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On-site Coulomb energy versus crystal-field splitting for the insulator-metal transition
in La1ÀxSrxTiO3
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The on-site Coulomb energy (Udd) and crystal-field splitting (10Dq) of doped Mott-insulator La12xSrxTiO3

have been estimated using resonant soft-x-ray emission spectroscopy~SXES!. The Raman scattering of theeg-
and t2g-resonant SXES spectra indicate features due to thed-d transitions corresponding to the 10Dq and
Udd/2, respectively. TheUdd is in accord with the energy separation between the lower and the upper Hubbard
bands obtained by photoemission and inverse-photoemission spectra. TheUdd does not change much around
two metal-insulator transitions atx50.05 and 0.95 in La12xSrxTiO3 , while the crystal-field splitting increases
as a function ofx.
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I. INTRODUCTION

It is well known that La12xSrxTiO3 changes from a Mott-
Hubbard insulator (LaTiO3) with a d1 configuration atx
50 to a band insulator (SrTiO3) with a d0 configuration at
x51. For a wide range ofx values in between (0.08,n
,1), the series exhibits a paramagnetic~PM! metallic
phase.1 The electrical and magnetic properties have be
thoroughly investigated by Zaanen, Sawatzky, and All2

and Tokura and co-workers.1,3–6 The electrical resistivity in
the PM phase exhibits aT2 dependence, characteristic of a
interacting Fermi liquid.3,6 As x decreases in the PM phas
(0.08,x,1), the electronic specific heat coefficientg,
which is proportional to the conduction electron effecti
mass (m* ), is enhanced towards the antiferromagnetic~AF!
phase boundary (x50.08). Then, theg decreases in the AF
metallic phase (0.05,x,0.08) and the AF insulating phas
(x,0.05). The enhancement ofg is expected for correlated
metals near a metal-insulator (M -I ) transition atx50.05,
though that is not expected forM-I transition atx50.95.
Therefore, theM-I transition is believed to be controlled b
the relative magnitudes of the on-site Coulomb energy (Udd)
and the one-electron bandwidth (W); the system is metallic
whenUdd /W<1 and is an insulator whenUdd /W>1.

Photoemission spectra7,8 ~PES! of the bandwidth-control
system CaxSr12xVO3 have indicated that the V 3d band is
split into the quasiparticle band and the remnant of the H
bard bands and that spectral weight transfer occurs betw
them as a function ofU/W. This behavior is consistent with
the prediction of dynamical mean-field theory~DMFT!,9–14

though them* exhibits only a very weak enhancement wi
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increasingUdd /W. However, recent PES measurements
the soft-x-ray region reports that the spectra on SrVO3 and
CaVO3 have no difference inUdd /W.15 On the other hand,
the Ti 3d band in the PES spectra of La12xSrxTiO3 also
shows the same type of splitting into the quasiparticle ba
and lower-Hubbard band, as has been predicted
DMFT.16–19 Actually, recent PES studies indicate a chan
of the Udd /W in La12xSrxTiO3 .18,19 Thus, it is quite impor-
tant to know the real change ofUdd /W in LaxSr12xTiO3 by
bulk sensitive measurements.

In this paper, we present high-resolution soft-x-ray em
sion ~SXES! and x-ray absorption spectra~XAS! of
La12xSrxTiO3 (x50,0.10). The purpose of this study is t
determine experimentally the magnitudes of the on-site C
lomb energy (Udd) and the crystal-field splitting (10Dq)
near the Mott transition atx50.05 through the study ofd-d
transitions. Here, one should remember that SXES is a b
sensitive measurement, while PES and inverse photoe
sion spectra~IPES! are surface-sensitive measurements.
large d-band filling region (x<0.10), the authors reporte
that the Raman scattering of thet2g resonance SXES spectra
which is attributed tod-d transitions between the lower Hub
bard and the quasiparticle bands, reflects the magnitud
the effectiveUdd/2.20–22Furthermore, it is also reported tha
the Raman scattering of theeg resonance SXES spectra
which is attributed to thed-d transition between thet2g and
eg bands, reflects the magnitude of the 10Dq. Therefore, we
can obtain easily the effectiveUdd and 10Dq near theM-I
transition by using this technique. As references, the PES
IPES were also measured on the same samples in ord
observe the lower and upper Hubbard bands directly.
©2003 The American Physical Society20-1
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II. EXPERIMENT

Samples of La12xSrxTiO3 (x50,0.10) were synthesize
by melt-quenching stoichiometric mixture of La2O3, TiO2 ,
and SrO powders in a floating-zone furnace. Special at
tion was paid to synthesis of the samples withx close to 0
including the sample LaTiO3 . Careful precalcining of La2O3
~source of La! and a fairly strong reducing condition~40%
H2 /Ar) prevented La deficiencies and extra oxygen. T
single crystals were characterized by x-ray diffracti
analysis.

