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The oxygen ls x-ray-absorption spectra of SrTiO; and TiO,, in both the rutile and anatase crystal
structure, are analyzed using the oxygen p-projected density of states of ground-state band-structure cal-
culations. Good agreement is found and it is concluded that multielectron effects, transition matrix ele-
ments, and the core-hole potential present only small, largely undetectable, influences on the spectral
shape. From the site- and symmetry-projected density of states the rutile peaks could be assigned to the
3d band (4-8 eV), antibonding oxygen 2p states (10—18 eV), and the titanium 4sp band (20-25 eV). For
anatase the titanium 4sp band is shifted to lower energy by about 5 eV, which can be related to the lower
density of anatase. From differences in the crystal structure it is argued that the core-hole potential is
considerably more effective in perovskite SrTiO; than in both TiO, crystal structures. This is in accor-

dance with the experimental findings.

I. INTRODUCTION

The aim of this study is to clarify the interpretation of
the spectral shape of the oxygen 1s x-ray-absorption spec-
tra of tetravalent titanium oxides. The oxides in which
the formal valency of titanium is 4+ are characterized by
a band gap placed in between the oxygen 2p valence band
and the titanium 3d conduction band, making these
compounds nonmetallic. The empty 3d band is a for-
tunate feature for single-particle models to describe the
electronic structure accurately. For the comparison to
x-ray-absorption spectra it is particularly important that
all two-electron integrals are ineffective. In the ground
state, with only completely filled or empty bands this is
the case. The final state of oxygen ls x-ray absorption
contains a core hole in the oxygen 1s level and at the edge
the excited electron is positioned in the 3d band and from
dipole selection rules must bear oxygen p character. All
(multipole  effects from) two-electron integrals
(1s,np|1/r|1s,np ) for the oxygen core hole can safely be
neglected. The final state contains only one electron in
the 3d band, thus also the {3d,3d|1/7|3d,3d ) integrals
are not effective. This is in clear contrast with titanium
2p x-ray absorption on the same compounds. The
(2p,3d|1/r|2p,3d ) integrals are large and strongly cou-
ple the core hole to the 3d states, the result being exciton-
iclike 2p°3d? final states.! ~® For the analysis of titanium
2p x-ray-absorption spectra, single-particle calculational
schemes are not capable of reproducing the spectral
shape. In this paper we would like to investigate the ex-
tent to which single-particle schemes are effective for the
analysis of the oxygen 1s spectra.

A usual picture to visualize the electronic structure of
a transition-metal monoxide is to describe the chemical
bonding mainly as a bonding between the metal 4sp states
and the oxygen 2p states, forming a completely filled
bonding combination, usually denoted as the oxygen 2p
band, and a completely empty antibonding combination
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denoted as the metal 4s and 4p bands. The 3d states also
form a chemical bonding to the oxygen 2p states which
causes them to be antibonding in nature and additionally
this bonding, taking place in a cubic crystalline surround-
ing of oxygen atoms, causes the 3d states to be split into
the 7,, and e, manifolds.

II. CALCULATIONS

This qualitative description of the electronic structure
of transition-metal oxides can be worked out quantita-
tively in single-particle models describing the infinite
solid with band-structure calculations formalized within
the local-density approximation (LDA) of density-
functional theory.*> We have performed LDA calcula-
tions for TiO, rutile, anatase, and SrTiO; with the objec-
tive of comparing the oxygen ls x-ray-absorption spectra
with a set of equivalent calculations. The calculations are
dedicated to the analysis of the unoccupied states and we
have used basis sets, which yield accurate results up to
about 25 eV above the Fermi level.

The calculations have been performed using the local-
ized spherical wave (LSW) method. The LSW method
has evolved out of the augmented spherical wave (ASW)
method of Williams, Kiibler, and Gelatt:® the idea of
tight-binding muffin-tin orbitals suggested by Andersen
and Jepsen’ for the linearized-muffin-tin-orbital (LMTO)
method, has been reformulated and implemented for the
ASW method.? In order to describe accurately the unoc-
cupied states over a wider energy range, the LSW method
has been modified to include an extended basis set allow-
ing two functions for each angular momentum on each
site.” 12

In order to avoid problems related to overlap between
the spheres it is necessary to include empty spheres at
open positions in the crystal structures. In SrTiO; and
anatase one empty sphere position is included and for ru-
tile two different empty spheres are included. Table I
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TABLE I. Structural information. The point-group and
unit-cell parameters are taken from Ref. 13. The atomic radii as
used in the LSW calculations are given for all different atoms (in
A) for their respective Wyckoff positions.

