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The surface electronic structure of Ti203 has been studied on single-crystal samples

cleaved in ultrahigh vacuum. Ultraviolet photoelectron spectroscopy, electron-energy-loss

spectroscopy, etc., have been used to study nearly perfect surfaces, surfaces containing de-

fects, and 02 chemisorption on both types of surfaces. Cleavage surfaces have a band

structure essentially the same as the bulk, with a (1 4+0.1)-eV-wide Ti 3d a~g band

separated from the (5.5—6)-eV-wide 02p valence band by a (2.5+0.1)-eV band gap. No

measurable band bending was seen on nearly perfect surfaces. Surface defects are
associated with surface 0 vacancies and an accompanying transfer of charge to surface
Ti 3d levels. The chemisorption of 02 on nearly perfect Ti203 surfaces removes charge
from the surface Ti ions, creating a negative adsorbed species (probably 0 ), The
resulting surface dipole layer causes the surface 0 bands to shift in energy much more
than either the filled or empty Ti 3d bands. Similar effects are seen for 02 chemisorption
on defect surfaces.

I. INTRODUCTION

Owing to the presence of partially filled d-
electron bands and a large variety of possible
surface atomic arrangements, the 3d transition-
metal oxides form an extremely i»ch and
interesting system from the standpoint of both
their fundamental bulk and surface properties and
their practical applications, particularly as catalysts
and catalyst supports. The bulk properties of
transition-metal oxides have received a fair amount
of theoretical and experimental attention; that
work has been reviewed by Goodenough. Their
surface properties, on the other hand, have only
been investigated in any detail during the last few

years.

%e have recently begun to study the surface
electromc properties of transition-metal oxides hav-

ing the trigonal corundum structure. The bulk
electronic properties of these oxides are very in-
teresting: Ti203 and V2O3 have strong semicon-
ductor-to-metal transitions as a function of tem-
perature; Ti203, Cr203, and o,'-Feq03 are antifer-
romagnetic, while VzO3 has complex para- and dia-
magnetic behavior. Feq03 and Crq03 are fairly ac-
tive and selective catalysts for a number of hetero-
geneous catalytic reactions; for example, Cr203 is
the most important commercial catalyst for

ethylene polymerization. Our initial studies, which
are reported in this paper, have been performed on
single-crystal Ti203. Although it is not an exciting
catalyst, TitO3 forms an important bridge between
the insulating transition-metal oxides Ti02 and
SrTi03, both of which have been (and are being)
rather thoroughly studied, and the rest of the
corundum oxides.

In Sec. II we will summarize the bulk structural
and electronic properties of Ti203. The experimen-
tal techniques employed will be described in Sec.
III. Section IV will present the results of measure-
ments of the electronic structure for both nearly
perfect, atomicaily clean surfaces, and surfaces
containing controlled numbers of defect sites. The
interaction of adsorbed oxygen with both perfect
and defect surfaces, which gives a great deal of in-
formation about the nature of the surface bands, is
considered in Sec. V.

II. BULK STRUCTURAL AND
ELECTRONIC PROPERTIES OF Ti203

The corundum lattice ls built up of M203
molecular units, with the two M + cations occupy-
ing the threefold hollows on either side of a trian-
gle of 0 anions. ' There are two of these
molecular units in the primitive trigonal unit cell.
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The M203 molecules are oriented with the cation-
cation direction along the trigonal axis and are
packed in such a way that each M + ion is coordi-
nated by six 0 ions that form a distorted oc-
tahedron; only two-thirds of the available octahe-
drally coordinated cation sites are occupied. Ox-
ides that crystallize in the corundum lattice include

Alp03 ("corundum"), Cr203, Ti203, Vz03, a-Fe203,
and Rh203. A series of oxides exists with compo-
sitions between those of Ti02 and Tiz03, which are
characterized by regions having the Ti02 structure
separated by stacking fault planes called Magneli

planes; the local atomic arrangement across
Magneli planes is just that of bulk Ti203.