SXES measurements were carried out at the undul
beamline BL-2C at the Photon Factory~PF! of the High
Energy Accelerator Organization~KEK!. Synchrotron radia-
tion was monochromatized using a varied-line spacing pl
grating whose average groove density is 1000 lines/mm.
SXES spectra were measured in the depolari
configuration.23 The energy resolution was higher than 0
eV at hn5450 eV. The energy axis was calibrated by me
suring the 4f core level of an Au film depositedin situ on the
sample substrate.

PES measurements were carried out at the revolving
dulator beam line BL-19B at PF of KEK. Photoelectron e
ergies were measured with an electrostatic hemisphe
analyzer with a radius of 100 mm. The total energy reso
tion was approximately 40 meV.

IPES measurements were carried out at the Institute
Solid State Physics, University of Tokyo.24 A filament-
cathode-type electron gun was used for the excitation sou
The kinetic energy (Ek) of an electron was calibrated by th
electron energy analyzer. The IPES spectra were meas
using a soft-x-ray emission spectrometer. The total ene
resolution of the experimental system was about 0.4 eV
Ek560 eV.

III. RESULTS AND DISCUSSION

Figure 1~a! shows the Ti 2p XAS spectrum of LaTiO3 .
The spectrum consists of two parts derived from the sp
orbit split of L3 (2p3/2) andL2 (2p1/2) states. They are fur
ther split into thet2g andeg states by the octahedral ligan
field. The spectrum is very similar to that reported by Abb
et al.,25 who also showed that the energy position of thet2g
subband does not depend much on the Sr doping. Howe
the intensity oft2g subband increases with increasing Sr co
tent, indicating that the doped holes enter into the bottom
the occupied Ti 3d band.25 The vertical bars, which are la
beled froma to e, indicate the selected photon energies
resonant SXES measurements.

Figure 1~b! shows the Ti 2p SXES spectra of LaTiO3
excited at photon energies labeled in Fig. 1~a!. It is well
known that the Ti 2p emission reflects the Ti 3d partial
density of states. An arrow shown in each spectrum is att
uted to elastic scattering of the excitation photon. The ela
peak is enhanced at the excitation energy correspondin
the t2g absorption peak ofL3 , spectrumb of Fig. 1. Then,
the peak intensity decreases with increasing excitation
ergy for spectrac to e.

The SXES spectrum excited athn5480 eV is an off-
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resonance spectrum attributed to the normal Ti 3d→2p fluo-
rescence spectrum. This spectrum indicates that the Tid
state hybridizes with the O 2p state in the valence band
Four dashed lines~A, B, C, andD peaks! show the fluores-
cence bands. As reference, the PES spectrum of LaTiO3 is
also shown above the fluorescence spectrum. It is strik
that the energy positions of fluorescence spectrum are
good agreement with those of the PES spectrum. Theref
we can estimate that theD and C peaks correspond to th
bonding and nonbonding states of the O 2p valence band,
and theA and B peaks correspond to the quasiparticle 3d
band and lower Hubbard band in the band-gap energy reg
Thus, our results show that the qusiparticle and lower H
bard PES band are real bulk state, since fluorescence s
trum is similar to the PES spectrum.

Four features shown with vertical barsa, b, x, and «
represent the energy positions that have energy separatio
5.2, 6.2, 7.2, and 8.3 eV, respectively, from the excitat
energy. They shift as the excitation energy is varied. Th
features are attributed to the soft-x-ray Raman scattering~or
inelastic scattering!. The soft-x-ray Raman scattering that
excited in theL3 absorption spectral region overlaps with th
Ti 3d→2p fluorescence. The SXES spectruma excited just
below the Ti 2p threshold show an apparent feature at
lower energy than the elastic scattering. Since the excita

FIG. 1. ~a! Ti 2p XAS spectrum of LaTiO3 . The labels (a–e)
indicate the photon energies, where the Ti 2p SXES spectra were
measured.~b! Ti 2p SXES spectra excited at various photon en
gies indicated in~a!. Arrow shows the energy position of the exc
tation photon energy. Vertical lines show the energy positions o
3d→2p fluorescence. As reference, the PES spectrum of LaTiO3 in
the valence-band region is shown above the fluorescence spec
0-2
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energy is lower than the binding energy, the Ti 3d→2p fluo-
rescence cannot be observed. It is attributed to normal
man scattering, where the intermediate state is a virtual s
Resembling features have been already observed in
SXES spectra of highly doped La0.10Sr0.90TiO3 .20–22

Figure 2~a! shows the SXES spectra of LaTiO3 , where
the abscissa is the Raman shift~or energy loss! from the
elastic scattering. The elastic scattering peak is located
eV. The Ti 3d→2p fluorescence peaks shown by four ver
cal bars shift to the higher energy with increasing excitat
energy. Four dashed linesa, b, x, andd indicate the Raman
scatterings. These Raman scatterings can be compared
the optical conductivity spectrum,4 since the elementary ex
citation of the Raman scattering is the valence-band tra
tion. Therefore, the optical conductivity spectrum of LaTiO3
is shown in Fig. 2~b!. Comparing with the SXES spectra
four Raman scatterings are in good accordance with the
tical conductivity spectrum, as shown by four dashed lin
This fact indicates that these Raman scatterings are attrib
to a charge-transfer~CT! transition from the occupied O 2p
state to the unoccupied Ti 3d state.20–22Similar Raman scat-
terings, which correspond toa, b, and d of LaTiO3 , have
been observed in the SXES spectra of La0.10Sr0.90TiO3 .20

However, these energy positions are different from those
La0.10Sr0.90TiO3 , indicating the slight change of the ban
structure.