Compound SrTiO, TiO, (rutile) TiO, (anatase)

Point-group P3m P4,/mnm 14,/amd
unit-cell a =3.905 a =4.594 a=3.784
parameters c=2.959 ¢ =9.515

u =0.305 u =0.206
Radii and Wyckoff positions

titanium 092 15 0.70 2a 0.76 4a

oxygen 1.03 la 1.00 4f 1.00 8e

strontium 1.57 3¢

empty 0.50 12j5 0.65 4d 0.68 8e
spheres 0.54 4g

contains the structural information as used in the calcula-
tions. It has been checked that with different sets of
atomic radii, chosen within reasonable limits, the results
are equivalent for the accuracy needed. The atomic radii
are necessary in the calculations to divide the space.
They have no well-defined physical meaning and, for ex-
ample, the amount of charge residing on each atom is
dependent on the radii. Table II gives the states included
in the calculations. The self-consistent potential is calcu-
lated for the valence states. The density of states is calcu-
lated with an extended basis set in order to obtain accu-
rate results up to about 25 eV above the Fermi level. Fig-
ure 1 gives the density of states (DOS) of (a) SrTiO;, (b)
TiO,, rutile, and (c) TiO,, anatase. The figures contain
the total DOS (bottom) and the DOS per site for the con-
stituents oxygen, titanium, and strontium.

Comparison with other LDA calculations

In Table III we compare some electronic structure pa-
rameters as have been found from a series of recent
band-structure calculations. We compare (i) the band
gap, (ii) the width of the valence band, (iii) the width of
the ¢,, band, (iv) the width of the e, band, and (v) the en-
ergy difference between the average energies of the 7,,

TABLE II. The states used in the calculations. The self-
consistent potential is calculated with all valence states. To ob-
tain the density of states accurate up to about 25 eV above Ex
the extended basis set is used. An asterisk denotes that in the
case of rutile and anatase the titanium 4d, 5s, and 5p states have
been included in the extended basis set.

Valence Extended
Element Core states states basis
Sr 1s2s2p3s3p3d4sdp 5s5p4d 4f
Ti 1s2s2p3s3p 4s54p3d 4f, (4d5s5p*™)
o 1s 2s2p3d 3s3p
empty none 1s
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and e, bands, which we define as the effective crystal-field
splitting (CFS). These values can be determined from the
dispersion curves published and they can be inferred
from cases where only density-of-states curves are given.
We compare the band gap, the width of the valence band,
and the CFS to experimental values in Table IV.

For rutile a large series of calculations are available
and it can be checked in Table III that the calculations of
Refs. 14—18 are consistent with the present calculation.
The variations in the five parameters as given in Table III
are generally within 0.3 eV. The band gap is found to be
2.0 eV in Refs. 14—16 and 2.5 eV in Ref. 17 and in our re-
sult, in comparison with the experimental value of 3.06
eV as determined from optical absorption, which recently
was confirmed by resonant hyper Raman.?® This un-
derestimation of the band gap is a well-known feature of
LDA calculations and is a result of the inadequacy to de-
scribe the actual electron additional and electron removal
spectra directly by using the density of states of a single-
particle calculation. That the experimental band gap is
found in the calculation of Munnix and Schmeits'® is not
surprising as they use a semiempirical potential.

III. EXPERIMENT

The x-ray-absorption spectra have been measured at
BESSY, using the SX700(I) monochromator. The spectra
are recorded in total electron yield mode. The samples,
rutile and anatase natural minerals and a commercial
SrTiO; single crystal, were scraped with a ruby file, at
UHYV conditions to ensure surface cleanliness. The rutile
spectrum has been published earlier.”’ Equivalent spec-
tra have been published by van der Laan and co-
workers® and by Brydson and co-workers.?!??

IV. RESULTS AND INTERPRETATION

Figure 2 gives the comparison of the projected density
of states with the oxygen ls x-ray-absorption results for
(a) SrTiO;, (b) rutile TiO,, and (c) anatase TiO,. The
spectra have been aligned at the position of the first peak.
The oxygen p-projected DOS has been broadened with a
Gaussian function of 0.3 eV half-width at half maximum.
The broadening has been deliberately chosen too small in
order to show the underlying structure.

