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The unreconstructed TiO2(110) surface is prepared in well-

defined states having different characteristic stoichiometries,

namely reduced (r-TiO2, 6 to 9% surface vacancies), hydroxy-

lated (h-TiO2, vacancies filled with OH), oxygen covered

(ox-TiO2, oxygen adatoms on a stoichiometric surface) and

quasi-stoichiometric (qs-TiO2, a stoichiometric surface with very

few defects). The electronic structure and work function of these

surfaces and transition states between them are investigated by

ultraviolet photoelectron spectroscopy (UPS) and metastable

impact electron spectroscopy (MIES). The character of the

surface is associated with a specific value of the work function

that varies from 4.9 eV for h-TiO2, 5.2 eV for r-TiO2, 5.35 eV

for ox-TiO2 to 5.5 eV for qs-TiO2. We establish the method for

an unambiguous characterization of TiO2(110) surface states

solely based on the secondary electron emission characteristics.

This is facilitated by analysing a weak electron emission below

the nominal work function energy. The emission in the low

energy cut-off region appears correlated with band gap emission

found in UPS spectra and is attributed to localised electron

emission through Ti3+(3d) states.

The work function f is a well-established concept in solid state

physics to describe the energy needed to remove an electron

from a solid and place it at a position where it has only a

negligible interaction with the solid. It is insofar the equivalent

to the concept of the ionization potential established in atomic

physics as the work function describes the minimum binding

energy and relates the Fermi energy EF in a solid to the vacuum

potential Evac that is the reference energy of the free electron.

It has early been rationalized that the surface that is crossed

when removing the electron from the bulk has a significant

influence on the value of the work function and for a metal

surface, this is usually explained by a surface dipole formed by

the electron density due to wave functions extending out of the

surface and the net positive charge in a near surface electron

depleted region.1 The work function may significantly be

reduced by the presence of adsorbates at the surface where

alkali atoms with their low ionization potential are a prominent

example for a strong adsorbate effect.2 For insulators and

semiconductors, surface defects and adsorbates introducing a

higher density of band gap states influence the surface dipole

structure or act as local escape channels for electrons and,

therefore, play a crucial role in the value of the work function.3

For an adsorbate, the effectiveness in changing the work

function is mostly related to the electronegativity of the species

under consideration as this determines the ability of the

adsorbate for inducing near surface charge accumulation.4

Related effects in oxide materials have been reported, for

instance, for indium tin oxide where the work function can

be controlled by an appropriate selection of the adsorbate.5

Titanium dioxide (TiO2, titania) is a small band gap semi-

conductor that has extensively been studied for its bulk and

surface properties6 in view of numerous applications of the

material but also as it is an excellent model system to study

fundamental processes in a reducible oxide and specifically the

interplay between surface properties and defects present at the

surface and in the bulk of the crystal.6,7 The most commonly

studied surface is the (110) surface of rutile titania exhibiting

a characteristic row structure of bridging oxygens in its

energetically most favourable unreconstructed state.8 Despite

this principal simplicity, a clean, stoichiometric surface is not

straightforward to be obtained. The surface cleaned by usual

sputter procedures in the ultra-high vacuum (UHV) is highly

reactive and upon annealing and exposing it to even small

amounts of typical components of a residual gas, like oxygen,

hydrogen or water, invokes most complicated surface chemical

processes.9,10 This allows the preparation of the surface in

distinctly different states characterized by surface stoichiometry

and defect population where some of the states are stable in a

UHV environment, others metastable due to their high reactivity

towards components from the residual gas. Despite the popularity

of this surface, not much is known about the work function of

TiO2(110). The nominal value for the clean, stoichiometric

surface that has been reported to be in the range of 5.3–5.8 eV

critically depends on the concentration of oxygen vacancies

unavoidably generated during the preparation procedure.11

Here, we systematically investigate the work function of

four well defined and well characterized states of the unrecon-

structed TiO2(110) surface as measured by metastable impact

electron spectroscopy (MIES) and relate results to electron

emission from band gap states measured with ultraviolet

photoelectron spectroscopy (UPS). MIES is an electron spectro-

scopy technique that is specifically well suited for work function

studies as it assures a high yield of secondary electrons for a

minimum of excitation in the bulk of the material.12 We find

that a specific value for the work function is reproducibly

associated with each of the surface states and that the work

function smoothly moves from one value to the other, when
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transforming states into each other. We further find for some

