
PHYSICAL REVIEW B VOLUME 49, NUMBER 23 15 JUNE 1994-I

Electronic structure of TiO„(0.8 &x & 1.3) with disordered and ordered vacancies
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We report x-ray photoemission, UV photoemission, and bremsstrahlung isochromat spectra of TiO
with ordered vacancies in both Ti and 0 sublattices and of the series Ti0„(0.8(x (1.3) containing
disordered Ti and 0 vacancies. The details of the electronic structure are discussed in comparsion to
band-structure calculations for the ordered structures performed in this work as well as to density of
states obtained for the disordered systems within different approximate methods reported earlier in the
literature. Our results in the valence-band regions indicate the need for a better theoretical approach to
describe the effect of disordered vacancies on the electronic structure than has been attempted to date.
Ti 2p core-level spectra indicate the existence of vacancy-induced local environments with the formal
charge on the Ti atom ranging from 2+ to 4+.

I. INTRODUCTION

The properties of TiO, a refractory transition-metal ox-
ide, are of interest both from technological and theoreti-
cal viewpoints. This material is hard and brittle like a
typical covalent refractory material, ' while it is also me-
tallic with a resistivity of a few hundred pQ cm at the
lowest temperatures. The conduction band in TiO is pri-
marily due to the direct overlap of neighboring Ti 3d or-
bitals of tz symmetry along the face diagonals of the
rocksalt structure. On the other hand, the refractory
properties of the oxide are due to the covalent bonding
arising from the interaction of the 0 2p and the Ti 3d or-
bitals of e symmetry along the edge of the cube. Thus,
both the cation-cation bond and the cation-anion bond
play important roles in determining the properties of this
compound. The intra-atomic Coulomb interaction
strength Ud& in the Ti 3d manifold is expected to be small
compared to the Ti 3d conduction-band width, suggest-
ing that the independent-particle band description may
provide a reasonable basis for discussing the electronic
structure of this compound. The band structure for rock-
salt stoichiometric TiO without vacancies has been re-
ported by several authors.

Another interesting aspect of TiO is that it forms over
an extraordinarily wide homogeneity range. Thus, TiO
can be formed with 0.8(x (1.3 retaining the rocksalt
structure. The system is stabilized by an equilibrium
concentration of vacancies which are randomly distribut-
ed in both the Ti and 0 sublattices. The anionic vacancy
concentration decreases while the cationic vacancy con-
centration increases with increasing x. The total vacancy
concentration, however, decreases with increasing x. It is
interesting to note that even the compound with the nom-
inal composition TiO, o contains 15% random vacancies
at both the Ti and 0 sites. It should be noted that the
rocksalt phase of TiO exists only above 1250 C, but can
be stabilized at room temperature by quenching from
temperatures above 1250 C. Between 1250 C and 940'C
a P-TiO phase, showing cubic superstructures, is stable. '

However, annealing below 940'C causes an ordering of

the random vacancies along with slight distortion of the
cubic symmetry in the rocksalt structure, leading to a
monoclinic unit cell. ' ' This structure has 16.7% cat-
ion and anion vacancies appearing in every third (110)
plane of the rocksalt structure. ' Thus, these compounds
are very suitable for a systematic investigation of the
effect of disordered vis-a-vis ordered vacancies on the
electronic structure. The effect of ordered and disordered
vacancies on the transport properties of TiO„, controlled
by a small energy scale around Ez, has been extensively
investigated. The primary source of electron scatter-
ing at low temperatures has been identified to be the Ti
and 0 vacancies in the lattice. The temperature
coefBcient of resistivity in these compounds can be ei-
ther positive or negative over a wide range of tempera-
ture depending on the vacancy concentration.