For rutile the first two peaks are reproduced and if the
broadening is optimized a close to perfect fit of the exper-
iment is obtained. The splitting between the ,, "and the
e, peak is equal in experiment (2.7 eV) and theory (2.8
eV).2” We note that in the multiple scattering calcula-
tions of Refs. 21 and 22 a splitting of about 4 eV is found,
which we tend to attribute to inaccuracies in their (non-
self-consistent) potential. The structure between 10 and
22 eV is reproduced in the calculations and we conclude
that the density of states as obtained from a ground-state
calculation gives an accurate description of the oxygen 1s
x-ray-absorption spectral shape. This implies that (i)
there are no detectable many-electron effects, (ii) the
core-hole potential does not have a large influence on the
spectral shape, and (iii) the energy variation of the transi-
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tion matrix elements can be neglected. Vice versa this
implies that the oxygen 1s x-ray-absorption spectral
shape gives a direct picture of the oxygen p-projected
density of states.

The site and symmetry projection of the density of
states offers the possibility of analyzing the respective
structures in terms of particular bands. The ¢,, and e,
bands are dominated by titanium 3d states. The struc-
ture between 10 and 22 eV has been assigned to the titani-
um 4s and 4p bands or more precisely to the antibonding
combinations of oxygen 2p and titanium 4sp states.?’ The
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present calculations modify this assignment: the titanium
s-projected DOS (not shown) has a sharp maximum
around 22 eV, which places the titanium 4s band in be-
tween 20 and 23 eV and similarly the titanium 4p band in
between 21 and 27 eV. This leaves us with the question
about the nature of the states in between 10 and 20 eV.
These states are dominated by oxygen p character and
they are best assigned as antibonding combinations of
direct oxygen-oxygen interactions.

For anatase we also find good agreement between the
first two peaks in the calculation and in experiment.
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FIG. 1. The site-projected density of states of (a) SrTiO;, (b) rutile TiO,, and (c) anatase TiO,. In the plots as given the density of
states has been broadened by 0.1 eV full width at half maximum. The total DOS, with units “states 1 eV cell,” has been given at the
bottom. For the oxygen, titanium, and strontium the DOS has been given per site.
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TABLE III. Comparison of electronic structure parameters as determined by a series of recent
band-structure calculations. Abbreviations: LMTO (linear muffin-tin orbitals), APW (augmented plane
waves), LSW (linearized spherical waves), and CFS (crystal-field splitting). All values in eV.

Band Width Width Width
Compound gap valence band T,, band E, band CFS Method Ref.
Rutile 2.0 5.7 2.9 33 2.5  Pseudopotential 14 and 15
Rutile 2.0 5.4 2.6 33 2.7 LMTO 16
Rutile 2.6 6.5 2.8 3.5 3.5 LMTO 17
Rutile 3.1 5.5 2.2 3.2 25 APW 18
Rutile 3.1 8.5 24 1.3 42 LMTO 19
Rutile 10 7 Hartree-Fock 20
Rutile 4 4 7 Multiple scattering 21 and 22
Rutile 2.5 5.4 2.8 31 2.8 LSW this work
Anatase 2.7 52 2.8 3.0 29 LSW this work
SrTiO; 6.3 2.7 2.0 3.0 2.7 APW 23
SrTiO, 2.9 5.5 2.3 3.6 2.5 LMTO 24
SrTiO, 2.1 5.0 2.6 4.3 32 LSW this work

There is some mismatch in the structured second peak
which has too much intensity in the calculation and also
the calculated splitting is slightly larger (2.9 versus 2.6).
Compared to rutile the main differences are the structure
in between 10 and 20 eV. In the case of anatase a clear
two-peaked structure is observed with peak maxima at
about 12 and 18 eV. This two-peaked structure is repro-
duced in the calculations with some overestimation of the
intensity of the 18-eV peak and a slightly shifted 12-eV
peak maximum. Analysis of the site- and symmetry-
projected DOS (not given) reveals that the titanium 4s
band is positioned in between 16 and 18 eV, and similarly
the titanium 4p band is positioned in between 17 and 20
eV, which is exactly at the position of the second peak in
experiment. Thus we can assign the 18-eV peak to the ti-
tanium 4sp band, while the 12-eV peak is assigned again

TABLE 1IV. Comparison of the calculated values of the band
gap and the crystal-field splitting with experimentally deter-
mined values. All values in eV.