The bulk electronic structure of the corundum
transition-metal oxides varies widely depending

upon the number of d electrons on the cation. '
For Ti203, the Ti + ions have a 3d' configuration.
There is a component of covalent bonding between

the two 3d electrons on the pairs of Ti ions that
share a common oxygen octahedral face; this bond-

ing tends to localize the d levels into a ~g orbitals.
However, a covalent component between cation
and anion orbitals gives rise to cation-anion-cation
interactions in the basal plane and delocalizes the d
electrons, resulting in a collective a&s band. (For a
full discussion of the nuances of the electronic
structure of Ti203, see Refs. 1 and 8.) For
T &200 C, the a~g band is filled and is separated
from an empty es band by a gap of about 0.1 eV,
making Ti203 a semiconductor. Both the a~g and

ez bands are composed predominately of Ti 3d or-

bitals. Above 200'C a broad semiconductor-to-

metal transition takes place, with the material be-

ing metallic for T ~400'C; this behavior is be-

lieved to arise from overlap of the a ~s and es
bands at high temperature. ' Optical measure-

ments have placed the Fermi level (i.e., the a~s-es
band gap) about 3.8 eV above the top of a filled

valence band comprised primarily of O2p orbitals. '

The width of the a ~g band is not precisely known,

but it is separated from the valence band by a band

gap of the order of 3 eV.'

well along any atomic planes, ' Ti203 was found
to have one cleavage plane that produced very
well-ordered, defect-free surfaces; the geometry of
that surface will be discussed in Sec. IV. Rods
about 4)&4&(25 mm were cut with the cleavage
plane perpendicular to the rod axis, and shallow
saw cuts were made along one face to facilitate
cleaving. Samples cleaved in ultrahigh vacuum
(UHV) were visually smooth and exhibited excel-
lent (1)& 1) low-energy electron diffraction (LEED)
patterns. No impurities were detected on cleaved
surfaces by Auger spectroscopy.

Defects were produced on Ti203 surfaces by
means of 500-eV Ar+-ion bombardment, as
described previously. ' '" The density of surface
defects was controlled by varying the ion-bom-
bardment time.

Ultraviolet photoelectron (UPS) spectra were ex-

cited with the Her (21.2 eV) line from a mi-

crowave discharge lamp, and the photoelectrons
were analyzed with a double-pass cylindrical mir-

ror spectrometer having a resolution of 240 meV.
Since the lamp also produces weak satellite lines at
23.1, 23.7, and 24.1 eV, the relative intensities of
those lines were determined from UPS spectra of
metal samples, and the experimental spectra were
corrected to remove the contributions from those
lines; all spectra presented here have been so
corrected. The location of the Fermi level EF was
determined from UPS spectra of Au. The base
pressure of the ultrahigh vacuum system was less
than 2)(10 ' Torr.

Auger and electron-energy-loss spectra were ex-
cited with an electron gun coaxial with the electron
spectrometer. The energy resolution for energy-
loss spectra was 0.55 eV. In order to obtain the
greatest surface sensitivity, a primary electron en-

ergy of 100 eV was used. Low-energy electron dif-
fraction (LEED) patterns were displayed on a
four-grid, 96' LEED optics with a coaxial electron
gun. The O2 used for chemisorption studies was
99.99% pure and was admitted to the vacuum sys-
tem through a copper-gasket-sealed, ultrahigh-
vacuum variable leak valve.

III. EXPERIMENTAL METHODS

The single-crystal Ti203 samples used in this
work were grown by T. P. Reed at Lincoln Labo-
ratory. Since a reasonable amount of material was

available, it was possible to cleave samples in ul-

trahigh vacuum and hence obtain stoichiometric,
atomically clean surfaces that could be studied in
situ. Unlike TiO2 and SrTi03, which do not cleave

IV. THE SURFACE OF ATOMICALLY
CLEAN Ti203

A. Nearly perfect surfaces

From Laue x-ray measurements of the orienta-
tion of the smooth, Aat facets present on many
fractured Ti203 surfaces, the best cleavage face was
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found to have its surface normal 57' away from
the trigonal axis in the trigonal-bisectrix plane.
This surface indexes very nearly as an (047) plane
in the binary-bisectrix-trigonal notation; its atomic
geometry is shown in Fig. 1. The solid circles in
Fig. 1 are Ti ions, the open circles are surface 0
ions that he slightly above the Ti ion plane, and
the shaded circles are surface 0 iona that lie slight-

ly below the Ti ion plane. One surface 0 ion has
been omitted in order to show the geometry of a
surface 0 vacancy defect. All of the surface Ti
ious have fivefold 0 coordination, four of their 0
ligands lying in the surface plane and one in the
plane below (see defect site). The cation ligand en-
vironment on this surface is very similar to that of
the fivefold Ti sites on either the (110) or (100)
surfaces of TiOq (Ref. 4) and on the Ti-02 plane of
SrTiO&(100)."' Owing to the alternating inclina-
tion of the surface 0 octahedra relative to the
macroscopic surface plane, adjacent surface cations
are probably less well screened from each other
than they are on the surfaces of either TiOi or
SrTi03.