There have been several theoretical efforts to describe
the influence of the vacancies on the electronic structure
of TiO„. ' Schoen and Denker' calculated the band
structure for TiO with different concentration of disor-
dered vacancies (0.8&x &1.22) in both the sublattices,
using the augmented plane wave —virtual crystal approxi-
mation (APW-VCA). These authors find that (i) the ener-

gy gap (referred to as the p-d gap) between the primarily
0 2p density of states (DOS) and the Ti 3d DOS increases
with increasing x; (ii) there is no systematic dependence
of the integrated intensity ratio (referred to as the d ip ra-
tio) between the primarily Ti 3d DOS and the 0 2p DOS
with x; (iii) the vacancy bands do not appear even for va-
cancy concentrations as high as 20%; (iv) there are
modifications in the shape and energy position in the
unoccupied Ti 3d DOS with increasing x; and (v) the
rigid-band model is inapplicable to describe the electronic
structure of these systems. In a qualitative discussion of
the influence of vacancies on the electronic structure,
Cxoodenough argued' that (i) two holes are trapped in
the cation vacancy, while two electrons are trapped in the
anion vacancy, and (ii) the Ti 3d conduction band
broadens with increasing vacancy concentration leading
to an energy stabilization. However, based on the
Korringa-Kohn-Rostoker (KKR) average t-matrix ap-
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proximation (KKR-ATA) calculations for vacancy-
disordered TiO, ~ with 15% vacancies (referred to in Ref.
20 as Tip sgOp sg), Huisman, Carlsson, and Gellat con-
cluded that (i) the vacancy-induced defect states appear
below the Fermi energy filling the p-d gap, in contradic-
tion to Ref. 18; (ii) the primarily Ti 3d derived conduc-
tion band becomes narrower in presence of vacancies, in
contradiction to the suggestion in Ref. 19; and (iii) the
mean energy of the 0 2p band rises and that of the pri-
marily Ti 3d derived conduction band becomes lower.
The competition between the stabilizing effect of the de-
fect states below EF and the destabilizing effect due to the
narrowing of the Ti 3d band and shift in the mean ener-

gies of the Ti 3d and 0 2p DOS results in a finite concen-
tration of vacancies in TiO. Gubanov et al. ' have stud-
ied the effect of isolated vacancies in TiO, by the
nonempirical Hartree-Fock-Slater (HFS) method in the
cluster approximation. These authors suggest that the
vacancies cause (i) narrowing of bands, (ii) appearance of
vacancy states in the unoccupied parts of the DOS, and
(iii) the valency of the metal atom to vary continuously
with x, suggesting a systematic change in the d/p ratio.
Ivanovsky et al. , based on the linearized-muIn-tin-
orbital —Green's-function (LMTO-GF) approach, studied
the electronic states induced by isolated vacancies. Their
results suggest (i) formation of vacancy states below FF,
and (ii) decrease in the d /p ratio with increasing x. Bur-
dett and Hughbanks have explained the structure of
vacancy-ordered TiO„based on the results from sem-

iempirical extended Huekel band-structure calculations.
The DOS in Ref. 23 for vacancy-ordered TiO shows the
absence of the p-d gap. Hobiger et al. have performed
self-consistent linear augmented-plane-wave (LAPW)
band-structure calculations for hypothetical Tio 750o 75

crystallizing in the NbO structure. These authors find

the absence of the p-d gap in this compound. Thus, from
the above discussion it appears that there is no general
consensus concerning the effect of vacancies on the elec-
tronic structure of TiO, though a large number of calcu-
lations have been performed for this system. It is to be
noted that much of the above predictions of the calcula-
tions can be experimentally verified by investigating the
electronic structure of TiO using techniques of high-

energy electron spectroscopies. Surprisingly, there have
been only a few such experiments on a limited range of x
values in TiO, and the above-stated convicting descrip-
tions of the electronic structure of TiO could not be
resolved on the basis of these experiments.

An early x-ray photoemission (XP) study on TiO» by
Wertheim and Buchanan clearly showed the Ti 3d con-
duction band well separated from the 0 2p —Ti 3d hybri-
dized band, suggesting the existence of a p-d gap. These
authors however did not investigate any other cornposi-
tion, and thus did not address the question of the effect of
vacancies on the electronic structure. On the other hand,
the x-ray emission (XE) spectra do not indicate the ex-
istence of a p-d gap in the TiO series. The XE spectra
suggest that the primari1y 0 2p band-related feature
shifts towards lower binding energy and the d /p ratio de-
creases systematically with increasing x. Contrasting this

result, the ultraviolet photoemission (UP) spectra do
not show any significant difference between the two
different compositions TiOo 93 and TiO, ». Thus we felt