states that there is a weak but significant emission of electrons

with energies below the threshold defined by the work function

that is related to an emission peak found in the band gap

region. We interpret this emission as originating from near-

surface Ti3+ ion states localised near surface vacancies or

hydroxyl defects as well as from near-surface interstitial Ti3+

ions. This allows us to establish a simple method for an

unambiguous identification of the surface state solely based

on a measurement of the work function and electron emission

characteristics in the low energy cut-off region.

Measurements are performed in a UHV system equipped

with a turbomolecular pump, a Ti-sublimator and a liquid

nitrogen cooled cryo trap to maintain a base pressure of

7 � 10�11 mbar. Operating the cryo trap is important as this

allows us to reduce the level of surface contamination to an

absolute minimum. The homebuilt combined UPS/MIES

source is in its construction and use similar to the one

described in ref. 13. Metastable He* atoms are generated in

a cold cathode helium gas discharge and amplified in a second

discharge. Metastable He* atoms in the 23S state (Eexc =

19.82 eV) are mainly produced while a fraction of about 12%

of atoms in the 21S state (Eexc = 20.42 eV) inevitably present

in the atom beam undergoes the singlet–triplet conversion

close to the surface12 but does not affect the spectra. Furthermore,

a strong flux of ultraviolet photons from the HeI resonance

line (hn= 21.22 eV) is generated in the discharge that is used

for UPS measurements. To separate MIES and UPS signals,

the He* beam is modulated with a frequency of 2000 Hz by a

rotating chopper blade. Synchronizing the electron emission

signal to a phase shifted signal from the chopper allows a time-

of-flight selection facilitating the measurement of MIES and

UPS HeI electron emission spectra quasi-simultaneously. The

He*/photon beam impinges on the sample at an angle of 451 to

its surface. Electrons emitted from the surface are collected

perpendicular to the surface and energetically separated by a

hemispherical electron analyser (PHOIBOS 100, SPECS

GmbH, Berlin, Germany). To precisely resolve the low-energy

cut-off in the electron spectra and to avoid possible irregularities

of the analyser transmission function for electrons with low

kinetic energies, the sample is biased by �15.00 V. For all

spectra presented here, the kinetic energy scale is corrected for

this bias voltage and also for the analyser work function, so

that the low energy cut-off energy Ef directly yields the sample

work function f. The cut-off energy Ef is determined from

electron emission spectra by linearly extrapolating the yield

curve and determining the point of intersection with the zero

yield axis. For a well-defined class of measurements representing

specific surface states, we additionally observe a small but

significant yield of electrons below Ef. This feature as well as

the value for the work function is perfectly reproducible by

repetitive preparation of the same surface state evidencing that

both are intrinsic properties of the respective surface state and

not the result of an inhomogeneous surface preparation or

other artefacts.