A corrected 21.2-eV UPS spectrum for a
vacuum-cleaved TiqOq(047) surface is shown in
Fig. 2; no inelastic background has been subtract-
ed. The largest feature in the spectrum is emission
from the 02@ valence band between 4 and 10 eV.
The upper edge of the band lies 3.8—3.9 eV below

EF, in excellent agreement with the position deter-
mined from optical measurements. ' The band is
5.5—6-eV wide, which is about 2 eV wider than
the value indicated in Ref. 8. It exhibits the
characteristic double-peaked structure seen in other
transition-metal oxides. ' '" These peaks corre-
spond to the nonbonding (lower binding energy)
and the bonding (higher binding energy) orbitals of
the 0 2p ions. ' A shoulder is present on the

Ti&O& (047)

FIG. 1. Model of the Ti203(047) surface. Solid cir-
des are Ti ions, open circles are 0 ions lying slightly
above the Ti-ion plane, and shaded circles are 0 ions ly-
ing shghtly below the Ti-ion plane. Size of circles is
proportional to Ti + and 0 ionic radii. One surface
0 ion has been omitted to create a surface defect.

Cleaved Tiq Oq (047)

hV = 2I.2 eV

0 (2p)

~ L . I I ~ s ~ I

lo 5

I )4 ITIAL ENERGY (IV)

FIG. 2. UPS spectrum (her=21. 2 eV) for vacuum-
cleaved Ti203(047) surface.

high-binding energy side of the 02@band; this is
the region of the valence band that contains an ad-
mixture of the Ti 3d orbitals. ' The main emission
feature due to the Ti 3d electrons is that from the
a is band just below E~. That band has a width of
1.4+0.1 eV (based on the results from several
cleaves) and is separated from the 02@ valence
band by a (2.5+0.1)-eV band gap. Because of the
presence of the inelastic background associated
with the u is band, it is difficult to determine
whether or not there are any surface states in that
band gap; we will return to that point in Sec. V
below.

The small emission intensity at Ey indicates a
small density of states in the Ti 3d bands there.
This is consistent with the band model of TizO&
for T ~ 200'C, which predicts a small band gap
(about 0.1 eV) between the a is band and the empty
es band. ' (We will see in Sec. IV 8 that the emis-
sion intensity at E~ increases when a metallic sur-
face layer is formed due to the presence of surface
defi':ts. } The work function of the TiqO&(047} sur-
face, measured from the low-energy cutoff of the
inelastic tail in the UPS spectra, varies slightly
from cleave to cleave; the average value is 3.9+0.1
eV.

It is dif6cult to interpret UPS intensities quanti-
tatively since neither electron mean free paths nor
photoemission matrix elements are accurately
known. However, we can get some information
from the ratio of the integrated intensities of the
O2p and Ti 3d bands by making a few assump-
tions. If we assume that the surface Ti ions have
the same 3d' configuration as those in the bulk,
take electron mean free paths of 5 A for the Ti 31
band and 8 A. for the 02@band, 'i assume that the
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FIG. 3. Electron-energy-loss spectra for cleaved

Ti203(047) surface before (solid curve) and after (dotted
curve) 10 -L 02 exposure. Incident electron energy is
100 eV.

matrix elements for emission from the two bands
are equal, and assume that any angular emission
effects average out, then the intensity of the a &z

band emission would be 0.07 times as large as that
from the 02p band for stoichiometric Ti203 The
measured value, averaged over several good cleaves,
is 0.047+0.008, which is only about 40%%uo smaller
than the "ideal" value. This implies that the d-
electron and p-electron matrix elements are of
comparable magnitude in Tiq03 at this photon en-

ergy.
The first-derivative electron-energy-loss spec-

trum for a cleaved Ti203(047) surface is shown as

the solid curve in Fig. 3; the dotted curve is the
spectrum after 0 adsorption and will be discussed

in Sec. V. Peaks in the loss spectrum occur at 1.9,
6.2, and 13.2 eV (maximum negative slopes in the
first derivative). There may be another weak peak
at 3.5 eV but it could be an artifact of the differen-

tiation. ' The very strong peak at 1.9 eV corres-

ponds to an a &z~ez (Ti d ~d) transition; those
transitions appear in the bulk optical spectra be-