that a systematic investigation of the electronic structure
of TiO for various x would be worthwhile, particularly
if a careful comparison could be made to the calculated
density of states. We present in this paper a detailed
spectroscopic study of the electronic structure of TiO
(x =0.81, 0.91, 1.03, 1.18, 1.30) with disordered vacan-
cies, as well as one sample of TiO (x =1.0) with ordered
vacancies. We study the occupied and unoccupied parts
of the density of states of TiO using XP, UP, and brems-
strahlung isochromat (BI) spectroscopic techniques. We
also investigate the Ti 2p and 0 1s core-level XP spectra.
In order to compare and interpret the experimental re-

sults, we have calculated the DOS and various site- and
angular-momentum projected partial DOS (PDOS)
within the linearized mu5n-tin orbital-atomic-sphere
approximation (LMTO-ASA) for the vacancy ordered
TiO (Vr;= Vo=16.7%). We have also calculated the

DOS and the various PDOS for the rocksalt
stoichiometric TiO without vacancies. Besides providing
a description for the electronic structure of TiO, in this
work we attempt to address various questions regarding
the effect of vacancies on the electronic structure of TiO
based on experiment and calculations, with specific refer-
ence to the p-d gap and d /p ratio.

II. EXPERIMENT

The TiO„(0.8 &x & 1.3) samples with disordered va-

cancies were prepared by melt-quenching a mixture of Ti
and Ti02 in the required proportions in an arc furnace
under inert argon atmosphere. The monoclinic vacancy-
ordered phase of TiO was obtained by annealing a disor-
dered sample of TiO, o at 900'C for 48 h in vacuum. '

Powder x-ray diffraction and resistivity measurements
were carried out to characterize the samples. The varia-
tion of the lattice constant with x and the resistivity mea-

surements agree well with the published data. ' The oxy-

gen stoichiometry (x) was determined by measuring the
increase in the weight on oxidizing the samples to Ti02 at
1000'C in Bowing oxygen. The estimated compositions
were found to be TiOo. sl »Oo. 9I, »Ol. o3, TiOI. I8, and

TiOI 3o corresponding to the starting compositions with

x =0.8, 0.9, 1.0, 1.15, and 1.28, respectively.
The electron spectroscopic experiments were carried

out in a combined XPS-UPS-BIS spectrometer from
VSW Scientific Limited, U.K. A clean and reproducible
sample surface was obtained by scraping the sample with
an alumina file in a vacuum of 5X10 ' rnbar until the
various core levels did not show any further change. The
cleanliness of the surface was further monitored by
recording the C 1s and 0 1s spectral regions. While the
0 1s spectrum was found to have a single peak, the signal
due to C 1s was negligible for the scraped surfaces. All
the experiments were carried out at the liquid-nitrogen
temperature to minimize surface degradation with time.
However, the spectra recorded at room temperature were
identical to those recorded at the low temperature for
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freshly scraped surfaces. The instrumental resolution for
the XPS measurements with nonmonochromatic Mg Ea
radiation is 0.8 eV, while the resolution for Her UPS
measurements is 140 meV. The resolution for BIS is 0.8
eV.

The total DOS and the angular-momentum-projected
PDOS calculation for rocksalt TiO without vacancies and
for vacancy-ordered TiO with Vr;= Vo=16.7% were
performed within LMTO-ASA. In the LMTO method,
an energy-independent, fixed-basis set is constructed from
the partial waves and their first energy derivatives ob-
tained within the muffin-tin approximation to the poten-
tial. The effective potential in the solid is modeled by
constructing spheres around each atomic site. The po-
tential within the spheres is assumed to be spherically
symmetric, while the potential in the interstitial region is
assumed to take a constant value. Within the ASA ap-
proximation, the atomic spheres are taken to be slightly
overlapping so that the volume of the spheres in a unit
cell add up to the total volume of the unit cell. Thus in
this case, the interstitial region is eliminated. If this
space-filling requirement in ASA requires unphysically
large overlap of spheres, additional empty spheres are in-
troduced in the interstitial regions. In the case of
vacancy-ordered TiO, the unit cell is monoclinic (space
group A2/m) with a =5.855 A, b =9.34 A, c=4.142 A,
and y =107' 32' (Ref. 16). The unit cell consists of ten
atoms of titanium and ten atoms of oxygen. In the
LMTO-ASA calculation empty spheres were included for
two vacancies of Ti and two vacancies of 0 in each unit
cell. The self-consistent calculations were performed
with 145 k points for the vacancy-ordered structure in
the irreducible part of the Brillouin zone. The energies
E' for each partial wave were chosen to be the center of
gravity of the occupied parts of the corresponding partial
DOS.

