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Ferroelectricity and Electronic Structure of Sm-Doped SrBhTa20 9 Ceramics 
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Ferroelectric properties for dense bulk ceramics of Sm-doped SrBi2Ta20 9 (SmxSr1.xBi2Ta20 9) were 
investigated, and their electronic structures were measured by X-ray absorption spectroscopy (XAS) and 
soft-X-ray emission spectroscopy (SXES). The remanent polarization (P,) and coercive field (Ec) depend 
on the Sm concentration. The P, and Ec at x=O.lO were 2P,=20.7 flC/cm2 and 2Ec=30.0 kV/cm, 
respectively. The valence band of SrBizTa20 9 is mainly composed of 0 2p state hybridized with Ta Sd 
and Bi 6s states. The intensity of Bi 6s state located at the top of the valence band increases with 
increasing x. This finding indicates that the Bi3+ with lone-pair 6s electrons is closely related with the 
ferroelectricity of SrBiz Ta20 9• 
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1. INTRODUCTION 
Ferroelctric SrBi2Ta20 9 is a member of the Bi-layered 

Aurivillius family and has a structure in which 
perovskite Sr-Ta-0 layers are sandwiched between Bi-0 
layers. The crystal structure has orthorhombic 
distortion with space group A21am (a=0.5522 nm, 
b=0.5524 nm and c=2.5026 nm) and exhibits large 
anisotropy [1,2]. The structural distortion with this 
noncentrosymmetric space group is responsible for the 
displactive-type ferroelectric behavior. From the 
viewpoint of crystal structure, SrBi2Ta20 9 has 
ferroelectricity along the a-axis but not along the c-axis. 
The SrBi2Ta20 9 thin films are expected for application 
in memory devices because of its excellent fatigue 
endurance [3-6]. 

It is well known that the substitution of Bi3+ at the 
s~+ site in Sr1.xBi2+xTa20 9 is effective for improving the 
ferroelectric properties. The structural and ferroelectric 
properties have been extensively studied by Shimakawa 
et al. and Noguchi et al.[?-12]. The lattice parameter 
and volume decrease with increasing x, since the ionic 
radius of Bi3+ is smaller than that of s~+ [12]. The 
Curie temperature (Tc) increases with increasing Bi3+ 

concentration. The remanent polarization (2P,) 
increases rapidly from 15 !J.C/cm2 to 20 !J.C/cm2 at x < 
0.05, though the 2P, is constant at x > 0.05 [10]. The 
similar behaviors have been also observed in ABi2Ta20 9 

(A=Ca, Sr, and Ba) [9,12]. These findings indicate that 
the Sr2+ site strongly affects ferroelectric properties. 
Miura et al. proved the substitution of Bi at the Sr site in 
Sr1.xBi2+xTa20 9 on the electronic state calculation by 
discrete variational Xa method and proposed that the Bi 
ion occupy the Sr site as divalent ions [8]. Furthermore, 
Noguchi et al. also suggested that the Tc tends to change 
when Bi3+ with lone-pair 6s electrons occupy the Sr site 
of the perovskite block (lOJ. However, the existence of 
Bi 6s state has not been experimentally clarified thus far. 

In this work, we have prepared the dense bulk 
ceramics of Sm-doped SrBi2Ta20 9 (SmxSr1.xBizTaz09) 
and studied its electronic structure by X-ray absorption 
spectroscopy (XAS) and soft-X-ray erruss10n 
spectroscopy (SXES). The SXES and XAS techniques 
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can confirm the electronic structure of the bulk state, 
because the mean free path of a soft-X-ray is very long 
compared with that of an electron. The SXES and 
XAS spectra, which have a clear selection rule regarding 
the angular momentum due to dipole transition, reflect 
the occupied partial-density-of-state (PDOS) and 
unoccupied PDOS, respectively. Thus, we have 
observed the change of electronic structure with Sm 
substitution by means of 0 1s SXES and XAS 
techniques. 