The (110) face of a 10 � 10 � 0.5 mm TiO2 crystal (highest

available purity, MTI Corporation, Richmond, USA) is

prepared by repeated sputter–annealing cycles described in

detail in ref. 10. Briefly, sputtering for about 15 min by Ar+

ions with an energy of 1 keV is followed by annealing at about

800–850 K for several minutes. To avoid excessive formation

of defects in the bulk crystal, the temperature is never increased

above this limit. The sample temperature is measured by a

thermocouple (K-type) in contact with the sample holder close

to the TiO2 crystal. The initial preparation of the TiO2 crystal

consists of about 40 sputter–annealing cycles and before each

experiment, the crystal surface is refreshed by at least one

sputter–annealing cycle. In light of the high reactivity of the

as-prepared TiO2 surface, we minimized the time between

preparation and measurements. Practically, it is possible to

start collecting spectra a couple of minutes after flashing when

the crystal is still at temperatures between 650 and 700 K. This

procedure produces the reduced surface that is stoichiometric

except for a concentration of typically 6 to 9% of vacancies

statistically distributed over sites in the bridging oxygen rows

of the unreconstructed TiO2(110) surface.9,10 Following a

notation introduced in ref. 14, a surface prepared in this way

will further on be denoted by r-TiO2 and is the starting point

for all other preparations. Such a surface can reproducibly be

prepared on the same crystal many times, however, desorption

of oxygen from the surface and diffusion of Ti3+ ions into the

bulk result in a progressive reduction of the sample.15,16 When

the number of such preparations exceeds a critical value, the

bulk is so much reduced that an unreconstructed surface

cannot be prepared anymore but other types of reconstructions

appear.17,18 A crystal reaching this point in its sample history10

is discarded for further measurements in the context of the

present work.

The preparation of the other three states of the surface

investigated here is described in the following. When the

freshly prepared r-TiO2 surface is kept under UHV conditions,

the progressive reaction of the surface with water from the

residual gas can be observed as a systematic change in the

UPS/MIES spectra; eventually a fully hydroxylated surface is

yielded.10 We prepare the hydroxylated surface faster by

exposing the r-TiO2 surface kept at room temperature to

1–2 L of water introduced into the vacuum chamber while

maintaining a water partial pressure of 2 � 10�9 mbar. It is

well known that water molecules dissociate at oxygen vacancies

and the vacancies are filled by an ObrH complex while the

excessive hydrogen atom forms an identical ObrH complex

with a neighbouring Obr so that effectively double hydroxyl

groups are formed. Subsequent reaction of these species with

water results in a splitting of double hydroxyls and a transfer

of protons to a neighbouring oxygen row so that eventually

the surface is covered with randomly distributed single hydroxyls

in a density that is twice the density of the initially present

vacancies.19 A surface prepared in this way will further on be

denoted by h-TiO2. Exposing the hydroxylated surface to

molecular oxygen results in a further reaction yielding water

desorbing and oxygen adatoms.9,10 We produce such a stoichio-

metric but oxygen covered surface by exposing the sample kept

at room temperature to 0.4–2 L of oxygen with subsequent

annealing at 450 K. A surface prepared in this way will further

on be denoted by ox-TiO2. Oxygen exposure at elevated

temperatures results in a similar process, however, water and

oxygen are desorbed yielding a quasi-stoichiometric surface.20

We produce this surface state by exposing the r-TiO2 surface
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heated to 600 K to molecular oxygen introduced into the

vacuum chamber while maintaining an oxygen partial pressure

of 5 � 10�7 mbar for 10 to 15 min. A surface prepared in this

way will further on be denoted by qs-TiO2.

Fig. 1 and 2 show typical UPS and MIES spectra for the

r-TiO2 surface state. In Fig. 1, additionally magnified UPS

spectral features from the band gap regions for the r-TiO2,

ox-TiO2 and qs-TiO2 surface states are displayed. The UPS

spectrum for r-TiO2 is similar to spectra published in the

literature for reduced TiO2(110).
21,22 The major feature is a

peak of the O(2p) emission at a binding energy of �5.5 eV.

The energetic distance between the Fermi level and the O(2p)

top valence band edge is EVB = �3.0 eV. Assuming that rutile

TiO2 has a band gap of DEgap = 3.0 eV,23 we conclude that

the Fermi level coincides with the bottom of the conduction

band. The work function is found to be f = 5.2 eV. Note that

this value and values of the work function for other surface

states may be shifted by up to 0.2 eV by minute amounts of

contaminants that are present if the cryo trap is not operated.

