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Polaronic satellites in x-ray-absorption spectra
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Satel)ite structure in the 2p absorption spectra of early 3d transition-metal compounds is re-
ported. The spectral shape depends strongly on the local symmetry of the excited atom and gives
evidence that in Ti oxides the excitation on the metal is screened by an exciton transition in the
oxygen band and not by a charge-transfer or Mott-Hubbard transition as in the case of narrow-
band metal compounds. The relative satellite intensities can be used to assess the anisotropy of
the local electronic structure and the infiuence of the excited electron on the screening of the
core-hole potential.

Since the advent of synchrotron-radiation facilities, x-
ray-absorption spectroscopy (XAS) has gained much in-
terest as a site and symmetry selective probe to study the
unoccupied density of states above the Fermi leveL The
dipole selection rules and the local character of the
optical-transition-matrix elements involving a core state
assure that only the local unoccupied states are probed.
The core electron is excited into an efficient screening or-
bital so that the perturbation of the core-hole potential on
the remaining ground-state electrons is small. Therefore,
satellites due to multielectronic transitions in x-ray-
absorption spectra of solids are not a common feature. '

They have only been observed in interatomic intermediate
valence systems, such as rare-earth compounds, 2 and
charge-transfer semiconductors, such as Ni dihalides and
NiO, in combination with intense satellites in x-ray-
photoelectron spectroscopy (XPS). The analysis of these
absorption and photoemission spectra in a cluster or im-
purity model yields the values of the parameters for the
local electronic structure, viz. the core-hole-4f (or 3d)
Coulomb interaction, the f-f (or d-d) Coulomb interac-
tions, and the charge-transfer energy. s The satellite
separation, which is the energy difference between the ex-
cited and the relaxed final-state configuration, is mainly
determined by the Coulomb interactions. The XPS satel-
lite intensity reaches a maximum in the atomic limit and
is reduced if the Coulomb interactions are decreased
and/or the mixing (hybridization) between the metal and
ligand valence states is increased. At the threshold of x-
ray absorption, where the core-hole potential is screened
by the additional d (f) electron, the satellite intensity is
reduced to a few percent of the XPS value. 2 3

In this paper we report the presence of satellite struc-
ture in the x-ray-absorption spectra of insulating com-
pounds which have much smaller Coulomb interactions
than the narrow-band Ni and Ce compounds. We ob-
served a low-intensity satellite structure with a separation
varying between 7 and 14 eV in the 2p absorption spectra
of Ca, Ti, and V oxides and halides. For example, the Ca
2p satellites in CaO have an energy separation of 8 eV
and a relative intensity of 0.005, whereas the Ti 2p satel-
lites in Ti02 have a separation of 13 eV and an intensity of—0.05.

Figure I gives the spectra of SrTi03 and Ti02 in the
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FIG. 1. The Ti 2p absorption spectra of (a) SrTi03, (b) Ti02
rutile, and (c) TiOq anatase. The sticks give the calculated line
strength of the dipole transition probability 3d 2p 3d' in
(a) 0& and (b) Dz& symmetry.

12 366 O 1990 The American Physical Society



POLARONIC SATELLITES IN X-RAY-ABSORPTION SPECTRA 12367

anatase and rutile structure, which were measured with

total electron yield in a vacuum of 1Q 'o torr. An energy
resolution of -300 meV was obtained using the spherical
grating monochromator of beamline 1.1 at the Synchro-
tron Radiation Source in Daresbury. The energy resolu-
tion and statistics are better than in earlier published
electron-energy-loss and absorption spectra. '

The main structure in Fig. 1 can be explained by the
calculation of the dipole transition probability from a
ground-state Ti 3d to a final-state 2p 3d'. " The core-
hole spin-orbit interaction splits the spectrum into a 2p3/p
and a 2p~g2 level with a separation of 5.5 eV, which are
further split by crystal-field interaction. In the octahedral
site symmetry of SrTi03 the 2p ~~2 manifold has two levels

and the 2py2 manifold has five levels, of which only two
have a large intensity. The four major peaks in Fig. 1 can
be labeled according to their main character as 2py23d„
2py23d, 2p~g23d„and 2p~g23d, although none of the
states is pure. The 3d states (es levels) have orbitals
which are directed towards the oxygens and, therefore,
have a higher energy than the 3d, states (t2s levels). The
distortion of the Ti site from octahedral to D2q and D2q
symmetry in rutile and anatase, respectively, results in an
asymmetric broadening of the 3d peaks. At —13 eV
above the main structure, a low-intensity structure is
found, which is redrawn in Fig. 2 with a spline subtracted

from the spectrum. This structure is also split into four
peaks by the 2p spin-orbit and the crystal-field interac-
tion. Although, the splitting is very similar to the main
multiplet structure, the peak intensities are different. In a
molecular-orbital diagram the assignment of this struc-
ture would be an antibonding orbital of Ti 4sp and 0 2p
character. ' ' The comparison with band-structure cal-
culationss'3' is hampered due to technical difficulties for
more extended basis sets which include the Ti 4sp states. '

