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Electronic structure of titanium monoxide
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The electronic structure of the monoclinic phase of titanium monoxide and a vacancy-free rock-salt phase
have been investigated using x-ray photoelectron spectroscopy and x-ray emission spectroscopy techniques.
For the investigation of the monoclinic structure type, polycrystalline samples of titanium monoxide were used.
The samples of the vacancy-free rock-salt structure have been obtained by annealing monoclinic titanium
monoxide at high temperature and pressure. The x-ray powder diffraction pattern of both types of samples
revealed single-phase crystals without any substructures. The x-ray photoelectron valence band spectra reveal
that the upper, mainly Ti 3d-derived, part of the valence band is split and that the lower, mostly O 2p-derived,
band exhibits three features. A combined representation of the photoelectron valence band spectrum of the
monoclinic phase and OKa , Ti La, and TiKb5 x-ray emission spectra shows that titanium and oxygen states
are hybridized over almost the full valence band region, without a gap. The valence band of the vacancy-free
rock-salt phase was found to be wider than that of the monoclinic phase. The experimentally obtained valence
band density of states are compared with recent band structure calculations. In addition, we present spectra of
the O 1s and Ti 2p core levels and show the effects of a gradual oxidation of the sample on these spectra.
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I. INTRODUCTION

Some of the simple binary transition metal oxides, such
TiO, VO, and NbO, are known to have a large number
vacancies in their crystal lattices. Vacancies occur in both
metal and the oxygen sublattices and even at a stoichiom
composition the number of vacancies is as high as 16%
TiO and VO and 25% in NbO. Titanium monoxide has
wide stoichiometry range. Depending on the stoichiome
different crystal structures have been found which are
closely related to the NaCl structure. The low-temperat
form of the composition TiO0.9-1.1has a monoclinic structure
in which half of the titanium and oxygen atoms are alt
nately absent in every third~110! plane of the original so-
dium chloride lattice type.1 In this phase the atoms in th
fully occupied layers, i.e., 80% of the Ti and O atoms, ha
a fivefold square pyramidal coordination. Those in t
vacancy-containing layers, i.e., the remaining 20% of the
and O atoms, are fourfold coordinated in a square pla
symmetry. In a narrow composition range near TiO1.25, a
tetragonal structure was observed in which the vacancies
cupy regular positions in the titanium sublattice whereas
oxygen sublattice is completely occupied.2 The titanium at-
oms are octahedrally surrounded by six oxygen atoms w
80% of the oxygen atoms have five titanium ligands a
20% of the oxygen atoms have four. For a sample with
intermediate stoichiometry, TiO1.19, a lamellar intergrowth
560163-1829/97/56~16!/10656~12!/$10.00
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of the monoclinic and tetragonal forms was reported.2 The
coexistence of both of these structures indicates that the
a strong preference for this material to order in these part
lar structures.

Early band structure calculations for TiO~Refs. 3–8!, and
lately Refs. 9 and 10, too, were carried out on lattices wi
out vacancies. Schoen and Denker11 made a step toward
considering more realistic lattice types. They perform
band structure calculations as a function of composition
vacancy concentration on both sublattices but did not fi
any vacancy induced states, even for vacancy concentra
as high as 20%. Since then numerous suggestions have
made concerning the existence and the energetic positio
vacancy-induced states and the mechanism by which
stabilize the actual crystal structure. Here we can only su
marize briefly a few of these suggestions. In a qualitat
discussion Goodenough12 proposed that the spontaneous c
ation of atomic vacancies results in a reduction of the int
nal energy if a gain in cation-cation binding energy excee
the attendant loss in Madelung energy. This requirem
would be fulfilled if ~a! the creation of atomic vacancie
reduces the lattice parameter and broadens the condu
bands so as to stabilize the occupied states in the bottom
of the bands, and~b! two electrons are trapped at each ani
vacancy and two holes at each cation vacancy, thereby m
mizing the loss in Madelung energy. Applying the Korring
Kohn-Rostoker–average t-matrix formalism Huisman
10 656 © 1997 The American Physical Society
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et al.13 suggested four factors which contribute to the sta
lization of the defect structure:~a! Vacancies cause the mea
energy of the O 2p band to rise and that of the Ti 3d band to
fall. ~b! The Ti 3d-band width narrows with the vacanc
concentration.~c! The vacancies generate defect states wh
arise in the gap between the O 2p and Ti 3d bands.~d! The
Fermi level is high enough so that some of the defect st
appear in the occupied part of the valence band. Based o
nonempirical Hartree-Fock-Slater method Gubanovet al.14