The small peak at a binding energy of �0.9 eV is associated

with Ti3+(3d) states from ions exposed at vacancy sites but

also Ti3+ interstitial ions present in the near surface bulk.14,21

For r-TiO2, the relative height of the Ti
3+(3d) peak is estimated

to be 1.5% of the O(2p) peak intensity.

The MIES spectrum displayed in Fig. 2 reveals neither a

strong signal of the O(2p) emission nor of the Ti3+(3d)

emission at energies corresponding to the respective peaks in

the UPS spectrum in accordance with previous MIES studies

on reduced crystals that also revealed an unexpectedly low

height of the O(2p) peak.24 From the published experimental

evidence together with the results presented here, we conclude

that on TiO2(110), the Auger neutralization (AN) process

resulting in a smearing out of spectral features clearly dominates

over the Auger deexcitation (AD) process that would reproduce

the surface density of states (SDOS).12 There are two electrons

participating in the AN process, one from O(2p) and the other

from either the O(2p) or the Ti3+(3d) state. In Fig. 2, we

specify the expected energy ranges for electrons from both of

these AN processes and the small feature from the O(2p) AD

process.12,25,26 The superposition of all contributions yields a

rather structureless spectrum sharply peaking towards Ef. The

work function derived from the MIES spectrum has, of course,

precisely the same value as the one derived from the UPS

spectrum.

We now focus entirely on the low energy cut-off region in

the MIES spectra defining the energetic position Ef of the

work function f. The cut-off energy is very well defined as

MIES produces a high yield of both, secondary electrons and

low energy electrons from AN processes contributing to the

low energy peak. For the stoichiometric TiO2(110) surface, the

electronegative oxygen will accumulate a negative charge in

the surface layer yielding a high value for the work function

that has been claimed to be 5.3–5.5 eV.11 When oxygen is

removed by the formation of bridging oxygen vacancies and

the r-TiO2 state is formed, the equilibrium defining the dipole

layer will change and the work function is expected to decrease

to a smaller value that is found to be 5.2 eV in our experiments.

This value is perfectly reproducible for preparations yielding

an estimated vacancy concentration in the range of 6 to 9%.

A careful analysis in the cut-off region of the r-TiO2 spectrum

as shown in Fig. 3 and 4, however, reveals that there is a small

fraction of electrons for which a smaller work function

appears to be effective. The emission of such electrons is

marked by the hatched area. We interpret this emission as

resulting from electrons escaping the crystal via localized

Ti3+(3d) states located near surface vacancies as well as

Ti3+(3d) interstitial states as the emission is correlated with

the band gap emission peak. The respective mechanisms will

be discussed below in the context of the hydroxylated surface.

In a sequence of spectroscopy experiments, we study the

transformation of the r-TiO2 state into the h-TiO2 state by

progressive hydroxylation. Fig. 3 shows the respective changes

in the cut-off region of the MIES spectra upon hydroxylation

in UHV and upon water dosage. Spectrum I is the starting

spectrum of the r-TiO2 state. The work function decreases

with an increasing number of surface vacancies converted to

Fig. 1 UPS spectrum of the TiO2(110) surface in the r-TiO2 state

combined with band gap emission spectra for the h-TiO2, ox-TiO2 and

qs-TiO2 states. Respective curves are shifted vertically by an offset for

clarity.

Fig. 2 MIES spectrum of the TiO2(110) surface in the r-TiO2 state.