The molecular orbitals which contain 0 2p states can also
be observed in the 0 ls absorption spectrum, which is
given in Fig. 3. The two peaks with a splitting of 2.5 eU at
the 0 ls edge of rutile and anatase can be attributed to
the unoccupied 0 2p, and 2p states which are covalent
mixed with the Ti 3d, and 3d states, respectively. The
structure between 7 and IS eV above the edge is due to
the 0 2p states which are covalent mixed with Ti 4sp
states. ' It is clear that the low-intensity structure in the
Ti 2p spectra shows hardly any relation with the structure
in this 0 ls spectrum, as would be the case for transitions
to final states of mixed character. A further indication
that we are not dealing with a one-electron transition is
that the Ti 2p satellite separation in XAS is close to the
satellite separation in XPS. '2'7 Therefore, the satellite
must be due to an excited state, which is independent of
the photon energy.
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FIG. 2. The satellite structure in the Ti 2p absorption spectra
of (a) SrTi03, (b) rutile, and (c) anatase.
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FIG. 3. The 0 ls absorption spectra of (a) SrTi03, (b) rutile,
and (c) anatase.
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The satellite separation is too large for a charge-
transfer or Mott-Hubbard type of transition, since the
Coulomb interactions involved are only in the order of 1

eV (Ref. 18) and the optical charge-transfer gap is 3
eV. 'o However, the satellite separation is close to the op-
tical transition of the oxygen p s exciton at 14.1 eV. '

de Boer, Haas, and Sawatzky2o have proposed a model
based on exciton transitions to explain the satellites in
XPS. In the initial state of an insulating 3d transition-
metal oxide the 0 2p bonding orbitals are occupied and
the 3s orbitals are empty. After photoemission the core-
hole potential on the metal polarizes the oxygen ions. In
the relaxed final state the oxygens are polarized toward
the metal with 3s character mixed into the 2p wave func-
tion. The excited final state has an oxygen 3s electron and
2p hole. This exciton in the core-hole potential of the
metal can be called an electronic polaron. z' In x-ray ab-
sorption the core electron is not ejected, but excited to an
unoccupied 3d state. The screening of the core-hole po-
tential by the additional 3d electron reduces the polariza-
tion of the oxygen valence electrons. The amount of
screening depends on the symmetry of the final state. If
the electron distribution is directed towards the anions,
then the core-hole potential is better screened and the po-
laronic satellite will be smaller. Table I shows that the
final-state symmetries which have a large overlap with the
oxygen atoms give low satellite intensities, e.g., the 3d
states give lower satellite intensities than the 3d, states.
In rutile and anatase the branching ratio 2py2. 2p~t2 for
the excited state is lower than for the relaxed state. For
reasons given in Ref. 22, a lower branching ratio indicates
a larger 2p-3d electrostatic interaction, which is in agree-
ment with an unscreened core hole in the excited state. In
SrTioq this effect is reduced because of a larger exciton

TABLE I. Satellite to main peak intensity ratios in the Ti 2p
absorption spectra.

Main peak
character 2py]23d~ 2py23d~ 2p t]23d» 2p )(23d~

SrTiOy
Rutile
Anatase

0.10
0.07
0.02

0.04
0.03
0.02

0.10
0.12
0.06

0.04
0.05
0.04

bandwidth. The satellite intensity for the 3d, in anatase is
reduced, because the overlap between the Ti 3d„and 0
2p„states is larger, which is clear from the larger 0 2Jt,
peak in Fig. 2. Thus, the satellite intensities can be under-
stood from a polaronic model. s

In summary, evidence for a polaronic transition as the
origin for the Ti 2p satellites is obtained from the coin-
cidence in energy of the XAS and XPS satellite separa-
tion, and also from the dependence of the XAS satellite
intensities on the final-state symmetry. The Coulomb po-
tential on the metal atom is screened by the polarization
of the anions rather than by a transition which involves
the transfer of an electron between the metal and the
anions. It is expected that polaronic satellites are quite
common in insulating transition-metal compounds, but
have remained unnoticed because of the very low intensi-
ty. Brighter synchrotron radiation sources equipped with
high-resolution monochromators will be an advantage to
resolve these low-intensity satellites. The sensitivity of the
satellite intensity for the site symmetry of the excited
atom may be used to determine the anisotropy of the local
electronic structure in the early transition-metal com-
pounds.
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