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The electronic structure in the a-b plane of Nd-substituted BiyTi;Oy2 (BisNd,Tiz0y,) single crystal was
studied by X-ray absorption spectroscopy (XAS) and soft-X-ray emission spectroscopy (SXES). The
crystal-field splitting decreases with increasing Nd** concentration. The Ti 3d and O 2p partial densities
of states in the valence band region were observed in O 1s and Ti 2p SXES spectra. The energy position
of the Ti 3d state overlapped with that of the O 2p state, indicating the occurrence of the hybridization
effect between the Ti 34 and O 2p states. The hybridization effect between Ti 3d and O 2p states

increases with increasing Nd** concentration. These results indicate the change of the bond length
between Ti and O ions in the a-b plane.
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1. INTRODUCTION

Ferroelectric thin films have attracted considerable
attention because of their use in ferroelectric random
access memories (FeRAMs). Most attention has been
focused on bismuth-layer-structured ferroelectrics, such
as Bi,Ti;0y; (BIT) and SrBi,Ta,0y [1-3]. However,
the poor fatigue characteristic and the same remanent
polarization of these ferroelectrics are viewed as the
major problem in their FeRAM applications. Therefore,
. La-doped BIT (Bi4.La,TizO;,) has been reported as a
promising material for solving such problems. The
Biy.La, Ti30y, thin film prepared at a low temperature of
650°C exhibits a relatively large remanent polarization
and superior fatigue endurance [4-6]. Such a
significant improvement in ferroelectricity has been
observed only for  (Bi4.La)(Tiz,V,)O, and
Bi;Ti3 V04, films. This selective control of each site
-is called “site engineering”. The site engineering effect
on BIT has been extensively studied by Watanabe et al.
and Tokumitsu et al {7-10]. They reported that the
major contribution of site engineering to BIT is to the
adjustment of the Curie temperature and the suppression
of domain pinning. However, fundamental knowledge
of the site-engineering effect for BIT is lacking.
Therefore, understanding the electronic structure of BIT
is also one of the most important considerations for its
further applications.

In this study, the electronic structures of
Bi;,Nd,Ti30;; (BNT) single crystals have been
investigated by high-resolution X-ray absorption
spectroscopy . (XAS) and  soft-X-ray  emission
spectroscopy (SXES). It is generally known that
photoemission spectroscopy (PES) is a powerful

technique for the investigation of the electronic structure.

The PES is surface sensitive and charging for insulator.
Thus, it is difficult to study the electronic structure of a
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ferroelectric material by PES. SXES and XAS can
confirm the electronic structure in the bulk state,
because the mean free path of a soft-X-ray is very long
compared with that of an electron. On the other hand,
the SXES spectra, which have clear selection rules
regarding the angular momentum due to dipole
transition, reflect the occupied partial density-of-state
(DOS). The XAS is related directly to the unoccupied
DOS. This optical process is rather local process,
because of the localized core state. It is governed by
dipole selection rules so that XAS gives the spectrum
related to the site- and symmetry-selected DOS.

2. EXPERIMENTAL

Powder samples of BNT were prepared by solid-state
reaction. BNT single crystals were grown by a
self-flux method using the BNT powder and Bi,0; as a
flux [11]. Nd** concentration (x) in the crystals was
determined with inductively coupled plasma analysis.
Time-of-flight neutron powder diffraction data were
collected at 25°C using the Vega diffractometer [12].
Structural parameters were refined by the Rietvelt
method using the program RIETAN-2001T based on
B2c¢b orthorhombic symmetry [13].

XAS and SXES measurements were carried out at the
revolver undulator beamline BL-19B at the Photon
Factory of the High Energy Accelerator Organization, in
Tsukuba, Japan. High brightness and high resolution
were realized using a varied- line-spacing plane grating
monochrometer. The XAS spectra were measured by a
Si photodiode. The SXES spectra were measured by a
soft-X-ray emission spectrometer. The spectrometer
used the Rowland circle geometry that consisted of a
grating with a groove density of 300 lines/mm and a
Cs-coated multichannel detector. The total resolutions
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of XAS and SXES were approximately 0.1 eV and 0.4
eV, respectively, at hv=450 eV.

In this measurement system, the incident angle of the
soft-X-ray was approximately 70° in order to avoid the
self-absorption effect. Figure 1 shows a schematic
diagram of the experimental system. In this study, the
SXES spectra were measured at the polarized
configuration. As a reference, the depolarized
configuration is also shown in this figure [16-18]. In
the depolarized configuration, the polarization vector of
the emitted photon (E,,) is rotated by 90° from the
polarization vector of the incident photon (Ey). In the
polarized configuration, the polarization vector of Eg;
contains the same polarization vector as that of Ej.
Therefore, the SXES spectra at the polarized
configuration reflect the electronic structure within the
a-b plane.
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Fig. 1  Schematic diagrams of (a) depolarized and (b)
polarized configurations for SXES. (a) Depolarized
configuration: the spectrometer is located in the direction of the
polarization vector of the incident photon (Ein). (b) Polarized
configuration: the spectrometer is located normal to the wave
vector and the polarization vector of E;,.

