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Bulk Electronic State of SrTiOs;_; Probed by Resonant Soft-X-Ray Emission Spectroscopy
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The bulk electronic state of SrTiOs;_s has been studied by means of soft-X-ray emission spectroscopy (SXES) and
photoemission spectroscopy (PES) in the Ti 2p energy region. The PES spectrum shows two peaks in the energy region
immediately below the Fermi level (Ef), which sites in an energy band gap. Both peaks correspond to a coherent part at Ex
and to an incoherent part at a binding energy of approximately 1.5eV. In #,-resonanced SXES spectra, Raman scattering of
the 8t,, peak occurring near 2.0 eV arises from a d-d transition from the occupied incoherent band to the unoccupied coherent

band. The Raman shift reflects the half of the intra-atomic Coulomb energy (U.,/2).
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SrTiOs is a typical perovskite-type oxide with a band gap
of 3.2eV. The SrTiOj; crystal has n-type conductivity due to
doping with electric carriers and becomes a superconductor.
Such electron doping is known to transform insulating
SrTiO3 readily into a metallic state even with a very small
extent of doping.'™ Doping can be achieved by altering any
of the three sublattices, namely, those of Sr>*, Ti** and O*~.
In particular, La’t substitution at the Sr** site
(Sr;_,La,TiO3) and Nb>t substitution at the Ti*t site
(SrTi;_,Nb,O3) have been extensively studied.'™ These
samples are used as a substrate for the thin film deposition of
ferroelectrics and superconductors because of the their
similar crystal structures and good lattice matching. On the
other hand, SrTiO3_s might also be expected to be used for
substrate for the thin film deposition.

Recently, the electronic structure of the doped SrTiO3; has
been extensively studied by means of photoemission
spectroscopy (PES).” " In a lightly doped region, there
will be no electron correlation among the doped electrons
since the probability of electron-electron scattering is
negligibly small. The PES spectra of SrTi;_,Nb,O3; and
Sr;_,La,TiO3 show two peaks in the band gap energy
region, which are generally believed to be respectively a
coherent band at Fermi level (Eg) and an incoherent band at
a binding energy of ~1.5eV that is attributed to a remnant of
the lower Hubbard band. The band calculation based on a
rigid-band filling model cannot reproduce the peak at
~1.5eV,>® though the O 2p valence band shows a good
agreement with the PES spectra. The coherent band
corresponds to the impurity band, which is expected from
the rigid-band model. However, the origin of the incoherent
band has not been clarified thus far. In recent years, it has
been proposed that the incoherent band at ~1.5eV is caused
by a polaronic feature®® or a surface structure that is created
due to the degree of correlation and disorder in the
surface.''™" A similar structure has also been observed in
the PES spectrum of SrTiOs;_s.'*'"

In this letter, we present soft-X-ray emission (SXES)
spectra of SrTiOs;_s (6 = 0, 0.02). For reference, the PES
spectra were also measured. The SXES spectra reflect the
electronic structure of the bulk compared with PES spectra,
because the mean free path of a soft-X-ray is very long
compared with that of the electron. Furthermore, the Raman

scattering observed in the SXES spectra provides useful
information about the electronic structure. It is reported that
the Raman scattering for 3d transition metal compounds is
attributed primarily to the d-d transition between the 3d
valence and conduction bands as well as charge transfer
(CT) transition from an occupied O 2p band to an
unoccupied 3d band.'>™'® Here, we prove that the ~1.5eV
peak in the band gap region of SrTiO;_s exists as a bulk
state, even though a surface state may also exist.

The SrTiO3_s (§ = 0, 0.02) samples were prepared by the
solid state reaction of SrCO5; and TiO, at 1200°C for about
12 h, and the single crystals were grown by a floating-zone
method using an Xe-arc imaging furnace. The SrTiO;og
crystal was obtained in an as-grown sample. The SrTiOj;
crystal was obtained by annealing the as-grown crystal in O,
atmosphere at 800°C. The prepared crystals were examined
by X-ray diffraction.

SXES spectra were measured using a soft-X-ray spectro-
meter installed at an undulator beamline BL-19B (at the
Photon Factory), of the High Energy Accelerator Organiza-
tion. Synchrotron radiation was monochromatized using a
varied line spacing plane grating whose average groove
density is 1000 lines/mm. The incidence angle of the soft-X-
ray was selected to be about 75° in order to avoid the self-
absorption effect. The energy resolution was smaller than
0.8eV at hv =450eV. The bottom axis was calibrated by
measuring a 4 f core level of Au.

Figure 1 shows the Ti 2p XAS spectrum of SrTiO;9g. The
spectrum is mainly derived from two parts of L3 (2p3,2) and
L, (2p1y2). Each part is split into 7, and e, states by an
octahedral ligand field. The spectrum is similar to those of
SrTiO3 and Srl_xLaxTiO_;.”’w) The vertical bars labeled
from 1 to 6 indicate photon energies selected for resonant
SXES measurements.

Figure 2 shows Ti 2p SXES spectra of SrTiO;¢g excited
at each point of Fig. 1. It is well known that the Ti 2p
emission reflects the Ti 3d partial density of states. An arrow
shown in each spectrum is attributed to elastic scattering of
the excitation photon. The elastic peak is enhanced at the
excitation energy corresponding to the ,, absorption peak of
L;. Then, the peak intensity decreases with increasing
excitation energy.