Band Crystal-field

Compound  gap splitting Method Ref.
Rutile 2.5 2.8 Theory this work
3.06 Res. Raman 25
2.6 O 1s XAS this work
2.7 O 1s EELS 21 and 22
1.8 Ti 2p XAS 2 and 27
Anatase 2.7 2.9 Theory this work
2.6 O 1s XAS this work
2.6 O 1s EELS 21 and 22
SrTiO, 2.1 32 Theory this work
3.18 Res. Raman 26
2.8 O 1s XAS this work
2.9 O 1s EELS 21 and 22
1.5 Ti 2p XAS 27 and 28

as antibonding oxygen 2p states. A possible cause for the
large intensity of the 18-eV peak is the size of radius
around oxygen, which apparently overestimates the oxy-
gen character in titanium-dominated states. This will be
solved if the transition matrix elements are taken into ac-
count quantitatively.

For SrTiO; a different spectral shape is observed. The
sharp 1,, peak is followed by a small e, peak in experi-
ment and this e,peak is blurred by the next structure in
the calculations. From the site-projected DOS in Fig. 1 it
can be seen that the e, peak is spread out from 4.5 to 9
eV while at about 7.5 eV the strontium-related peak sets
in. This strontium-related peak has its peak positions at
8, 9.5, and 11.5 eV in the calculation while the experi-
ment gives 8.5, 10.5, and 12 eV. Thus while the overall
shape of this peak is reproduced in detail it is shifted
downwards in the calculation. Thus it appears that the
e, peak is smaller in width in experiment and the
strontium-related structure is shifted by about 0.5 eV. A
possible reason for the sharper e, peak is the core-hole
potential, which will be more visible for SrTiO; because
the e, band is broad and flat (see Fig. 1) compared to the
more round shaped and narrower peak for rutile and ana-
tase (see also the next section).3? A second reason is the
shift in the strontium peaks tends to blur a separate
structure of the e, peak. The next peak at about 16 eV
appears at about 18 eV in the calculations while the
structure in between 21 and 23 eV has an identical posi-
tion in the calculation. The symmetry projection (not
given, see Ref. 31) shows that the 18-V peak is dominat-
ed by strontium p character while the structure in be-
tween 21 and 23 eV can be assigned to the titanium 4sp
band.

Relation to crystal structures

The crystal structures of rutile, anatase, and perovskite
(SrTiO;) are all markedly different and here we will try to
correlate this with the observed spectral shapes. The dis-
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torted octahedra share four edges in anatase and two in
rutile. In the rutile structure they form chains along the
[001] axes and in isostructural VO, the vanadium atoms
form twins along these [001] axes, which share their 3d
electrons to form an overall singlet state.3*3* TiO, does
‘not contain any electrons in the 3d band, hence no energy
can be gained by their (effective) interaction. The
oxygen-titanium network in perovskite is best viewed as a
simple cubic structure of titanium atoms with an oxygen
atom halfway between each titanium pair. Hence only
titanium-oxygen bonds exist and no direct titanium-
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FIG. 2. Comparison of the oxygen ls x-ray-absorption spec-
tra (dotted) with the oxygen p-projected density of states (solid
line) for (a) SrTiO;, (b) rutile TiO,, and (c) anatase TiO,. The
spectra have been normalized arbitrarily. The oxygen p-
projected DOS has been broadened with 0.3 eV half-width at
half maximum.

titanium interactions are possible. In fact at room tem-
perature the structure is perfectly cubic with all Ti-O-Ti
bondings 180°.2

