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Orbital hybridization and covalency in paraelectric and ferroelectric SrBi2Nb2O9
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Electron-density distributions of paraelectric and ferroelectric SrBi2Nb2O9 were analyzed by means of
synchrotron x-ray diffraction. The obtained electron-density distributions well reproduced the atomic arrange-
ments of the material. Bonding electrons due to hybridization of orbitals were clearly seen in the Nb-O bonds
in the octahedron and in the Bi-O bonds in the Bi2O2 layer. The hybridization between Nb(4d) and O(2p)
orbitals was enhanced in the ferroelectric phase, and one of the Nb-O bonds showed a strong covalent character
below the ferroelectric Curie temperature. Weak hybridization of the Sr(5s) with O(2p) orbitals appears to
play an important role in structural distortion and ferroelectric polarization. The changes in the electron-density
distribution through the ferroelectric phase transition are similar to those observed in ferroelectric PbTiO3

perovskite.
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I. INTRODUCTION

Ferroelectric thin films have attracted considerable att
tion for use in nonvolatile memory applications, i.e., ferr
electric random-access memories. Bi-layered compounds
leading candidate materials for such devices and have b
extensively studied.1,2 These materials were discovered
the late 1940’s and have often been called Aurivilli
compounds,3–5 and their basic structural and ferroelectr
properties were studied in the early 1960’s.6 However, the
information obtained at that time was not sufficient to rev
their inherent properties. Recent significant development
material characterization and electronic-structure calcula
techniques promise to provide new insight into these ‘‘o
materials.7–11

SrBi2Nb2O9 ~SBN! is one of the Bi-layered compound
and its structure consists of Bi2O2 layers and perovskite-typ
SrNb2O7 units with double NbO6 octahedral layers~see Fig.
1!. Orthorhombic structural distortion with noncentrosym
metric space groupA21am is the origin of the ferroelectric
behavior of this material, and the displacement of constitu
ions causes spontaneous ferroelectric polarization along ta
axis.12,13We previously used high-resolution neutron diffra
tion to investigate precise crystal structures of t
SrBi2(Ta12xNbx)2O9 solid-solution system10 and revealed
that some of the~Ta,Nb!-O bonds are shorter than the e
pected ionic bond length. These short bond lengths sug
that the bonds have a covalent character and that strong
valent interaction appears to play an important role in
ferroelectric properties of the materials.

The importance of covalency in ferroelectric oxides w
first pointed out by Cohen and Krakauer in the 199
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through first-principles electronic-structure calculations
PbTiO3 ~PTO! and BaTiO3 ~BTO! perovskites.14–16 They
concluded that the hybridization of orbitals between Ti(3d)
and O(2p) is essential for structural distortion and ferroele
tric instability, and Pb(6s)-O(2p) overlap enhances th
ferroelectric polarization. Such orbital hybridization was e
perimentally confirmed by Kuroiwaet al. in terms of
electron-density distribution determined from MEM~maxi-
mum entropy method! of synchrotron x-ray-diffraction
data.17 Bonding electrons between Ti and O atoms we
clearly seen in the obtained electron-density distribution, a
the hybridization of the Pb(6s) and O(2p) orbitals in a
ferroelectric PTO sample was evidently enhanced. The
sults clearly demonstrated that the electron-density distr
tion determined by MEM gave an important information o
the orbital hybridization and covalency in ferroelectr
oxides.

In the present study, we analyzed the electron density
paraelectric and ferroelectric SrBi2Nb2O9. The obtained
electron-density distribution below the ferroelectric Cu
temperature showed structural distortions. The orbital
bridization and covalency are found to be important fact
in ferroelectric properties.

II. EXPERIMENTS AND RESULTS

A powder sample of SrBi2Nb2O9 was prepared by solid
state reaction. A mixture of appropriate amounts of SrCO3,
Bi2O3, and Nb2O5 was sintered at 1100 °C for 24 h wit
intermediate grindings and then cooled in the furnace
2 °C/min. The sample was confirmed to be single phase
x-ray diffraction. The temperature dependence of the die
©2002 The American Physical Society10-1
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tric constant of the sample was investigated by measuring
capacitance of the disk-shaped samples with a conventi
LCR meter at a frequency of 100 kHz. The determined fer
electric Curie temperature (TC) was 440 °C~Fig. 2!.

