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We report the Ti 2p X-ray absorption (XAS) and resonant photoemission (RPES) spectra of one equivalent
TiO2 monolayer grown on MgO, Al2O3 and SiO2 substrates. The Ti 2p XAS spectra of these systems were
compared to atomic multiplet calculations projected in different octahedral crystal fields. The comparison
indicates that the crystal field splitting and the Ti–O hybridization decrease along the MgO, Al2O3 and SiO2

series. The analysis of the RPES spectra provides the Ti 3d contributions to the valence band in these systems.
These were compared to configuration interaction calculations of a TiO6 cluster for different Ti 3d–O 2p
hybridizations. The Ti 3d states in the valence band shift to lower binding energies along the MgO, Al2O3 and
SiO2 series. These effects are attributed to changes in the electronic structure at the interface, which, in turn,
are related to the formation of cross-linking Ti–O–M (M=Mg, Al, and Si) bonds.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Thin oxide films present unique electrical, optical, magnetic and
chemical properties. Thus, they are increasingly used as a coating
elements inmany technological applications, for example, optoelectronic
devices, gas sensors and supported catalysis. But the properties of these
films are strongly related to the growth conditions. In particular, they
depend on the interaction with the corresponding substrate. For this
reason, the study of these interfaces is attracting considerable attention.
Many of these studies are focused on the electronic structure, because
this determines the microscopic origin of their physical properties.

There are several studies on the electronic structure of oxide surfaces
produced in the early nineties [1–4]. Since then, many works that
focused on oxide/oxide interfaces using different characterization
techniques have been performed [5]. The analysis of oxide/oxide
interfaces has been always a difficult task due to different effects, such
as substrate preparation and orientation, the thickness andmorphology
of the thin film, etc. To this end, new empirical tools like the “chemical

state vector”were proposed to study oxide/oxide interfaces [6]. Inmany
cases, the influence of the substrate can lead to the formation of mixed
oxides at the interface, whose electronic structure and physical
properties differ from those of the corresponding single oxides. The
importance of these novelmaterials in technological applications can be
found in several reviewworks in the field of catalysis [7], spintronic [8],
sensors [9] and microelectronics [10].

The study of TiO2/SiO2 ultra-thin films found an increase of the
band gap for very low coverages [11], where the authors pointed out
that the nature of the substrate was more important than the layer
thickness. The interface was characterized by photoemission spec-
troscopy (PES) and extended X-ray absorption fine structure (EXAFS),
suggesting the formation of distinct Si–O–Ti cross-linking bonds at the
interface [12]. These results indicated a strong interfacial interaction
between both oxides, and the need for a further characterization using
other techniques. Further, a variation of the Auger parameter of TiO2

thin films grown on alumina and silica substrates was attributed
to interface effects [13]. Other related works show that TiO2 can be
epitaxially grown on α-Al2O3 single crystal [14,15] as well as on MgO
(100) single crystal [16].

X-ray absorption spectroscopy (XAS) is, in a first approximation, a
technique related to the unoccupied electronic states [17]. XAS was
applied to the study of bulk compounds, such as oxides, nitrides and
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carbides [18]. The work by Himpsel et al. [19] showed that XAS could
be used to study surfaces and buried interfaces. Since then, several
works presented XAS spectra of different oxide surfaces and oxide/
oxide interfaces [20–22]. On the other hand, resonant photoemission
(RPES) was widely used to study the electronic structure of bulk
compounds. This technique is used to obtain themetal contribution to
the valence band in covalent compounds [23]. Bourgeois et al. noted
that the crystalline structure may affect the high energy part of the
TiO2 valence band spectra [24]. The electronic structure of TiO2 was
studied using RPES at 3p [25,26] and at 2p edges [27–29]. As already
observed in other works, the resonance effects are stronger at the 2p
edge [27,30].

