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Ab initio and experimental studies of chlorine adsorption on the rutile TiO2 „110… surface
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We report a comprehensive study on the adsorption of Cl on the clean rutile TiO2 ~110! (131) surface.
STM and photoemission spectroscopy results are compared toab initio results. At room temperature, Cl
adsorbs dissociatively and binds to the fivefold coordinated Ti atoms in an on-top configuration. The calcula-
tions predict energetically more favorable adsorption on a reduced surface, where bridging oxygen atoms are
missing in a (134) geometry. Experimental photoemission data indicate a quenching of the oxygen-vacancy-
related defect state upon chlorine adsorption at room temperature, in agreement with the theoretical results.
Chlorine atoms appear as bright, extended spots in experimental empty-states STM images. Calculations of
density-of-states contours indicate that Ti states underneath the Cl atoms are predominantly responsible for the
tunneling current. When chlorine is dosed onto a hot surface, a replacement of bridging oxygen atoms is
observed in addition to features of unidentified structure and stoichiometry. The experimental results on the
change in work function and shift of Cl core levels agree semiquantitatively with calculations of different test
geometries.

DOI: 10.1103/PhysRevB.65.125411 PACS number~s!: 68.43.Bc, 68.43.Fg, 68.35.2p, 68.37.Ef
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I. INTRODUCTION

Adsorption processes on well-characterized metal ox
surfaces are of considerable practical and fundamental in
est. Amongst all the single-crystalline metal oxides,
TiO2(110) surface has been studied most extensively w
theoretical1–6 as well as experimental7–12 techniques, and the
geometric, electronic, and defect structure is very well
derstood. It is thus a good model substrate to undert
model studies of the surface reactivity at the molecular le
In this paper, a simple, diatomic molecule Cl2 has been cho-
sen as a test molecule. Chlorine is a common impurity
polycrystalline powder materials, and its presence is kno
to affect reaction processes.13 Thus, a detailed knowledge o
adsorption geometries and adsorption-related effects on
electronic structure might be interesting from an appl
view as well.

This paper is part of a series of recent publications
electronegative adsorbates. The adsorption of S is treate
Refs. 14–17 and the dissociation and adsorption mechan
of Cl2 have been discussed in Ref. 18. This paper comb
experimental investigations with detailedab initio calcula-
tions. The experimental results are discussed in more d
in Ref. 19, and only the most relevant results are summar
here.

It is widely accepted that defects on metal oxide surfa
are reactive sites.20 Local nonstoichiometries and other im
perfections change both, the surface geometric and electr
structure. Local probes such as scanning tunneling mic
copy ~STM! are very well suited to study defect-related a
sorption and reaction mechanisms18,21,22and can give a first
impression of adsorption sites and mechanisms. Howe
0163-1829/2002/65~12!/125411~11!/$20.00 65 1254
e
r-

e
h

-
ke
l.

n
n

he
d

n
in

ms
es

ail
d

s

nic
s-
-

r,

because the STM image contrast is largely dominated
electronic structure effects,9,23,24 interpretation of STM im-
ages is often not straightforward. The combination of fir
principles total-energy calculations with STM measureme
and area-averaging spectroscopic techniques is thus a p
ising approach to obtain a very detailed picture of adsorb
structures. In addition, it allows insight into the STM ima
ing contrast of adsorbates on a metal compound surface
a strongly varying local electronic structure.

