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Electron-energy-loss measurements on the stoichiometric TiO~(110) surface which include elec-
tronic excitations from both the 0 2p valence states and the 0 2s, Ti 3p, and Ti 3s core levels have
been performed. The observed features have been empirically interpreted within the framework of
the molecular-orbital description of an octahedral complex. The e8'ects of surface defects created
by Ar+-ion bombardment and by the evaporation of a thin Ti overlayer on the energy-loss results
have also been studied and were found to cause marked changes in both the valence and core loss
spectra. This sensitivity arises from changes in the screening between surface cations that occur
when the oxygen-titanium ratio at the surface is varied.

I. nnRODUCnoN

During the past decade there has been an increasing in-
terest in the study of the electronic properties of
transition-metal oxide surfaces, particularly TiOz. The
discovery of its photocatalytic potential' and later its role
in the strong metal-support interaction ' (SMSI) spurred
a sustained interest in the study of the electronic proper-
ties of both nearly perfect and defect-containing surfaces
as well as in understanding the interaction of such sur-
faces with adsorbed molecules. For this purpose, a
variety of surface-spectroscopic techniques have been uti-
lized, the results of which have been discussed in recent
reviews. "

Although several reAection electron-energy-loss
(EELS) studies of the TiOz(110) surface have been report-
ed, most of them have dealt only with the electronic tran-
sitions originating from the 0 2p valence states. How-
ever, excitations involving the core levels are also of in-
terest, particularly in view of the recent correlation be-
tween the desorption of positive ions, such as 0+, and
the onset of the Ti 3p core-level excitations of Ti02. ' "
A number of refiection EELS measurements involving ex-
citation of the Ti 3p core level have been previously re-
ported for TiOz (Ref. 10) and for polycrystalline titanium
exposed to oxygen. ' However„ the results obtained for
oxidized titanium neither agreed with each other nor
with those obtained for Ti02. There is thus a need for
complete EELS spectra encompassing both the transi-
tions originating from the 0 2p valence states and those
originating from the shallow core levels (0 2s, Ti 3p, and
Ti 3s) of well-characterized TiOz surfaces. We have
chosen the (110}surface of TiOz since it is known to be
the most stable surface and has been rather thoroughly
studied by other surface science techniques. In addition,
we have investigated the e8'ect of surface defects and a Ti
overlayer on the excitations of the TiOz(110) surface.

II. EXPERIMENT

The TiOz(110) surface was prepared in ultrahigh vacu-
um [(2—4)X 10 ' Torr] by bombarding a single-crystal

sample with 500-eV Ar+ ions followed by annealing for
10-15 min at 673 K in 10 Torr 02. The sample was
then allowed to cool to room temperature in the ambient
02. Such a treatment resulted in an atomically clean sur-
face exhibiting (1X1) LEED patterns and having a sur-
face defect density below the detection capabilities of
both ultraviolet photoemission spectroscopy (UPS) and
EELS. Defect surface states on TiOz are manifested by a
loss peak at about 1.5-2 eV in EELS spectra and by
emission in the bulk-band-gap region in UPS spectra. '"
Energy-loss spectra were obtained by using a double-pass
cylindrical-mirror analyzer (CMA) having a coaxial elec-
tron gun. Primary electrons were incident perpendicular
to the sample surface.

The spectra were recorded as the Srst derivative of the
secondary™electron distribution versus loss energy,
dn (E)ldE, by applying a 0.5-V peak-to-peak modulating
voltage to the incident electron-beam energy followed by
phase-sensitive detection of the rejected electrons. The
locations of peaks in n (E}correspond to maximum nega-
tive slopes in the resulting EELS spectra; the energies of
all of our loss features are taken at the point of maximum
negative slope. The overall system resolution, as mea-
sured by the full width at half maximum (FWHM) of the
elastic peaks, was maintained at 0.70+0.05 eV for all in-
cident energies used.