found that anionic vacancies lead to a narrowing of thes-
andp-d-band widths due to the reduction of nonmetal stat
Consequently, the density of metal states near the Fe
level was found to increase. Vacancy states were found
above the Fermi level with only a small admixture into t
occupied part of the valence band. This resulted in a sm
density of electronic charge in the nonmetal vacancies
no evidence of metal-metal bonding across anionic vacan
was found. Burdett and Hughbanks15 analyzed the TiO de-
fect structure with the semiempirical extended Hu¨ckel
method. They pointed out that the vacancy structure is
controlled by the Madelung energy and instead sugge
enhanced metal-metal and metal-oxidep bonding as impor-
tant factors. Subsequent band structure calculations,
formed for TiO and other defect-containing titanium com
pounds, confirmed that anionic vacancies accommoda
considerable density of electronic charge.10,16–21These band
structure calculations agreed with the result that the Tid
states form bonds across the anionic vacancies. The occ
tion of these vacancy generated bands cause the Fermi
to fall. The energetic position of the defect states and
existence of a band gap are still under discussion. Refere
9, 13, 15, and 20 predict that defect states completely fill
band gap, whereas defect states were only found in the
cupied part of the Ti 3d band in Refs. 10, 19, and 21.

In the most recent band structure calculation,22 using a
self-consistent local density approximation band theory,
density of states~DOS’s! of stoichiometric TiO with differ-
ent vacancy concentrations and of the rock-salt phase w
calculated. Among the vacancy-containing model structu
TiO with about 15% vacancies is found to be the most sta
phase with a rather large amount of electronic charge at
oxygen vacancy site. The shift of electronic charge into
oxygen vacancy sphere leads to~a! a reduction of the elec
tron kinetic energy and~b! to a recovery of a part of the
Madelung energy lost because of the presence of vacan

The role of the titanium vacancies is still largely uncle
Band structure calculations predict that the O 2p states are
too localized to shift a significant amount of electron
charge into the titanium vacancy spheres. However,
strong correlation between the titanium and oxygen vaca
concentrations in the composition range of TiO,23,24 and the
fact that the titanium vacancies exhibit the same degre
order as the oxygen vacancies, indicates that titanium va
cies may also be of certain significance for the energ
stabilization of TiO.

To this date only a small number of x-ray and ultravio
photoelectron spectroscopic~UPS! investigations of TiO
have been published.21,25–28All published spectra appear t
be strongly impaired either by oxidation and/or contamin
tion of the sample surfaces, by poor sample qualities o
limited energy resolution. In agreement with some ba
i-
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structure calculations Wertheim and Buchanan,26 Henrich
et al.,27 and Barman and Sarma21 reported a gap in their
spectra. Ichikawaet al.25 performed measurements on ful
oxidized samples which were prepared under atmosph
conditions. In their valence band spectra they did not fi
electron emission from the Ti 3d states at all. Kuznetsov
et al.28 subjected their samples to a long and intensive
etching treatment prior to the measurements. Since the s
tra of Ichikawaet al. and Kuznetsovet al. were not obtained
from unperturbed surfaces they do not provide informat
about the electronic structure.

Most of the x-ray emission spectroscopic~XES! investi-
gations of TiO were published in the sixties and the first h
of the seventies, cf. Refs. 29–33 and references therein
that time the spectra showed only a limited energy reso
tion, hence they exhibit almost no fine structure. More rec
XES investigations are, according to our knowledge,
available. Because of the lack of high-quality x-ray pho
electron~XPS! and XES spectra compared with the nume
ous theoretical investigations, we felt that there is a real
cessity to study the electronic structure of titanium monox
experimentally using a new approach.

In this study we present the results of an investigation
the electronic structure of titanium monoxide using XPS a
XES techniques. We show how a progressing oxidation
the sample influences the photoelectron spectra and ana
the electronic structure by a combined representation of
photoelectron valence band spectrum and emission spe
From the published photoelectron spectra21,25–28 it has not
yet been possible to obtain any indication of the influence
the vacancies on the DOS of titanium monoxide. Thou
spectra were obtained from samples of different compo
tion, i.e., with different vacancy contents on bo
sublattices,24 the spectra exhibited mainly a change in t
relative O 2p/Ti 3d intensity ratio according to their particu
lar stoichiometry.21,27 Hence, we decided to also investiga
samples without vacancies since from this type of sample
largest change in the DOS of titanium monoxide might
expected. A reduction of the vacancy content can
achieved by applying high pressure as has been shown
Taylor and Doyle34 and Banus.35 Depending on temperatur
and pressure conditions the vacancy concentration in
ichiometric TiO can be reduced to any desired concentra
between 15% and zero.34 The resulting phases were found
be stable under ambient conditions. The original vaca
concentration is restored only by reannealing at amb
pressure.34 Elimination of vacancies does not change t
physical properties significantly.36 The superconductive tran
sition temperatureTc raises from below 1.3 K for TiO with
15% vacancy concentration to 2.3 K for the rock-salt pha
without vacancies.37

II. EXPERIMENT

For our measurements we have employed solid polyc
talline samples of titanium monoxide. The x-ray powder d
fraction pattern of this material revealed a monoclinic crys
structure with a unit cell corresponding to the space gro
C2/m. This phase is known asa-TiO and is stable in the
composition range TiO0.9-1.1.