It is important to note that the oxide substrates used here were
polycrystalline or even amorphous, and had a very different morphol-
ogy (see below). In spite of that, we show that XAS and RPES do provide
information on interface effects for coverages below the monolayer
regime. Indeed, we already showed that TiO2/oxide interface effects
are mainly observed for coverages up to one equivalent monolayer,
independently from the growth conditions of the TiO2 thin film and the
morphology of the substrate [20,29].

The substrates were prepared as thin films using different conven-
tional methods on conductive supports, thus avoiding experimental
charging artifacts during the photoemission measurements. This is of
extreme importance when using intense synchrotron radiation to
obtain PES spectra. To explore the influence of the substrate we used
MgO, Al2O3 and SiO2, which present differences in the covalent-ionic
contribution to the bonding at the interface. Important interface effects
have already been observed in the Ni 2p PES spectra of NiO thin films
deposited on the same set of substrates [31].

In this work, we study the electronic structure of TiO2 deposits of
approximately one equivalent monolayer (1 ML) grown on MgO,
Al2O3 and SiO2. The experimental techniques were X-ray absorption
spectroscopy (XAS) and resonant photoemission (RPES). The XAS
spectra were compared to atomic multiplet calculations, whereas the
RPES spectra were compared to cluster model calculations. The trends
observed in these systems are related to the relative ionic character of
the substrate, due to the formation of cross-linking Ti–O–M (M=Mg,
Al, and Si) bonds at the interfaces.

2. Experimental details

The corresponding oxide substrates were prepared in situ on
conductive materials following conventional methods. More details
on the preparation and characterization procedures can be found
elsewhere [31]. The TiO2 thin films were grown on the different oxide
substrates by reactive thermal evaporation of Ti. The substrates were
held at room temperature and the partial pressure of oxygen was
about 2.0×10–5 mbar (base pressure=10−9 mbar). The TiO2 depos-
its were grown in situ in successive steps in a preparation chamber
attached to the analysis chamber. After each step, they were analyzed
with the corresponding technique. The thickness of the thin films was
controlled by quantitative analysis of the PES and XAS intensities
[20]. The spectra analyzed here correspond to approximately one
equivalent TiO2 monolayer (1 ML), where interface effects are clearly
observable (see below). The spectra of the thin films were compared
with an anodic TiO2 sample used as a reference.

The XASmeasurements were performed at the VLS-PGM beamline
located at the BESSY II storage ring [32]. The estimated resolution
of the XAS spectra is better than 100 meV at the Ti 2p edge (about
450 eV). The spectra were collected using the total electron yield
method (a −10 V bias voltage was applied to reduce the background
of secondary electrons). The energy scale was calibrated using the
known peak positions of the Ti 2p Electron-Energy-Loss (EELS)
spectrum [33]. The spectra were normalized to the I0 current
measured in a gold sample. The RPES measurements were performed
at the SU8 beamline of the SuperAco storage ring of LURE. This

beamline was equipped with an undulator and a plane grating-
spherical mirror monochromator. The valence band photoemission
spectra were measured with an angle resolved electron analyzer from
VSW. The valence band spectra were measured using photon energies
throughout the Ti 2p→3d absorption edge (455–471 eV). The spectra
were normalized to the I0 current measured using a gold mesh. The
overall (monochromator plus analyzer) energy resolution at these
energies was better than 100 meV. Atomic force microscopy (AFM)
images were measured in dynamic mode (tapping) using a Nanotec's
microscope and software [34].

3. Calculation details

The electronic structure of TiO2 was calculated using a cluster model
solved by configuration interaction. The cluster consisted of a [TiO6]−8

octahedron structure resulting in a Ti4+ ion with a nominal 3d0

occupancy. The ground state was expanded in the 3d0, 3d1L, 3d2L2,
3d3L3, etc. configurations, where L denotes a hole in the O 2p band. The
final states were obtained by either removing (valence band) or adding
(conduction band) an electron. The corresponding spectralweight A(ω)
in each case was calculated using the sudden approximation. The Ti 2p
XAS spectra were calculated with an atomic multiplet program, which
considers the 3d0 and 3d1L configurations and include crystal field
effects [35].