III. RESULTS AND DISCUSSION

We show the x-ray and HeII photoelectron valence-
band spectra from vacancy-ordered TiO in Fig. 1(a), with
a higher resolution Her UP spectrum in the near-E+ re-
gion as an inset. The spectra exhibit two distinctly
separated features, one within the first 3 eV of EF, while
the other one is centered around 7.3+0.3 eV, in close
similarity with the results for TiO,

&
using XPS, and for

Ti0093 and TiO, » using UPS. In agreement with the
earlier works, we interpret the peak close to EF as
arising primarily from Ti 3d and the peak at 7.3 eV due
to mainly 0 2p-like states. This is also consistent with
the observed increase in the relative intensity of the
feature near EF with the photon energy [Fig. 1(a)], as the
cross section of the Ti 3d states is expected to increase
compared to the 0 2p states with increasing photon ener-
gy. Both the spectra in Fig. 1(a) show a finite intensity at
Ez with a clear Fermi cutoff observable in the high-
resolution UP spectrum. In order to interpret the elec-
tronic structure and bonding in TiO, we have calculated
the tota1 and partial DOS for the vacancy-ordered TiO„
[Fig. 1(b)], since such a calculation does not exist in the
literature. From Fig. 1(b) we find that the states near the

TiQ
( Vacancy-Ordered)

.~

Q ~

~ ~
~ ~

Hel
I I I

30 20 0 F

~ ~
gag ~

~ ~ ~ ~ ~ ~g~ ~ ~ ~ ~
~ ~ ~ 0 ~ ~

~ ~ ~ g I~'":rg.i i~4 & '".~

r'
~0

~ Ol
~ ~ ~ ~

~ ~ ~ ', ~ '

~ ~ ~
~ p ~

~4

~t

0

xps
~ eh+ ~ ~~ ~

~ ~ ~

4 el'' ~

I i i i i I

He II

10.0 5.0
Binding energ y (eV)

EF

TiO
32 — Vaconcy- ordered

28 (b)

bl

24—
C

~ 20—
i

CL
~ 16—

12—a

O
8-

O

I

I

V
I

I

Total DOS
Ti d PDOS - -'-
0 p PDOS----

I.
(

li

0
-10

jK

p J
-~L

I I

-2 0 2 4 6

Fermi energy are primarily due to Ti 3d states. This indi-
cates that the metallic property of TiO is derived primari-
ly from Ti 3d-Ti 3d t2 cr interaction. Similarly, the
higher-binding-energy feature 6.8+0.3 eV below Ez in
Fig. 1(b) corresponds primarily to 0 2p derived bands,
though there is some Ti 3d admixture over the entire
bandwidth. This admixture is evidenced by the presence
of Ti d PDOS in the 5 —8.5 eV range below EF [Fig. 1(b)]
mimicking the 0 p PDOS features at the same energy.
This illustrates the importance of covalent interaction in
the bonding of TiO which arises primarily from Ti 3d
e —0 2p o interactions. We find from Fig. 1(b) that the
calculated DOS has various features at about —0.2,—0.6, —0.9, and —1.3 eV with respect to Ez. These

Energy relative to EF(eV)

