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Oxygen-vacancy sites on Ti02(100)1 X 3 using surface core-level-shift photoelectron diffraction
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Surface core-level-shift photoelectron diffraction has been used to determine the position of oxygen
vacancies on rutile Ti02(100)1 X 3. Ti 3p photoelectrons associated with Ti atoms adjacent to oxygen va-
cancies were used as the diffraction source. The angle-scanning mode at fixed photon energy was em-
ployed to provide maximum surface sensitivity. By comparison with multiple-scattering calculations,
the data indicate that vacancies are located in the topmost layer of a microfacet structure proposed on
the basis of grazing-incidence x-ray diffraction data.

While much is known about the structure of oxygen
vacancies in metal oxides, little is known about their sur-
face structure. These defects play an important role in
determining the physical and chemical surface properties
of the materials and hence inhuence their technological
applications.

In a recent scanning tunneling microscopy (STM)
study of rutile Ti02(100)1X3 (Ref. 3) we identified indivi-
dual oxygen vacancies, which form an ordered array on
this surface. These data are consistent with photoemis-
sion results, which evidence the creation of vacancies as-
sociated with the 1X3 reconstruction. They are also con-
sistent with a microfacet model of the surface deduced
from grazing incidence x-ray diffraction (GXRD),
modified to introduce 0 vacancies. However, the STM
data do not provide a definitive location of these vacan-
cies in relation to the microfacet morphology derived
from GXRD. In this paper we describe a surface core-
level-shift photoelectron diffraction study which locates
the position of the vacancies.

The combination of surface core-level-shift spectrosco-
py (SCLS) and photoelectron diffraction (FED) has been
shown to be a powerful tool in the elucidation of clean
surface structures. ' This work represents an extension
of its use to a new area of application, namely, the loca-
tion of surface 0 vacancies on a metal oxide. Our PED
data are compared with the results of multiple-scattering
calculations for possible structural models. This allows
us to place 0 vacancies at the top of the TiOz(100)1 X 3
microfacets.

PED experiments employed the grazing incidence
monochromator (30 & h v & 200 eV) (Ref. 8) on station 6.1

at the Synchrotron Radiation Source, Daresbury Labora-
tory. A VSW HA100 hemispherical electron energy
analyzer with multichannel detection was used in the ex-
perimental chamber, the base pressure of which was( 10 ' mbar. The angular dependence of the Ti 3p sig-
nal was used to monitor diffraction at a Qxed photon en-

ergy, 110 eV, with the sample at 295 K. This energy was
selected to maximize the surface sensitivity, the photo-
electron kinetic energy being close to the escape depth
minimum. The combined (monochromator plus
analyzer) energy resolution of the measurements was
about 0.7 eV [FWHM (full width at half maximum)].
The angular resolution of the analyzer, the entrance axis
of which was at 90' to the incoming light in the horizon-
tal plane, was +2' (FWHM). Normalization to the in-
cident photon Aux was accomplished using the drain
current from a W mesh placed between the monochroma-
tor and sample. Ti 3p photoemission spectra were
recorded in 3 intervals of azimuthal emission angle P
from —66 to 102' (0'=[010]) at a polar angle of emis-
sion, 8=20', and —9'& P & 180' at 8=40'.

Sample preparation followed an established method to
form a clean Ti02(100)1 X 3 surface, which involves an-
nealing the stoichiometric 1 X 1 surface at —1100K. The
resulting surface had a total contamination level of( 1%, as judged by Auger spectroscopy, and exhibited a
well-defined 1 X 3 low-energy electron diff'raction (LEED)
pattern.

The Ti 3p photoemission spectrum of TiOz(100)1 X 3
shown in Fig. 1 contains three features, a "bulk" peak at
66.7-eV kinetic energy, a satellite feature at 65.1 eV, and
a SCLS peak arising from 0 vacancies at 68.5 eV. The
assignment of the 65.1-eV feature to an energy-loss pro-
cess follows a detailed study of surface core-level shifts of
Ti02 surfaces. The "bulk" feature will also contain a
contribution from surface Ti atoms not associated with 0
vacancies. For the purposes of this work it is sufhcient to
note that the corresponding spectrum of the
stoichiometric 1 X 1 surface differs only in that the SCLS
peak at 68.5 eV is absent. This feature can be associated
with reduced, nominally Ti species adjacent to 0 va-
cancies. The separation from the bulk peak of 1.8 eV is
identical to that observed on reducing a rutile TiOz(110)
surface. '
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FIG. 1. A typical Ti 3p core-level spectrum of TiO2(100)1 X 3
showing the result of curve-fitting to three Gaussian com-
ponents and the background.

As we show below, the use of the SCLS peak to moni-
tor diffraction rather than the total Ti 3p peak provides
significantly enhanced sensitivity to the 0-vacancy site.
This is despite the decreased signal-to-noise ratio which is
introduced by the need to curve-fit the spectra. Spectra
were simultaneously fitted with a background and three
symmetric Gaussian components all with a FWHM of
1.72 eV (see Fig. 1). The background shown in Fig. 1

produced the most consistent results, being a linear com-
bination of a sine and a third-order polynomial function.
Resulting diffraction curves for the bulk and SCLS
features are shown in Fig. 2, where a clear difference be-
tween the two is apparent. The variation in intensity of
the satellite peak has the same form as the bulk feature.
For comparison with theoretical calculations the experi-
mental data were averaged about 0 in azimuthal angle.