III. RESULTS

A. Nearly perfect TiO~(110)

The results of the reAection EELS measurements of the
annealed TiOz(110) surface for incident electron energies,
E, , of 60 and 1000 eV are presented in Figs. 1(a) and 1(b),
respectively. The features labeled 8, C, D, F, 6, 0, I, and
J in Fig. 1(a) and those labeled F., E, I., and M in Fig. 1(b)
correspond to energy-loss values, Ez, of 5.8, 10.3, 13.5,
23.0, 25.8, 34.8, 37.1, and 38.8 eV, and to 18, 46.5, 51.3,
and 62.4 eV, respectively. We have also taken n(E) spec-
tra directly and have obtained features identical to these.
For convenience, the loss features have been collected in
Table I.
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FIG. 1. Electron-energy-loss spectra for the annealed
TiO&(110) surface taken with incident electron energies, E;, of
Ia) 60eV and (b) 1000eV.

FIG. 2. Electron-energy-loss spectra for annealed Ti02(110)
showing the dependence of the intensities of the core loss
features on primary energy E;.

Figure 2 shows the dependence of the intensities of
features I' through M on E, from 100 to 1000 eV. The in-

tensities of 8, C, and D do not depend markedly on E;
and have, therefore, not been included. For
150&E; & 1000 eV, the intensities have been normalized
to that of feature M, the intensity of which varies little
with E;. The E; =100 eV spectrum is normalized to the
others by using feature K, since its intensity scarcely
changes for E; & 300 eV.

As can be seen from Fig. 2, the intensities of features
6, J, and K increase as E, is increased from 100 to 1000
eV. The intensities of features H and I decrease with in-
creasing E, until they eventually disappear. The intensity
of feature F also decreases appreciably with increasing
E, : F is more dominant than 6 at E, (60 eV [Fig. 1(a)],
but 6 appears to become the more dominant at E, & 500
eV. The intensities of I. and M increase only slightly
with increasing E;.

B. KN'ect of Ar+-ion bomhardlnent
and the evaporation of Ti on Ti02(110)

Figure 3 presents the EELS spectra for a TiOz(110)
surface damaged by Ar+-ion bombardment; these spectra
were obtained after the surface was bombarded with 0,5-
keV Ar+ ions for the cumulative times indicated on each
curve. Steady-state conditions are reached after 12—15
min of sputtering. The most noticeable change in the
low-energy region of the loss spectrum is the appearance
of a new loss feature labeled A at 1.5-1.9 eV. Also, the

relative intensities of features 8, C, and D are seen to de-
crease with increasing density of surface defects, with
feature C exhibiting the largest effect. In the high-
energy-loss region, surface defects have a marked effect
on features I, J, and L (not shown here}, which disappear
after only a small number of defects are created, and on
F, which is considerably reduced; feature H undergoes a
noticeable change in shape. Features J and L, can be
recovered if incident energies higher than 130 eV are
used. The behavior of the various loss features with
Ar+-ion bombardment is summarized in Table II.

Figure 4 presents core loss spectra obtained from an-
nealed and Ar+-ion-bombarded Ti02(110} surfaces and
from a Ti02(110) surface onto which a thin (1.3-A) layer
of Ti was evaporated. It shows that the presence of a
thin layer of Ti on Ti02(110) causes changes in the core
loss spectra which are very similar to those brought
about by Ar+-ion bombardment. The effect of Ti eva-
poration on the valence excitation was also obtained and
was found identical to that reported previously. ' As ex-
pected, the evaporation of Ti onto TiOz(110) results in
spectra which are identical to those following Ar+-ion
bombardment.

IV. CQMPARISGN KITH QTHKR
RKFI.ECTION ENERGY-I.QSS MKASURKMKNTS

RKPGRTKD IN THK I.ITKRATURK

The only other reAection electron-energy-loss measure-
ments on Ti02 which extend to the region spanning the
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TABLE I. EELS features for annealed TiOz observed at (a) E; =60 eV and at (b) F.; =1000 eV, and compared with Knotek's re-

sults at (a) E;=60 eV and at {1)E;=200eV.

Feature

6
H
I
J

5.8
10.3
13.5
23.0

25.8
34.8
37.1

38.8

Assignment

(a) Annealed Ti02
0 2p(m )-2tzg
02p{o )-3eg
0 2p(m)-3a lg

0 2$ -2t2g

Plasmon excitation
Ti 3p-2t, g
T1 3p —3eg
0 2$ -4t 1„

Feature (eV)

5.5
10.3
13.5
21.8

33.6
36.0
38.6

Knotek's results'
Assignment

02p —Ti 3d
02p —Ti 3d
02p —Ti 3d
0 2$ -surface
or conduction-
band states of
oxygen origin

T1 3p —Tl 3d
T1 3p —Tl 3d
T1 3p —T1 3d

8
C
D

F
6
H and I

not seen
J
K

'Reference 10.
bReference 24.