The square brackets denote energy regions where electrons resulting

from Auger detachment (AD) and Auger neutralisation (AN) processes

are spread out.

http://dx.doi.org/10.1039/c0cp02835e
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hydroxyls. In fact, this lowering of f is the only noticeable

change in MIES and UPS spectra during hydroxylation that

up to here occurs solely due to water from the residual gas. A

shift of the work function to a value of 4.9 eV is observed when

the surface is exposed to 0.2 L water. The corresponding

spectrum V establishes the saturation defining the h-TiO2 state

as we do not observe any change in the spectra after subsequent

water exposure up to 10 L. It is important to note that even at

a base pressure below 1 � 10�10 mbar, the work function

instantly decreases when the temperature of the freshly prepared

r-TiO2 surface drops below 600 K as demonstrated by spectrum

II in Fig. 3 that has been obtained without any deliberate

water dosage. Spectrum I is collected at 650 K immediately

after flashing while spectrum II reflects the work function

10 minutes later, after cooling the sample to room temperature.

The progressively changing spectra obtained for water exposure

with a dosage of 0.05 L and 0.1 L are represented by spectra

III and IV. In accordance with claims in the literature,9 we find

that the effect of hydroxylation is reversible. Flashing the

sample to a temperature of B540 K restores the spectrum

to that of r-TiO2 in all details. This confirms the conclusion

made on the basis of thermally programmed desorption

measurements9 that at elevated temperatures the recombinative

desorption of ObrH in the form 2ObrH - H2O + VObr

takes place.

A specifically interesting feature of the MIES spectra is the

emission that is observed for a limited number of electrons

emitted with a kinetic energy below Ef (hatched areas in Fig. 3

and 4) that is found for r-TiO2, h-TiO2 and spectra of a

partially hydroxylated surface in between, denoted as rh-TiO2.

The low energy tail of all of these spectra adapts to the hatched

stable shoulder of electron emission until the work function is so

low that the shoulder contribution is only a minute addition

to the much larger secondary electron yield. An important

observation is that the intensity of this shoulder correlates

with the Ti3+(3d) peak observed in UPS for the same group of

spectra. This emission does not depend on the degree of

hydroxylation, however, the emission is much less pronounced

for the ox-TiO2 and qs-TiO2 surface states. Combining the

different pieces of experimental evidence, we conclude that the

spectral feature found below f is due to the emission of

electrons from Ti3+(3d) states related to vacancies and hydro-

xyls providing a local escape path with a lowered effective

work function. As these states are preserved upon hydroxy-

lation,10,27,28 the related electron emission yield is independent

of the degree of hydroxylation but solely determined by the

initial density of vacancies. It has been shown that the excess

electron created by the formation of a vacancy localizes in the

form of a small polaron primarily at a Ti3+(3d) state in the

vicinity of the surface defect, however, the details of localisation

are under debate.27–29 We propose that the observed emission

of secondary electrons below Ef is intimately related to the

origin of contrast formation in scanning tunnelling experiments

on TiO2(110). In standard STM experiments, the tunnel

current is driven through unoccupied states having mainly

Ti(3d) character10,20 which explains that titanium rows and,

even more pronounced, vacancies and hydroxyls are imaged

with a bright contrast as an apparent protrusion. Recently,

however, filled state imaging of vacancies and hydroxyl defects

by low temperature STM has shed new light on the question of

electron localisation upon formation of vacancies and hydroxyl

defects.29 Experimental results combined with extensive

theoretical modelling established convincing evidence that

the excess electrons do not localise at single Ti3+ sites but the

electron density is smeared out over several Ti sites next to the

surface defects. We propose that upon photon or metastable

atom induced excitation of the crystal, secondary electrons are

emitted from these sites where the emitted electrons can

quickly be replenished from the large reservoir of near surface

secondary electrons. As the emitting state is fairly localised, a

dynamic local equilibrium between electron emission and

electron replenishment can be established and, apparently,

the resulting local work function is smaller than the work

function governed by the surface dipole layer in the rest of the

crystal. This yet speculative model explains why the secondary

electron emission below Ef is observed for the surface decorated

with vacancy defects, does not change upon hydroxylation of

Fig. 3 Illustration of the transition from the r-TiO2 surface state to

the h-TiO2 state by monitoring MIES secondary electron emission in

the low energy cut-off region. (I) as prepared r-TiO2 surface at 650 K,

(II) partially hydroxylated rh-TiO2 surface 10 minutes after preparation

at 330 K, (III) and (IV) rh-TiO2 surface exposed at RT to 0.05 L and

0.1 L of water, respectively; (V) fully hydroxylated h-TiO2 surface after

10 L water exposure at 300 K. The hatched area indicates emission at

energies below Ef.