tween 0.7 and 2 eV." The loss peak at 6.2 eV is

an anion p to cation d transition, probably from
the nonbonding states of the 02@ band to the es
band. The origin of the transition responsible for
the 13.2-eV loss peak is not completely clear, but it
must originate in the 02p valence band. The final
state is probably the empty 03s band (see discus-

sion in Sec. V).
In the above discussion we have assumed that

the electronic structure of the Ti203(047) surface is
essentially the same as that of the bulk and that
the bands are not bent at the surface. ' That this is

most likely the case is supported by the following
pieces of information: (1) The top of the 02p
valence band lies exactly the same energy below Ez
as that determined from bulk optical measure-
ments. ' (2) If the top layer of Ti ions had fewer d
electrons than those in the bulk, the bands would
be bent up at the surface and the a ~g band would

be partially depopulated. ' This effect is observed
when 02 is chemisorbed on the surface and will be
described in Sec. V. (3) If the surface Ti ions had
a larger d electron population than the 3d' config-
uration of the bulk, the a&g-eg band gap would
most likely be removed and there would be signifi-
cant emission intensity at E~. This effect is seen
when 0 vacancy defects are created on Ti203(047)
(see Sec. IV 8).

B. Surface defects

When defects are created on the Ti203(047) sur-

face by Ar+-ion bombardment, the UPS spectra
shown in Fig. 4 are obtained. Figure 4(a) shows

the development of the spectra as the surface is
bombarded for the times shown. (An equilibrium

state is reached after about 15 min of bombard-
ment for our ion-beam parameters. ) Figure 4(b)
shows spectra for the cleaved surface (solid curve)

and the equilibrium surface (dotted curve) aligned

at EF. Several changes occur in the spectra as the
density of surface defect sites increases. The inten-

sity of emission from the a~g band increases and

the band broadens; the 02p valence band changes

shape while its full width at half maximum

(FWHM) narrows, and a broad spectrum of defect
surface states appears in the 02@-a~g band gap.
The work function decreases with increasing defect
density, dropping by 0.2 eV when equilibrium is
reached, and the intensity of emission at EF in-

creases by over a factor of 3. The ratio of the in-

tegrated intensity in the a~ band to that in the
02p band is more than three times larger for the
high-defect-density surface than it is.for the
cleaved surface, indicating a significant loss of 6
from the surface. The loss of 0 is confirmed by
Auger measurements, but diffrat:tion effects for the
nearly perfect surface have precluded an accurate
quantitative determination. LEED patterns disap-
pear after roughly a minute of ion bombardment.

Since the surface disorders on bombardment and
a variety of surface defect sites no doubt exists, it
is not possible to determine the detailed atomic ar-
rangement on such surfaces. However, since the
defects are associated with a loss of 0, we can get
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face states in the gap and inelastically scattered
electrons associated with the a&g band. As the a&g
band intensity decreases, its inelastic tail should de-
crease proportionately, so one can plot the band-

gap emission intensity versus the integrated intensi-

ty of the a ls band and look for a nonzero intercept
when the a &g intensity is extrapolated to zero.
Such a plot yields a rather good straight line whose
intercept is about one-eighth of the value of the
band-gap emission from the cleaved surface. If
this number were to be taken seriously, it would
correspond to less than 0.1 electrons per surface
unit cell in the bulk band gap. However, this ig-
nores any interactions between band-gap surface
states and the adsorbed 02, which is probably a
poor assumption. We must conclude that our
angle-integrated UPS data are not sufficient to
determine the presence or absence of intrinsic
band-gap surface states. Angle-resolved photoelec-
tron spectra should be able to locate such states if
they exist.

A description of the motion of both the filled
and empty surface energy bands with Oz exposure
can be obtained from the UPS data in Figs. 5 and
6 and the energy-loss data in Fig. 3. The width of
the 02@ valence band, measured from the band
edges, remains constant to within +0.1 eV with Oq
exposure, but the band moves up toward the Fermi
level by 0.8 eV. The position of the a&g band, on
the other hand, is relatively independent of Oz ex-
posure. The bottom edge of the band moves up-
ward by only 0.2 —0.3 eV as its emission intensity
decreases by a factor of 10. This behavior of the
0 is band 1'cslllts 111 a decl'case 111 thc wldtll of tllc
02@-a&g band gap by about 0.5 eV. The location
of the vacuum level, as determined from b,4, fol-
lows the position of the 02@ band, remaining
7.7+0.1 eV above the top of that band throughout
the entire exposure range; its location does not
correlate with the position of the alg band.