FIG. 1. (a) XP and He II UP spectra of vacancy-ordered TiO.
Her UP spectrum in the near E+ region is shown in the inset;
the energy positions of the various features in the calculated
DOS in (b) are marked in the inset (see text). (b) The total DOS
(solid line), Ti d (dot-dashed line), and 0 p (dashed line) partial
DOS for vacancy-ordered TiO calculated within LMTO-ASA.
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features are essentially due to structures in the Ti 31 par-
tial DOS which accounts for more than 70% of the con-
tribution to the DOS in this energy range. There are two
other features in the calculated DOS at —1.6 and —2.4
eV. The PDOS corresponding to the states in the empty
spheres considered at the oxygen vacancy sites [not
shown in Fig. 1(b)] contribute significantly only to these
two features along with the Ti d PDOS contribution. In
this sense, these two features at —1.6 and —2.4 eV are
oxygen-vacancy-induced states. Thus we find that the
vacancy-induced states appear below EF, in agreement
with the KKR-ATA (Ref. 20) and LMTO-GF (Ref. 22)
calculations and the suggestion' that oxygen vacancies
will trap electrons. However, these vacancy-induced
states, though appearing at the bottom of the conduction
band, do not wipe out the p-d gap [Fig. 1(b)]. In the
present calculation with the real structure, the energy po-
sition of the 0 2p related DOS at 6.8+0.3 eV compares
well with that of the experimental value of 7.3+0.3 eV.
Also, the calculated Ti 3d occupied DOS extends to
about 2.8 eV below EF [Fig. 1(b)], in good agreement
with the experimentally estimated value of 2.8+0.3 eV
[Fig. 1(a)], suggesting the absence of any strong correla-
tion effects. We attempted to estimate the strength of
Udd from an analysis of the Ti 1.23-M45M45 Auger spec-
trum; however, the Auger spectrum compares well with
the self-convoluted Ti 3d XP spectrum indicating the ab-
sence of any intense spectral features due to two correlat-
ed d holes. This confirms that U„d is indeed small in TiO.
In order to compare the calculated Ti 3d DOS and the
experimental He I UP spectra, we have marked in the in-
set of Fig. 1(a) the energy positions of the various
features from the calculated DOS in Fig. 1(b). It appears
that the features in the DOS at —0.2, —0.6, and —0.9
eV have their corresponding counterparts in the experi-
mental spectra, though the features are weak and barely
above the noise level. Further experiments with higher
resolution and better intensity, for example, with the use
of synchrotron radiation, are desirable to establish these
points. The features further away from EF at —1.3,—1.6, and —2.4 eV are not seen in the experimental
spectra; the reason for this is the increased lifetime
broadening at higher binding energies coupled with the
problems of resolution and intensity as mentioned above.

The electronic structure of TiO has often been de-
scribed in the past in terms of the stoichiometric rocksalt
structure without vacancies. ' The calculated total
DOS and the 0 2p and Ti 3d partial DOS for the rocksalt
TiO without vacancies are shown in Fig. 2; the results
here are in agreement with previously published data. '

Comparing these results with those for vacancy-ordered
TiO [Fig. 1(b)], we find that there are some important
disagreements between the two. For example, the calcu-
lated DOS near EF in Fig. 2 is such that the experimental
spectrum would be expected to give rise to a single peak
at E~ broadened by the resolution function and lifetime
effects, with no other spectral features within the first 6
eV, in contrast to the DOS for the vacancy-ordered struc-
ture [Fig. 1(b)] as well as the experimental spectra [Fig.
1(a)], which show the Ti 3d related peak away from the
EF. Another significant discrepancy between the calcula-
tion for the rocksalt TiO and the experiment is that the
calculated result in Fig. 2 exhibits an occupied Ti 3d
bandwidth of nearly 4.2 eV, while the valence-band spec-
tra in Fig. 1(a) and the calculated result in Fig. 1(b) sug-
gest a much smaller (2.8 eV) value. Moreover, for the
vacancy-ordered structure, the total Ti 3d bandwidth is
8.8 eV compared to 11 eV in the rocksalt structure with
no vacancies. Thus, it appears that the decreased coordi-
nation in the vacancy-ordered structure dominates over
the effects caused by a decrease in the bond lengths, lead-
ing to a narrowing of the bandwidth in contrast to the
suggestion in Ref. 19. The peak position of the calculat-
ed 0 2p partial DOS in Fig. 1(b) is 6.8 eV, while that for
the rocksalt TiO (Fig. 2) is near 8.5 eV, indicating a de-
crease in energy separation between the 0 2p and Ti 3d
DOS in the presence of vacancies. Thus, it appears that
the details of the electronic structure of TiO are strongly
infiuenced by the presence of vacancies. Compared to the
stoichiometric rocksalt TiO without vacancies, the pres-
ence of vacancies leads to a narrowing of the d-band
width, decrease in energy separation between the O 2p
and Ti 3d DOS, and appearance of sharp structures over
the entire range of the DOS. Such sharp structures in the
DOS close to EF suggest the interesting possibility of
affecting the physical properties of the system by shifting
the EF slightly, for example, by changing x in TiO„. This
may be partly responsible for the interesting changes ob-
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served in the transport properties of these systems.
We show the UP and XP spectra of vacancy-

