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We have performed a resonant photoemission study on both stoichiometric and reduced TiO,
(110) surfaces using synchrotron radiation. A resonant enhancement of the 0 2p valence-band pho-
toemission intensity is observed for both stoichiometric and reduced Ti0, surfaces as the photon en-

ergy is swept through the Ti 3p~3d optical transition energy, which indicates a strong hybridiza-
tion between the oxygen and titanium ions. Compared to the stoichiometric surface, the amplitude
of the resonance is smaller for the reduced surface. In addition, the reduced surface has higher
emission intensity from the 0 2p bonding orbitals and lower emission intensity from the nonbonding
orbitals. For both stoichiometric and reduced surfaces, the intensity of emission from the 0 2p
bonding orbitals resonates more than that from the 0 2p nonbonding orbitals, and the resonance
profile for the nonbonding orbitals maximizes at a higher photon energy than that for the bonding
orbitals. The resonant enhancement of the 0 2p bonding orbitals is consistent with theoretical cal-
culations, which predict that the 02p—Ti 3d hybridization involves primarily those 0 2p orbitals.
The energy dependence of the resonant enhancement for the 0 2p nonbonding orbitals suggests that
it results predominantly from resonant processes involving Ti 3p ~4s excitation at the surface.

I. INTRODUCTION

Recently there has been a great deal of interest, both
theoretical and experimental, in resonant photoemission
from the 3d transition-metal components. ' While the res-
onant photoemission process for the heavy 3d transition-
metal compounds (Z) 25) has been interpreted success-
fully by means of configuration interaction (CI) cluster
calculations which take into account ligand-to-metal
charge transfer, the resonance mechanism for the light
3d transition-metal compounds is not as well understood.

In resonant photoemission, the amplitude of features in
the spectra change as the photon energy is tuned through
an optical-absorption edge of one of the constituent
atoms; in the work reported here the photon energy is
tuned through the 3p —+3d optical-absorption edge of ti-
tanium. The resonant behavior is due to interference be-
tween the direct photoemission process:

p 63d n+ P ~~ 3p 63d n —1+

and the photoabsorption process:

3p'3d" +h v [3p'3d"+']*

(where the asterisk denotes an excited state), followed by
a super-Coster-Kronig decay into a continuum state (au-
toionization process):

[3p 3d"+']* 3p 3d" '+e
Since the resonant process involves a 3p~3d transition
on the cations, only features associated with the cation 3d
orbitals are expected to resonate. ' However, in
transition-metal oxides it has been found that features in
the 0 2p valence band resonante as well, even though

no optical-absorption transitions for the oxygen ions exist
in the photon energy range used. The valence-band reso-
nant behavior is thought to result from hybridization be-
tween the cations and their oxygen ligands involved in
solid-state bonding. Stoichiometric Ti02 has a nominal-
ly Ti + 3d electronic configuration. However, the sur-
face can be reduced by ion bombardment to creat 0-
vacancy defects and partially populate the 3d orbitals of
the surface cations. ' It is therefore an excellent material
in which to study valence-band resonant photoemission
as a function of d-orbital population in order to deter-
mine the nature of the cation-ligand hybridization.

In this paper we report the results of angle-integrated
resonant photoemission experiments on both
stoichiometric and reduced Ti02 (110) surfaces using syn-
chrotron radiation. Section II describes the experimental
procedure and sample preparation. In Sec. III the results
of ultraviolet photoemission spectroscopy (UPS) and res-
onant photoemission for photon energies in the vicinity
of the Ti 3p~3d optical-absorption edge are presented
and discussed in terms of the available calculations. Fi-
nally, a brief summary is given in Sec. IV.