Fig. 4 Details of MIES secondary electron emission in the low energy

cut-off region for the four well defined surface states. The inset

demonstrates that rh-TiO2 and hox-TiO2 states having the same work

function can be discriminated by their low energy emission character-

istics. The hatched area indicates emission at energies below Ef.
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the vacancies but vanishes for the oxidised and quasi-

stoichiometric surface states as described below. However,

rigorous analysis reveals that even for the qs-TiO2, UPS

emission from Ti3+(3d) states does not vanish completely. In

a similar manner the emission below Ef in MIES is nearly

completely absent for ox-TiO2 and qs-TiO2 for a crystal early

in its sample history where the degree of bulk reduction, i.e.

the concentration of Ti3+ interstitials, is small. This points to

interstitials additionally contributing to the emission below

Ef that will be addressed by future investigations.

Exposing the fully hydroxylated surface to molecular

oxygen at room temperature or at low temperature is expected

to result in the ox-TiO2 state that is a stoichiometric surface

covered with oxygen ad-atoms in a density corresponding to

the initially present number of hydroxyls. The related surface

chemistry has been elucidated by STM,10 EELS,9 and TPD9

measurements revealing a reaction between O2 and two hydrogen

atoms from neighbouring ObrH that yields a water molecule

and an oxygen adatom on top of the bridging oxygen row. It

has been claimed that the same surface state can be formed by

exposure of the reduced surface to oxygen at room temperature9

where O2 dissociates at vacancies. To test this hypothesis, we

expose both the hydroxylated and the reduced surface to 0.4 L

of oxygen. The work function of h-TiO2 after oxidation

restores the value close to that for rh-TiO2, which is probably

affected by molecular water present on the surface. Such a

surface is referred to as hox-TiO2. Heating this surface to a

temperature of up to 450–470 K presumably leads to water

desorption and yields spectra identical to those for r-TiO2

treated with 0.4 L of oxygen; this is the surface in its ox-TiO2

state having a work function of 5.35 eV. Most importantly, for

the ox-TiO2 and hox-TiO2 states we find a reduced emission

below Ef compared to spectra for the r-TiO2, h-TiO2 and

rh-TiO2 surface states. This allows for an unambiguous

discrimination between hox-TiO2 and rh-TiO2 states by their

signatures in the cut-off region even if their work functions are

identical as it is demonstrated in the inset of Fig. 4. In

complete agreement with the interpretation of the low kinetic

energy emission resulting from localized Ti3+(3d) states, the

Ti3+(3d) peak in UPS spectra decreases and the residual

emission is attributed to Ti3+ interstitials. Once prepared in

the ox-TiO2 state, the surface appears to be stable in UHV as

we do not observe any noticeable changes in the spectra even

for prolonged exposure of the surface to the residual gas.

