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We have performed an angle-resolved photoemission spectroscopy �ARPES� study of the O 2p valence-band
structure of Nb-doped SrTiO3, in which a dilute concentration of electrons are doped into the d0 band insulator.
We have found that ARPES spectra at the valence-band maxima at the M �k= � �

a , �

a ,0�� and R �k
= � �

a , �

a , �

a �� points start from �3.3 eV below the Fermi level �EF�, consistent with the indirect band gap of 3.3
eV and the EF position at the bottom of the conduction band. The peak position of the ARPES spectra were,
however, shifted toward higher binding energies by �500 meV from the 3.3 eV threshold. Because the bands
at the M and R points have pure O 2p character, we attribute this �500 meV shift to strong coupling of the
oxygen p hole with optical phonons, in analogy with the peak shifts observed for d-electron photoemission
spectra in various transition-metal oxides.
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Transition-metal oxides are known to exhibit a variety of
attractive phenomena such as high-temperature superconduc-
tivity, giant magnetoresistance, and metal-insulator
transition1 resulting from interaction among the transition-
metal 3d electrons. Among transition-metal oxides,
perovskite-type Ti and V oxides are ideal systems to study
the fundamental physics of electron correlation because they
are prototypical Mott-Hubbard-type systems. So far, their
electronic structures have been modeled by the Hubbard
model without an explicit consideration of oxygen p orbitals.
Recently, extended cluster-model analysis of Ca1−xSrxVO3
has suggested that contributions from the O 2p states are
significant in the correlated V 3d bands.2 Also resonant pho-
toemission spectroscopy �PES� study of Nb-doped SrTiO3
�STO� has revealed that the electron-doping induced states
are not simple Ti 3d states but are strong hybridized states of
Ti 3d and O 2p.3 STO is a perovskite-type 3d0 band insula-
tor with the filled O 2p band and the empty Ti 3d band. The
band gap �Eg� of STO determined by optical measurements
is �3.3 eV for the indirect gap and �3.8 eV for the direct
gap.4,5 Substituting La for Sr, Nb for Ti, or introducing oxy-
gen vacancies leads to electron doping and makes the system
metallic and even superconducting already from very low
carrier concentrations of 8.5�1018 cm−3.6,7 The band struc-
ture has been studied theoretically by many groups.5,8–10

Angle-resolved photoemission spectroscopy �ARPES� mea-
surements have also been performed11,12 to study the band
structure of STO, however, these measurements were made
for several k points in the Brillouin zone, mainly using the
so-called normal-emission method.

In the present work, we have made detailed ARPES mea-
surements on Nb-doped, i.e., lightly electron-doped, STO
and have examined the dispersions of the O 2p band and the
bottom of the Ti 3d band. The dispersions of the O 2p band
has been well explained by tight-binding �TB� band-structure
calculation if the band gaps are adjusted to the optical gaps
of 3.3 and 3.8 eV. Photoemission starts from �3.3 eV below
the Fermi level �EF�, consistent with the indirect optical gap
of 3.3 eV. However, the ARPES peak positions of the O 2p

bands are located �500 meV below the valence-band maxi-
mum �VBM�. We attribute the 500 meV shift to the coupling
of the O 2p hole to optical phonons.

ARPES measurements were performed at BL-1C of Pho-
ton Factory, High Energy Accelerators Research Organiza-
tion �KEK�. A Nb-doped STO single crystal with an atomi-
cally flat �001� surface of TiO2 termination was measured.13

To introduce carriers �electrons� into the sample, it was an-
nealed under an ultrahigh vacuum ��1�10−9 Torr� at 1273
K for 2 h, and then transferred to the photoemission chamber
without exposing it to air.14 The amount of the doped carriers
was so small that changes in the band structure are consid-
ered to be negligible from those of the pure STO. Measure-
ments were performed in an ultrahigh vacuum of �1
�10−10 Torr at 20 K using a Scienta SES-100 electron-
energy analyzer. The total-energy resolution including the
monochrometer was set to �60 and �150 meV near EF and
in the valence-band region, respectively. The EF position was
determined by measuring gold spectra. Traces in momentum
space for changing emission angle are shown in the right
panels of Fig. 1, when the widths represent the kz broadening
due to the finite escape depth of photoelectrons.15 In order to
calculate the momentum perpendicular to the sample surface,
we have assumed the free-electron-like final states, and used
the work function of the sample �=4.1 eV, the inner poten-
tial V0=17 eV, and the lattice constant a=3.905 Å.