The electron-density distribution was determined
MEM of synchrotron x-ray-diffraction data.18,19 To collect
accurate diffraction-intensity data, a fine-powder sample w
prepared by precipitation and sealed in a 0.1-mm-diam
quartz capillary. Synchrotron x-ray-diffraction data were c
lected on a large Debye-Scherrer camera installed on
BL02B2 beam line at SPring-8. The diffraction data f
paraelectric and ferroelectric phases were taken at 580
25 °C ~room temperature!, respectively~see Fig. 2!. The
wavelength of the incident beam was 0.461 Å. Figure
shows x-ray-diffraction patterns and the results of prelim
nary Rietveld refinements for SrBi2Nb2O9 at 580 and 25 °C.
The data covering 2u from 1.6 to 42.0° were used for th
refinements. The observed diffraction pattern of the hi
temperature paraelectric phase was well reproduced by
tetragonal structure model with space groupI4/mmm, and
the reliability factor from the Rietveld refinement,RI , was
3.60%. As shown in the inset of Fig. 3, characteristic orth
rhombic reflections, such as 1 2 2 (2u'9.76°; d'2.45 Å)
and 2 1 3 (2u'10.00°; d'2.39 Å), were extinct in the
diffraction pattern taken at 580 °C. This clearly demo
strated that the SBN sample at 580 °C was tetragonal, tho

FIG. 1. Crystal structures of SrBi2Nb2O9. The structure mode
is drawn with the refined positional parameters of the orthorhom
phase. Upper part of the figure isa-b projection of the structure
and lower part isa-c projection of half of the unit cell. See Refs
7–10 for the nomenclature used in the figure. Arrows~a!–~c! indi-
cate the positions of planes appeared in the contour maps in Fi
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recent careful experiments suggested the existence of a
termediate paraelectric and orthorhombic phase immedia
above the ferroelectric Curie temperature in the Bi-laye
materials.20,21 Refined positional parameters are listed
Table I. The crystal structure of the room-temperature fer
electric phase hasA21am orthorhombic symmetry and is
significantly distorted. Refined structural parameters were
sentially the same as previously reported.10 The reliability
factor for the orthorhombic phases was 3.00%.

Each Bragg integrated intensity was determined by
peak-profile fitting by using an auxiliary Rietveld refinemen
Note that the MEM provides the most plausible electro

ic

4.

FIG. 2. Temperature dependence of the dielectric constant« of
SrBi2Nb2O9. The x-ray diffraction of paraelectric and ferroelectr
phases shown in Fig. 3 were taken at 580 and 25 °C, respectiv

FIG. 3. Synchrotron powder x-ray-diffraction patterns
SrBi2Nb2O9 and Rietveld refinement profiles. The observed diffra
tion data are shown as plus marks, and the calculated profile
solid line. Tick marks below the profile indicate the positions
allowed reflections. Differences between the observed and ca
lated intensities are shown at the bottom.
0-2
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density distribution from structure factors, i.e., the diffracti
intensities, without the need for any internal structural p
rameters. The integrated intensities of 198 and 558 indep
dent Bragg peaks of the tetragonal and orthorhombic pha
respectively, were obtained from the diffraction data ford
spacing down to 0.75 Å. The electron-density distributio
were analyzed by using the programMEED.22 The unit cells
of paraelectric tetragonal (3.9733.97325.49 Å3) and ferro-
electric orthorhombic (5.5835.57325.36 Å3) phases were
divided into 283283164 and 363363164 pixels, respec-
tively. The volume of one pixel corresponds to about 0
30.1530.15 Å3. The R factors of the MEM were lower
than those of the Rietveld refinements and became 2.9
and 2.71% for the tetragonal and orthorhombic phases
spectively. Although cation disorder between Sr and Bi
SrBi2(Nb,Ta)2O9 was recently reported,13,23 we confirmed

TABLE I. Refined structural parameters of high-temperature
tragonal SrBi2Nb2O9. Numbers in parentheses are standard de
tions of the last significant digit. All the occupation factors we
fixed at 1. Space group;I4/mmm. a53.96570(3) Å andc
525.4879(5) Å. Note thatRwp51.01%, RI53.60%, and RF

53.54%.

Atom Position x y z

Sr 2a 0 0 0
Bi 4e 0 0 0.201 21~5!

Nb 4e 0 0 0.413 87~6!