The difference in titanium-oxygen bonds in perovskite
versus anatase and rutile has a different effect on the
shape of the 3d band. Perovskite can be considered as
the prototype for a tight-binding description of the
TiOg®~ cluster. The t,, states are 7 bonding and the e,
states form o bonds, hence the empty and antibonding 3d
band is split into a #,, band at a higher energy than the e,
band. Because of the stronger o interaction the disper-
sion in the e, band is much larger. This picture is repro-
duced in the band-structure calculation and can best be
observed in the titanium-projected DOS in Fig. 1(a),
where the sharp narrow #,, states are followed by the
dispersed e, states. In both rutile and anatase the octahe-
dra are distorted, which has the consequences of (i) caus-
ing an additional splitting of the #,, and e, bands and (ii)
allowing cation-cation as well as anion-anion interactions
to be more prominent thereby making the tight-binding
description less precise. The net effect will be that the ¢,,
and e, bands are less pure 7 versus o bonded and will
tend to appear more alike in width. This can be seen in
Figs. 1(b) and 1(c). This difference between perovskite
and rutile/anatase reappears in the oxygen 2p valence
band, which for perovskite clearly shows bonding and
nonbonding subbands with titanium character more
prominent in the bonding subband [Fig. 1(a)]. The dis-
torted octahedra and particularly the more prominent
oxygen-oxygen interactions largely blur the distinction
between bonding and nonbonding and the titanium char-
acter is spread evenly over the valence band for both ru-
tile and anatase [Figs. 1(b) and 1(c)].

This difference in structure has consequences for the
effectiveness of the core-hole potential in perovskite
versus rutile/anatase. In perovskite the e, band is
broadened over about 5 eV by dispersion, while in the
case of rutile/anatase the broadening is less, but more im-
portantly it is mainly caused by the tetragonal distortion
of the octahedra, which gives rise to a splitting of the d ,
and the dxz_yz orbitals. The core-hole potential tends to

localize the electron in the excited state and hence it
counteracts dispersional broadening. A splitting between
dzz and the dxz_ , states cannot be removed by a core-
hole potential and the core-hole potential is less effective
in narrowing the e, band in rutile and anatase. Because
of the particular shape of the density of states, a narrow-
ing is also more visible in perovskite. This can lead to the
observations that the core-hole potential is apparently ab-
sent in rutile and anatase, while for perovskite it creates
an additional sharp peak at the bottom of the e, band
which is not existing in the broadened density of states.

A remarkable difference between rutile and anatase is
the spectral structure in between 10 and 25 eV. As dis-
cussed, the 12-eV peak in anatase and the 13- and 17-eV
peaks in rutile can be assigned as antibonding oxygen
states, while the titanium 4sp band is related to the 18-eV
peak in anatase and the 22-eV peak in rutile. These states
are at such energies that they can safely be considered as
itinerant and hence the interactions causing their energy
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positions should scale with the volume per formula unit.
Although anatase has shorter mean titanium-oxygen dis-
tances (by 0.5%), its volume is 34.1 A 3 versus 31.2 A 3 for
rutile. Thus the anatase crystal has an 8% less dense
structure and smaller effective interactions of the titani-
um 4sp states. Hence they are less antibonding and their
position is at lower energy. A similar argument can be
used for the antibonding oxygen states.

V. CONCLUDING REMARKS

For the comparison of the p-projected DOS with oxy-
gen 1s x-ray-absorption detailed agreement has been
found for rutile and anatase. This leads to the conclusion
that many-electron effects, transition matrix elements,
and the core-hole potential are all not effective. For
SrTiO; the effect of the core-hole potential is more prom-
inent for the e, band, because of the large dispersional
broadening of this band. For rutile and anatase the
broadening is mainly caused by a tetragonal distortion of
the octahedra, which cannot be counteracted by the
core-hole potential.

The assignment of the bands has been modified from
our earlier assignment.?® The nature of the crystal-field-
split 3d band is confirmed, but analysis of the site- and
symmetry-projected density of states makes one readjust
the assignment of the titanium 4sp band, which is found
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at about 22 eV in rutile and 18 eV in anatase. The struc-
ture just above the 3d band is not dominated by titanium
4sp character but instead by oxygen p character. Hence
the related peaks in the spectrum have been assigned to
antibonding oxygen 2p states, of course with a partial
contribution of titanium 4sp states. For SrTiO; the first
strontium-related bands overlap with the e, band, which
is confirmed by experiment.

The comparison of a series of different band-structure
calculations shows that the recent self-consistent LMTO,
pseudopotential, and LSW calculations give similar re-
sults for most electronic structure parameters. The ear-
lier non-self-consistent calculations give, in general,
better agreement for experimental parameters like the
band gap, but this is a direct consequence of their
semiempirical nature and/or adjustments made. The
multiple-scattering calculations of Refs. 21 and 22 give
less accurate results, which we relate to their non-self-
consistent potential.
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