1,38 The parameters of the
monoclinic unit cell were determined to bea55.863
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10 658 56S. BARTKOWSKI et al.
60.003 Å, b54.14660.003 Å, c59.34460.005 Å, and
b5107°30.31861.008. The unit cell parameters are in ex
cellent agreement with those measured by Watanabeet al.
~who chose space groupA2/m! for a specimen with a well-
ordered array of vacant sites in the anionic and catio
sublattices.1,23

The vacancy-free cubic samples were prepared by ann
ing a finely ground powder of monoclinic TiO at a hig
temperature and pressure. In order to eliminate all of
vacancies from the monoclinic crystal structure the pow
was subjected to a pressure of 80 kbars and was then
nealed at 1665 °C for 1 min using a multianvil apparat
The temperature was then quenched to room temperature
rate in excess of 200 °C/sec at approximately constant p
sure and then the pressure was released over a perio
several hours. The x-ray powder diffraction pattern of the
samples revealed a cubic unit cell corresponding to the sp
group Fm3m. The lattice parameter, calculated from t
lines displayed in Fig. 8 and the~331!, ~420!, ~422!, and
~511! reflexes, was determined to bea54.204360.0003 Å.39

The lattice parameter of the compacted samples is in g
agreement with that found by Taylor and Doyle.34 The crys-
tal structures of both the monoclinic and cubic samples w
checked by measuring survey~0.02 deg/step! and highly re-
solved~0.01 deg/step! XRD pattern using CuKa radiation in
a Siemens D5000 X-ray Powder Diffractometer. The ex
2Q positions of both types of samples were calculated
fitting the highly resolved peaks with Pearson VII, Gauss a
Lorentz functions and asymmetry parameters.

The XPS measurements were obtained using a Pe
Elmer PHI 5600 ci Multitechnique System with monochr
matized AlKa radiation~FWHM50.3 eV!. For the measure
ments on the monoclinic sample, the resolution of the sph
cal capacitor analyzer was adjusted to less thanDE
50.2 eV and to less thanDE50.4 eV for the measurement
on the cubic samples. In order to obtain clean surfaces for
XPS measurements the samples were fractured under U
conditions. Since TiO exhibits metallic conductivity, th
binding energies, given in Table I, were determined using
Au 4f 7/2 core level@EB(Au 4f 7/2)584.0 eV# as a reference

The O Ka x-ray emission spectrum~electron transition
2p→1s! was measured with a JCXA-733 electron probe m
croanalyzer, equipped with a fully focused Johann-type sp
trometer and a TAP~Ref. 40! crystal analyzer. The OKa
spectrum was recorded in first order reflection with an
ergy resolution ofDE50.5 eV. In order to avoid any decom
position of the sample during the measurement a very
operation mode atU55 kV and I 5100 nA was chosen fo

TABLE I. Core level binding energies.

Core level Binding energy~eV!a FWHM ~eV!

Ti 2s 561.4
Ti 2p1/2 460.8 1.3
Ti 2p3/2 454.7 2.0
Ti 3s 59.1
Ti 3p 34.0
O 1s 531.4 1.1
O 2s 23.5

aReference:EB(Au 4f 7/2)584.0 eV.
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the x-ray tube and the position of the focused electron be
on the sample surface was changed for each scan. The TLa
x-ray emission spectrum~electron transition 3d4s→2p3/2!
was recorded using an ultrasoft x-ray spectrometer with h
lateral (DS50.5 mm! and energetic resolution (DE50.8
eV!.41 The radiation was analyzed with a diffraction gratin
curved toR56 m and withN5600 lines/mm. For the exci-
tation of the x-ray emission the x-ray tube was operated
the soft settings ofU58 kV and I 51000 nA. The TiKb5
x-ray emission spectrum~electron transition 4p→1s! was
measured using a FRS-KD-1 spectrometer, equipped wi
quartz crystal analyzer.42 The energy resolution was est
mated to beDE50.3 eV. The TiKb5 x-ray emission was
excited by the CuKa radiation of a sealed x-ray tube ope
ated atU535 kV andI 550 mA.

III. OXIDATION OF TITANIUM MONOXIDE

During the XPS measurements of several samples ser
problems were encountered because of contamination o
sample surfaces by carbon and oxidation of the surfa
Sometimes the carbon line became one of the stronges
even the most intensive line of the spectrum shortly afte
sample was fractured. However, in one case the intensit
the carbon signal remained rather small for the whole per
of the measurements which offered us an opportunity to
serve the effects of a gradual oxidation of the sample surf
almost free from carbon contamination. The experiment w
performed as follows: Immediately after fracturing th
sample we took spectra of all lines of the TiO spectru
These measurements were repeated constantly while ox
tion of the surface due to the pressure of residual gas
gressed. After 40.75 h under UHV conditions the sample w
exposed to air for 2 min and subsequently all measurem
were repeated. The time which had passed after the sam
was fractured is indicated at the right edge of the spectr
Figs. 2–5. The x-ray powder diffraction pattern shown
Fig. 1 reveals a perfectly monoclinic lattice structure. Pho
electron survey spectra are shown in Fig. 2. The curvesa–d
show that the sample was only slightly contaminated w
carbon and that the extent of the carbon contamination
mained rather small throughout the whole period of the X
measurements even after exposure to atmospheric co
tions. The exposure to air resulted only in a strong oxidat
of the sample surface.