II. EXPERIMENTAI, PROCEDURE

All experiments were performed on beamline U14 at
the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory using photon energies
between 30 and 80 eV from a plane grating monochroma-
tor. The photoemission spectra were taken in a semi-
angle-integrated mode using a double-pass cylindrical
mirror analyzer (CMA) operated at 23 eV pass energy.
The energy resolution, due to the combined resolving
powers of the CMA and monochromator, was about 0.4
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eV in the photon energy range used. The p-polarized
photons were incident onto the sample at an angle of 45
with respect to the surface normal. The CMA axis was
perpendicular to the incident photon beam in the scatter-
ing plane. The pressure in the analysis chamber was
a out 5X10 ' Torr during the measurements. All the
spectra presented here have been referenced to the Fermi
level EF, which is determined from the UPS spectrum of
a clean gold foil ~ The spectra taken were normalized to
the incoming photon Aux using a Au-coated grid flux
monitor situated in the path of the beam. The back-
ground at any point, due to inelastically scattered elec-
trons, is assumed to arise solely from the scattering of
electrons of higher kinetic energy and is thus taken to be
proportional to the integrated photoelectron intensity for
all higher kinetic energies. Integrated backgrounds
determined in this way were subtracted from the 0 2p
valence-band photoemission spectra. Linear back-
grounds were subtracted from the spectra of the defect-

ackground is very low in that region. Resonance
pro es were measured by taking a series of energy distri-
bution curves (EDC's) at different photon energies and in-
tegrating the area above background under a given emis-
sion feature.

The single-crystal rutile TiOz (110) sample was orient-
ed to within 0.5 using x-ray Laue diffraction and cut into
a rectangular slab of 10X5X1.5 mm . The crystal was
mechanically polished, etched in concentrated H2S04,
and then rinsed with distilled water. The bulk of the
sample was slightly reduced in the analysis chamber by
heating it to 823 K for about 15 h in UHV. The reduced
sample was gray in color, corresponding to about
10' —10' oxygen vacancies per cm in the bulk. This
reduction is su%cient to eliminate any sa 1 hamp e c arging
during spectroscopic measurements. The stoichiometric

i02 110) surface was prepared by Ar-ion bombardment
for 5 min at 2 keV followed by 25 min at 0.5 keV; the
sample was then annealed at 823 K for 30
1 X 10 -Torr

or min in
orr Oz. Good (1 X 1) low-energy electron

diffraction (LEED) patterns were obtained from the (110)
surfaces prepared in this way. The reduced surface was

above, but without subsequent annealing. Auger electron
spectroscopy was used to verify the cleanness of both sur-
faces.
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FIG. 1. Series of angle-integrated UPS spectra from
stoichiometric TiO, (110) taken for photon energies between 30
and 76 eV.

III. RESULTS AND DISCUSSION

The angle-integrated photoemission spectra for
stoichiometric and reduced Ti02 (110) surfaces at
different photon energies are shown in Figs. 1 and 2, re-
spectively. Both surfaces exhibit a broad feature between
about 3.5 and 9.5 eV below EF, which corresponds to the
predominantly 0 2p valence band. In the rutile structure
each Ti atom is surrounded by a slightly distorted oc-
tahedron of 0 atoms. ' According to the molecular or-
bital description of the (TiO6) cluster, the oxygen
valence band is composed of a variety of orbitals: tor ias. tI,
z„, t,„, t2g, t,„, 2eg, and 2a, ." Among these th

2~ and 2eg orbitals are m and o bonding to the Ti 3d
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FIG. 2. S
TiO 1

eries of angle-integrated UPS spectra fro d dm re uce
& ( 10) taken for photon energies between 30 and 76 eV.
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FIG. 5. Gaussian fit of the 0 2p valence-band photoemission
spectrum from stoichiometric TiOz (110) taken at 46 eV photon
energy. See text for details.

detected in the bulk-band-gap region. ' Therefore it is
reasonable to compare our results with the bulk band cal-
culations. ]