5.8
10.3
13.5
18
23.0
25.8

38.8
46.5

51.3
62.4

0 2p(m )-2t2g
0 2p(o )-3eg
0 2p(m)-3a &g

(b) Annealed Ti02

0 2$ -4t l„
Tl 3p —T1 3d,
quasiatomic
transition
0 2$ -4Q lg

T1 3$ -2t2g

02$-2t pg

Plasmon excitation

5.5
10.3
13.5

33.6

36.6

02p-Ti 3d
02p-Ti 3d
02p-Ti 3d

0 2$ -conduction band

T1 3p-Tl 3d

T1 3p —Tl 3d

valence, 0 28, and Ti 3p excitations have been reported
by Knotek' for Ti02(100) using E, =60 and 200 eV. He
also reported the effect of 1-keV Ar+-ion bombardment
on the EELS results of the annealed surface as well as the
dependence of the intensities of the EELS features on E;.
The EELS features obtained by Knotek for E; =60 and
200 eV are also given in Table I. As can be seen from
Table I, the first three features obtained by Knotek for
annealed Ti02 have EL values nearly identical to those of
8, C, and D obtained here and elsewhere. However,
the rest of the EELS features obtained by him do not ap-
pear to agree with our features I' through J. We also do
not observe any significant shift of the EL values of the
features obtained here with E;. Nevertheless, it is possi-
ble to find a correspondence between the respective loss
features on the basis of the dependence of their intensities
on the variation of E; and on the creation of surface de-
fects by Ar+-ion bombardment: Thus feature F corre-
sponds to Knotek's EELS features at about 22 eV, and
our features H and I to his at EL ——33.6 and 36.0 eV, re-
spectively. The feature seen by Knotek at 38.6 eV for
E,- =60 eV could by virtue of its EI value correspond to
our J, except that Knotek's is not present in the spectrum
for E; & 200 eV, where it is replaced by the feature at 36.6

eV. As was stated earlier, the intensity of J, on the other
hand, becomes larger with increasing E;. A correspon-
dence between J and his feature at 38.6 eV is therefore
unlikely. J appears to correspond, however, to his
feature at 36.6 eV.

The reasons for the difFerence in the EL values between
our EELS features F through J and the corresponding
features observed by Knotek are not clear. %e note,
though, that Knotek's measurements were recorded in
the second-derivative mode, which could introduce dis-
tortions in the features. ' As was indicated previously, we
took data both in the n(E) and dn(E)ldE modes and
found them to contain identical features.

The efFect of Ar+-ion bombardment on Knotek*s
EELS results is quite similar to the efFect observed here.
The EELS features obtained by Knotek following 1-keV
Ar+-ion bombardment are given in Table III. As can be
seen from Table III, the valence excitation spectrum has
a new loss feature at approximately 2.5 eV and the inten-
sities of the features at 5.5, 10.3, and 13.5 eV are reduced
in a manner similar to that of Fig. 3. The core loss spec-
trum also undergoes a change similar to that seen in Fig.
3: For F., =60 eV, two features at 25.4 and 33.6 eV are
seen in the loss region 30 ~ EL ~40 eV, while for E, =200
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FIG. 4. Electron-energy-loss spectra for E; = 100 eV from an-
nealed Ti02(110) (curve 1), from a Ti overlayer on Ti02(110)
(curve 2) and from Ar+-ion bombarded Ti02(110) surface
(curve 3).
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FIG. 3. Electron-energy-loss spectra for E; =100 eV for
Ar+-ion bombardment of the annealed Ti02(110) surface for
the cumulative times indicated.

%'e also have taken extensive core loss measurements on
titanium exposed to oxygen exposures of up to 7&(10 L
and have obtained at the respective E; values features
similar to those reported by Ross and Gaugler' and by
Roman et al. ' The core loss features obtained for oxi-
dized titanium by Ross and Gaugler and by Roman er al.
as well as those obtained by us have been collected in
Table IV.