Aiming at the preparation of fully stoichiometric TiO2(110),

we expose the surface in the r-TiO2 state to oxygen while

maintaining a temperature of B600 K. We denote the resulting

surface state as quasi-stoichiometric, qs-TiO2, since the MIES

and UPS spectra reveal all features we would expect from a

fully stoichiometric surface except for a small emission below

Ef as evident from Fig. 4. While in UPS, the O2(p) emission is

fully developed, the Ti3+(3d) emission in the band gap region

is very small but still discernible from the background (see

Fig. 1). The work function is found to be 5.5 eV which is close

to the most reliable value that has been reported for a

TiO2(110) surface that can be expected to be of similar

quality.11 The low energy tail is qualitatively the same as for

the defective surfaces but from a comparison of the areas

under the spectra in the tail area, we can roughly estimate that

the emission intensity is by a factor of six smaller. We note that

the TiO2(110) surface in the qs-TiO2 state is quite resistant

against degradation under UHV conditions. Once prepared,

the work function gradually decreases to a value of 5.1 eV in

UHV, however, even when qs-TiO2 is exposed to 10 L of

water, the work function will not decrease to the work

function of the hydroxylated surface (4.9 eV). From these

findings we conclude that the qs-TiO2 state represents a surface

that may have a rosette structure overlayer30 but is stoichio-

metric except for a small number of residual hydroxyl defects.

The slow degradation presumably stems from the interplay

between the quasi-stoichiometric surface and the reservoir of

Ti3+ interstitials in the bulk. At the high temperatures

required to prepare the quasi-stoichiometric surface, the inter-

stitials are likely to diffuse to the surface and invoke surface

chemistry like the formation of TiOx patches31 or non-

stoichiometric surface reconstructions when interacting with

oxygen.17

Summarizing our findings, we investigate four well defined

states of the unreconstructed TiO2(110) surface that we can

transform into each other in a controlled way and unambiguously

identify by their work function and secondary electron

emission characteristics in the low energy cut-off region. These

surface states, their work functions and the pathways of

transforming one into the other are summarized in the scheme

presented in Fig. 5. The starting point of any well prepared

TiO2(110) surface is the r-TiO2 state having a work function of

5.2 eV and a significant electron emission tail below Ef. This

tail is attributed to emission from Ti3+(3d) states localized

around vacancies but also Ti3+ interstitials. The r-TiO2

surface state is, however, not stable but most susceptible to

reaction with water and will inevitably be converted to the

hydroxylated h-TiO2 state even under the conditions of an

ultra-high vacuum. The surface in its fully hydroxylated

h-TiO2 state has a work function of 4.9 eV, and this state as

well as all transition states between r-TiO2 and h-TiO2 also

exhibit band gap emission from localized Ti3+(3d) states and

electron emission below Ef. The transformation to the h-TiO2

state is reversible, i.e. by annealing the sample in UHV one can

fully re-establish the r-TiO2 state. Exposing the surface in its

h-TiO2 state to molecular oxygen yields the ox-TiO2 state that

is a stoichiometric surface with oxygen ad-atoms exhibiting a

work function of 5.35 eV but no emission below Ef. The

ox-TiO2 state is found to be stable under UHV conditions. An

alternative way of creating the ox-TiO2 state is by exposing the

surface in its r-TiO2 state to oxygen at room temperature.

However, exposing the surface in its r-TiO2 state to oxygen at

Fig. 5 Schematic overview of the four well defined TiO2(110) surface

states, their work functions and preparation steps for a transformation

of one state into another.
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elevated temperatures produces the qs-TiO2 that is a stoichio-

metric surface with a very small number of defects. This

surface has the highest work function, namely 5.5 eV and

does exhibit only minute band gap emission and minute

secondary electron emission below Ef.

A major finding of this and related work is that it is

most difficult to prepare and maintain non-reconstructed,

stoichiometric TiO2(110). The best we could obtain is a

quasi-stoichiometric surface that is metastable in the sense

that it slowly degrades in the residual gas. Both of the stable

states, namely h-TiO2 and ox-TiO2, represent surfaces covered

by defects, namely protons or oxygen atoms in a density that is

determined by the density of vacancies of the initially prepared

reduced surface state. The main result of our work is, however,

that all of the well-defined surface states can be unambiguously

identified by a measurement of their work function and the

low energy electron emission tail. Any deviation from the

specified features is a clear indication of incomplete preparation

or contamination. While the physics behind the shift in work

function remains to be elucidated in detail, the rather simple

methodology introduced here provides a new tool for the

characterisation and control of well-defined states of the

TiO2(110) surface.
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