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The polarization dependence for the electronic structure of Bi4 Ti30 12 (BIT) single crystal has been studied by 
soft-X-ray emission spectroscopy (SXES) and X-ray absorption spectroscopy (XAS). The valence band and 
conduction band are mainly composed of 0 2p state and Ti 3d state, respectively. The SXES spectra measured 
at the Ti 2p absorption edge region exhibit three structures, which correspond to elastic scattering, fluorescence 
and soft-X-ray Raman scattering. The Raman scattering corresponds to the charge-transfer (eT) energy, which 
corresponds to the transition from 0 2p state to unoccupied Ti 3d state. The er energy in the a-c plane is 
different from that in the a-b plane. The difference of er energy originates to the lattice constant and 
hybridization effect in BIT single crystal. 
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1. INTRODUCTION 
Ferroelectric Bi4 Ti30 12 (BIT) consists of the layer 

structure of Bb02
2
+ and a pseudoperovskite along the 

c-axis. The BIT exhibits ferroelectricity along both the 
a- and c-axes [1-3]. It shows coercive fields (Ec) of3.5 
kV/cm and 50 kV/cm, spontaneous polarization (P,) 
values of 4 J..LC/cm2 and 50 J..LC/cm2

, and dielectric 
constants (E) of 130 and 160 along the c- and a-axis, 
respectively. Furthermore, the BIT exhibits high Curie 
temperature and large electro-optic coefficient [4-6]. 
The control of polarization state is the underlying basis 
of these functional devices, and domain switching by 
applying electric field can only be achieved with a high 
insulative property. Therefore, the structural and 
electrical properties have been extensively studied in the 
single crystal and ceramic forms [7-16]. 

In this study, the polarization dependence for the 
electronic structure of BIT single crystal has been 
investigated by soft-X-ray emission spectroscopy 
(SXES) and X-ray absorption spectroscopy (XAS). 
The SXES and XAS techniques can investigate the 
electronic structure of the bulk state compared with 
photoemission spectra, because the mean free path of a 
soft-X-ray is very long compared with that of an 
electron. The SXES and XAS have a clear selection 
rule regarding the angular momentum due to a dipole 
transition, as it occurs mainly within the same atomic 
species. Thus, SXES and XAS spectra reflect the 
partial density of states (PDOS) of occupied and 
unoccupied states, respectively. In order to probe the 
crystal anisotropy for electronic structure of BIT single 
crystal, we measured the polarization dependence of 
SXES spectra. 

2. EXPERIMENTAL 
BIT single crystal was grown by the flux method. 

The XRD pattern of the single crystal exhibited the BIT 
single phase. Then, the Pro Ec and E were 4.10 J..LC/cm2

, 
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5.1 kV/cm and 140, respectively. 
Figure 1 shows a schematic diagram of the SXES 

experimental system [17]. The incident angle of the 
soft-X- ray was about 70 °. The SXES spectra were 
measured at depolarized and polarized configuration. 
When the SXES spectra were measured at depolarized 
configuration in Fig. 1(a), the polarization vector of the 
emitted photon rotates by 90 ° from the polarization 
vector of the incident photon. In the case of polarized 
configuration in Fig.l(b), the polarization vector of the 
emitted photon contains the same polarization vector as 
that of the incident photon. Thus, the SXES spectra at 
the polarized and depolarized configurations reflect the 
electronic structures within the a-b plane and a-c plane, 
respectively. 

(a) Depolarized 
configuration 

Grat~ 

(b) Polarized 
configuration 

G'"'"~~., 

Fig. I: Experimental system of SXES. (a) Depolarized 
configuration; the spectrometer is located in the direction of the 
polarization vector of the incident photon. (b) Polarized 
configuration; the spectrometer is located normal to the wave 
vector and the polarization vector of the incident photon. 
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SXES spectra were measured using a soft-X-ray 
spectrometer installed at the undulator beamline BL-2C 
(in Photon Factory) at the High Energy Accelerator 
Organization. Synchrotron radiation was monochro­
matized using a varied-line spacing plain grating whose 
average groove density was I 000 lines/mm. The SXES 
spectrometer is Rowland Mount type with a laminar 
grating whose radius and groove density are 5 m and 
I200 lines/mm. The total energy resolution was about 
0.4 eV at hv=450 eV with a 20 J.lm incident slit width of 
the spectrometer. 