2. EXPERIMENTAL 
SmxSr1.xBi2Ta20 9 (x=0.05, 0.10 and 0.20) ceramics 

were prepared by conventional solid-state reaction 
method. Powders of Sm20 3, SrC03, Bi20 3, and TazOs 
of 99.99% purity were mixed. The powder calcined at 
800°C for 7h was crushed and then pressed into pellets. 
These pellets were sintered at 1200°C for 4h for 
ferroelectric, XAS and SXES measurements. The Sm 
substitution into SrBiz Ta20 9 led to a high relative 
density of 98%. The structural properties of these 
ceramics were characterized by X-ray diffraction (XRD) 
using CuKa. The polarization-electric field (P-E) 
hysteresis loops were observed using a conventional 
Sawyer-Tower circuit with a sinusoidal field. 

XAS and SXES spectra were measured using a 
soft-X-ray spectrometer installed at the undulator 
beamline BL-19B (in Photon Factory) at the High 
Energy Accelerator Organization [13-16]. Synchrotron 
radiation was monochromatized using a varied-line 
spacing plain grating whose average groove density is 
1000 lines/mm. The spectra were measured in a 
polarized configuration. The resolution of about 
M!E=2xl0·4 at hv=400 eV and high photon flux of 
about 1012-1013 photons/sec were realized with the spot 
size of 100 !J.m. The XAS spectra were measured by Si 
photodiode. The SXES spectra were measured by 
soft-X-ray emtsston spectrometer. The total 
resolutions of SXES and XAS were approximately 0.4 
eV and 0.1 eV, respectively. The incidence angle of 
soft-X-ray was about 90 ° against the surface in order to 
avoid the surface effect. The bottom axis was 
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calibrated by measuring the 4f core level of Au film. 
The spectral intensity was normalized by measurement 
time and beam current. 

The band structure of SrBi2Ta20 9 was calculated 
using tight-binding method [17]. The highly simplified 
orbital basis sets is used to bring out the main features of 
the bonding. This calculation uses an orthogonal basis 
of 0 2p, Ta 5d, and Bi 6s and 6p orbital states. The Sr 
orbital does not use since the Sr 4p and Sr 4d orbital 
states do not exist in both valence band and conduction 
band regions. The interaction parameters were found 
by transferring them from established band structure of 
related compounds. Two center interactions generally 
scale with bond length d as d-n, where n varies with the 
orbital symmetry. The pd interactions scale as r/12!d712, 

where r d is the transition metals d core radius. The 
Bi-0 interactions for the (Bi20 2)

2+ layer are scaled as the 
bond length between Bi and 0. 

3. RESULTS AND DISCUSSION 
Figure 1 shows the XRD patterns as a function of Sm 

concentration in SmxSr1.xBizTa20 9 ceramics. These 
XRD patterns exhibit the single phase. The apparent 
change of the lattice parameter is not observed in this 
doping region. For Nd-doped SrBi2Ta20 9, it has been 
reported that the lattice parameter and volume decrease 
with increasing Nd concentration [12]. Such a 
situation might be expected for SmxSr1_xBi2Taz09. The 
detailed results of structural analysis will be published 
elsewhere [16]. 
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Fig.l XRD patterns as a function of Sm concentration in 
Sm,Srt-xBiz Taz09 ceramics. 

Figure 2 shows the P-E hysteresis loops as a as a 
function of Sm concentration in SmxSr1.xBi2Ta20 9 
ceramics. The P-E hysteresis loops are observed in all 
Sm concentrations. In particular, the sample of x=0.10 
is characterized by a well-saturated P-E hysteresis loop. 
The P, of x=0.05, 0.10, and 0.20 were 2P, =26.5 
!lCicm2

, 20.7 !lC!cm2 and 27.6 !-tC/cm2
, respectively. 

These values of SmxSr1.xBi2Ta20 9 ceramics are larger 
than those of stoichiometric SrBi2Ta20 9 ceramics and 
thin films [10]. The Ec ofx=0.05, 0.10, and 0.20 were 
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Fig. 2 P-E hysteresis loops as a as a function of Sm 
concentration in SmxSr1.xBizTaz09 ceramics. 

2Ec=35.3 kV/cm, 30.0 kV/cm and 59.2 kV/cm, 
respectively. The small Ec and large P, are considered 
to be due to effect of Sr or Bi site with Sm substitution. 

