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Ti–O Hybridization Effect of Nb-Doped SrTiO3 by Resonant Photoemission Spectroscopy
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The electronic structure of Nb-doped SrTiO3 (SrTi1−xNbxO3) has been investigated by resonant photoemission spectroscopy
(RPES). The valence band is well described by the band calculation. The RPES spectra show that the Ti 3d partial density of
states in the valence band increases with increasing Nb dopant concentration. This finding suggests that the hybridization effect
between the Ti 3d and O 2p states depends on the Nb dopant concentration.
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Strontium titanate (SrTiO3) is a very typical
perovskite-type compound with a band gap of about
3.2 eV.1) Its electrical conductivity is successfully controlled
by substitution doping similar to that in semiconductors. It
has been used in practical applications such as electrodes and
gas sensors. In particular, Nb-doped SrTiO3 (SrTi1−x NbxO3)
is extensively used as a substrate for thin film deposition of
high-Tc superconductors and ferroelectrics because of their
similar crystal structures and good lattice matching. Thus,
understanding the electronic structure of SrTi1−x Nbx O3 is
one of the most important subjects in terms of the science
and technology of materials.

The electronic structure of SrTiO3 has been reported in
many photoemission studies2–7) and in theoretical band cal-
culation.8–11) The electronic structure can be described by the
energy band picture since there are only nominal 3d electrons
that bring about appreciable correlation interaction. The top
of the valence band is mainly composed of O 2p states and the
bottom of the conduction band is formed by the Ti 3d states.
It is known that the Ti 3d orbital is strongly hybridized with
the O 2p orbital. This leads to a situation in which nonvan-
ishing 3d electrons exist in the ground state. Recently, it has
been reported that the hybridization effect between the Ti 3d
and O 2p states depends on the dopant concentration of car-
riers in Sc-dopedp-type SrTiO3.3,4) However, the hybridiza-
tion effect of the dopant concentration for SrTi1−x NbxO3 has
not been well studied thus far.

In this study, the electronic structure of SrTi1−x NbxO3

(x = 0.01, 0.02, and 0.05) has been investigated by
resonant-photoemission spectroscopy (RPES). To investigate
the valence band of SrTiO3 more extensively, RPES measure-
ments were performed near the Ti 3p → 3d resonant region.
We present the RPES spectra in order to study the hybridiza-
tion effect between the Ti 3d and O 2p states in the valence
band of SrTiO3 in terms of Nb dopant concentration.

Single crystals of SrTi1−x NbxO3 were grown by the
Czochralski method. The doping concentrations are
x = 0.01, 0.02, and 0.05. The crystals were examined using
X-ray diffraction. RPES measurements were carried out at the
revolver undulator beamline BL-19B at the Photon Factory
(PF) of the High Energy Accelerator Organization (KEK),
Tsukuba, Japan. Synchrotron radiation from the undulator
was monochromatized using a grating monochrometor. The
revolver undulator covers a wide energy range from 10 to
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1200 eV in the first harmonic. Photoelectron energies were
measured with an electrostatic hemispherical analyzer with
a radius of 100 mm. The total-energy resolution was about
40 meV. The samples were scrapedin situ with a diamond
file in a vacuum of 3.0× 10−10 Torr in order to obtain a clean
surface. The position of the Fermi level was determined by
measuring the Fermi edge of Au film.

Figure 1(a) shows the constant final state (CFS) spectrum
of SrTi0.99Nb0.01O3 measured at the kinetic energy where the
secondary electron has a maximum intensity. This spectrum
is regarded as the approximate absorption spectrum of Ti
3p → Ti3d. The CFS spectrum shows a broad maximum at
about 47 eV. The vertical bars, numbered from 1 to 6, indicate
the selected photon energies for the RPES measurements.

Figure 1(b) shows the RPES spectra in the valence band re-
gion of SrTi0.99Nb0.01O3 measured at various photon energies.

Fig. 1. (a) CFS spectrum of SrTi0.99Nb0.01O3, corresponding to the Ti
3p → 3d absorption spectrum. The numbers indicate the photon ener-
gies at which the RPES spectra were measured. (b) Valence band spectra
of SrTi0.99Nb0.01O3 excited at various photon energies.
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Fig. 2. Doping dependence of on-resonance and off-resonance spectra of
SrTi1−x Nbx O3 (x = 0.01, 0.02, and 0.05): (a) On-resonance spectra mea-
sured at 47 eV and off-resonance spectra measured at 60 eV. (b) Difference
spectra obtained by subtracting the off-resonance from the on-resonance
spectra. As a reference, total DOS and Ti 3d PDOS curves calculated by
Toussaintet al.10) are shown.

The valence band spectra have two features indicated byA
andB which mainly consist of O 2p states mixed with Ti 3d
states. It is known that featureA corresponds to the nonbond-
ing state and that featureB corresponds to the bonding state
that is well mixed with the Ti 3d states. In the PES spectrum
of hv = 47 eV, the intensity of the bonding peak is enhanced
by the Ti 3p → 3d absorption. FeatureC is considered to be
due to oxygen defects at the surface.8) The doublet structures
at around 20 eV are the O 2s and Sr 4d lines. The bonding
peak of the valence band is enhanced at the photon energy of
47 eV (Label 3). The intensity of the Sr 4p peak at 23.2 eV
increases at lower excitation energies. This is evidently due to
the excitation energy dependence of the ionization cross sec-
tion of the Sr 4p electron.12) Since the Sr 4p line is strongly
observed, the O 2s line is distinguished as a shoulder on the
tail of the Sr 4p line.

Figure 2(a) shows off-resonance spectra of the valence
band of SrTi1−x Nbx O3 measured athv = 60 eV. The en-
ergy band density-of-state (DOS) curve shown under the
off-resonance spectra obtained by Toussaintet al.10) is also

exhibited. The DOS curve, which is calculated by the
tight-binding method, is obtained by convoluting the origi-
nal DOS with Gaussian broadening functions with a width
of 0.5 eV. The off-resonance spectra are in good accordance
with the band DOS. The PES spectra also show the two peaks
A and B (nonbonding and bonding states), although the in-
tensity of peakA is lower than that of peakB. We note that
the intensity of peakA decreases with increasing Nb dopant
concentration. Furthermore, the Ti 3d components in both
peaks,A andB, are resonantly enhanced by the Ti 3p → 3d
excitation in the on-resonance spectrum. The effect strongly
depends on the Nb dopant concentration.

Figure 2(b) shows the difference spectra by subtracting the
off-resonance from the on-resonance spectra. It is known that
the difference spectra correspond to the Ti 3d components in
the valence band. In fact, the difference spectra are in good
agreement with the calculated Ti 3d partial DOS (PDOS),
which is shown below the three difference spectra. Compar-
ing the difference spectrum ofx = 0.01, 0.02, and 0.05, the
Ti 3d state increases with increasing Nb ions. This result im-
plies that the hybridization between the Ti 3d state and O 2p
state becomes more extensive with Nb dopant concentration,
indicating a decrease in the effective charges of Ti4+ and O2−
ions. Thus, it shows that the bond distance between Ti and O
ions or the crystal symmetry changes with a small amount of
doping cations.

We measured the RPES spectra on SrTi1−x NbxO3 us-
ing synchrotron radiation. The PES spectra are in good
agreement with the band calculation. The RPES spectra
show that the Ti 3d PDOS in the valence band increases with
increasing Nb dopant concentration. It is concluded that the
hybridization effect depends on Nb dopant concentration.
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