The main parameters of the model are the charge-transfer energy
Δ, the Mott–Hubbard repulsion U and the p–d transfer integral (pdσ).
The multiplet splitting was obtained in terms of the crystal field
parameters 10 Dq, as well as the p–p transfer integral (ppπ)–(ppσ).
The calculations were performed in octahedral symmetry, where the
Ti 3d levels are split into the Ti t2g and Ti eg states. The intra-atomic
exchange parameter J was ignored because the TiO2 compound is non-
magnetic. The values of the model parameters used in the calculation
of TiO2 are listed in Table 1. These values gave the best agreementwith
the experiment and are similar to previous estimates [35].

4. Results and discussion

4.1. Morphological characterization of the substrates

The morphology of the different oxide substrates has been
characterized by AFM. Fig. 1 shows the 1×1 μm2 images of the SiO2,
Al2O3, and MgO substrates. The AFM images show that the
morphology of the substrates is significantly different. The roughness
varies two orders of magnitude, from 0.3 nm for SiO2, to 4.5 nm for
Al2O3, and 73.4 nm for MgO. This is not surprising if one takes into
account the preparation method for each substrate: SiO2 is the result
of the thermal oxidation of a Si wafer; Al2O3 was obtained by thermal
oxidation of a polycrystalline Al foil, and MgO has been obtained by
reactive evaporation of Mg at room temperature. More details on the
preparation of the substrates were already published elsewhere [31].
For a small TiO2 coverage we expect that the results would be strongly
affected by interface effects, whereas for a large TiO2 coverage we
would expect to recover the bulk behavior.

Table 1
Cluster model parameters (all values in eV).

TiO2 TiO2/MgO TiO2/Al2O3 TiO2/SiO2

Δ 4.0 4.0 4.0 4.0
U 4.5 4.5 4.5 4.5
pdσ 2.1 1.9 1.7 1.5
10 Dq 1.8 1.6 1.4 1.2
ppσ 0.9 0.9 0.9 0.9

0.0 0.0 0.0 0.0
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4.2. Ti 2p XAS spectra

The O 1s XAS spectra would provide direct information on the
unoccupied Ti 3d states of the TiO2 thin films [36]. But the stronger
signal coming from the oxygen atoms of the oxide substrates hides this
information. On the other hand, the Ti 2p XAS spectra provide site and
symmetry selected information, which is not hindered by the
electronic states of the substrate. These XAS spectra can be explained
as an atomicmultiplet projected in the corresponding crystalfield [37].
Fig. 2 shows the experimental XAS spectra of the TiO2 films grown on
the different substrates as a function of the coverage. They are formed
by four main peaks (labeled as A, B, C and D). In a first approximation,
the peaks A and B come from transitions from Ti 2p3/2 states, whereas
the peaks C andD correspond to transitions fromTi 2p1/2 states. On the
other hand, peaks A (C) and B (D) are assigned to transitions to Ti t2g
and Ti eg states respectively [37]. The spectra corresponding to high
coverages are similar and resemble those of bulk TiO2. For coverages
below one equivalent monolayer, the spectra clearly differ from those
for large coverages. This indicates that up to one equivalentmonolayer
the spectra are dominated by interface effects. Finally, the results for
intermediate coverages can be reproduced by a linear combination of
the interface and the bulk TiO2 spectra.

To understand the experimental spectra for low coverages,wehave
performedmultiplet calculations for a Ti4+ ion projected in octahedral

symmetry. Fig. 3 shows the calculated Ti 2p XAS spectra for the
different values of the crystal field parameter 10 Dq. The black dashed
line corresponds to the first ionic approximation (3d0), whereas the
red solid line includes the hybridization with the ligand states (3d1L).
These results show that these spectra are highly sensitive to both the
crystal field and covalence effects.