The SXES spectrum 6 excited at hv = 472¢eV is an off-
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Fig. 1. Ti2p XAS spectra of SrTiO; 9. The numbers indicate the photon
energies where the Ti 2p SXES spectra were measured.
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Fig. 2. Ti 2p SXES spectra of SrTiO,9g excited at various photon
energies in Fig. 1. Arrow shows the energy position of the excitations
photon energy. Vertical broken lines show the energy positions of Ti
3d — 2p fluorescence. For reference, the PES spectrum of SrTiO, g is
also shown.

resonance spectrum attributed to the normal Ti 3d — 2p
fluorescence spectrum. This spectrum suggests that the Ti 3d
state hybridizes with the O 2p state in the valence band.
Four dashed lines (a, b, ¢, and d peaks) show the
fluorescence bands. In the figure, the PES spectrum of
SrTi0, 05 is also shown above the fluorescence spectrum. It
is striking that the energy positions of the fluorescence
spectrum are in good agreement with those of the PES
spectrum. Therefore, the a and b peaks correspond to the
bonding state and the nonbonding state in the valence band,
respectively. The ¢ and d peaks correspond to the coherent
band and the incoherent band in the band gap, respectively.
On the other hand, a prominent feature at 448 eV may be due
to the contribution of a satellite-like structure, though the
origin is not clear.

Four parts (¢, B, x, and ¢) denoted by small vertical bars
in each Ti 2p SXES spectrum represent the energy sites
shifted from the excitation energy shown in Fig. 1, to be 5.6,
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6.9, 8.0, and 9.3 eV, respectively. They shift as the excitation
energy is varied. These features are attributed to the soft-X-
ray Raman scattering (or inelastic scattering). The soft-X-ray
Raman scattering that is excited in the L3 absorption spectral
region overlaps with the Ti 3d — 2p fluorescence. The
SXES spectrum 1 excited immediately below the Ti 2p
threshold shows an apparent feature at a lower energy than
the elastic scattering. Since the excitation energy is lower
than the binding energy of Ti 2p, the Ti 3d — 2p
fluorescence cannot be observed. It is attributed to a normal
Raman scattering, where the intermediate is a virtual state.
Similar features have already been observed in the SXES
spectra of Lao,IOSrO,goTiO}”_lg)

Figure 3(a) shows SXES spectra of SrTiO; g, where the
abscissa is the Raman shift (or energy loss) that is the energy
shift from the elastic scattering. The energy of each elastic
scattering peak in Fig. 2 is normalized at 0 eV in Fig. 3(a).
The Ti 3d — 2p fluorescence peaks shown by four vertical
bars (a, b, ¢, and d peaks) shift to the higher energy with
increasing the excitation energy. Four dashed lines «, S, yx,
and ¢ indicate the Raman scatterings. These Raman scatter-
ings can be compared with the optical conductivity
spectrum,” since the elementary excitation of the Raman
scattering is the valence band transition. Therefore, the
optical conductivity spectrum of SrTiO; g is shown in Fig.
3(b). Compared with the SXES spectra, the four Raman
scatterings are in good accordance with the optical con-
ductivity spectrum, as shown by the four dashed lines. This
fact indicates that these Raman scatterings can be attributed
to a charge-transfer (CT) transition from the occupied O 2p
state to the unoccupied Ti 3d state.'”~'?

Figure 4 shows a comparison of the #,,-resonanced SXES
spectra between SrTiOz and SrTiO,¢g. The 8t,, peak is
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Fig. 3. (a) Ti 3d — 2p SXES spectra of SrTiO,¢g presented as the
relative emission energy to the elastic scattering. (b) Optical conductivity
spectrum of SrTiO; og.
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Fig. 4. Comparison of the #,,-resonance SXES spectra of SrTiO;93 and
pure SrTiO;. This fy,-resonance spectrum obtained for SrTiO;_; is
spectrum 2 in Fig. 3.

observed at about 2.0 eV in SrTiO; ¢g, though the peak is not
observed in SrTiOs. The PES in Fig. 2 indicates that two
peaks attributed to Ti 3d states are observed just below the
Fermi level (Ef). The peaks are the coherent band at Er and
the incoherent band at about 1.5eV below Egr Their
schematic energy states are inserted into Fig. 4. In the #p,
excitation, there is typically no large band splitting so that
the contribution to the Raman scattering is due to the
electron correlation energy (Ugy). The Raman scattering of
the 81, peak at approximately ~2.0eV corresponds to the d-
d transition from the occupied incoherent band to the
unoccupied coherent band. Therefore, the Raman shift of the
dtr, peak reflects the effective Ugy/2. The magnitude is in
good agreement with the results of the PES and inverse-PES
studies.'” On the other hand, the intensity at Raman shift =
0eV is larger in SrTiO;.9g. This behavior indicates the Drude
photoresponse which is attributed to the d-d transition
between the coherent bands.'”

Recently, Kajueter et al. indicated that the degree of
correlation and disorder is larger at the surface than that in
the bulk.'? This finding explains an origin of the incoherent
peak at ~1.5eV below the Er in the PES spectra. However,
the present results suggest that the 61,, peak arises from the
bulk state, even though the surface state may also contribute
to it.

In conclusion, we have studied the electronic structure in
the bulk state of SrTiO;_s using the SXES technique. The
electronic structure in the valence band region of the SXES
spectrum reflects that of the PES spectrum. The CT Raman
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scattering, which corresponds to the transition from O 2p to
Ti 3d states in the virtual state, agrees with the optical
conductivity spectrum. The Raman scattering, which is
attributed to the d-d transition between the incoherent and
the coherent bands, is directly observed in the #,,-resonance
SXES spectra of SrTiO3_s. The Raman shift corresponds to
the magnitude of the effective U ,/2.
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