The O 1s line proved to be the line which gives the be
estimate for the extent of surface oxidation through the
velopment of a shoulder at the low binding energy side
this line. The intensity of this shoulder increased with t
degree of the surface oxidation as shown in the curvesa–d
of Fig. 3. First traces of surface oxidation appeared in the
1s spectrum only 15 min after breaking the sample~cf. curve
a of Fig. 3!. After the sample was exposed to air the Os
spectrum shows clearly a superposition of two lines~curve
e!. The line at higher binding energy is due to bulk oxyg
and that at smaller binding energy is caused by a surf
layer which has been formed through the influence of the
The comparison of curvee with curve f , which presents the
O 1s signal of TiO2, reveals that the electronic structure
the surface layer is similar to that of TiO2. For comparison
we also show a spectrum of TiO2 ~rutile! at the bottom of
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FIG. 1. X-ray powder diffraction pattern o
the monoclinic sample.
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10 660 56S. BARTKOWSKI et al.
Figs. 3–5. All of the O 1s signals, shown in the curvesa-d
of Fig. 3, exhibit a long tail of several eV’s at the hig
binding energy side. Even the exposure of the sample
atmospheric conditions~curvee! had almost no effect on th
tail in these spectra. That this tail is most probably due to

FIG. 2. Survey spectra of TiO. Spectruma was obtained 4.5 h
after the fracturing of the sample. The curvesb and c show the
spectra of the sample immediately before and after exposure to
respectively. Curved is the TiO spectrum at the end of the me
surements after 107 h.

FIG. 3. The O 1s signals, shown in curvesa–d, exhibit a
prominent shoulder at the low binding energy side which increa
with the degree of oxidation of the sample surface. Curvee shows
the O 1s signal after the sample was subjected to atmospheric c
ditions. The O 1s signal of TiO2 is presented in curvef for com-
parison.
to

e

adsorption of water species at the sample surface is
gested by comparison with curveg ~Fig. 3! which shows the
O 1s signal of another sample which was treated with wa
under atmospheric conditions. As a result of hydration
tail developed into the most intense feature of the O 1s spec-
trum. The low binding energy feature, which is associa
with a strongly oxidized sample surface~compare with curve

ir,

s

n-

FIG. 4. Ti 2p spectra of TiO and TiO2. Curve c shows the
Ti 2p signal of TiO after the sample was exposed to the atm
sphere. The presence of Ti31 states in the Ti 2p doublet of TiO2 in
curved arise from point defects at the sample surface.

FIG. 5. Curvea exhibits clearly the fine structure of the TiO
valence band. The gradual oxidation of the sample surface lead
the appearance of new states in the O 2p band and the relative
density of d states decreases~curve b!. These effects appeare
much more pronounced after oxidation under atmospheric co
tions ~curve c!. Curve d is the valence band spectrum of TiO2

~rutile!.
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56 10 661ELECTRONIC STRUCTURE OF TITANIUM MONOXIDE
e!, also developed. An unequivocal clarification of whi
kind of water species is adsorbed on the sample surface
quires a more detailed investigation than is given here.
effects of the surface oxidation on the Ti 2p spectrum are
illustrated in Fig. 4. Shortly after the sample was fractur
when the degree of oxidation was still small~compare with
curve b of Fig. 3!, first traces of new states could be o
served at binding energies around 458–459 eV. After 1
the intensity of these states appeared to have incre
slightly ~curveb!. From the curvesc andd, which show the
Ti 2p spectra of the sample after the exposure to air and
TiO2, respectively, it becomes evident that these features
2p states arising form Ti41 ions at the sample surface. Afte
the exposure of the sample to atmospheric conditions, a c
plete Ti41 2p doublet appeared in the x-ray photoelectr
spectrum. Traces of Ti31 states can also be found in th
curvesc andd. The formation of Ti31 states on defect con
taining TiO2 surfaces is well known~e.g., Refs. 43–46!.