disordered TiO„with x =0.81, 0.91, 1.03, 1.18, and 1.30
in Figs. 3(a) and 3(b). The comparison of the spectral
features of vacancy-ordered TiO [Fig. 1(a}] with
vacancy-disordered TiOI Q3 [Figs. 3(a) and 3(b)] suggests

that the long-range ordering of the vacancies does not al-

ter the spectral features very much. The only discernible
difference in the shape near Ez between the spectra of the
ordered and disordered vacancy systems appears to be a
slight broadening in the disordered phase [inset, Figs. 1(a)
and 3(a}]. This is not surprising in view of the results of
diffuse x-ray and electron diffraction experiments
which reveal that the local atomic arrangements in the
disordered phase partially resemble the vacancy-ordered
phase. The experimental p-d gap for the vacancy-
disordered TiO is somewhat more than 1 eV. The same

gap, within experimental uncertainties, is also observed in

the experimental spectrum of the vacancy-ordered TiO
[Fig. 1(a)]. The present results are in contrast to the
KKR-ATA (Ref. 20) calculations suggesting the absence
of any gap. The XE spectra for TiO„also do not indi-

cate the existence of the p-d gap in contrast to the

present results. Our results, however, suggest that the
p-d gap exists for all compositions of vacancy-disordered
TiO„and is relatively insensitive to the oxygen content

(Fig. 3). The APW-VCA (Ref. 18) calculations which

show the existence of the gap, however, indicate an in-

crease in the gap with increasing x. From the spectra in

Fig. 3, it is clear that the primarily 0 2p derived spectral
features are nearly identical in the entire TiO„series with

a similar width and peak position at 7.3 eV. In this re-

gard the experimental value is in good agreement with

the results of KKR-ATA (Ref. 20) showing the 0 2p cen-
troid at about 7 eV. The invariance in the 0 2p peak po-
sition is in contrast to the APW-VCA (Ref. 18) results,
which showed a systematic increase in the binding energy
of the 0 2p related feature (5.2 eV for TiOo s to 6.9 eV for

TiO, 22). Interestingly, the XE (Ref. 26) results suggest

an opposite trend of the 0 2p related feature moving to-
wards EF with increasing x. One of the possible reasons

for the discrepancies between the XE spectra and the

present results is that the Ti E135 XE spectra are primari-

ly sensitive to the Ti p partial DOS, whereas the photo-
emission spectra in Fig. 4 are primarily sensitive to the Ti
3d and 0 2p states, which are the main constituents of
the DOS below E~. It is evident from Fig. 3(b) that the

intensity of the Ti 3d-like states shows marked decrease
with increasing x. We have calculated the ratio of the in-

tegrated intensities from the Ti 3d and 0 2p related spec-
tral regions. We find the d/p ratio [inset, Fig. 3(b)] de-

creases monotonic ally with increasing x. A similar
behavior is also observed for the He?I UP spectra [Fig.
3(a}]. This decrease in the d/p ratio is related to the de-

crease of Ti concentration relative to 0 across the series;
this effect is also responsible for the weakening of the Ti
3d- Ti 3d metallic bond. This leads to a decrease in the
density of states at Ez and is responsible for the increase
in the resistivity of TiO„with increasing x. We also find

that the d!p ratio appears to be higher in the vacancy-
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FIG. 4. BI spectra of vacancy-disordered TiO„(0.8
& x & 1.3) and vacancy-ordered TiO, compared with the calcu-

lated DOS above EF for the vacancy-ordered TiO.

ordered TiO compared to the vacancy-disordered TiO~ og,

though both have similar vacancy concentrations. This
suggests a more effective metallic bonding in the
vacancy-ordered TiO, the resistivity of the vacancy-
ordered TiO being lower by a factor of 4 compared to the
vacancy-disordered TiO„at 77 K. The decrease of the
d lp ratio with increasing x is in agreement with the re-
sults of HFS cluster ' and LMTO-GF (Ref. 22) calcula-
tions. The XE data also show a similar trend. On the
other hand, this result is in contrast to the APW-VCA
(Ref. 18) calculations, which show no such correlation.

