIT1BF, Ti/Fe octahedra of the perovs-
kite unit are rotated about the a-axis as well as the c-axis,
which are presented in Fig. 2 and Fig. 3, respectively. The
rotations of the Ti/Fe octahedra about the a-axis occur alter-
nately in direction, which can be deseribed as the Bbam
mode assuming that the parent structure is based on
Fmmm. When viewed down the a-axis, the inner octahedra
rotate counterclockwise, while the outer octahedra rotate
clockwise. The average rotation angles are —-9.80° and +7.42°
for the inner octahedra and the outer octahedra, respec-
tively. As a related phase, BiGTiQNbOgm, the gimilar hehav-
iorg of the atoms are chgerved to follow the Bbam meode, in
which the octahedra rotate about the polar a- axis with
aliernating signs for the rotation as z increases. In addition,
as shown in Fig. 2 and 3, the rotation of the Ti/Fe octahedra
about the a-axis appears to be associated with an asymmet-
ric displacement of the nearest neighboring Bi atom. About
the c-axis, the inner Ti/Fe(l) octahedra surrounding Bi(1}
atoms rotate counterclockwise, while the outer TiFe(2)
octahedra close to Bi{3) atoms rotate in opposite way. These
rotations with respect to the c-axis can be described in the
Amam moade.” The degree of the rotation angle is —7.77° for
the inner octahedra, while +5.87° for the Ti/Fe(2) octahedra.
In the structure of BIT1BF, the octahedral rotations hecome
higher in the inner perovskite unit, about either the a- ar c-
axis. In the outer octahedra, the T¥/Fe atom is much dis-
placed toward the apical oxygen ({4). This indicates that
the rotations of the outer octahedra are rather constrained
by bonding between O(4) of the apical oxygen and Bi(2) of
the Bi,0, layer, which Newnham et al.'” noted for resulting
in actahedral tilt or atomic shifts.

4. Disordering of transition metal atoms

Our neutron refinement shows that transition metal gites
appear to be vacant. When Ti and Fe atoms are disordered,
the scatlering length of Ti/Fe in the atomic ratio of 3: 1
would be virtually close to zero. Thus the disappearance of
the transition metal atoms implies the disordering of Ti and
Fe atoms at their sites. The average value of Ti/Fe-O dis-
tance iz 1.98 A for the Ti/Fe(1) octahedra, while that of the
Ti/Fe(2) octahedra is 2.02 A, The small difference between
the Ti/Fe(l) and Ti/Fe(2) octahedra could reflect some
degr:ee ol difference in deformation, which are related to the
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rotalions of the octahedra. The Bi Ti,FeO . has four Ti/Fe
actahedral layers in the pernvskite unit, which forms a long
chain of the octahedra sandwitched between the Bi,0, lay-
ers. Therefors, the inner Ti/Fe(1) octahedra are a little more
cormpressed in the pervoskite unit, compared to the outer Ti/
Fe(2) ones. This is consistently associated with the greater
rotations of the inner octahedra.

6. Bond valences

Using the bond valence parameters™ and the interatomic
distances given in Table 3, the calculated hond valence
sums of Bi atoms in the perovekite unit are 2.76 for the
inner layer and 2.69 for the outer laver. Similarly, the Bi
atoms of the Bi,0, layer have the valence of 2.68. All of the
Bi atoms are underbonded showing almost the same degree
of deviation from the formal valence 3+ of the Bi cation. On
the other hand, the Ti/Fe atoms of the octahedra appear to
be saturated. The bond valence sums of Ti/Fe are 3.79 and
3.76 for the inner and outer octahedra, respectively. These
values are very close to the formal valence of 3.75 for
Ti,* Fe™. Withers et al.” suggested that in the parent strue-
ture of Fmmm, Bi atams in the perovskite unit are strongly
underbonded, while the transition metal atoms are strongly
averhonded for the Aurivillius phases. Such deviations from
the formal valence in metal atoms tend to be reduced by the
varous modeg of orthorhambic strictural distortions:in partic-
ular, the displacements of the conslituent atoms along the a-
direction can remedy the nnderbending of the Bi atoms in the
perovskite unit, while the octahedral rotation about the a-axis
can reduce the overbonding of the metal atoms of octahedra.

For the parent structure of Bi,Ti,0,, (BIT), the calculated
bond valence sum of Bi atom has been known to he 2.35% for
the perovskite unit. When compared to this value, the
valence of the Bi atoms in the perovskite unit of BIT1EF
shows a significant improvement from the underhonding of
the Bi atoms. For BIT1BF, the little higher bond valence
sum of the Bi atom in the inner layer may indicate the
slightly more distorted environment of the Bi atom, com-
pared to that of the outer layer. Furthermore, the Bi atoms
in the Bi, 0, layers are in a low coordination, which can be
typically ascribed to an asymmetric bonding environment
due to lone-paired electrons. These Bi atoms also show a
slightly incomplete underbonding in their valence sums.