The influence of the surface oxidation on the valen
band spectrum is illustrated in Fig. 5. One can observe
new states, which formed as a result of the oxidation,
immediately to the disappearance of the fine structure, ex
ited by the band at higher binding energies in curvea. The
comparison of the valence band spectrum in curvea with
those shown in the curvesb andc reveals that the additiona
states formed mainly at the low binding energy side of t
valence band feature. The two features near the Fermi l
show a decrease in intensity with the degree of oxidati
Similar results were observed with ultraviolet photoelectr
spectroscopy.27 Anticipating results of the next section, i
which will be shown that the upper part of the valence ba
includes chiefly Ti 3d and the band at higher binding ene
gies mostly O 2p states, it becomes evident that the proc
which is observed in the valence band spectrum is also
to the formation of a dioxidelike surface layer. A comparis
with curved, which shows the valence band of TiO2 ~rutile!,
reveals that the position of the additional O 2p states in
curvec coincides with the energetic position of the low bin
ing energy side of the TiO2 valence band. This part of th
TiO2 valence band is also known to contain main
O 2p states.47–49

In Ref. 21 Barman and Sarma claimed to have measu
the O 1s signals of their samples but, unfortunately, they d
not publish these spectra. They reported that in each cas
O 1s signals exhibited a single peak with a full width at ha
maximum~FWHM! of 2 eV without showing any extra fea
tures. They thus concluded that additional features, wh
appeared in the Ti 2p spectra and which were identified a
the 2p states of Ti ions with formal oxidation states rangi
from 21 to 41, were not due to a degradation of the
sample but were of intrinsic character. These differen
charged Ti ions were reported to reflect different local en
ronments caused by the vacancies.

The FWHM of the O 1s signal of our sample, displaye
in curve a of Fig. 3, was determined to be 1.1 eV where
that of the oxidized sample, shown in curvee, is 2.1 eV.
This suggests that Barman and Sarma actually perfor
measurements on strongly oxidized samples. This conclu
is further supported by a comparison of the Ti 2p and va-
lence band spectra presented by Barman and Sarma
ours. In Fig. 4 we showed that the appearance of Ti ions w
re-
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valencies higher than 21 is clearly a result of an oxidation
process and not an intrinsic effect. Moreover, their UPS a
XPS valence band spectra exhibit much stronger similari
to our spectrum of the oxidized sample, shown in curvec of
Fig. 5, than with that shown in curvea. Though Barman’s
samples were strongly oxidized weak traces of thed-band
splitting are present in their HeII excited valence band spec
tra. Traces of ad-band splitting can also be observed in t
XPS valence band spectra of Wertheim and Buchanan26 and
in the HeII ultraviolet valence band spectra of Henrich a
Zeiger.27 Such a splitting did not appear in Henrich’s an
Barman’s valence band spectra excited with HeI radiation.
Though Henrich mentioned that the relative photoionizat
cross section for thed states increases with the photon e
ergy he considered the HeI UP spectra to be more chara
teristic for the bulk. Because of the smaller mean free path
He II excited photoelectrons he attributed the weak trace
the secondd subband to surface states. As might beco
apparent in Sec. IV the effect of the smaller escape de
seems to be overcompensated by the increase in the ph
ionization cross section.

IV. ELECTRONIC STRUCTURE
OF TITANIUM MONOXIDE

A. Monoclinic phase

The x-ray photoelectron valence band spectrum and
corresponding x-ray emission spectra are shown in Fig
The x-ray photoelectron valence band spectrum consist
two main bands. The low lying band, near the Fermi level
split and extends down to 3.5 eV, approximately. The Fe
level is located at a position where this band exhibits a h
density of states. The location of the Fermi level at a posit
with a high DOS reflects the metallic character of TiO. T
metallic character manifests itself also in the asymmetric l
shape~Doniach-Šunjić line shape! of the Ti 2p core levels
~Fig. 4! which is usually found for materials with a strong
metallic character. The states of the second band, adjace
the first band without a gap, cover the binding energy ran
from 3.5 eV, approximately, down to about 12 eV. This ba
exhibits a clear fine structure, with a distinct shoulder at
low binding energy side and a weaker one at about 8 eV.
O Ka x-ray emission spectrum reveals that this band cons
mainly of O 2p states. The other band, above 3.5 eV,
cludes mainly titanium states, as is shown by the TiLa spec-
trum. According to the dipole selection rules the TiLa x-ray
emission spectrum probes the local density of the 3d and 4s
states at the titanium atom. Finally, the TiKb5 x-ray emis-
sion spectrum shows that a Ti 4p partial DOS is admixed to
the entire valence band region. Ti 4p states do even appea
in the binding energy range of the O 2s level which reveals
a noticeable O 2s– Ti 4p hybridization~Fig. 7!. The OKa
and Ti La x-ray emission spectra show that the O 2p states
extend up to the Fermi level and that the Ti 3d states cover
the entire binding energy range from the Fermi level down
the bottom of the mainly O 2p-derived band. This indicate
a hybridization of the Ti and O 2p states over almost the ful
valence band width.

In the photon energy region between 526 eV and 528
the O Ka spectrum exhibits a prominent shoulder. At th
same position a feature can be found in the TiLa spectrum
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10 662 56S. BARTKOWSKI et al.
around 449 eV to 451 eV. Even the TiKb5 spectrum seems
to exhibit such a weak shoulder at that position. A compa
son of the OKa x-ray emission spectrum with curvec of
Fig. 5 reveals that the shoulder in the OKa spectrum appear
at exactly the same position as that in the x-ray photoelec
valence band spectrum of the oxidized sample. Since XE
a much more bulk sensitive technique than XPS we are
tain that the shoulder in the OKa spectrum reflects a rea
feature of the O 2p bulk DOS and is not due to a surfac
effect.