Figure 3 shows the SXES spectra for Sr doping dep
dence of La12xSrxTiO3 at theeg resonance of Ti. These in
tensities are normalized by the beam current and meas

FIG. 2. ~a! The Ti 2p SXES spectra of LaTiO3 presented on a
relative emission energy scale compared to the elastic scattering~b!
The optical conductivity spectrum taken from Ref. 4.
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ment time. The features fromA to D are the Ti 3d→2p
fluorescence peaks, as shown in Fig. 1~b!. The features from
a to « are the Raman scatterings by the CT transition,
shown in Fig. 2~a!. In the band-gap energy region, thedeg
peak is observed and its relative intensity decreases with
creasing Sr dopant concentration. The Raman shift co
sponds to the transition from the occupiedt2g subband to the
unoccupiedeg subband as indicated by the inset of Fig.
That is, the energy position of thed-d transition represents
the magnitude of the crystal-field splitting (10Dq). The
10Dq from eg-resonance SXES spectra refers to the crys
field in the ground state without the core hole. This is
contrast to the 10Dq obtained from the XAS that contain
the strong effect of the core hole potential.

Figure 4 shows the SXES spectra as the Sr doping de
dence of La12xSrxTiO3 at thet2g resonance of Ti. Compar
ing each spectrum, the intensity of thedt2g peak in the band

FIG. 3. ~a! eg-resonance SXES spectra of La0.90Sr0.10TiO3 and
LaTiO3 . Theeg spectrum for LaTiO3 is spectrumc in Fig. 1~b!.

FIG. 4. t2g-resonance SXES spectra of La0.90Sr0.10TiO3 and
LaTiO3 . The t2g spectrum for LaTiO3 is spectrumb in Fig. 1~b!.
0-3
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gap decreases with Sr doping. This behavior is in accorda
with the change in the intensity of the lower Hubbard ba
which has been already observed in the PES spectra. In
case oft2g bands, there is typically no large band splitting
that the contribution to the Raman scattering is due to
on-site electron correlation energy as indicated by the in
That is, the Raman scattering of thedt2g peak at;2.0 eV
corresponds to thed-d transition from the lower Hubbard
band to the unoccupied quasiparticle band. Therefore, we
easily estimate the half on-site electron correlation ene
(Udd/2), so that we can experimentally know that the effe

FIG. 5. ~a! PES and IPES spectra of La0.90Sr0.10TiO3 and
LaTiO3 . ~b! The crystal-field splitting (10Dq) andUdd as a func-
tion of Sr dopant concentration estimated from Figs. 3 and 4.
values forx50.90 and 0.95 are obtained from Ref. 20.
.
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Figure 5~a! shows the combined PES and IPES spectra

LaTiO3 and La0.90Sr0.10TiO3 . The PES spectra have two fea
tures in the band-gap energy region below the Fermi le
(EF) that correspond to the quasiparticle band atEF and to
the lower Hubbard band at;1.3 eV. In the IPES spectra, th
prominent peak at;2.7 eV and a shoulder at 1.0 eV a
assigned the upper Hubbard band and quasiparticle b
respectively. The intensity of upper Hubbard band increa
and that of quasiparticle band decreases in LaTiO3 . These
intensity changes of the PES and IPES spectra accord
that of dt2g peak in Fig. 4. These observations are the e
dence that the Ti 3d spectral weight is transferred from th
quasiparticle band to the lower and upper Hubbard ban
On the other hand, the energy separation between the lo
Hubbard band and the upper Hubbard band reflects the m
nitude of Udd . The estimatedUdd;4.0 eV in both LaTiO3
and La0.90Sr0.10TiO3 is in accordance with the SXES resul
of Fig. 4. Figure 5~b! shows the 10Dq and Udd estimated
from Figs. 3 and 4, respectively, as well as from earlier st
ies of the highly doped samples.20 The Udd does not change
much as a function of hole dopant concentration. On
other hand, the estimated 10Dq increases with increasing S
dopant concentration. This fact agrees with the change
lattice constant. The lattice constant increases due to the
tortion related to the increase of Ti-O-Ti bond angle. The
facts suggest that the bandwidth also increases with incr
ing Sr dopant concentration.

IV. CONCLUSION

Our results are in good agreement with the prediction
DMFT calculations. TwoM-I transitions aroundx50.05 and
0.95 in La12xSrxTiO3 are well represented by the change
the bandwidth compared to the electron correlation effe
Raman scattering of theeg and t2g-resonant SXES spectr
can be reliably used to quantify the crystal-field splittin
(10Dq) and the on-site Coulomb interaction, respectively
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