Figures 1�a�–1�c� show energy distribution curves �EDCs�
taken with photon energies of 86 and 58 eV, showing clear
band dispersions. In order to see the band dispersions more
clearly, we have taken the second derivatives of the EDCs
and plotted them on a gray scale in Figs. 1�d�–1�f�. Here,
bright part indicates peaks or shoulders in the EDCs. In Fig.
2�a�, the E-k intensity plot near EF around the � point is
shown. The intensity in the vicinity of EF arises from the
bottom of the Ti 3d band, which is occupied by a small
amount of electrons doped into the sample. From the size of
the occupied part in momentum space ��kF��0.15�

a �, the car-
rier density is estimated to be �1�10−2 per Ti atoms by
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assuming the Fermi surface to be threefold degenerate
spheres of the t2g bands. Then, the Fermi energy is estimated
to be as small as �40 meV from the above �kF� value and
the effective mass m�=1.5m0,11 where m0 is the free-electron
mass. Therefore, the Fermi level is located only �40 meV
above the bottom of the Ti 3d-derived conduction band. The
EDCs at the M point �k= � �

a , �
a ,0�� and the R point �k

= � �
a , �

a , �
a ��, both corresponding to the top of the O 2p band

of pure O 2p character, are shown in Figs. 2�b� and 2�c�. The
emission starts at the threshold of �3.3 eV below EF, that
is, 3.3 eV below the bottom of Ti 3d band. The value of 3.3
eV is equal to the magnitude of the indirect band gap of STO
between the valence-band maximum at the M or R point and
the conduction-band minimum at the � point. Both spectra
have been decomposed into several Gaussians, out of which
the lowest-binding-energy ones are shown in Figs. 2�b� and
2�c�. Thus, the peak position of the lowest-binding-energy
Gaussian is observed 3.8 eV below EF, i.e., by �500 meV
deeper than the threshold.

In order to interpret the experimental band dispersions
quantitatively, the ARPES spectra have been fitted to TB
band-structure calculation. We have performed the TB calcu-
lation including the Ti 3d and O 2p orbitals �totally, 14
atomic orbitals� as the basis set.8–10 Parameters to be ad-
justed are the energy difference between the Ti 3d and O 2p
levels, �p−�d, the crystal-field splitting of the O 2p orbitals,
�p�−�p�, and Slater-Koster parameters �pd��, �pd��, �pp��,

and �pp��.16 We chose the TB parameters to reproduce the
observed band dispersions as well as the indirect and direct
optical band gaps of 3.3 and 3.8 eV, respectively,5 as shown
in Fig. 3�a�. Best-fit parameters are �p−�d=−5.7 eV, �d�

−�d�=2.2 eV, �p�−�p�=1.5 eV, �pd��=−2.3 eV, �pp��
=0.40 eV. Also, we assumed �pd��=−0.46�pd��, �pp��=
−0.25�pp��.17 Here, the same shift of �500 meV between
the ARPES peaks and the TB band dispersions are assumed
not only at the VBM at the M and R points but also over the
entire O 2p bands, although the shifts may differ between the
bands and k points. As shown in Figs. 3�b�–3�d�, the calcu-
lated band dispersions could successfully reproduce the ex-
perimental dispersions of peak positions in the EDCs, except
for the overall shift of �500 meV between the ARPES data
and the TB calculation. Some of the bands which cannot be
reproduced in the calculation may come from the surface
reconstructed layer, which was observed by low-energy
electron-diffraction pattern. Here, it should be noted again
that the shift of EF due to electron doping is as small as
�40 meV as mentioned above. Furthermore, according to
the previous PES measurement of La1−xSrxTiO3,18 electron
doping into STO induces chemical-potential shifts as small
as �200 meV from STO to LaTiO3 �100% electron doping�.
Therefore, electron doping caused by the oxygen vacancies
and/or Nb substitution cannot explain the energy shift as
large as �500 meV.