Some extremely interesting effects are seen in
the electron-energy-loss spectra for TiiOs(047)
upon 02 exposure (Fig. 3). The large loss peak at
1.9 CV in the cleaved surface spectrum, corres-
ponding to an a is~es transition, is shifted to 1.7
eV. This shift is the same as the amount of nar-
rowing observed for the a Ig band; thus, if we as-
sume that the transition has the same initial and
final states before and after Ol exposure, the es
band must remain very nearly fixed relative to Ez.
The peak at 6.2 eV in the cleaved surface spec-
trum, attributed to transitions from the nonbond-
ing 0 orbitals to the eg band, is shifted to lower

energy upon 02 adsorption by 0.6 eV. Since the
02@band was seen to shift upward by about 0.8
eV, that also indicates that the empty eg band does
not move appreciably relative to E~. The peak at
13.2 eV remains unchanged, suggesting an
02@—+03s transition, as mentioned earlier. If the
final state for that transition were a Ti level, the
loss peak would most likely shift with Ol exposure.

Perhaps the most intriguing feature of the
energy-loss spectrum after 02 exposure is the ap-
pearance of a peak at 10.3 CV that was absent in
the cleaved surface spectrum. Such a peak is
present in the energy-loss spectrum of vacuum-
fractured Ti01.' ' The Ti02 spectrum exhibits
three peaks of roughly equal magnitude located at
5.6, 10.3, and 13.8 eV; there is no energy-loss peak
in the vicinity of 2 eV for nearly perfect surfaces
of T102. Tlllls, wltll thc cxccptloil of tllc peak
arising from the a ~greg transition, the energy-loss
spectrum of TilO& after Oz exposure is very similar
to that of Ti02. The 10.3-eV loss peak almost cer-
tainly arises from an 02@-+Ti3d transition (if it
were an 02@—+03S transition, it should behave in
8 manner slmllal to that of the 13.2-eV peak and
be present on the cleaved surface), but the final d
state must be one characteristic of the octahedrally
coordinated Ti + 3d ions rather than Tii+ 3d'
ions. This is consistent with the removal of elec-
trons from surface Ti ious, as shown by the large
decrease in 'the intensity of emission from the a is
band.

It is not correct, however, to refer to the remov-
al of Ti 3d electrons from only the top plane of ca-
tions in Ti203. Owing to basal plane cation-
anion-cation interactions, the a is states form a
delocalized band, and the removal of electrons
from surface cations will give rise to a depletion
layer extending a finite depth into the crystal. '

From the absence of any broadening of the 02@
band in the UPS spectra, we can assume that the
screening length is longer than the photoelectron
escape depth and that we are only seeing the band
locations at the surface. The observed decrease in
the intensity of the a&s band emission thus
represents the creation of the depletion layer with
02 exposure. It is apparent from Fig. 6 and the
discussion above, however, that 8 simple model' in
which all of the bulk bands bend up equally at the
surface is not a correct description for Tiz01.
There are large changes in the relative positions of
the 0 and Ti bands as a result of the strong in-
teraction between 02 and the Ti203 surface.

The complex band-structure changes that occur
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Ti203(047) is essentially the same as that of the
bulk, and no intrinsic surface states could be iden-
tified in the UPS or energy-loss spectra. The 02p
valence band was found to be (5.5 —6)-eV wide,
with its upper edge lying 2.5+0.1 eV below the
Fermi level E~. The Ti 3d electrons form an a ig
band that extends 1.4+0. 1 eV below E~. The den-

sity of states at EF is low, consistent with the
semiconducting nature of the bulk band structure
of Tiq03. The work function of the nearly perfect
surface is 3.9+0.1 eV. Surface defects, produced
by ion bombardment, are associated with surface 0
vacancies, as on most other oxides. Surface defects
produce changes in the 02p and a &g bands, and
surface states appear in the 02p-a ~s band gap.

There is a strong interaction between the nearly
perfect Tiz03(047) surface and adsorbed Oz, with
electrons being transferred from the a,s band to
the adsorbed species (probably 0 at low expo-

sures). The 0 and Ti surface bands move relative
to EF in different ways when the surface is ex-

posed to Oq, the 0 bands being much more mobile
than the Ti bands. Changes in the electron-
energy-loss spectra with 02 exposure helped to
determine the location of the empty es band and
its response to 02 chemisorption. The surface
band-structure changes are sufficiently complex
that UPS difference spectroscopy cannot be applied
to the study of adsorbed 02. The photoemission
matrix elements for p and d electrons at a photon
energy of 21.2 eV are found to be roughly equal.
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