In order to separate the contributions of the bonding
and nonbonding orbitals to the valence-band resonant
photoemission for comparison with theory, the spectra in
the valence-band region were fitted with three Gaussians,
which was the smallest number that gave a reasonable fit
to all of the spectra. A nine-parameter nonlinear least-
squares fitting program was used. Local chi squared
minima were determined by using the inverse Hessian
method. ' Since there are many local minima in such a
procedure, the solution is not unique. However, in order
to get results that could be meaningfully compared
among the different spectra, a common set of peak posi-
tions and peak widths for all the spectra should be used.
Although it was impossible to get exactly the same peak
positions and widths for all of the spectra due to the na-
ture of the iterations, after numerous attempts the devia-
tion was within 0.18 eV in peak positions, and within 0.13
eV in peak widths. A typical fit is shown in Fig. 5. Since
the fitting procedure simply reproduces the experimental
data and is not based upon theoretical considerations,
none of the peaks from curve fitting will correspond to
pure bonding or nonbonding orbitals. However, the
highest-binding-energy peak should represent emission
predominantly from the bonding orbitals, while the
lowest-binding-energy peak corresponds to emission
predominantly from the nonbonding orbitals; for conveni-
ence we shall refer to these as "bonding" and "nonbond-
ing" orbital emission. The central peak consists of a
combination of the two and will not be considered further
here.

Figure 6(a) shows the photon energy dependence of the
integrated intensity of the bonding and nonbonding peaks
for a stoichiometric TiOz (110) surface (plotted on the
same absolute scale). Measurements were made on
several different TiOz (110) surfaces and, although the de-
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FIG. 6. Photon energy dependence of the 0 2p bonding and
nonbonding orbital emission intensity from stoichiometric TiO2
(110): (a) original data, and (b) normalized at 64—68 eV.

tailed dependence of the integrated intensity on photon
energy varied somewhat from sample to sample, the ener-
gy locations and the general trends in amplitudes were
the same. The differences between the resonant behavior
of the bonding and nonbonding peaks can be seen more
clearly in Fig. 6(b), where the same resonance profiles
have been scaled so that their amplitudes coincide at pho-
ton energies of 64—68 eV. The 0 2p bonding orbital
emission intensity is seen to rise sharply at the onset of
the Ti 3p~3d resonance, reach a maximum at approxi-
mately 47 eV photon energy, and fall off for photon ener-
gies above 47 eV. The cross-autoionization mechanism
arising from cation-ligand mixing can account for the
bonding orbital resonant behavior, since the Ti 3d —0 2p
hybridization is theoretically predicted to involve pri-
marily those bonding orbitals, as discussed above. This is
supported by the fact that the resonance profiles for the
0 2p bonding orbitals in both stoichiometric and reduced
TiOz are similar to that for the defect-induced Ti 3d
states in reduced TiOz, as shown in Fig. 7. All of the res-
onance profiles rise relatively sharply to a maximum at
47 —48 eV and then fall off more gradually for higher pho-
ton energies.

Interestingly, emission from the O 2p nonbonding or-
bitals, which are predicted to hybridize only weakly with
Ti 3d orbitals, ' ' resonates as well, although not as
strongly as that from the bonding orbitals [Fig. 6(b)]. In
contrast to the bonding orbitals, the resonance profile for
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the bulk to C2, on the surface. The reduced symmetry
causes the t2„nonbonding oxygen orbital to split into a, ,
az, and 62 orbitals for the sixfold-coordinated surface Ti
sites; hence this nonbonding orbital should mix with Ti 4s
orbitals at the surface, which have ai symmetry. (The re-
duced symmetry at the surface does not lead to any major
change in the hybridization between the Ti 3d and 0 2p
bonding orbitals. ) Therefore, we propose the following
mechanism to account for the nonbonding orbital reso-
nance. When the photon energy is greater than the Ti
3p~4s optical transition energy, some Ti 3p electrons
are excited into the initially empty 4sp band:

Ti 3p 3d 4s +hv Ti [3p'3d 4s']* .