O1 2b 0 0 0.5
O2 4e 0 0 0.344 9~6!

O3 4d 0 0.5 0.25
O4 8g 0 0 0.423 2~3!
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that the final electron-density distributions were little a
fected by whether the preliminary structure models had s
cation disorder or not. Figure 4 shows the contour map
electron-density distributions of SrO, NbO2, and Bi2O2
planes perpendicular to thec axis~see Fig. 1 for the positions
of the planes!. The electron densities along thec axis are also
shown in the figure. The obtained electron-density distrib
tions well reproduced the atomic arrangements
SrBi2Nb2O9, and some bonding electrons are clearly seen
the distributions.

The hybridization of orbitals was examined by electron
structure calculations. The programCRYSTAL was used forab
initio calculation based on the density functional theory
ing local density approximation.24 Since the orthorhombic
structure is rather complicated and the number of orbi
concerned is too large to calculate, only the electronic str
ture of the tetragonal phase is considered. Refined positi
parameters obtained from the preliminary Rietveld refin
ment listed in Table I were used for the calculation. We us
optimized basis sets with effective core potentials~ECP!:25

2(sp), 2(p), and 1(d) shells with @Xe#(4 f )10(5d)10 ECP
for Bi, 2(sp), 2(p), and 1(d) shells with@Ar#(3d)10 ECP
for Sr, 3(sp), 3(p), and 2(d) shells with@Ar#(3d)10 ECP
for Nb, and 2(sp) and 2(p) shells with@He# ECP for O. The
calculated total density of states~DOS!, the partial DOS for
Nb and O atoms in the perovskite-type unit, and the par
DOS for Bi and O atoms in the Bi2O2 layer are shown
in Fig. 5.

III. DISCUSSION

The electron-density distribution of the paraelectric
tragonal phase is first discussed. As clearly shown in Fig

-
-

f

d
s

FIG. 4. Contour maps of
electron-density distributions o
paraelectric and ferroelectric
SrBi2Nb2O9. Maps ~a!–~c! corre-
spond to SrO, NbO2, and Bi2O2

planes, respectively. In map~c!,
contours at positions of Bi and
oxygen atoms in the Bi2O2 layer
are drawn with solid and dashe
lines, respectively. Contour line
are drawn from 0.4 to 4.0e/Å3

with 0.2 e/Å3 intervals. Note that
aOrtho'bOrtho5A2Tetra .
0-3
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bonding electrons around Nb atoms are found. These bo
originated from strong hybridization of orbitals between N
and O atoms, as shown in the partial DOS in Fig. 5. T
Nb(4d) orbital, which is empty in a simple ionic mode
strongly hybridizes with the O(2p) orbital below the Fermi
level (EF), and this hybridization makes the bonds covale
forming a NbO6 octahedron. Minimum electron densities a
1.33e/Å3 for the bondings between Nb and O atoms in t
NbO2 plane, and 0.90 and 2.04e/Å3 for those to the apex
oxygen~Table II!. Because of the short distance between
and O2 atoms~about 1.76 Å from the preliminary Rietvel
refinement!, the electron density of the bond is large.

Bonding electrons between Bi and O3 atoms in the Bi2O2
layer were also identified. Since the Bi atom has expan
lone-pair 6s electron orbitals, hybridization of Bi(6s) with
O(2p) occurs despite a relatively long Bi-O bond length
about 2.34 Å. This hybridization of orbitals is confirmed b
the mixed partial DOS of Bi and O3. That is, the Bi(6s)
partial density of states well hybridizes with O(2p) in the
Bi2O2 layer below22 eV. The surroundings of the Sr ion
on the other hand, have almost no bonding electron, indi
ing a pure ionic state of Sr. The estimated minimum elect
density of about 0.19e/Å3 is comparable to the experiment
background level.

The transition from a paraelectric tetragonal to ferroel

FIG. 5. Calculated total electronic density of states
SrBi2Nb2O9 ~filled gray region!. Partial density of states of Bi, Nb
and O are superimposed on the figure.EF denotes the Fermi level

TABLE II. Minimum electron density (e/Å3) of each bonding
estimated from the electron-density distribution by MEM.