Figure 3 shows the 0 1s XAS spectra of SrBizTa20 9 

and SIIlo.1oSr0.wl3i2Ta20 9 ceramics. The XAS spectra 
are normalized by the Sr 4d peak of the conduction band, 
though the peak is not shown in this figure. From the 
dipole selection rule, it is understood that the 0 1s XAS 
spectra of Ta oxides correspond to transitions from 0 1s 
to the 0 2p character [18]. The large band around 1 eV 
is mainly composed of the 0 2p state hybridized with 
the unoccupied Ta 5d state, though the contribution of 
Bi 6p state may exist in the conduction band region. 
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Fig. 3 (a) 0 ls XAS spectra of SrBizTazOg and 
Smo.,Sro.9Bi2Taz09 ceramics. (b) Band structure of SrBizTa20 9 
calculated by tight-binding method. 

Two features denoted by the A and B peaks are observed 
in the conduction band. Comparing with the band 
calculation shown under the XAS spectra, we can 
estimate that the features A and B of conduction band 
consist of Bi 6p and Ta 5d states, respectively. 
Furthermore, the peak positions and bandwidth of total 
DOS are in good agreement with those of two XAS 
spectra. However, the intensities of Bi 6p and Ta 5d 
states do not change by Sm substitution. 

Figure 4 shows the 0 ls SXES of SrBi2Ta20 9 and 
Smo.10Sr0.90Bi2 Ta20 9 ceramics. The SXES spectra are 
normalized by the beam current and measurement time. 
The clear selection rule of SXES is caused mainly 
within the same atomic species, because the core hole is 
strongly localized. For this reason, the 0 ls SXES 
spectrum reflects the 0 2p PDOS corresponds to the 
band structure in the valence band region, since the 
valence band ofSrBi2Ta20 9 is mainly composed ofO 2p. 
There is no structure in the energy gap region of 
SrBiz Ta20 9• The three features denoted by the a, ~' 
and x. peaks are observed in the valence band. To 
further investigate these features observed in the SXES 
spectra, we have compared with the band calculation. 
The peak positions and bandwidth of total DOS are in 
good agreement with those of two SXES spectra. The 
valence band is mainly composed of 0 2p state. The 
Ta 5d contribution is more significant in the higher 
energy (feature x.), where the 0 2p states have a larger 
admixture of Ta 5d states. The Bi 6s contribution 
hybridized with 0 2p state is also observed in the top of 
the valence band. Therefore, the feature ~ corresponds 
to the nonbonding state and the feature ~ corresponds to 
the bonding state that is well mixed with Ta 5d state. 
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Fig. 4 (a) 0 ls SXES spectra of SrBizTa20g and 
Smo.1Sro.9Bi2Taz09 ceramics. (b) Band structure of SrBizTazOg 
calculated by tight-binding method. 

The feature a corresponds to the Bi 6s state hybridized 
with 0 2p state. Comparing either SXES spectra, the 
intensity of the feature a is higher in 
Smo.10Sr0.90Bi2Ta20 9, indicating that the hybridization 
effect between Bi and 0 increases. 

The above result indicates that the Bi 6s orbital is 
fully occupied and acts as a lone pair state. This 
behavior is similar to the Pb 6s orbital in PbTi03 [19, 
20]. In SrBi2Ta20 9, the Bi state is asymmetric and the 
Bi lone pair lies off center and points out of the Biz02 

layer, in a fashion similar to the Pb 6s lone pair in PbO. 
The ferroelectric behavior is amplified by the off-center 
displacements of the Bi and SrBiz Ta20 9 and Pb in 
PbTi03. The displacements of these ions are 
considered to be driven by the lone pair s electrons, 
though the detailed origin has not been clarified in this 
study. 

4. CONCLUSION 
We have prepared the dense bulk ceramics of 

SmxSr1.xBizTa20 9 and studied its electronic structure by 
XAS and SXES techniques. The Ec decreases with Sm 
substitution. The Pr and Ec at x=0.10 were 2Pr=20.7 
f.A.C/cm2 and 2Ec=30.0 kV/cm, respectively. The 
valence band consists of 0 2p state hybridized with Ta 
5d and Bi 6s states. The conduction band consists of 
Ta 5d and Bi 6p states. The intensity of the Bi 6s state 
located at the top of the valence band increases with Sm 
substitution. This finding is direct evidence that the 
ferroelectric behavior of SrBizTa20 9 is driven by Bi with 
the lone pair s electrons. 
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