The only nonradiative decay channel for this
[3p 3d 4s ']* excited state is to transfer energy to the ox-
ygen valence-band electrons through Ti 4s —0 2p hybridi-
zation:

30
I ~. . . I. . . . I

40 50 60 70
Photon Energy (eV)

FIG. 7. Photon energy dependence of the 0 2p bonding or-
bital emission intensity from both stoichiometric and reduced
TiO, (110) and the Ti 3d emission intensity from reduced TiO,
(110).

the nonbonding 0 2p orbitals consists of a more gradual
rise at the onset of the Ti 3p~3d resonance, a shoulder
at about 47 eV photon energy, and a continuing rise until
54—56 eV photon energy. Thus the nonbonding 0 2p or-
bital resonant behavior probably does not result primari-
ly from Ti 3d —0 2p mixing, as is the case for the bonding
orbital resonance (although there should still be a small
contribution from Ti 3d —0 2p mixing). Since no optical
transitions exist for oxygen ions in this photon energy
range, the 0 2p nonbonding orbital resonance must still
arise from covalent mixing with Ti states; the shape of
the resonance profile indicates that those states lie 7—9
eV above the Ti 3d band.

The energy spacing between the Ti 3d and Ti 4s orbit-
als in TiOz is around 8 eV, as determined from uv
reAectivity, x-ray absorption spectroscopy
(XAS), ' '2' and electron-energy-loss spectroscopy
(EELS) data, ' ' and the hybridization between Ti 4sp
and 0 2p is reported by de Groot et al. to be important
in transition-metal oxides. (The Ti 4p states should not
play any role in the resonant processes discussed here
since the 3p ~4p transition is dipole forbidden. ) Accord-
ing to the molecular-orbital picture of an octahedrally
coordinated cation in bulk Ti02, " the nonbonding
valence-band orbitals have no admixture of Ti 4s charac-
ter, since the only 0 2p orbital bonding to Ti 4s is 2ai,
which lies in the highest-binding-energy region of the
valence band. However, additional 0 2p —Ti 4s coupling
would be expected to arise from the reduced symmetry at
the surface. There are two diferent Ti sites on the rutile
(110) surface; one is surrounded by five oxygen atoms and
the other by six oxygen atoms. The local point-group
symmetries around both Ti sites are lowered from D21, in

Ti [3p 3d 4s']*+0 2p ~Ti 3p 3d 4s +0 2p5+e

This additional channel interferes with the direct photo-
emission process:

0 2p +hv~O 2p +e
leading to an enhanced emission from the 0 2p orbitals
that have mixed Ti 4s character. Similar processes in-
volving Mo 4p ~5sp transitions have been suggested in a
recent resonant photoemission study of MoSz at the
Mo 4p ~4d absorption edge. [It should be noted, how-
ever, that the final state in photoemission consists of an
(n —1)-electron system, compared to n electrons in the
ground state, ' this would also modify the cation-ligand
hybridization. Therefore, a proper description of photo-
emission must include both the n-electron initial and
( n —1 )-electron final states. Unfortunately such an
excited-state calculation for photoemission from TiOz has
not been published. ]

Since the Ti 4s orbitals hybridize with the bonding 0
2p orbitals as well, there should also be a similar, prob-
ably larger contribution of the Ti 3p~4s resonance to
the bonding orbital emission. We propose that this is one
of the main reasons that the resonant profiles extend to
such high photon energies.

B. Resonant photoemission in reduced TiQ2

When the TiOz (110) surface is reduced by ion bom-
bardment, the 3d orbitals of Ti ions adjacent to the 0 va-
cancies become partially populated, giving rise to a Ti 3d
emission band in UPS spectra. ' The photon energy
dependence of the total 0 2p valence-band emission (area
above an integrated background) and the Ti 3d emission
(area above a linear background) for a slightly reduced
surface are shown in Figs. 3 and 7, respectively. The Ti
3d resonance profile has the characteristic Fano line
shape; it is very similar to those reported for Ti metal,
Ti203, and SrTi03 . This indicates a strongly local-
ized excited state. (Because the screening of the cation
electron orbitals in the ground state is reduced in going
from a metal to its oxides, the energy of the initial state in
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3p~3d photoabsorption is changed. In order for these
Ti 3d resonance profiles to peak at the same photon ener-