The splitting of the 3d band could not be reproduced
the Ti La x-ray emission spectrum. However, the two fe
tures of the mainly Ti 3d-derived band are reflected by
distinct shoulder and by the intensity maximum of the TiLa
spectrum at photon energies of about 454.5 eV and 453.0
respectively. Near the Fermi level, self-absorption becom
dominating effect in x-ray emission spectra of samples w
a metallic character.50 Hence, the intense spectral feature
the Fermi level of the photoelectron spectrum appears c
siderably attenuated in the TiLa spectrum. Although self-
absorption influences the spectral intensity, it has no ef
on theLa emission edge or on the fine structure beyond
edge, as was shown by Holliday.29 Immediately below the
Fermi level the OKa spectrum shows a feature which coi
cides with the Ti 3d subband at the Fermi level. As in th
case of the TiLa spectrum the intensity of this feature mig

FIG. 6. X-ray photoelectron valence band spectrum and OKa ,
Ti La, and TiKb5 x-ray emission spectra. The x-ray emission sp
tra resolve the total DOS of the x-ray photoelectron spectrum
the local partial O 2p, Ti 3d4s, and Ti 4p DOS’s at the O and Ti
sites, respectively.
i-
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also appear attenuated through self-absorption. In the ene
range of the second Ti 3d subband, at binding energies be
tween 1.0 eV and 3.5 eV, the OKa spectrum exhibits no
corresponding feature. This means that this subband is ei
free of O 2p states or at least strongly dominated by a 3d
partial DOS. This result is also in agreement with Henrich
and Barman’s ultraviolet photoelectron spectra.21,27 With
He I excitation these spectra exhibit only an intense feature
the Fermi level. For this wave length the ratio of th
O 2p/Ti 3d photoionization cross sections is 2.1.51 Hence
the spectra are governed by the O 2p DOS. Only excitation
with He II photons, for which the O 2p/Ti 3d photoioniza-
tion cross section ratio decreases to 1.7, leads to the app
ance of traces of the second 3d subband. Finally, for AlKa
radiation the total photoionization cross sections are sma
by four orders of magnitude and the ratio has further d
creased to 1.4. Because of the much smaller photoionizat
cross sections the resolution is much better than in the U
regime and the intensity ratio of the Ti 3d subbands has
further shifted in favor of the lower band. Thus, considerin
the ultraviolet photoelectron spectra of Henrich and Barm
together with our x-ray photoelectron valence band spectr
we can also construct a logical line of arguments that lead
the same conclusion as the findings of the x-ray emiss
spectra. In the discussion above we have neglected the in
ence of transition matrix element effects. Since single cry
talline titanium monoxide does not exist, photoelectron em
sion always originates from a huge number of tiny, random
orientated single crystalline particles~size '1 mm!. Thus
transition matrix element effects average out largely and t
ultraviolet photoelectron spectra in Refs. 21 and 27 can o
have been obtained in quasi-angle-integrated measureme
Hence, one can omit the consideration of transition mat
element effects for the above discussion and discuss ultrav
let photoelectron spectra of titanium monoxide only on th
basis of photoionization cross sections. In Ref. 27 Henri
et al. already presumed that transition matrix element effec
did not appear to play a major role in his HeI and HeII

excited photoelectron spectra and that the shape of his sp
tra appeared to be dominated by the relative change in
photoionization cross section, but he was unable to just
his presumption.

-
o

FIG. 7. Distribution of the Ti 4p partial DOS in the valence
band region. The TiKb5 x-ray emission spectrum reveals a hybrid
ization of Ti 4p and O 2s states.
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B. Cubic phase

Figure 9 displays the spectra of two samples, denoted
A and B, from which the vacancies have been eliminat
Figure 8 gives an unequivocal proof of the cubic structure
these samples. Since the samples were prepared from a fi
ground powder, contamination and oxidation effects app
stronger than for the polycrystalline samples which w
fractured under UHV conditions. The survey spectra in F
9 ~upper panel, left! reveal a serious carbon contamination
sampleA which caused some features to emerge in the
lence band spectrum~upper panel, right! at binding energies
higher than about 10 eV. From the O 1s and Ti 2p core level
spectra in Fig. 9 it becomes apparent that sampleA is also
stronger oxidized than sampleB. However, the oxidation
effects and the carbon contamination did not obscure
characteristic features of the bulk DOS.

As is obvious from Fig. 9 the total valence band DO
strongly resembles that obtained from the monoclinic pha
As in the case of the monoclinic sample the valence b
fine structure exhibits clearly a splitting of the Ti 3d band.
The shoulder which appeared at the low binding energy s
of the O 2p band of the monoclinic sample~compare with
curvea of Fig. 5! appears to be absent in the valence ba
spectrum of the cubic phase~cf. sampleB!. The shoulder in
the valence band of sampleA is most probably due to the
strong oxidation of the sample. In contrast to the monocli
sample the shoulder at the high binding energy side of
O 2p band~marked by an arrow! appears more intense in th
valence band spectra of both cubic samples. Howe
though the relative photoionization cross section for
O 2p states is about 24 times higher than for the Cp
states,51 one must take into consideration that the shoul
might also be influenced to a small extent by carbon-indu
features.