Fig. 4 shows the experimental Ti 2p XAS spectra of the TiO2

reference sample, as well as those corresponding to one equivalent
TiO2 monolayer grown on MgO, Al2O3 and SiO2. The spectra of the
reference sample shows the same basic structures reported in the
literature for TiO2 [33]. As stated before, the peaks at 458.0 and
459.6 eV correspond mostly to transitions from the Ti 2p3/2 to Ti t2g

Fig. 1. 1×1 μm2 AFM images of the different oxide surfaces measured in dynamic mode (tapping). The rms roughness values are given for comparison.

Fig. 2. The Ti 2p XAS spectra of the TiO2 thin films grown on the different oxide
substrate as a function of the coverage in ML.

Fig. 3. Ti 2p XAS spectra for different crystal field (10 Dq) parameters calculated with the
atomicmultipletmethodwithin the first 3d0 ionic approximation (dashed line), aswell as
including the interactionwith the 3d1L configuration (solid line). The values of the crystal
field (10 Dq) and Ti 3d–O 2p hybridization used in the calculation are listed in Table 1.

541L. Soriano et al. / Surface Science 605 (2011) 539–544



and Ti eg states, whereas the peaks at 463.2 and 465.0 eV are due to
transitions from the Ti 2p1/2 to Ti t2g and Ti eg states.

On the other hand, the Ti 2p XAS spectra for coverages below one
equivalent TiO2 monolayer grown on MgO, Al2O3 and SiO2 show
significant differences from those of bulk TiO2, especially those grown
onmore covalent substrates, i.e. Al2O3 and SiO2. The energy difference
between the Ti t2g and Ti eg peaks decreases along the series. Further,
the relative intensity of the Ti t2g peak also decreases from the MgO to
the SiO2 substrates. First of all, we have to note that all the spectra for
low coverages correspond to Ti4+ ions, as otherwise the spectra of
other oxidation states would be broader and shifted in energy [38–
40]. The differences in the spectra are attributed to changes in the
crystal field and the Ti 3d–O 2p hybridization. In fact, Fig. 4 shows that
the calculated atomic multiplet spectra are in very good agreement
with the experimental results. The value of the crystal field parameter
10 Dq decreases from 1.8 eV for bulk TiO2 to 1.2 eV for TiO2/SiO2, see
Table 1. Further, the hybridization parameter pdσ is reduced from
2.1 eV for bulk TiO2 to 1.5 eV for TiO2/SiO2, see Table 1. We have to
note here that the values of the hybridization parameter correspond
to the TiO2 monolayer and not to the substrates. In fact, the increase
of the covalent character of the substrates results in a decrease of the
hybridization within the TiO2 cluster, see below.

Gracia et al. reported that the Ti4+ ions were in tetrahedral
symmetry in mixed SiO2/TiO2 oxides [41]. For a small amount of TiO2

deposited on SiO2 we expect less structural constrains than in a SiO2/
TiO2 mixed oxide. We cannot completely rule out the presence of Ti4+

ions in tetrahedral coordination at the interface for the onemonolayer
films. In principle, this would also affect both the crystal field splitting
and the effective Ti 3d–O 2p hybridization. In fact, this could explain
the reduction of the covalence of the TiO2 overlayer on MgO since the
Ti–O–Mg bonds should be similar to the Ti–O–Ti bonds. Although the
spectra for thicker films are consistent with the spectrum of our bulk

TiO2 reference sample, the spectrum of the TiO2 monolayer on MgO
does not show the splitting of the eg peak as in bulk TiO2 (see Fig. 4).
This indicates that the bulk structure of TiO2 has not been yet formed
and suggests an octahedral coordination. Besides, it is known that
TiO2 can be epitaxialy grown on MgO [16] and our MgO substrate
shows small faceted crystals (see Fig. 1).