Tetragonal phase Orthorhombic phase

Sr-O1 0.19 (34) 0.17, 0.21, 0.42, 0.65
Nb-O1 0.90 0.63
Nb-O2 2.04 1.40
Nb-O4 1.33 (34) 0.51, 0.93, 1.20, 1.95
Bi-O3 0.81 (34) 0.54, 0.67, 0.71, 0.71
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tric orthorhombic phase induces large distortions in the cr
tal structure. Such distortions are evidently ‘‘visualized’’
the electron-density distributions shown in Fig. 4. The m
significant change in the distributions is seen in the bondi
in the NbO6 octahedron: Four equivalent Nb-O4 bonds in t
NbO2 plane of the tetragonal phase became inequivalent,
one of the bonds had a strong covalent character indicate
the increase of electron density from 1.33 to 1.95e/Å3. In
contrast, the electron density of another Nb-O4 bond
creased to 0.51e/Å3. This low density implies that one o
the covalent bonds in the orthorhombic structure alm
‘‘broke.’’ The minimum electron densities between Nb an
apex oxygen atoms~O1 and O2! also decreased, suggestin
weakened bonds. This anisotropic electron-density distri
tion is a result of enhanced orbital hybridization between
Nb(4d) and O(2p) orbitals below the ferroelectric Curie
temperature. Strong covalent interaction on one of the bo
in the NbO2 plane causes the ferroelectric structural dist
tions, leading to displacive ferroelectric polarization. The
changes in electron-density distribution are quite similar
those observed in ferroelectric PTO and BTO.14–17 In PTO
and BTO, the strong orbital hybridization of the Ti(3d) and
O(2p) orbitals produced very short covalent bonds in t
TiO6 octahedron and led to the ferroelectric instability.

The changes in the surroundings of the Sr ion were a
found. In the orthorhombic ferroelectric phase, weak hybr
ization of electrons of Sr and O atoms are clearly seen in
electron-density distribution. The estimated electron den
in the region between Sr and O1 atoms increased from 0
to 0.65e/Å3. Although the main energy level of the Sr(5s)
orbital is much higher thanEF , weak hybridization between
the Sr(5s) and O(2p) orbitals appears to play an importa
role in the structural distortion and the ferroelectric polariz
tion. This finding is also similar to that regarding covalen
in the Pb-O bond in ferroelectric PTO.14–17 The hybridiza-
tion of the Pb(6s) with O(2p) orbitals apparently enhance
the ferroelectric distortions.

Interestingly, the minimum electron densities of Bi-O
bonds in the Bi2O2 layer were not changed much by th
phase transition atTC, despite the distortion of the structur
Although weak bonding due to the hybridization of th
Bi(6s,6p) and O(2p) orbitals exists in the Bi2O2 layer of
both paraelectric tetragonal and ferroelectric orthorhom
phases, these bonds appear to play a minor role in the fe
electricity in SrBi2Nb2O9. The Bi(6p) orbital, however, ap-
pears to be responsible for the electric response of the m
rial. As shown by the DOS in Fig. 5, the bottom of th
conduction band mainly consists of the Bi(6p) orbital. Thus,
the electric characteristics, such as leakage current beha
could be described as the nature of the Bi(6p) orbital.

IV. SUMMARY

Crystal structures and electron densities of paraelec
and ferroelectric SrBi2Nb2O9 were analyzed. The paraelec
tric phase (580 °C) hadI4/mmm tetragonal symmetry, and
the ferroelectric phase (25 °C) hadA21am orthorhombic
symmetry with large structural distortions. Electron-dens

f
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distributions obtained by MEM from synchrotron x-ra
diffraction data well reproduced the atomic arrangements
the material, and bonding electrons were clearly seen in
Nb-O bond in the octahedron and in the Bi-O bond in t
Bi2O2 layer. These covalent bonds originated from orbi
hybridization, as clearly shown in the mixed partial dens
of states in the electronic-structure calculations. Compari
of the electron-density distributions of the paraelectric a
ferroelectric phases revealed that the hybridization betw
tt,

o
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nd
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the Nb(4d) and O(2p) orbitals was enhanced in the ferro
electric phase and that one of the Nb-O bonds in the Nb6
octahedron had a strong covalent character below the fe
electric Curie temperature. Weak hybridization of the Sr(5s)
with O(2p) orbitals was also observed. The above-describ
results are similar to those observed in the case of ferroe
tric PbTiO3, and they clearly demonstrate that covalency d
to orbital hybridization plays an important role in the stru
tural distortion and ferroelectric polarization.
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