C. Comparison with band structure calculations

For the comparison of theoretically obtained valence b
DOS’s with the experimental spectra only the latest ba
structure calculations were taken into consideration~Fig. 10!.
The curvesa and b show the spectra of the monoclin
sample and of the cubic sampleB, respectively. The curve
c and e, taken from Ho¨rmandingeret al.,10 show the total
DOS’s of TiO without vacancies and of a defect structu
with 15% vacancies randomly distributed in each sublat
~Ti0.85O0.85!, respectively. Curved presents the total DOS o
TiO0.75 calculated by Schlapanskyet al.19 For this band
structure calculation a sodium chloridelike lattice was
sumed with an ordered array of 25% vacancies in the oxy
sublattice. The DOS shown in curvef was obtained by Ho-
biger et al.20 for TiO for which the NbO structure was as
sumed. The NbO structure comprises 25% vacant lattice s
in ordered positions in each sublattice.

In general, the band structure calculations show that
widths of the DOS’s narrow with the number of vacancies
the applied structure models. While the widths of the cur
c andd are in good agreement with the experimental spec
those of the curvese and f are too small. In comparison with
curve a the Ti0.75O0.75 DOS is too small by more than
eV’s. Our experimental results seem to verify qualitative
the shrinkage of the valence band widths with the numbe
y
.
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vacancies. The total valence band width of the monocli
sample was determined to be about 1 eV smaller than
valence band width of the vacancy-free cubic sample. T
result supports the idea of the existence of vacancy state

The band structure calculations predict a gap between
two main bands. The gap widths were also found to narr
with the number of vacancies in the model structures a
vanished only if Ti0.75O0.75 is reached. Though a content o
25% vacant lattice sites in each sublattice exceeds gre
that of real TiO, the absence of a band gap and the predic
of the Fermi level at a position where the DOS is hi
matches the experimental results. However, from the exp
mental spectra it is apparent that neither the x-ray photoe
tron or emission spectra of the monoclinic sample nor
photoelectron spectra of the cubic samples supply any i
cation of a gap.

The curvesd and f agree with the experimental spectra
that they show a splitting of the Ti 3d band although the
energetic separation of thed-band features is too small. Th
splitting of thed band appears only if the model structu
contains vacancies. The DOS of the vacancy-free mo
structure in curvec shows an almost linearly increasing an
featurelessd-band DOS towards the Fermi level which is n
in agreement with the experimental results. Since the vale
band spectra of both the monoclinic sample and of
vacancy-free samples exhibit ad-band splitting the splitting
cannot be due to vacancy-induced effects as suggested b
band structure calculations.

The spectral features which have been found in thep
bands are reproduced qualitatively in the curvesc, d, ande.
As in the valence band spectrum of the monoclinic sam
the TiO0.75 and Ti0.85O0.85 DOS’s exhibit prominent shoul-
ders at the low binding energy side of the 2p bands. In curve
c, which was calculated for TiO without vacancies, cons
erable spectral weight emerges at the high binding ene
side of the O 2p band. This result is in agreement with th
shoulders which were found in the O 2p spectra of both
cubic samples. In the TiO, TiO0.75, and Ti0.85O0.85 band
structure calculations O 2p partial DOS’s were found in the
entire Ti 3d-derived band.10,19 Only the Ti0.75O0.75 band
structure calculation predicted a weak admixture of Op
states to the Ti 3d subband at the Fermi level.20 In agreement
with the experimental results all band structure calculatio
predicted the Ti 3d– O 2p hybridization over the full width
of the mainly O 2p-derived band. The TiKb5 double peak
structure, as shown in Fig. 6, has been reproduced by
Ti0.85O0.85 and Ti0.75O0.75 band structure calculations. Th
latter could even reproduce the admixture of Ti 4p states to
the O 2s band. Detailed analyses of the bonding situation
TiO0.75 and Ti0.75O0.75 are given in Refs. 19 and 20. In thes
band structure calculations it was found that Ti 3d states
extend into the oxygen vacancy spheres and form bond
states across the oxygen vacancies. The main DOS cont
tion arising from vacancy-induced states led to the filling
the band gap in Ti0.75O0.75 and appeared immediately abov
the gap in the TiO0.75 band structure calculation. In the en
ergy region where, according to Ref. 20, vacancy sta
should occur the TiLa and O Ka x-ray emission spectra
reveal some features which appear to indicate ad-p hybrid-
ization. Since a feature similar to the 450-eV feature of
Ti La spectrum has also been found in the TiLa spectrum of
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FIG. 8. X-ray powder diffraction pattern o
cubic TiO.
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56 10 665ELECTRONIC STRUCTURE OF TITANIUM MONOXIDE
pure titanium31,32,50it is rather uncertain whether this featur
can be attributed to vacancy states or to ad-p hybridization
or whether it is characteristic for TiO at all.