TABLE II. EELS features of sputtered Ti02 obtained here
for E;= 100 eV.

Feature

1.9
5.8
10.3
13.5
Very weak
25.4
35.0
Disappeared
Disappeared
45.3

Disappeared

Assignment

2f 2g
—2f 2g

0 2p(m) —2t2g
0 2p(o )-3e~
0 2P(m)-3a l~

Plasmon excitation
T1 3p —2t2g

T1 3p —T1 3d
quasiatomic transition

eV three features at 24.6, 33.6, and 36.6 eV are observed,
which again is in qualitative agreement with our results.

The core EELS results for 30

GAEL

~ 50 eV of oxidized
titanium have also been reported. ' ' Ross and
Gaugler' exposed polycrystalline titanium to 24 L (1
L=10 Torrsec) of oxygen, and for E, =200 eV ob-
served three features at 3S, 38.0, and 47 eV, while Roman
et al. ' exposed polycrystalline titanium to 5000 L, and
at E; =250 eV observed two features at 38.5 and 47.0 eV.

V. DISCUSSION OF RESULTS

As is shown in Fig. 2 and as was indicated by
Knotek, ' the intensities of features I', 0, and I are found
to decrease dramatically with increasing E;. This might
suggest, as Knotek indicated, the presence of either in-
trinsic surface states or excitonic effects. However, it is
now well established that there are no surface states in
the case of defect-free Ti02. Results of several types of
theoretical studies on perfect surfaces as well as experi-
mental measurements on three diferent vacuum-cleaved
Ti02 (Ref. 17) faces have now been reported which con-
clude that, at least for TiOz(110)„there are no identifiable
surface states whose electronic structure differs from that
of bulk Ti02. Also, the dramatic reduction in the intensi-
ties of I and H as E; is increased from 100 to 150 eV and
in that of feature I as E, is increased from 60 to 100 cV
discounts arguments based on the variations with E, of
the escape depth of inelastically scattered electrons, since
the escape depth is not expected to change appreciably
over such a short energy interval. Excitomc effects can
likewise be discounted since similar reductions in the in-
tensities of the Ti 3p excitations with increasing E; have
been observed in the EELS spectra of both Ti and
Ti203, ' and since an interpretation based on single-
electron inelastic scattering can be advanced here. Since
intrinsic surface states and excitonic effects are unlikely,
wc at tr1butc thc 1ntcnslty changes to cIoss-scct10nal
effects.
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TABLE III. EELS features of sputtered TiO2 obtained by Knotek (Ref. 10).

E;=200 eV
Feature (eV)

2.5
5.5
10.3
13.5
25.4 instead of

21.8
33.6

36.0
38.6

Assignment

(Ti 3d —Ti 3d
02p —Ti 3d
02p —Ti 3d
02p-Ti 3d
0 2s -conduction-
band states
T1 3p —Ti 3d

Disappeared
Disappeared

Feature (ev)

2.5
5.5
10.3
13.5
24.6 instead of

22.6
33.6
as a shou1der
36.6

Assignment

(T1 3d —Ti 3d
02p —Ti 3d
02p —Ti 3d
02p-Ti 3d
0 2s -conduction-
band states

T1 3p —Ti 3d

The efFect of Ar+-ion bombardment on the TiOz(110)
surface has been studied by several groups using UPS and
EELS. These techniques have indicated the presence
of occupied states in the bulk band gap as a result of the
preferential loss of lattice oxygen ions from the surface;
these gap states are not detected in a defect-free sample.
In the published EELS results these newly introduced oc-
cupied states manifest themselves by the appearance in
the EELS spectrum of the feature labeled A in Fig. 3,
which has been attributed to a transition between the oc-
cupied and the unoccupied Ti 3d orbitals. ' The changes
occurring in the core loss region following Ar -ion bom-
bardment are similarly the consequence of the loss of lat-
tice oxygen ions.

As was mentioned earlier, the evaporation of Ti on
TiOz causes changes in the core loss spectra which are
identical to those produced by Ar+-ion bombardment.
Although lattice oxygen ions are not being removed as in

the case of Ar+-ion bombardment, the presence of the
additional Ti overlayer changes the oxygen-titanium ratio
at the surface to give a final state similar to that caused
by Ar+-ion bombardment.

