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Intrinsic Nature of the Excess Electron Distribution at the TiO,(110) Surface
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The gap state that appears upon reduction of TiO, plays a key role in many of titania’s interesting
properties but its origin and spatial localization have remained unclear. In the present work, the TiO,(110)
surface is reduced in a chemically controlled way by sodium adsorption. By means of resonant photo-
electron diffraction, excess electrons are shown to be distributed mainly on subsurface Ti sites strikingly
similar to the defective TiO,(110) surface, while any significant contribution from interstitial Ti ions is
discarded. In agreement with first principles calculations, these findings demonstrate that the distribution
of the band gap charge is an intrinsic property of TiO,(110), independent of the way excess electrons are

produced.
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Titanium dioxide, an inert insulator in stoichiometric
form, can be easily reduced into an n-type semiconductor
TiO,_, with many technologically relevant properties, in-
cluding photocatalysis [1,2], chemical reactivity [3,4], and
electrical conductivity [3]. Formally associated with the
transformation of Ti*" to Ti*" ions, reduction of titania
results in excess electrons that populate localized Ti 3d
states in the band gap [1], giving rise to core-level shifts
[5], changes in Auger line shapes [6], and a characteristic
signature in electron paramagnetic resonance [7]. Despite a
large number of experimental and theoretical studies,
mainly focused on the archetypal TiO,(110) [3], a clear
picture of the reduced surface has not been found to date.
Puzzling issues are the surface or subsurface distribution of
excess charges and the lattice or interstitial nature of the
Ti*" ions. In the classical oxygen-vacancy picture [8,9] of
the rutile TiO,(110) surface, excess electrons originate
from the vacancies created by the removal of bridging
oxygen atoms (Op-vac) and give rise to Ti 3d! states on
the surrounding Ti ions [9—11]. This view was contradicted
by two recent experimental studies in which the Ti inter-
stitial atoms (Ti;,,) were attributed a main role in the band
gap state [12,13]. According to Wendt et al. [12] the Ti 3d'
gap state mainly stems from Ti;,, since it was found hardly
sensitive to the filling of O,-vac by hydroxyl groups. In a
different way, on the basis of a counting of O,-vac by STM
combined with a hybrid HSEO06 approach, Papageorgiou
et al. [13] postulated that excess electrons originate from
both Op-vac and Ti;, that stay close to the surface.
Regarding the localization of Ti3* ions, theory is far
from consensus. Localized states in wide band gap oxides
remain a challenge for first principles theory [4,14] and so
the choice of the appropriate approach is the first issue in
numerical simulations. In contrast to density func-
tional theory (DFT), the DFT + U scheme [4] and
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DFT-Hartree-Fock hybrid functionals [14] include self-
interaction corrections and are therefore expected to
describe localized band gap states better than pure DFT.
However, even similar functionals yield conflicting results.
According to the hybrid B3LYP functional, known for
improving the determination of gap widths [15], unpaired
electrons are trapped on nonequivalent fivefold and sixfold
coordinated surface Ti sites next to Op-vac [14]. At vari-
ance, the hybrid HSEO6 functional suggests electron local-
ization on subsurface sites beneath O,-vac [13]. DFT + U
approaches favor charges in subsurface for low U values
(<4 eV) [16] or low concentration [17] and predict an
occupancy of surface atomic sites for higher U values [16]
or higher concentration [17]. The case is made even more
complex by the large number of defect energy levels
calculated for rutile [18] and anatase [19], and by the
extreme sensitivity of titania surfaces to details of their
history [12,20,21]. Unquestionably, a clear and generally
accepted picture of the origin and nature of excess elec-
trons at the rutile surface has not been found yet.