In Fig. 2 the experimental data are compared with the
results of multiple-scattering calculations for the four
structural models illustrated in Fig. 3. The resulting R
factors" are shown in Table I. Three of the models are
based on the microfacet model proposed from GXRD,
modified to include 0-vacancy sites. Three vacancy sites
were considered. The first, which involves the removal of
0 atoms labeled A in Fig. 3(a), places the vacancies in the
top layer of the surface. The remaining two sites, labeled
B,C in Fig. 3(a) involve the removal of bridging 0 atoms
from the (110) microfacets. These are thought to be the
vacancy sites on the (110) surface, giving rise to a 1 X 2
reconstruction under certain conditions. ' The fourth
structural model, shown in Fig. 3(b), is the simple
missing-row structure suggested on the basis of the
LEED symmetry and photoemission data. Within the
four models no account was taken of relaxation from the
bulk atom positions.

The calculations employed PHOTON, a code based on a
time-reversed dynamical LEED formalism which takes
into account the two-dimensional periodicity of the sur-
face. ' It is a generalization of the PEOvER1 code' for
complex surface structures. We employed input poten-
tials obtained from a linear-muffin-tin-orbital self-
consistent calculation. These potentials, which have pre-
viously been used in a band-structure calculation, ' were

incorporated into a muffin-tin scheme before being used
as input to the PHOTON code. The input potentials for
the Ti atoms adjacent to 0 vacancies were empirically
shifted to 1.8 eV lower binding energy, the value ob-
served experimentally. This strategy serves to separately
assess the Ti 3p photocurrent from O vacancy and other
Ti sites, the latter being obtained by summing the contri-
butions from subsequent layers until the layer contribu-
tion reached zero (in some cases up to 16 layers). As well
as including multiple-scattering effects, which can be im-
portant in the low electron kinetic-energy regime, the
code also takes into account the inhuence of the angular
momentum character of the initial core state. The latter
has recently been found to have a significant inhuence on
diffraction patterns. ' The branching ratio to s- and d-
photoelectron waves is calculated with PHOTON. '

Many-body electron effects are taken into account by a
Lorenzian broadening of the initial state by 0.1 eV
(FWHM) and the final state by 4 eV (FWHM). Calcula-
tions, which are for a sample at 0 K, were carried out for
each of the experimental polar angle geometries over an
azimuthal range /=0 to lg0' in 3' steps. These data
were subsequently averaged about /=90' to account for
the presence of two domains, which effectively introduces
a (001) mirror plane.
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FIG. 2. Experimental PED data from Ti02(100)1X3 com-
pared with the results of multiple-scattering calculations for
surface structures based on those shown in Fig. 3. Data for the
bulk and Ti + features seen in Fig. 1 were obtained by curve-
fitting individual spectra. Their variation with azimuthal emis-
sion angle, P (0'=[010]), was recorded at two polar angles of
emission, 20' and 40, with respect to the surface normal. The
error bar on the experimental data is estimated to be +5%.
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TABLE I. R factors (Ref. 11) for the comparison between
bulk and Ti + peak photoelectron diffraction data with the re-
sults of multiple-scattering calculations for the surface models
considered. The best agreement with experiment is indicated
by ~.

(a)

Microfacet Model

ometry Bulk Bulk Ti'+ Ti +

0=20' 0=40 0=20' 6=40

Missing row
Microfacet A

Microfacet B
Microfacet C

4.34 5.87
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FIG. 3. Proposed models of the Ti02(100)1X3 reconstruc-
tion. Small (large) spheres represent Ti (0) atoms, scaled to the
appropriate ionic radii {Ref. 17). The 1 X 3 unit cell is indicated.
(a) Microfacet model based on the results of GXRD (Ref. 5).
The 0 atoms labeled A —C are the 0-vacancy sites considered.
(b) Missing-row model from LEED-photoemission measure-
ments (Ref. 4). (c) Structure of Ti02{100)1X3derived from the
data in Fig. 2.

A visual comparison of the Ti + results in Fig. 2 and
the R-factor analysis" shown in Table I indicates that
there is best agreement between experiment and calcula-
tions for the microfacet model with site A 0 vacancies.
Discrepancies between experiment and the site A mi-
crofacet model calculations for the Ti + peak will prob-
ably have as a major contribution the neglect of relaxa-
tion.

Although the calculations for the SCLS Ti peak ex-
hibit a strong model dependence, this is not the case for
the bulk peak, illustrating one advantage of using the sur-
face feature to distinguish between the possible struc-
tures. Another disadvantage of using the bulk feature is
that diffraction will be significantly influenced by disorder
of the type evidenced in STM images of the 1X3 sur-
face. The latter contain steps edges parallel to [001] and
appear to arise from the formation of extended mi-
crofacets. Their presence on the sample studied here is
not accounted for in the multiple-scattering calculations,
introducing discrepancies arising from the "incorrect"
summation of contributions from the sides and apexes of
the microfacet topology. Such discrepancies are suggest-
ed as a probable reason that a consistent result is not ob-
tained from the bulk-feature R factors in Table I.

In summary, we have used surface core-level-shift pho-
toelectron diffraction to locate the position of 0 vacan-
cies on rutile TiOz(100) 1 X 3 by comparison with
multiple-scattering calculations. The latter used as a
basis the microfacet structural model derived from x-ray
diffraction, modified to include surface 0 vacancies. The
results indicate that 0 vacancies occupy the top layer of
the microfaceted surface, a conclusion consistent with the
results of a recent STM study. This work suggests pho-
toelectron diffraction as a useful structural tool in the
study of oxide surfaces, complementing x-ray diffraction.
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