The decrease of the crystal field splitting and Ti 3d–O 2p
hybridization is assigned to changes in the electronic structure at
the TiO2/oxide interface. These changes were already attributed to the
formation of cross-linking Ti–O–M (M=Mg, Al, and Si) bonds [11–
13,20]. Quantum mechanical cluster calculations show that the O 2p
levels appear at lower energies, giving rise to an increase of the band
gap in the Ti–O–Ti, Ti–O–Mg, Ti–O–Al, and Ti–O–Si series [13,42]. This
effect also reduces the covalent contribution to the bonding and the
effective crystal field splitting [13].

4.3. Cluster model calculations

Table 2 shows the contribution of the different configurations to
the ground state of TiO2, as well as of the TiO2 thin films grown on the

Fig. 4. Experimental (dots) and calculated (solid line) Ti 2p XAS spectra of the TiO2

reference sample, as well as of the TiO2 thin films grown on MgO, Al2O3, and SiO2. The
values of the crystal field (10 Dq) and Ti 3d–O 2p hybridization used in the calculation
are listed in Table 1.

Table 2
Ground state composition and Ti 3d electron count.

TiO2 TiO2/MgO TiO2/Al2O3 TiO2/SiO2

Ground state composition (%) 3d0 38.9 41.8 45.2 49.2
3d1L

P
46.5 45.7 44.4 42.5

3d2L
P
2 13.3 11.5 9.7 7.8

Ti 3d count 0.77 0.72 0.66 0.59

Fig. 5. Spectral weight calculated for a TiO6 cluster in octahedral symmetry. The total
spectral weight (black line) is projected into the partial O 2p (blue line) and partial Ti 3d
(red line) contributions. Thevalues of thecrystalfield (10 Dq)andTi 3d–O2phybridization
used in the calculation are listed in Table 1.
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different oxide substrates. The reduction of the crystal field and
hybridization parameters were obtained from the experimental Ti 2p
XAS spectra. This reduction takes into account the effective influence
of the substrates in the ground state of the thin films. The relative
weight of the 3d0 configuration increases from the TiO2/MgO to the
TiO2/SiO2 interfaces. This indicates an increase of the ionic character of
the thin films, which is also reflected by the reduction of the Ti 3d
count. This trend is related to the formation of the Ti–O–M cross-
linking bonds, as explained above.

Fig. 5 shows the calculated spectral weight of TiO2 and TiO2 thin
films grown on the different oxides. The removal spectra are mostly
dominated by the 3d0→3d0L transitions, whereas the addition spectra
aremainly related to the 3d0→3d1 transitions. The discrete transitions
were broadenedwith a Gaussian function to simulate the dispersion of
the bands. The total spectral weight is projected into the partial Ti 3d
and O 2p contributions. The valence band ismostly composed by the O
2p states, whereas the conduction band is mainly formed by the Ti 3d
states. The bottomof theO2pbandpresentsmostly bonding character,
whereas the top is mainly dominated by non-bonding states. The Ti 3d
band presents mostly anti-bonding character, and is split by crystal
field effects into the t2g and eg sub-bands.

The reduction of the crystal field and hybridization produces two
main changes across the series: (i) the Ti 3d contribution to the
valence band shifts to lower energies and (ii) the splitting between
the Ti t2g and the Ti eg sub-bands diminishes. The first effect is mostly
related with the reduction of the hybridization, whereas the later
effect is mainly due to the decrease of the crystal field. This reduction
is again expected to reproduce the experimental changes in the
electronic structure of the different interfaces.