A previous study of a defective TiO,(110) surface has
demonstrated the unique capability of resonant photoelec-
tron diffraction (RPED) to map out the spatial distribution
of band gap states [22] and has shown that excess electrons
mostly occupy subsurface Ti sites [23-25]. However, these
conclusions were challenged by the suggestion that Ti;y,
plays a dominant role in the creation of near surface excess
charge [12,13]. Note that RPED experiments can discrimi-
nate between Ti lattice and interstitial sites provided the
latter are close enough to the surface, as in the model of
Wendt et al. [12,26]. Ti;,, defects in deeper layers, which
were considered by Papageorgiou et al. [13], are not di-
rectly probed by RPED. However, extra electrons coming
from deep Ti;,, are expected to strongly affect the excess
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charge distribution [13] and would thus lead to a different
RPED signature than O-vac.

Here we propose a new way to check the contribution of
Ti;,, ions in the defective TiO,(110) surface. It consists in
comparing the excess electron distribution of the defective
surface where Ti;, is one of the two possible defect types,
with that of a stoichiometric surface which is electron
doped in a controlled way by alkali metal deposition
[23,27]. The crucial point is that in the latter system, the
presence of Ti;, can be ruled out. The system chosen
herein is Na/TiO,(110) because of its known geometry
[28]. Apart from a slight change in bond relaxation, sodium
adatoms do not perturb the rutile lattice [23]. In the sub-
monolayer range, independently of coverage, Na adsorbs
on a defined site without breaking Ti-O bonds, as was
shown by concurrent numerical simulations [23] and
experiments [28]. The excess charge distribution of this
system has been predicted to be comparable to that arising
from direct injection of excess electrons at the rutile
surface [23].

The TiO,(110) surface has been prepared by argon
sputtering (2.5 keV, 20 min) and annealing (970 K) in
conditions known to give rise to (1 X 1) surfaces and to
reduce the intensity of the 3d gap state [20]. Figure 1(a)
shows the valence band photoemission spectra recorded
with 462 eV photons at the maximum of the Ti-L2-edge
resonance [6]. The x-ray beam impinged at grazing inci-
dence with light polarization normal to the surface. As
checked in resonant conditions, the gap state intensity
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FIG. 1 (color online). Resonant photoemission spectra of
Na/TiO,(110). (a) Valence band photoemission spectra of the
TiO,(110) surface at the Ti-L2 resonance (hv = 462 eV) before
(black line) and after Na deposition (red line with circles). The
two spectra have been aligned at the valence band maximum.
(b) Photoemission intensity variation of the Na-induced gap state
(Ti-3d* = difference of gap state intensity after and before Na
deposition) as a function of Na coverage as estimated by the
Na-2p intensity. Ti-3d"* and Na-2p intensities have been nor-
malized to the Ti-3p line. Na-2p and Ti-3p have been measured
off resonance at 150 eV photon chosen for maximum Na
sensitivity. The arrow indicates the coverage used in the photo-
electron diffraction experiment [Fig. 2(a)].

was minimized by exposure to oxygen at temperature
<330 K. Great care was taken in this operation. Sodium
was then deposited to maximize the sodium-induced gap
state occupation [Fig. 1(b)]. Upon Na adsorption, as seen in
Fig. 1(a), the gap state intensity increased by a factor of
2.5-3. Thus the majority of excess electrons was due to
charge transfer from Na. As in previous experiments on the
defective surface [22], RPED was measured for photo-
electrons from the gap state at the Ti-L2 resonance (hv =
462 eV). The photoemission intensity / of the gap state
was recorded as a function of polar angle # and azimuthal
angle ¢. For the analysis we consider the azimuthal an-
isotropy function x(6, ¢) = [1(6, ¢) — 1,(0)]/1,(0) where
1,(0) denotes the ¢ average of 1(6, ¢) and represents the
intensity without diffraction effects and instrumental con-
tributions. A stereographic y plot is called a RPED pattern.
The difference between two patterns y, and Y, is mea-
sured through the R factor R, = [(x, — x»)*dQ/ [(x2 +
X2)dQ, where () is the solid angle. Integration runs over
the whole experimental 6 range from 0° to 65°. R = 0 and
R =1 correspond to identical and uncorrelated data sets,
respectively.