Figure 5 presents a schematic diagram of the unoccu-
pied symmetry-based molecular-orbital (MO) energy lev-
els which were empirically deduced from x-ray-
absorption spectroscopy (XAS) measurements of the K
edges of 0 and Ti in Ti02. ' ' Also shown are the tran-
sitions between the initially-filled levels of 0 2s, Ti 3p,
and Ti 3s and these empty MO levels. Molecular orbital
theory has been found adequate to explain the Ti I(: and
0 K XAS results for Ti02 and will be used here also.
Our assignment of the features F, H, I, J, L, and M have
also been indicated in Table I. Unlike that of J, the in-

tensities of features I. and M show a very weak depen-
dence on E;. Feature M has previously been attributed to
a quadrupole-allowed Ti 3s —Ti 3d transition for both Ti

TABLE IV. EELS features of oxidized titanium in the loss region 30 ~ EL (40 ev.

Incident
energy E; (eV} %'ork

Present work

Oxygen
exposure (L)

30 and
72' 10'

Feature
(eV)

35 (0)
38.8 (J)
47 (I( )

Assignment

Ti 3p-2t2~
0 2s -4t

1 „

Ti 3p-Ti 3d,
quasiatomic
transition

Ross and
Gaugler'

35.0

47.0

Due to Ti 3p
excitation in
TiO oxide phase
Due to Ti 3p
excitation in

Ti02 oxide phase
Not discussed

250

'Reference 12.
Reference 13.

Roman et al.

47

Due to Ti 3p
excitation in a
TiO& oxide phase
Ti 3P-Tl 3d
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FIG. 5. Schematic molecular-orbital energy diagram for
Ti02 showing assignment of the EELS features.

and oxygen-exposed Ti. Because of the similarities of I.
and M we believe that L also represents a quadrupole-
allowed transition, as shown in Fig. 5. The loss features
8, C, and D of Fig. 1 and feature A of Fig. 3 have been
interpreted previously and will not be considered further.
Feature E is not always present in the spectra, and when
it is present it occurs only for E; & 250 eV; further study
is required before more can be said about this feature.
Feature G has been attributed to the collective excitation
of the valence electrons2 and E, which is seen in the
spectra of both the metal and its oxides, has been dis-
cussed in recent publications and has been attributed to a
localized quasiatomic transition between the Ti 3p and Ti
3d orbitals. "24

Our assignment of J di6'ers from that suggested by
Knotek, ' shown in Table I(a), and by Roman et al. '

(see Table IV), while both this assignment and that given
to H are contrary to those suggested by Ross and
Gaugler (see Table IV}.' The interpretations proposed
for Jby Knotek, ' and by Roman et al. ' and for Hand J
by Ross and Gaugler' have been influenced by the ap-
parent agreement between the binding energies of the Ti
3p core level in TiO2 and TiO as found from XPS and the
EL values of J and H, respectively, and by the assump-
tion by Ross and Gaugler that distinct oxides, here TiO
and Ti02, can coexist for oxygen exposures of 24 L. The
interpretation proposed for H (EL ——35 eV) by Ross and

Gaugler is not convincing. %ere their interpretation to
be correct, the 35-eV feature should have shifted in ener-

gy and should have eventually disappeared from the spec-
trurn with increasing oxygen exposures. This does not
happen, which is not surprising as H is observed also for
defect-free Tio, .

The association of J (c -38 eV) with an excitation orig-
inating from the Ti 3p core level in Ti02 is also not
correct. The apparent agreement between the EI value
of J and the binding energy of the Ti 3p core level (-38
eV) of Ti02 as obtained from x-ray photoemission spec-
troscopy ' (XPS) is accidental. Firstly, the chemical
shifts derived from XPS and EELS need not be the same.
The XPS-derived chemical shifts (oxide binding
energy —metal binding energy) are of the order of 5 eV for
all Ti core orbitals in Ti02, whereas the chemical shifts
obtained from EELS measurements are smaller and not
even the same for di8'erent Ti core levels: These are ap-
proximately 1.5 eV for the 2p level but 4 eV for the 3s lev-
el. ' %c also have observed a shift of approximately 2
eV for the 3p level during oxidation of Ti. Also, thresh-
old spectroscopics such as soft-x-ray appearance-
potential and Auger electron appearance-potential spec-
troscopy show chemical shifts for the Ti 2p level of 2
and 1.5 eV, respectively. It therefore appears that one
should be careful in using chemical shifts derived by
dN'erent techniques. At any rate, the first core loss
feature occurring at EL &33 eV (33 eV being the EI
value corresponding to the excitation of the Ti 3p level in
the metal) following oxidation of titanium is H (EL -35
eV) and not J (EI -39 eV). The reason Roman et al. '

