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Abstract

The electronic structure of doped Mott-insulator La1�xSrxTiO3 has been studied by resonant soft-X-ray emission

spectroscopy (SXES). At the t2g-resonance SXES spectra, the d–d transition whose Raman shift is about 2.0 eV reflects

the magnitude of half on-site Coulomb energy (Udd). The Udd does not change much around the metal–insulator

transition at x ¼ 0:05 in La1�xSrxTiO3. This result is thought to be in accord with the prediction of dynamical-mean-

field theory.
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La1�xSrxTiO3 changes from a Mott–Hubbard
insulator (LaTiO3) with a d1 configuration at x ¼
0 to a band insulator (SrTiO3) with a d0 config-
uration at x ¼ 1 [1]. For a wide range of x values
in between (0:05oxo1), the series exhibits a
paramagnetic metallic phase. The enhancement
of electronic specific heat (g), which is proportional
to the conduction electron effective mass (m�), is
expected for correlated metals near a metal–
insulator (M–I) transition at x ¼ 0:05; though that
is not expected for M–I transition at x ¼ 0:95 [1–
4]. Therefore, the M–I transition is believed to be
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controlled by the relative magnitudes of the on-site
Coulomb energy (Udd) and the one-electron
bandwidth (W); the system is metallic when
Udd=Wo1 and is an insulator when Udd=W > 1:
In this paper, we present soft-X-ray emission

spectroscopy (SXES) spectra of La1�xSrxTiO3

[5,6]. In small d-band filling region (xp0.90), we
reported that the Raman scattering of the t2g-
resonance SXES spectra, which is attributed to d–
d transitions between the lower Hubbard and the
quasiparticle bands, reflects the magnitude of the
effective Udd=2: By using this technique, we
estimate experimentally the effective Udd near the
M–I transition at x ¼ 0:05:
SXES measurements were carried out at the

undulator beamline BL-2C at the Photon Factory
d.
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(PF) of the High Energy Accelerator Organization
(KEK). Synchrotron radiation was monochroma-
tized using a varied-line spacing place grating
whose average groove density is 1000 lines/mm.
The SXES spectra were measured with soft-X-ray
emission spectrometer. The energy resolution was
higher than 0.4 eV at hn ¼ 450 eV:
Fig. 1(a) shows the Ti 2p X-ray absorption

spectrum of LaTiO3. The spectrum consists of two
parts derived from the spin–orbit split of L3 (2p3/2)
and L2 (2p1/2) states. They are further split into the
t2g and eg states by the octahedral ligand field. The
vertical bars, which are labeled from a to e,
Fig. 1. (a) Ti 2p X-ray absorption spectrum of La0.90Sr0.10TiO3.

(b) Ti 2p SXES spectra excited at various photon energies

indicated in (a). Vertical dashed lines indicate the energy

positions of the excitation photon energy and Ti 3d-2p

fluorescence.
indicate the selected photon energies for resonant
SXES measurements.
Fig. 1(b) shows the Ti 2p SXES spectra of

LaTiO3. An arrow shown in each spectrum is
attributed to elastic scattering of the excitation
photon. The SXES spectrum excited at hn¼ 480 eV
is an off-resonance spectrum attributed to the
normal Ti 3d-2p fluorescence spectrum. This
spectrum indicates that the Ti 3d state hybridizes
with the O 2p state in the valence band. Four
dashed lines (A, B, C, and D peaks) show the
fluorescence band. These energy positions of
fluorescence spectrum are in a good agreement
with those of the PES spectrum [5–7]. Therefore,
we can estimate that the D and C peaks
correspond to the bonding and nonbonding states
of the O 2p valence band, and the A and B peaks
correspond to the quasiparticle band and lower-
Hubbard band in the band gap energy region.
Four features shown with vertical bars a; b; w;

and e represent the energy positions that have
energy separation of 5.2, 6.2, 7.2, and 8.3 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
[5,6]. The soft-X-ray Raman scattering that is
excited in the L3 absorption spectral region over-
laps with the Ti 3d-2p fluorescence. The SXES
spectrum a excited at below the Ti 2p threshold
show an apparent feature at a lower energy than
the elastic scattering.
Fig. 2(a) shows the t2g-resonance SXES spectra

of LaTiO3 (insulating) and La0.90Sr0.10TiO3 (me-
tallic), where the abscissa is the Raman shift from
the elastic scattering. The elastic scattering peak is
located at 0 eV. These intensities are normalized by
the beam current value and measurement time. As
reference, the optical conductivity spectra are also
shown in Fig. 2(b). Four Raman scattering peaks
denoted by a; b; w; and e can be compared with the
optical conductivity spectra [3], since the elemen-
tary excitation of the Raman scattering is the
valence band transition. Four Raman scattering
peaks are in good accordance with the optical
conductivity spectra. This fact indicates that these
Raman scattering peaks are attributed to a charge-
transfer transition from the O 2p state to the
unoccupied Ti 3d state [5,6]. On the other hand,
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Fig. 2. (a) t2g-resonance SXES spectra and (b) optical

conductivity spectra of La1�xSrxTiO3 (x ¼ 0; 0:10).
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comparing each SXES spectrum, the intensity at
0 eV is lower in LaTiO3, indicating the Drude
photorespone shown in the optical conductivity
spectra. Furthermore, the intensity of the dt2g peak
in the band gap decreases with Sr doping, which
has been already observed in the PES study [6,7].
In the case of t2g bands, there is typically no large
band splitting so that the contribution to the
Raman scattering is due to the Udd: That is, the
Raman scattering of the dt2g peak at B2.0 eV
corresponds to the d–d transition from the lower
Hubbard band to the unoccupied quasiparticle
band. Therefore, we can estimate the half Udd

(Udd=2), so that we can experimentally know that
the effective Udd does not depend on the Sr dopant
concentration. The magnitude of Udd is in good
agreement with the energy separation of lower-
and upper-Hubbard bands observed by PES and
inverse-PES spectra [6].
In conclusion, we have studied the electronic

structure near the M–I transition in La1�xSrxTiO3

using SXES. The Raman scattering of the t2g-
resonant SXES spectra indicate features due to the
d–d transitions corresponding to the Udd=2: The
Udd does not change much around M-I transition
at x ¼ 0:05 in La1�xSrxTiO3. This result is
considered to be in accord with the prediction of
dynamical-mean-field theory [8].
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