We show the BI spectra of vacancy-disordered TiO„
along with vacancy-ordered TiO in Fig. 4. We have cal-
culated the unoccupied part of the DOS and PDOS for
vacancy-ordered TiO (Fig. 4) by shifting all the E„'s (ex-
cept for Ti d and 0 p states) to about 10 eV above EF.
The calculated DOS is found to be in gross agreement
with the corresponding experimental spectrum; the
differences in the relative intensities of the various
features are due to matrix-element effects. From the cal-
culated PDOS (not shown in the figure), we find that the
experimentally observed peak at 2.420. 3 eV in BIS arises
primarily from Ti 3d states. Its shape, with a relatively
low intensity at EF, is consistent with the calculated
DOS. The calculation indicates that the Ti 3d band ex-
tends to about 6 eV above EF, this is in agreement with

the dip in the experimental spectrum at the same energy.
The rise of the spectrum beyond this dip (Fig. 4) is due to
the presence of Ti s,p and 0 s, d states. Specifically, the
broad peak in the experimental spectrum between 15 and
20 eV above EF arises primarily from 0 d and Ti p states.
From Fig. 4 we find that the BI spectral features are very
similar for the ordered and vacancy-disordered TiO, as in
the case of the XP and UP data. This is in contrast to the
suggestion' that the DOS just above EF distorts consid-
erably on the formation of disordered vacancies com-
pared to the DOS of vacancy-ordered TiO. It is seen
from Fig. 4 that the spectra of vacancy-disordered TiO,
for different x are remarkably similar. This observation
is in contradiction to the results of APW-VCA (Ref. 18)
calculations, which suggest that the Ti 3d peak position
in the unoccupied part of the DOS appears between 1.9
and 3.2 eV, depending on x. Moreover, the calculation'
also suggests considerable variation in the spectral shape
as a function of x, which is not in agreement with the
present data. It is to be noted that the similar spectral
features for the Ti 3d states, and in particular the absence
of any shift in the peak position, suggest the inapplicabili-
ty of any rigid bandlike model for TiO„. Though the
various spectra in Fig. 4 are very similar, there are small
changes that can be observed. For example, from a com-
parison of the two extreme stoichiometries x =0.81 and
1.30, we find that the dip in the spectral intensity at 6 eV
above EF is less pronounced in the sample with the
higher oxygen content. This change is accompanied with
a progressive increase in a spectral feature at about 13.5
eV with increasing x. This leads to the change from a
broad single-peak feature for TiOO 8, at about 16 eV to a
two-peak feature in samples with higher x (Fig. 4). We
point out here that the BI spectrum for vacancy-
disordered TiO, , reported earlier ' appears different
from the present spectrum. In the earlier spectrum, the
intensity of the Ti 3d related feature and the dip at 6 eV
are less pronounced and the shape of the high-lying states
is different. These differences possibly arise from contam-
ination of the sample surface, as the sample was not
cleaned in situ in the previous work.

While the valence-band photoemission and BI spectra
exhibit minor changes with x in TiO„, the Ti 2p core-
level spectra exhibit pronounced modifications across the
series (Fig. 5). The 2p3/p peak for the x =0.81 sample
appears at 454. 8+0.2 eV binding energy. Two distinct
effects can be observed in the spectra with increasing x;
there is a systematic shift of the peak position to higher
binding energy, and a broad feature develops at about
458 eV binding energy which gradually fills up the dip be-
tween the 2p3/2 and 2p&&2 peaks. Another broad and
weaker feature also develops at about 464 eV binding en-

ergy. The shift of the main peak to higher binding energy
with increasing x is attributed to a decrease in screening
of the core-hole state, as suggested by the decrease of the
Ti 3d band intensity near EF in this series (Fig. 3). We
find the 0 1s spectrum in every case to be a single peak of
2 eV full width at half maximum with no extra features.
This ensures that the spectral features at 458 eV and 464
eV in TiO„are not due to surface degradation or contam-



49 ELECTRONIC STRUCTURE OF TiO„(0.8 &x & 1.3) WITH. . . 16 147

Ti2P

x = 1.30

0 Pt

C
b7

C

1.18

103

091

0 81

470

1.P (or dered)
I I I I I I I I I

465 460 455 450
Binding energy(eV)