3. RESULTS AND DISCUSSION 
Figure 2 shows the occupied valence band by 0 Is, 

Ti 2p SXES and the unoccupied conduction band by 0 
Is XAS of the BIT single crystal. The 0 Is and Ti 2p 
SXES spectra measured at hv=550 eV and 480 eV 
reflect the partial density of state (PDOS) of the 0 2p 
state and Ti 3d state in the valence band. One can find 
that the 0 2p state overlaps with the Ti 3d state. This 
result indicates that the 0 2p state hybridizes with the Ti 
3d state in the valence band. Thus, it is clear that 
feature A corresponds to the nonbonding state and 
feature B corresponds to the bonding state that is well 
mixed with the Ti 3d state. 

From the dipole selection rule, it is understood that 
the 0 Is XAS spectra of the Ti compound correspond to 
transitions from 0 Is to 0 2p character hybridized into 
the unoccupied Ti 3d states. Generally, the 0 Is 
spectra of Ti oxides shift to a lower energy by about 0.5 
eV due to core hole potential. Thus, the bottom axis of 
the 0 1 s XAS spectrum is calibrated by considering the 
core hole potential effect. The lower-energy peak is 
attributed to the 0 2p state, while the higher-energy peak 
is attributed to the 0 2p state. These states are 
hybridized with Ti 3d (t28) and Ti 3d (e8) states, 
respectively. The energy separation between the top of 
the valence band and the bottom of the conduction band 
reflects the band gap (Eg). 
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Fig. 2: 0 Is, Ti 2p SXES and 0 Is XAS spectra of BIT single 
crystal. The SXES and XAS spectra reflect the band 
structures of valence band and conduction band, respectively. 
The peaks A and B indicate the nonbonding state and bonding 
state, respectively. 
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Fig. 3: Ti 2p XAS spectrum in the a-b plane of BIT single 
crystal. 
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Fig. 4: Ti 2p SXES spectra in the a-b plane excited at various 
photon energies indicated in Fig. 3. An arrow shows the 
energy position of the excitation photon energy (elastic 
scattering). The vertical lines show the energy position of Ti 
3d~ 2p fluorescence. Four vertical dashed lines (a,~. x. and 
y) are soft-X-ray Raman scattering (inelastic scattering). 

Figure 3 shows the Ti 2p XAS spectrum of the BIT 
single crystal. The spectrum is derived from two parts 
of L3 (2p312) and L2 (2p 112). Furthermore, they are split 
into t2g and e8 states due to the octahedral ligand field 
[IO,I2]. The vertical bars, which are labeled from a to 
d, indicate the selected photon energies for resonant 
SXES measurements. 

Figure 4 shows the Ti 2p SXES spectra of the BIT 
single crystal. The Ti 2p emission reflects the Ti 3d 
PDOS. The arrow shown in each spectrum indicates 
the excitation photon energy. The peak beneath the 
arrow is attributed to the elastic scattering of the 
excitation photon. The elastic peak is enhanced at the 
excitation energy corresponding to the t2g absorption 
peak of L3• On the other hand, the SXES spectrum 
excited at hv=500 eV is an off-resonance spectrum 
attributed to the normal Ti 3d~ 2p fluorescence 
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Fig. 5: (a) Ti 3d--> 2p SXES spectra in the a-b plane presented 
as the relative emission energy (Raman shift) to the elastic 
scattering. The vertical lines are the Ti 3d--> 2p fluorescence. 
Four vertical dashed lines (a, ~. x. and y) are soft-X-ray Raman 
scattering. (b) Optical conductivity spectrum, which 
corresponds to the transition from 0 2p to Ti 3d states. 

spectrum. A vertical line shows the position of the 
fluorescence band for each SXES spectrum. 

Four features shown with vertical bars a, p, x, and y 
represent the energy positions that have energy 
separation of5.5, 7.0, 8.0, and 9.2 eV, respectively, from 
the excitation energy. They shift as the excitation 
energy is varied. These features are attributed to the 
soft-X-ray Raman scattering, that is, inelastic scattering. 
The inelastic scattering that is excited in the L3 
absorption spectral region overlaps with the Ti 3d --+ 2p 
fluorescence. 