gy for Ti and for its oxides, the energy of the excited state
must change by the same amount; i.e., chemical shifts
must be the same for both ground and excited states,
which is only possible if the excited state is highly local-
ized. ' ) Similar, but weaker, resonant behavior is ob-
served for the oxygen valence-band emission. Comparing
the two profiles in Fig. 3 shows that the total 0 2p
valence-band emission intensity resonates more strongly
for stoichiometric Ti02.

The individual contributions to the O 2p emission from
the bonding and nonbonding components of the Gaussian
fits at different photon energies are plotted for reduced
TiOz (110) in Fig. 8(a). In Fig. 8(b) the same resonance
profiles have been normalized at photon energies of
64—68 eV Icompare with Fig. 6(b)]. As in the case of
stoichiometric TiOz (110), the 0 2p bonding orbital emis-
sion intensity increases rapidly at the onset of the 3p ~3d
resonance, maximizing at around 47 —48 eV photon ener-

gy, while the nonbonding orbital emission intensity does
not begin to rise until about 47 —48 eV photon energy,
reaching a maximum at approximately 52 —56 eV photon
energy. The origin of both the bonding and nonbonding
orbital resonant behavior for reduced TiOz is the same as
that proposed for stoichiometric Ti02 above, although
the absence of a shoulder near 47 —48 eV in the nonbond-

ing orbital resonance profile suggests less hybridization of
the Ti 3d orbitals with the nonbonding 0 2p orbitals for
reduced Ti02.

Besides the defect-induced Ti 3d states just below EF,
Ar-ion bombardment of Ti02 (110) leads to a reduction
in the emission intensity from the 0 2p nonbonding orbit-
als, while that from the bonding orbitals is increased, as
shown in Fig. 9. [This is also seen in Fig. 8(a), although
there the smaller relative amplitude of the nonbonding
orbital emission for reduced Ti02 results partially from a
relatively narrower Gaussian peak used to fit the non-
bonding region of the valence band. ] This is consistent
with previous results reported by Gopel et al. (Note
that the population of surface Ti 3d orbitals bends the
band at the surface such that the 0 2p valence band
moves away from EF by about 0.4 eV.) The reduction of
emission from the nonbonding orbitals for reduced TiOz
is consistent with a recent tight-binding extended Huckel
calculation, which predicts that, for an 0-terminated
Ti02 (110) surface (see Fig. 3 in Ref. 9), removal of sur-

face bridging oxygen ions decreases the emission from the
lowest binding energy region of the valence band. This
calculation also predicts that, due to a covalent interac-
tion between the Ti atoms adjacent to oxygen vacancies,
an occupied defect-induced band-gap state is formed at
0.7 eV below the bottom of the conduction band, as seen
in Figs. 2 and 9. However, removal of surface bridging
oxygen ions is not the only result of ion bombardment,
since it produces a disordered surface that exhibits no
LEED patterns. Munnix and Schmeits have suggested
subsurface oxygen vacancies to account for the defect-
induced states lying in the bulk band gap; this idea has
been supported by an angle-resolved x-ray photoemission
spectroscopy (XPS) study, ' but it is not consistent with
recent ion scattering spectroscopy measurements on both
stoichiometric and reduced Ti02.

The increase in emission from the bonding 0 2p orbit-
als for the reduced surface suggests that there is more co-
valent mixing between the Ti and 0 ions for that surface
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FICx. 8. Photon energy dependence of the 0 2p bonding and
nonbonding orbital emission intensity from reduced Ti02 (110):
(a) original data, and (b) normalized at 64—68 eV.

FIG. 9. UPS spectra from both stoichiometric and reduced
Ti02 (110) taken at 47 eV photon energy.