The experimental RPED pattern of Na/TiO,(110) is
shown in Fig. 2(a). Its striking similarity with the defective
TiO,(110) pattern [22] [Fig. 2(b)] is consistent with the
small R factor obtained between these two patterns (0.152).
Since a RPED pattern from the gap state is a fingerprint of
the local environment of the Ti3* ions, this comparison
immediately suggests that excess electrons are located on
essentially the same Ti sites whether created by Na
adsorption or by surface defects.

A quantitative description of the excess charge distribu-
tion can be achieved by a least-squares fit of a theoretical
pattern to the experimental one [22]. The band gap state
intensity photoemitted by some site Ti(n) is assumed
proportional to the amount of excess charge on that site.
The theoretical pattern is computed from a weighted sum
of photoemission intensities from the different emitter sites
Ti(n). The relative weights are obtained by minimizing the
R factor between theory and experiment. Patterns for the Ti
sites in the first three layers of the Na-covered surface
(Fig. 2, panels 1-6) have been obtained by multiple scat-
tering cluster calculations [29]. The optimized simulated
pattern and the corresponding location of excess charges
are shown in Figs. 2(c) and 3(a), respectively. Site Ti3
dominates with a weight close to half, followed by Ti5
and Til. Sites Ti2, Ti4, and Ti6 have zero weight. For direct
comparison, the RPED patterns of defective TiO, [22]
have been reanalyzed here using the same integration range
and cluster size as for Na/TiO, (with full investigation of
the third layer emitters Ti5 and Ti6). Beyond the visual
observation and the small relative R factor between
patterns 2(a) and 2(b), least-square fits operated on equal
basis directly prove that the distribution of excess electrons
over Ti lattice sites is very similar for the defective and the
Na-covered surface [Figs. 3(a) and 3(b)].
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FIG. 2 (color online). Resonant photoelectron diffraction pat-
terns from the band gap state. The projection of the patterns
x(6, ¢) is linear in 6 with the surface normal (# = 0) in the
center. Ticks are drawn every 10°. ¢ = 0 (¢ = 90°) is found at
3 o’clock (12 o’clock) and corresponds to the [1-10] ([001])
direction. (a) Experimental pattern of Na/TiO,(110).
(b) Experimental pattern of defective TiO,(110) (adapted from
Ref. [22]). (¢) Calculated best fit pattern of Na/TiO,(110) with
weights as given in Fig. 3(a). Panels 1-6: Calculated patterns for
Ti-3d emission from sites Ti 1-6 (see Fig. 3 for the atomic
positions). The R factors between experimental (a) and calcu-
lated patterns [(c), 1-6] are indicated.

R(5)=0.63

0.7 R(6)=0.90

The almost perfect similarity between the two experi-
mental patterns [Figs. 2(a) and 2(b)] provides a pivotal
piece of information on the nature of the Ti*" ions. In the
model used to fit the RPED data, it has implicitly been
assumed that all Ti*" ions are on Ti lattice sites. The
possibility that a substantial fraction of Ti*" ions are on
Ti;,, sites, can indeed be excluded by a simple visual
comparison of the RPED patterns of the Na-covered
[Fig. 2(a)] and of the defective surface [Fig. 2(b)]. In
fact, within a simple ionic model, each Ti;, can reduce
three other Ti atoms, giving four Ti*" ions in total. Note
that interstitial Ti atoms are expected to carry some excess
charge since, on the basis of first principles calculations,
among the four excess electrons that each Ti;, defect
produces, at least one is expected to stay on the interstitial
site [30]. If it is assumed that Ti;,, is the majority defect
type, then Ti;,, would carry about 1/4 of the excess charge
of the defective surface. For the Na-covered surface, where
the band gap state is populated and increased by a factor of
2.5-3 [see Fig. 1(a)], the fraction of charge on Ti;, would
go down by the same factor, i.e., to about 10%. The RPED
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FIG. 3 (color online). Location of excess charge.
(a) Na/TiO,(110). (b) Defective TiO,(110). The small balls
are Ti (blue or light gray), O (red or dark gray), and Na atoms
and V denotes an O vacancy. The bigger, shaded spheres
symbolize the excess charge located on a given type of Ti site
with diameters proportional to the amount of charge. The rela-
tive weights are (a) Til 18%, Ti3 44%, Ti5 38%. (b) Til 28%,
Ti3 36%, Ti5 36%. Ti2, Ti4, and Ti6 have zero weight.