4.4. Valence band RPES spectra

The RPES spectra can be used to extract the Ti 3d contribution from
the O 2p states in the valence band. This is achieved by the subtraction
of the on-resonance and the off-resonance valence band spectra. Fig. 6
(top panel) shows the valence band spectrum of TiO2 taken at
hν=480 eV (off-resonance). The total spectral weight is in agreement
with the experimental result, since the Ti 3d and O 2p cross sections
are similar at this energy [43]. Fig. 6 (bottom panel) shows the
estimated Ti 3d contribution to the valence bandof TiO2, obtained from
the subtraction of the spectrum taken at hν=458 eV (on-resonance)
and at hν=480 eV (off-resonance). The calculated partial Ti 3d
spectral weight is in good agreement with this experimental estimate.

Fig. 7 shows the Ti 3d contribution to the valence band of the TiO2

thin films grown on MgO, Al2O3 and SiO2. These contributions were
obtained following the same procedure described above for the TiO2

reference sample. The Ti 3d states shift by 0.8 eV towards lower
energies as one goes from the MgO to the SiO2 substrate. In addition,
the width of the Ti 3d states also increases from 2.5 eV for MgO to
3.7 eV for SiO2. The shift is attributed to the reduction of the crystal
field and Ti 3d–O 2p interactions, which, as explained above, are due
to the formation of the Ti–O–M bonds at the interface.

Fig. 7 also compares the calculated Ti 3d contribution to the
valence band with the experimental results. The reduction of the
crystal field (10 Dq) and hybridization (pdσ) parameters were
obtained from the Ti 2p XAS spectra. The cluster model calculations
reproduce both the energy shift and the broadening of the Ti 3d states.
The energy shift is mainly related to the decrease of the Ti 3d–O 2p
hybridization (pdσ), whereas the broadening results from the effect
of the residual O 2p–O 2p interactions (ppσ).

Fig. 6. (Top panel) Experimental (dots) valence band PES spectra of bulk TiO2 taken at
480 eV (off-resonance) compared to total spectral weight (solid line) of the TiO6

cluster. Partial Ti 3d and O 2p density of states are also indicated. (Bottom panel)
Experimental Ti 3d states (dots) obtained by the on-off resonance RPES spectra of bulk
TiO2 compared to the partial Ti 3d contribution (solid line) of the TiO6 cluster.

Fig. 7. Experimental (dots) and calculated (solid line) Ti 3d states of bulk TiO2, as well as
of the TiO2 equivalent monolayers grown on MgO, Al2O3, and SiO2. The values of the
crystal field (10 Dq) and Ti 3d–O 2p hybridization used in the calculation are listed in
Table 1.

543L. Soriano et al. / Surface Science 605 (2011) 539–544



These results show that the Ti–O–M bonds at the interface affects
the electronic structure of TiO2. In particular, the interface effect
reduces the effective crystal field and hybridization of the TiO2 thin
films. The reduction increases systematically from theMgO to the SiO2

substrate, as explained above. The changes in the electronic structure
by the substrates would affect the physical properties of the TiO2 thin
films. These changes will be stronger for TiO2/SiO2 nanoparticles,
where the surface-volume ratio would be significantly higher.

5. Conclusions

In summary, we studied the electronic structure of TiO2 thin films
grown on different oxide substrates. The effect of the support on the
electronic structure of the TiO2 was followed by Ti 2p XAS and RPES
spectra. The Ti 2p XAS results evidence a significant reduction of
the crystal field and the effective Ti 3d–O 2p hybridization. These
reductions increase systematically along the MgO–Al2O3–SiO2 series.
Further, the Ti 3d states in the valence band, obtained from RPES, shift
to lower energies along the series. This shift is mostly related with
the reduction of the Ti 3d–O 2p hybridization mentioned above.
These effects are attributed to the formation of cross-linking Ti–O–M
(M=Mg, Al, and Si) bonds at the interface. In this picture, the O 2p
states are also bonded to the M ions, affecting the strength of the
effective Ti 3d–O 2p interactions. These findings not only provide
important information on the study of oxide/oxide interfaces, but also
open new perspectives in the study of modifications of ultra-thin-
films grown on oxide substrates.
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