In a recent study of the early transition metal oxides T
was classified in the Mott-Hubbard regime (U,D), based
on CI cluster calculations and satellites which are believed
attend the Ti 2p core lines.52 From the CI cluster calcula-
tions a large charge-transfer energy ofD58.061.0 eV and a
d-d Coulomb and exchange energy ofU53.560.5 eV were
obtained.

We classify TiO as ad-band metal with a correlation
energyU smaller than thed-band widthW.53 Our Ti 2p
spectrum~curvea of Fig. 4! does not exhibit any indication
of satellite structures. The high metallic conductivity of Ti
proves that ad-d gap does not exist. This is also confirme
by numerous band structure calculations and by the bre
strahlung isochromat spectra presented by Barman
Sarma21 and also by the Doniach-Sˇunjić line shape of the Ti
2p core lines~Fig. 4!.

The measuredd-band width of cubic TiO is in full agree-
ment with the calculated~linear augmented plane wave!
DOS obtained by Ho¨rmandingeret al.10 ~curvec of Fig. 10!
and also with those obtained by Leunget al.22 and Ahuja
et al.54 Leunget al. performed a full relaxation of the crysta
structure using a damped version of the variable cell sh
molecular-dynamics method. The valence band DOS
Ahuja et al. was obtained by a first-principles total-energ

FIG. 9. X-ray photoelectron spectra of the vacancy-free cu
phase.
to

s-
nd

e
f

calculation using the full potential linear muffin-tin orbita
method. Whereas curvec shows an almost featurelessd
band the DOS’s obtained by Leunget al. and Ahujaet al.
exhibit a pronounced feature immediately below the Fe
level, similar to that observed in the experimental spectru
However, the secondd-band peak could not be reproduce b
these band structure calculations.

A splitting of the d band into a coherent and incohere
part as a function ofU/W, as observed for other Ti and V
oxides,55,56 seems to be unlikely. For the strongly correlat
compounds in Refs. 55 and 56 the coherent part of
single-particle spectral functions are distinctly smaller th
the experimentally observedd-band widths~cf. Fig. 2 of Ref.
55!. Since for the rock-salt phase of TiO the calculated10,22,54

and measuredd-band widths are equal, the entire experime
tally obtainedd-band must be attributed to the coherent p
of the single-particle spectral function. The comparison
the measured valence band spectrum and band structure
culations of cubic TiO with those shown in Fig. 2 of Ref. 5
reveals that TiO can most appropriately be compared w
ReO3 with U!W. This result gives additional confirmatio
to the classification of TiO in thed-band metal regime.

V. SUMMARY

In this study we presented an investigation of the el
tronic structures of the monoclinic and cubic phases of t
nium monoxide by x-ray photoelectron and x-ray emiss
spectroscopy. We have demonstrated the effects of a gra
oxidation of the sample surface on the photoelectron spec
These observations enabled intrinsic and extrinsic spec
features to be distinguished. The most prominent effects
the surface oxidation occurred in the O 1s spectrum where it
leads to the formation of a distinct shoulder at the low bin
ing energy side of the O 1s line. In high-energy resolved

c

FIG. 10. Comparison of the experimental valence band DO
with those obtained by some of the latest band structure calculat
for different model structures~Refs. 10, 19, and 20!.
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10 666 56S. BARTKOWSKI et al.
photoelectron valence band spectra we show the vale
band fine structures of both phases. The valence band sp
of both phases reveal a splitting of the Ti 3d band. This rules
out that the splitting is a vacancy-induced effect as sugges
by the band structure calculations. Significant differenc
have been found in the DOS’s of the O 2p bands of both
phases. This result and the existence of O 2p states at the
Fermi level indicate that the electronic structure of TiO
strongly influenced by O 2p states which appear to be rathe
delocalized. The TiLa , O Ka , and Ti Kb5 x-ray emission
spectra reveal that titanium and oxygen states are hybridi
over almost the entire valence band width. The TiKb5 spec-
trum reveals also a hybridization between Ti 4p and
O 2s states.

Only a limited agreement was found when comparing t
total DOS’s of the latest band structure calculations with t
experimental valence band spectra. In contrast to the pre
tions of numerous band structure calculations neither the
l

,

e
ra

-
-

ence band spectrum of the monoclinic nor those of the cu
amples exhibit a gap. For cubic TiO we found a larger to
alence band width than for TiO having a monoclinic lattic
tructure. This finding is in agreement with the predictions
and structure calculations. The predictions of numero
and structure calculations concerning the existence of
ancy states could not be directly verified by our experime
ut the smaller total valence band width of monoclinic Ti
upports such predictions.
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45W. Göpel, J. A. Anderson, D. Frankel, M. Jaehnig, K. Phillips,
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