In BIT1BF, the underbonding of the Bi atoms either in
the pergvskite unit or the Bi, 0, layer appears to be not fully
corrected hy displacive modes of the constituent atoms
responsible for spontaneous polarization only, This may
indicate that in the structure of BIT1BF, the distortion of
the Bi-coordination seems to be optimized for an additional
structural distortion such as magnetoelectric eoupling,
which needs a further study. In contrast, the saturation of
the bond valence sums for the Ti/Fe atoms indicates that
the rotations of the octahedra fully complete the orthorhom-
bic distortion. Any further rotation of the octahedra might
result in the nnderbonding for the metal atoms in the octa-
hedra, which could destabilze the structure.
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7. Spontaneous polarization

With the space group of A2 am, the mirror plane perpen-
dicular to the c-axis may not allow a component of the spon-
taneous polarization along the c-axis. The permissible di-
rection of the polarization would be along the a-axis. For the
Aurivillius phases, Newnham et al. ™' suggested thal octahe-
dral cations such as W, Ti, or Nb are displaced about 0.4 A
toward an octahedral edge, resulting in spontaneous polar-
ization. For BIT1BF, the displacements of the atoms along
the a-axis can be described with the modulation of the
F2mm mode. In this description. the relative displacement
between Bi atoms and adjacent octahedra are mainly
responsible for sponianeous polarization. Sponlaneous
polarization observed alang the a-direction can be largely
attributed to the gross underbonding of Bi* in the perovs-
kite unit and to a lesser extent in the B1,0, layer oxiginated
from the parent structure. The alom displacement of the
F2mm mode may correct these underhonding.

For BIT1BF. the Bi and Ti atoms are virtually stationary
in the perovskite unit when viewed along the c-axis. The
shilts of the all the constituent atoms along the a-axis rela-
tive Lo the [001| chain of the Bi atoms are shifted in the
same direction. On average, the octahedral chain containing
the transition metal atoms is displaced about 0.24 A along
the a-axis with respect to the Bi atoms, which contributes a
substantial amount in the total spontaneous polarization.
Based on the point charge medel given in P =X (Axq, WV,
whers P, Is spontaneous polarization, Ax is the displace-
ment of the ith ion along the a axis, g, is the ionic charge of
the 7th ion, and V is the volume of the unit cell. The calcu-
lated spontaneous polarization of Bi.T1,FeQ . is 17.3 pCf
em®. This value is approximately the half of that of
Bi,Ti,0,,, 36.3 nC/em® which has the aclahedral atomic dis-
placement of 0.41 A along the a-axia. The contribution of
each unit to the total spantaneous polarizatinn is listed in
Table 4. The Bi and O atoms of the Bi,0, layer are the mi-
nor components in the spontaneous polarizaton.

IV. Conclusions

Our comhined neutron and X-ray diffraction study can
reveal the correct room temperature structure for Bi.Ti,-
Fe() ., which belongs to the sparce gronp of A2 am. Ti and Fe
atoms are disordered, which can not be located in the neu-

Table 4. The Atomic Shifts along the a-direction Relative to
Virtually Stationary [001] Chains of the B1 Atoms in the
Porovskite Unit and the Components of the Ferrocelectric
Spontanecus Polarization for Bi. Ti,FeO,

Shift  Polarization

Componenis Direction A WCem’)
In the [BaEOZJ2+ layer Bi - 0.089 -2.8
G + 0.053 -1.1
In the perovskite Ti/Fe + 0245 192
O + 0.240 —-32.6
Total -17.3
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tron refinement only. In the refined structure of BIT1EF,
the rotation of the inner octahedra about the a- or c-axis is
higher than that of the outer ones. Particularly. the rotation
of the octahedra along the c-axis appears to he related to the
asymmetric environment of Bi atoms. The Bi atoms are rel-
atively displaced off the center of hath the perovskile and
the Bi, O, layers. Such coordinalion evironments of the Bi
atoms indicate the effect of the lone-paired electrons. In
bond valences, the transition metal atoms are fully satu-
rated while the Bi atoms are rather underbonded The
atomic shills of the perovskite unit along the a-axis are
respongible for the spontaneous polarization of BIT1EF,
which appear to be associated with the underbonding of Bi'
resulted {rom the parenl structure.
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