FIG. 5. Ti 2p core-level spectra of vacancy-disordered TiO„
(0.8 &x & 1.3) and vacancy-ordered TiO.

ination. However, the 0 1s spectra exhibit a small
overall shift of about 0.3 eU towards lower binding ener-

gy with increasing x. The spectral features emerging at
458 eV and 464 eV binding energies with increasing x ap-
pear to be broad compared to that in any stoichiometric
oxide of titanium. Furthermore, the peak positions of
these extra features are at a lower binding energy (by
about l eV} compared to that in Ti02. Thus, the spectral
features suggest that local environments similar to the en-
tire range of formal oxidation states from Ti2 to Ti +

(including the intermediate states) may be present in
TiO„. The local environments corresponding to the
higher oxidation states increase with x, as evidenced by
the increase of the higher binding energy features. The
above suggestion is in agreement with the results of
diffuse x-ray scattering studies, indicating that a Ti ion
in TiO„ tends to surround itself with both Ti and 0 va-

cancies. However, increasing x leads to a decrease in Vo
and an increase in VT;. This then creates more numbers
of Ti sites dominated by the presence of many Ti vacan-
cies in the neighboring sites, leading to a local electronic
structure determined primarily by Ti 3d —0 2p covalent
bonding at the expense of Ti 3d —Ti 3d metallic bonding.
This is consistent with the decrease in the d jp ratio with
increasing x, as observed in the XP and UP spectra of
TiO„(Fig. 3). The broad features around 458 eV and 464
eV are also present in vacancy-ordered TiO, though less
pronounced than in the case of vacancy-disordered
TiO, 03 (Fig. 5). This may be due to the fact that though
the vacancy ordering in TiO does not allow clustering of
Ti vacancies around a Ti ion, there are two difFerent

kinds of Ti ions in this compound with two and three Ti
vacancies in the nearest-neighbor shell.

We conclude by summarizing our findings vis-a-vis the
existing theoretical results on the TiO system. The gap

between the 0 2p and Ti 3d DOS (p-d gap) persists even
in the presence of vacancy-induced states. This is in

disagreement with the results of KKR-ATA, sem-
iempirical Hiickel, and LAPW (Ref. 24) calculations.
Discrepancy with the LAPW calculation indicates the
importance of including the realistic structural details in

describing the electronic structure of vacancy-ordered
TiO. The experimental data further indicate that the p-d
gap remains invariant in TiO with changing x, in con-
tradiction to the APW-VCA (Ref. 18) calculations. The
spectra exhibit a systematic decrease in the d/p ratio in

TiO„with increasing x. The APW-VCA (Ref. 18}calcu-
lations, on the other hand, show no such correlation for
the calculated d/p ratio. The vacancy states in the DOS
calculation for vacancy-ordered TiO appear below EF.
However, this finding is in disagreement with the APW-
VCA (Ref. 18) calculations where vacancy states do not
appear, and the HFS cluster ' calculation where the va-

cancy states are located above EF. The experimental
spectra for vacancy-ordered TiO and vacancy-disordered
TiO„suggest that the ordering of the vacancies does not
alter the spectral features very much, in contradiction to
the suggestions in Ref. 19. The BI spectra for TiO do
not show major modifications with changing x in contrast
to the results of the APW-VCA (Ref. 18) calculations.
This observation also suggests the inapplicability of the
rigid-band model in these compounds. We show that the
presence of ordered vacancies in TiO leads to a narrow-

ing of the Ti d band width. This is in disagreement with
the suggestion' of a band broadening in the presence of
vacancies. The Ti 2p core-level spectra show major
modifications with changing x, indicating the existence of
vacancy-induced local environments with the formal oxi-
dation state of Ti ranging from 2+ to 4+. The changes
in the Ti 2p core-level spectra are consistent with the sys-
tematic change in the d/p ratio observed in the valence-
band spectra. Thus, in the present work we have studied
the systematics in the electronic structure of the series
TiO„with 0.8 &x & 1.3 containing disordered Ti and 0
vacancies, and compared these with the electronic struc-
ture of the vacancy-ordered TiO. Comparison of the
present experiments with the results of earlier attempts to
describe the effect of disordered vacancies on the elec-
tronic structure of these compounds indicates the need
for a better theoretical approach than has been attempted
to date.
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