did not observe H after oxidizing titanium is partly be-
cause they used high primary energy (E;=250 eV) and
partly because of their poor energy resolution ( =2 eV
from the FWHM of their elastic peak}. As was shown in
Fig. 2, the intensity of feature H is a strong function of
the energy of the incident electrons. Secondly, as was
discussed before, Ar+-ion bombardment of Ti02 as well
as the evaporation of Ti on the surface cause feature J to
disappear from the spectrum in surface-sensitive mea-
surernents along with that of L, while causing only some
broadening of the feature H and some slight shift in the
EL values of E and M. The core loss features I', H, J, K,
I., and M can therefore be put into two groups according
to whether or not their intensities are markedly dirnin-
ished when the TiOz surface is reduced. Thus, features
H, K, and M fall into one group while features I', J, and I.
fall into another. The features in the former group have
been attributed to transitions originating from Ti core
levels (H and E from Ti 3p, and M from Ti 3s), and it is
not surprising to find these transitions still present in the
EELS spectra. The marked reduction in the intensity of
feature I' and the disappearance of J and L are also to be
expected as the 0-Ti ratio at the surface is drastically re-
duced by either Ar+-ion bombardment or by a Ti over-
layer; this behavior is compatible with the assignment
shown in Fig. 5. Attributing J to transitions involving
the oxygen core level is thus manifestly more consistent
with the cff'ects of surface defects than is its assignment to
a transition originating from Ti 3p core level, as has been



37 ELECTRON-ENERGY-LOSS STUDY OF THE TiO (110)SURFACE

done previously. ' ' '
Before suggesting the reasons underlying the disap-

pearance of feature I and the broadening of feature 8 fol-
lowing sputtering and Ti evaporation, we recall that, for
TiOz, band-structure calculations as well as XAS (Refs.
19 and 21) and transmission EELS measurements' indi-
cate that the 2t2 and 3es orbitals (both mainly Ti 3d
states) are resolved and are separated by 2—3 eV. In con-
tradistinction, the conduction-band density of states of
TiO„(0.8 & x & 1.22) shows, according to band-structure
calculations, ' a single broad peak. In agreement with
this, the Ti 3p near-threshold EELS spectra of Ti203
show a single broad (FWHM of =5.0 eV) loss feature. '

Since the Ti02 surface is thought to be reduced to lower
Ti oxides both by Ar+-ion bombardment and by a Ti eva-
poration„ it is reasonable and consistent with the above
that the Ti 3p near-threshold EELS features H and I of
TiO2 be replaced by a single broad feature 0 following a
reduction of the surface. We therefore believe that the
disappearance of feature I accompanied by a broadening
of 0 is due to the changes in the pro61e of the
conduction-band density of states associated with the
reduction of the Ti02 surface.

VI. SUMMARY

%'e have measured the electron-energy-loss spectra of
the defect-free Ti02(110) surface which include excita-

tions of the 0 2s, Ti 3p, and Ti 3s core levels, and we have
investigated the effect Ar+-ion bombardment and the
evaporation of Ti have on the EELS features of annealed
TiO2. Also investigated was the dependence of the inten-
sities of the observed loss features on incident electron
energy E;.

The results have been interpreted using the unoccupied
molecular-orbital energy levels derived from XAS, bear-
ing in mind the observed dependence of the loss features
on the reduction of the oxide surface. The loss feature at
38.8 eV for TiO2 has been reinterpreted, as have the loss
features at 35 and 38.5 previously reported for oxidized
titanium.

Finally, we have demonstrated that the core loss re-
sults of TiOz are extremely sensitive to the presence of
surface defects because these defects change the surface
stoichiometry. This sensitivity can then be used to
discriminate between core loss features arising from
diferent components of the transition metal compound.
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