In order to explain the discrepancies between the ARPES
peak dispersion and the TB band structure fitted to the opti-

FIG. 1. �Color online� ARPES spectra of SrTiO3. ��a�–�c�� EDCs taken with photon energies h	=86 eV and h	=58 eV. ��d�–�f��
Grayscale plots of the second derivatives of the EDCs for the �-X direction, the X-M direction, and the X-R direction. Here, bright parts
correspond to energy bands. Right top: Brillouin zone of the simple cubic lattice. Right middle and bottom: traces in momentum space for
h	=86 eV and 58 eV and emission angle from 
=−10° to 40°.
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cal band gaps, we suggest that the effect of strong electron-
phonon coupling on the spectral line shape is important for
the O 2p band, too. We note that the VBM at the M and R
points have pure O 2p character without admixture of Ti 3d.
In the scenario of strong electron-phonon coupling effect on
photoemission spectra, strong multiple phonon peaks appear
on the higher-binding-energy side of the weak �almost invis-
ible� zero-phonon line, making the spectral line shape broad
and apparently shifted toward higher binding energies by the
multiple phonon energy compared with the zero-phonon
peak �threshold�.19 Therefore, ARPES peaks will be observed
at higher binding energies than the optical band gap suggests.
In the photoemission spectra of several trasition-metal oxide
�TMOs�, such effects of electron-phonon coupling have been

reported in 3d-electron photoemission spectra. For example,
in the case of Ca2CuO2Cl2, the energy shift between the pho-
toemission threshold and the photoemission peak is found to
be �450 meV,20 and in the case of La1−xSrxFeO3�1 eV.21

When an electron is strongly coupled with optical phonon
modes of energy �,22 the energy shift is given by �=g�,
where g is the electron-phonon coupling constant. g can be
much larger than one judged from the large energy shift
compared to the maximum phonon energy=70 meV. In or-
der to evaluate the electron-phonon coupling constant,
temperature-dependent ARPES measurements would be de-
sired in future. It is interesting to note that we have observed
effects of similar magnitude for the emission of an O 2p
electron, which are generally thought to be itinerant weakly
correlated. The electron-phonon coupling effects of similar
magnitudes between the transition-metal 3d and O 2p elec-
trons mean that holes in the O 2p band have tendency to be
localized like a hole in the TM 3d bands.21 In fact, it has
been known for transparent oxide semiconductors that n-type
samples are much more conductive and p-type conductors
had not been realized until CuAlO2 was discovered.23

In summary, we have performed detailed ARPES mea-
surements of Nb-doped �lightly electron-doped� STO and
have observed the ARPES peak dispersions of the O 2p band
and the bottom of the Ti 3d band. The photoemission thresh-
old at the valence-band maxima �the R and M points in the
Brillouin zone� were observed at 3.3 eV below EF, in agree-
ment with the optical band gap. The corresponding photo-
emission peak, however, was found �500 meV below the
threshold. We interpret the shift of the ARPES peak of
�500 meV as an effect of strong electron-phonon coupling
in analogy with the similar behaviors of d-derived photo-
emission peak in insulating 3d TMOs.
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ority Area “Invention of Anomalous Quantum Materials”
�Grant No. 16076208� from MEXT, Japan. The work at
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FIG. 2. �Color online� ARPES spectra of SrTiO3. �a� Intensity
plot in E-k space around the � point. The bottom of the Ti 3d band
was observed at the � point in the vicinity of EF. ��b�, and �c��
EDCs at the M point and the R point. They have been decomposed
into several Gaussians, out of which only a few lowest-binding-
energy ones are shown.

FIG. 3. �Color online� Comparison between the ARPES band structure and TB calculation, �a� Band structure of STO. ��b�–�d��
Comparison for the �-X, the X-M, and the X-R directions. The direct and indirect gaps are indicated. The TB calculation has reproduced the
experimental ARPES band structure except for the overall shifts of the O 2p band by �500 meV.
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