Figure 5 shows the SXES spectra, where the abscissa 
is the Raman shift (or energy loss) from the elastic 
scattering. The elastic scattering peak is located at 0 
eV. The Ti 3d --+ 2p fluorescence peak shifts to a 
higher energy as the excitation energy increases. In 
FeTi03 [18], it is reported that the structures appearing 
in the energy region between 1 0 and 4 e V can be 
attributed to the transition to nonbonding 3iL states and 
the split-off antibonding satellite is located at 14.5 eV. 
However, such a satellite is not observed in the SXES 
spectra. 

It is known that the elementary excitation of the 
Raman scattering is the valence band transition. Thus, 
the Raman scattering can be compared with the optical 
conductivity spectrum. The optical conductivity 
spectrum (Fig. 5(b)) at room temperature is shown under 
the SXES spectra described by the relative energy 
Raman Shift. Two prominent peaks are observed at 
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Fig. 6: Ti 3d--> 2p SXES spectra in the a-c plane (dashed line) 
and a-b plane (solid line) measured at L2 (t2g) of Fig. 2. The 
bottom axis is presented as Raman shift. 

~5.5 eV and a weak peak at ~9.2 eV. Four soft-X-ray 
Raman scattering peaks are in good agreement with the 
optical conductivity spectrum, as shown in vertical 
dashed lines (a, p, x, and y). These agreements 
indicate that the soft-X-ray Raman scattering which is 
attributed to a charge-transfer transition from occupied 
0 2p states to unoccupied Ti 3d states [19-24]. Thus, 
the a peak corresponds to the transition from 
nonbonding band to t2g sub band of Ti 3d, and the B peak 
corresponds to the transition from bonding band to t2g 

subband of Ti 3d. The x peak corresponds to the 
transition from nonbonding band to eg sub band of Ti 3d, 
and the y peak corresponds to the transition from 
bonding band to eg subband of Ti 3d. Furthermore, 
these energies of soft-X-ray Raman scattering peaks are 
in agreement with the energy separations of 0 2p and 
unoccupied Ti 3d state, as shown in Fig. 2. 

Figure 6 shows the SXES spectra in the a-b plane 
(polarized) and a-c plane (depolarized), where the 
abscissa is the Raman shift. The spectra were excited 
at L2 (t2g) of Fig. 2. The SXES spectrum in the a-b 
plane corresponds to the spectrum c of Fig. 5(a). The 
large band at near -14eV is fluorescence, which accords 
with the Ti 3d PDOS in the valence band region. The 
intensity of Ti 3d PDOS is larger in the a-c plane. This 
result indicates that the hybridization between Ti 3d and 
0 2p is larger in the a-c plane. 

Four Raman scattering peaks labeled as a, p, x, and y 
are observed in both a-b plane and a-c plane. The 
Raman shifts of a, p and x in the a-c plane are smaller 
than those in the a-b plane. This behavior originates to 
the difference of lattice constant between a-b plane and 
a-c plane. The difference of lattice constant is reflected 
in the magnitude of crystal-field splitting ( 1 ODq), which 
corresponds to the energy difference between t2g- and 
eg-subbands of Ti 3d. Although the 1 ODq in the a-c 
plane is not measured in this study, the magnitude is 
considered to be different from a-b plane. On the other 
hand, the intensity of Raman scattering peaks is larger in 
a-c plane. This corresponds to large hybridization 
effect between Ti 3d and 0 2p state in the valence band. 
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4. CONCLUSION 
We have studied the polarization dependence for the 

electronic structure of BIT single crystal using XAS and 
SXES. The valence band and conduction band are 
mainly composed of 0 2p state and Ti 3d state, 
respectively. The SXES spectra measured at the Ti 2p 
absorption edge region exhibit three structures, which 
correspond to elastic scattering, fluorescence and 
soft-X-ray Raman scattering. The SXRS corresponds 
to the charge-transfer energy, which corresponds to the 
transition from 0 2p state to Ti 3d state. The Raman 
shift of SXRS in the a-c plane is different from that in 
the a-b plane. The difference of CT energy originates 
to the lattice constant and hybridization effect in BIT 
single crystaL 
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