3. RESULTS AND DISCUSSION

Figure 2 shows Ti 2p XAS spectra in the a-b plane as
a function of Nd** concentration in BNT single crystals.
The Ti 2p XAS spectra correspond to the transition from
the Ti 2p core level to the unoccupied Ti 3d state. The
spectra are derived from the two parts of L3 (2p35) and
L; (2p1p). They are split into the #,,~ and e -subbands
by the octahedral ligand field [17,18]. The intensities
of four peaks do not depend much on Nd** concentration,
indicating that the substituted Nd** ions do not enter the
Ti* site of BIT. The crystal-field splitting, which
corresponds to the energy separation between #,,- and
eg,-subbands, decreases  with  increasing Na*
concentration. This result reflects the change of lattice
constant in the a-b plane.

Figure 3 shows the O 1s and Ti 2p SXES spectra in
the valence band region of BIT single crystal. The
intensities of 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 localiz-
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Fig. 2 Ti 2p XAS spectra as a function of Nd**
concentration in BNT single crystals.

T‘lll‘lll[‘lll‘Illlll|l||l||l1

[0 2p-PDOS]

|[]§i3,52Ndo.4sTi3012||

B

~~

8

5

8

z -
g . Band

s “.. Calculation
—

v bl g b by
-2 10 -8 -6 -4 -2 0
Binding Energy (eV)
Fig. 3 O 1s and Ti 2p SXES spectra of BNT single crystal.

For reference, the calculated band DOS is also shown under
each SXES spectrum.

ed. For this reason, the O 1s and Ti 2p SXES spectra
reflect the O 2p PDOS and Ti 3d PDOS, respectively.
The energy position of O 2p state overlaps with that of
Ti 3d state in the valence band. The valence band has
two peaks, A and B, at -52 eV and -7.5 eV,
respectively. Comparing both SXES spectra, the Ti 3d
contribution is more significant on the higher energy
side (peak B), where the O 2p state has a larger
admixture of the Ti 3d state. On one hand, the valence
band derived from the O 2p state hybridizes with the Ti
3d state. 'Thus, we estimate that the peak A
corresponds to the nonbonding state and the peak B
corresponds to the bonding state that is well mixed with
Ti 3d state [17].

The PDOS histogram calculated in BIT is also shown
under each SXES spectrum of Fig. 3. The electronic
structure calculations based on the density functional
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theory using local density approximation (LDA) were
performed using the ab-initio calculation program. In
order to calculate the electronic structure, we optimized
the bases sets with effective core potential. A dashed
curve above each calculated PDOS histogram is
obtained by convoluting the original PDOS with
Gaussian broadening functions with a width of 0.5 eV,
which reflects the total resolution of the experimental
system. The bandwidths and peak positions of the
calculated PDOS are in good agreement with those of
the Ti 2p and O 1s SXES spectra.
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Fig. 4 O 1s and Ti 2p SXES spectra as functions of Nd**
concentration in BNT single crystals.

Figure 4 shows the O 1s and Ti 2p SXES spectra as
functions of Nd** concentration in BNT single crystals.
The intensities of the SXES spectra are normalized by
the intensity of the elastic scattering, although the elastic
scattering peak is not shown in this figure. At all Nd**
concentration, it is clear that the O 2p state hybridizes
with the Ti 3d state in the valence band, as shown in the
case of BIT single crystal in Fig. 3. The change of the
bandwidth of the valence band is not observed in BNT
single crystals. The intensity of the Ti 3d PDOS
increases with increasing Nd®* concentration. This
result indicates that the hybridization effect between Ti
3d and O 2p states increases with increasing Nd**
concentration. The change in the hybridization effect
is considered to be due to the change in lattice constant
or bond length between Ti and O ions in the a-b plane of
BIT.

The above results indicate that the hybridization effect
between Ti 3d and O 2p states is closely related with the
ferroelectricity of BNT.  Similar result has been
reported in the ferroelecrics BaTiO; and PbTiO; [21,22].
The strong hybridization between Ti 3d and O 2p states
increases the bonding energy of the Ti-O bond,
enhancing the covalency of the bond. Since the
covalent bond distance is ordinary shorter than the ionic
bond length, the strong covalent interaction distorts the
crystal structure, thus producing ferrolectric polarization
of displactive-type ferroelecrtric materials [21].

In terms of crystal structure, the lattice constant of the
a-axis in BNT decreases rapidly from 5.45 Ato540 A
at 0 <x < 1.0, although that of the b-axis decreases with
Nd* concentration [23]. In other words, the bond
length between Ti and O ions within the a-b plane
decreases with increasing Nd** concentration. The
above result concludes that the hybridization effect of
BIT is closely related to the lattice constant or the bond
length between Ti and O ions.

4. CONCLUSION

We have studied the electronic structure in the a-b
plane of BNT single crystals using XAS and SXES.
The 10Dq increases with decreasing Nd** concentration,
indicating that the lattice constant in the a-b plane
decreases with Nd** concentration. The valence band
of BNT is mainly composed of O 2p state hybridized
with Ti 3d state. The hybridization effect between the
Ti 3d and O 2p states decreases with increasing Nd**
concentration, These results conclude that the
hybridization effect of BNT is closely related to the
lattice constant and the bond length between Ti and O
ions within the a-b plane.
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