pattern recorded on the Na-covered surface would then
strongly differ from that of the defective surface.
Thus the close similarity of the two patterns [Figs. 2(a)
and 2(b)] directly demonstrates that Ti;, cannot be the
dominant defect type at the TiO,(110) surface. The pos-
sible occurrence of Ti;,, in deep (> 3rd) layers cannot be
probed directly by RPED because of the limited photo-
electron escape depth. However, if such defects are present
and a part of their charge is transferred to the near surface
layers (as suggested in Ref. [13]) then we can conclude that
this charge is distributed over the same Ti sites as the
excess charge from O,-vac or Na adatoms. Finally, the
absence of Ti;, in the first three surface layers was checked
quantitatively by simulations. RPED patterns correspond-
ing to Ti;,, emission were calculated for all interstitial sites
in the first and second interlayers (Fig. 4). The calculated
patterns strongly differ from experiment [defective TiO,,
Fig. 2(b)] with R factors close to 1. When any of the four
interstitial sites was included in the R-factor minimization,
its optimum weight was found to be zero. Therefore, the
suggestion that Ti interstitial atoms play a central role in
the near surface excess electron distribution [12,13,26] is
not supported by the present data. Instead, the classical
picture [8,9] is confirmed: excess electrons at TiO,(110)
are due to oxygen vacancies and the band gap state is
associated with Ti*" ions on lattice sites.

The location of excess electrons on the subsurface Ti
lattice sites qualitatively corresponds to DFT predictions of
Albaret et al. [23] and Deskins et al. [25], except that
Ref. [25] finds no excess charge at the Til site.
Moreover, the experimental finding that bridging oxygen
vacancies and sodium adsorption lead to similar excess
charge distributions is consistent with comparative calcu-
lations for excess electrons on bare TiO,(110) and either
H-doped, hydroxylated [14,24] or Na-doped surfaces [23].
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FIG. 4 (color online). Calculated photoelectron diffraction pat-
terns for Ti interstitial sites. Left: The four nonequivalent Ti
interstitial sites [labeled (a), (b), (¢), (d)] in the first two inter-
layers of TiO,(110). Right: Calculated photoelectron diffraction
patterns for Ti-3d emission from these sites. The color scale is
the same as in Fig. 2. The R factors with respect to the
experimental pattern of the defective surface [Fig. 2(b)] are
indicated.

The agreement with theory demonstrates that the localiza-
tion of the excess electrons is dictated by the electrostatics,
i.e., by the variation of the Hartree potential between the
different Ti lattice sites [23,25]. The variation results from
a combination of surface lattice relaxations [23] and polar-
onic distortions, with weak, if any, dependence on the way
excess electrons are produced. Finally, the convergence
between the present experiments and theory [23,25] proves
the relevance of the comparison with calculations per-
formed at 0 K [31]. Data recorded at 300 K are expected
to show some broadening of the excess charge to the
neighbors of the lowest energy sites [24,25], which does
not, however, change the main interpretations gained at
T =0 K. The close similarity between excess electron
distributions of different origin, as analyzed by photoelec-
tron diffraction, leads to a unique model of the reduced
TiO,(110) surface with two main aspects. First, excess
electrons mainly occupy subsurface lattice Ti atoms of
the second and third layer. No evidence could be found
of any significant contribution from interstitial titanium
ions, even from deeper layers. Consequently, the defect
state at the reduced TiO,(110) is due to oxygen vacancies
and their distribution stems from electrostatics. Second, the
charge distribution of the band gap state is essentially an
intrinsic property of the TiO,(110) surface, because largely
independent of the way excess electrons are created. The
unified picture of excess electrons that emerges from the
present work has far-reaching consequences for the under-
standing of surface chemistry of titania and the corre-
sponding theoretical modeling.
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