12 010 ZHAOMING ZHANG, SHIN-PUU JENG, AND VICTOR E. HENRICH

than for the stoichiometric one. This seems to contradict
our experimental observation that the 0 2p valence-band
emission intensity resonates more for the stoichiometric
Ti02 (110) surface than for the reduced one, since more
hybridization should lead to an increase in the amplitude
of the 0 2p resonance. ' However, the resonant process
discussed in Sec. IIIA above involves an interatomic
deexcitation process, which should only make an appre-
ciable contribution when no intra-atomic channels are
available. Although partial population of the Ti 3d orbit-
als on the reduced surface may well increase the amount
of 0 2p —Ti 3d hybridization, it also opens up the intra-
atomic Auger decay channel for the [3p 3d"+']* inter-
mediate state (n =1 for Ti ions adjacent to 0 vacancies):

[3p'3d']* 3p'3d'+e

Since the cross section for this intra-atomic decay process
is greater than that for the interatomic process'" (which
is the only nonradiative decay channel available for the
stoichiometric surface), the latter process should become
less probable for Ti ions adjacent to 0-vacancy defect
sites, resulting in a decrease in the resonant component of
the 0 2p emission.

Although one resonant photoemission study was re-
ported for a thin TiOz surface layer on oxidized Ti, only
bonding orbital resonant behavior was observed. A pos-
sible explanation is that in that study the surface was not
stoichiometric; some 3d emission existed in the spectra.
As shown in Figs. 8(a) and 9, the major contribution to
the oxygen valence-band photoemission in reduced Ti02
is from the bonding orbitals; i.e., the emission intensity
ratio of the bonding-to-nonbonding orbitals is very sensi-
tive to Ti 3d population. Therefore, the amplitude of the
resonance from nonbonding orbitals could be too small to
be observed unless an eff'ort was made to separate the
bonding and nonbonding orbital contributions, as we
have done here. Similar resonant enhancement from the
lower-binding-energy part of the oxygen valence band
was reported by Courths, Cord, and Saalfeld in SrTiO&
(001), although no energy shift in the peak position of the
resonance profile was mentioned. An angle-resolved pho-
toemission study was conducted to separate the bulk and
surface contributions, from which they concluded that
the resonant behavior of the lower-binding-energy region
of the valence band resulted from enhanced surface co-
valency. The concept of enhanced surface covalency is
similar to the increase in mixing between the lower-

binding-energy region of the 0 2p valence band and the
Ti 4s states due to the reduced symmetry at the surface of
TiOz (110) that was discussed above.

IV. SUMMARY

For both stoichiometric and reduced TiOz (110) sur-
faces, resonant photoemission from the 0 2p valence
band has been observed as the photon energy is swept
through the cation 3p —+3d optical-absorption edge at
about 47 eV, indicating a strong cation-ligand hybridiza-
tion. The emission intensity of the 0 2p bonding orbitals
exhibits a resonant profile similar to that of the Ti 3d or-
bitals on reduced surfaces; the origin of this resonance is
ascribed to the covalent mixing between the Ti 3d band
and 0 2p bonding orbitals, which is consistent with the
molecular-orbital model and the ground-state band calcu-
lations for bulk TiOz. A weaker resonance for the non-
bonding orbitals is observed for the first time to exhibit a
maximum emission intensity at about 7 eV higher photon
energy than the 3p ~3d excitation threshold; the hybridi-
zation between the Ti 4s and 0 2p nonbonding orbitals is
proposed as the origin for this resonant behavior. The
relative intensities of the 0 2p bonding and nonbonding
orbital emission are very sensitive to the Ti 3d popula-
tion; partially populated Ti 3d states in reduced Ti02 lead
to more covalent mixing between the Ti 3d and 0 2p or-
bitals. However, this enhanced covalency at surface de-
fect sites is accompanied by a decreased amplitude of the
oxygen valence-band resonance in reduced Ti02', this
occurs because the cross-autoionization process becomes
less probable when intra-atomic decay channels become
available.
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