II. EXPERIMENTS

A. Experimental details

The experimental setup and procedure have been
cussed in more detail in Refs. 14–17,19. A clean, (131)
surface with a small density of point defects~vacancies in the
bridging oxygen rows! was prepared as described previous
All STM results shown are empty-states images acquired
room temperature with the sample biased and the tip h
close to ground potential. Photoemission spectroscopy
core levels was performed with a dual-anode x-ray sou
Valence band~VB! spectra were taken with synchrotron
based radiation at the Center for Advanced Microstructu
and Devices. The molecular chlorine was produced by e
trolytical dissociation of AgCl in an ultrahigh-vacuum com
patible cell.25 Results are reported after adsorption on t
clean surface~containing the O vacancies! at room tempera-
ture and at 200 °C–300 °C. A stoichiometric substrate~as
judged by photoemission! was produced by adsorbing mo
lecular oxygen at room temperature before exposure to c
rine. The coverages were estimated using a combinatio
x-ray photoemission spectroscopy~XPS! and STM19 and are
©2002 The American Physical Society11-1
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given in monolayers~with 1 ML51 Cl atom per surface uni
cell!. Work function changes have been measured by c
paring the position of the low-energy cutoff of the second
electron spectrum on the biased sample. No attempt has
made to determine the absolute value of the work functio

B. Experimental results

The STM image in Fig. 1 shows a TiO2 ~110! surface with
a small coverage of Cl, adsorbed at room temperature
agreement with previous STM results of Cl/TiO2,18,19 the
chlorine atoms appear as bright spots located on the l
gray rows that are generally accepted as being represent
of the fivefold coordinated Ti atoms (Ti[5] ) at the surface.
The Cl features are large and exhibit an apparent height
Å above the titanium rows. No long-range ordering of t
adsorbate is visible at any coverage. Some streakiness i
images as well as Cl atoms that appear ‘‘cut’’ indicate so
mobility at the given tunneling conditions. Indeed, scann
with a higher bias voltage~not shown here! can clear off the
Cl from the surface, or can push single Cl atoms along
Ti[5] rows during consecutive scans.

The substrate surface has been prepared by sputtering
annealing in ultrahigh vacuum~UHV!, which typically re-
sults in a few percent of vacancies in the bridging oxyg
rows. This is also apparent in the valence band photoem
sion spectra@Fig. 2~a!# of such a surface. The presence
oxygen vacancies on the TiO2 ~110! surface leads to an ex
cess of electrons in the neighborhood of the defects wh
populate a state within the band gap.20,26–28This defect state

FIG. 1. An STM image (200 Å3200 Å, 11.4 V, 0.4 nA! after
Cl adsorption at room temperature. Each bright spot, located
light gray row, represents a single Cl atom adsorbed on a Ti[5] atom.
The apparent height of the Cl atoms is indicated in the line sc
Two kinds of light spots, labeled withA and B, respectively, are
located at the dark oxygen rows. Possibly, typeA represents bridg-
ing oxygen vacancies and typeB represents oxygen vacancies fille
with Cl.
12541
-
y
en
.

In

ht
ive

2

the
e
g

e

nd

n
is-
f

h

disappears upon exposure to molecular oxygen at room t
perature@Fig. 2~b!#. Dissociative adsorption of the oxyge
molecules results in a filling of the oxygen vacancies.29 The
upper edge of the VB is shifted to lower binding energy
0.2 eV. The spectrum in Fig. 2~c! is representative for C
adsorbed at room temperature on either a slightly defec
surface or on one that has been predosed with oxygen
both cases the defect state disappears. The shapes o
spectra in Figs. 2~a!–~c! are remarkably similar, with only
the relative intensities of the main peaks somewhat alter

It is well accepted that defects in the bridging oxyg
rows appear as bright spots on dark rows on TiO2 ~110!.9,23,24

Upon adsorption of Cl on such a slightly defective surfa
both faint and somewhat brighter spots appear at the d
bridging oxygen rows. Representative features are mar
with the white circlesA and B in Fig. 1. The large circle
points out two of these different spots next to each oth
Based on the theoretical results discussed below, and co
tent with the quenching of the VB defect state upon Cl a
sorption in Fig. 2, we interpret one of these spots as a
atom filling an oxygen vacancy.

The adsorption geometry changes considerably when2
is dosed on a hot surface (200 °C–300 °C), see Fig. 3.
bright spots, indicative of single Cl atoms, are now cente
on the dark rows, i.e., at the position of the bridging ox
gens. Their number increases with increasing coverage
addition, ca. 15-Å-wide and several angstroms high pro
sions form. Neither the internal structure nor the exact s
ichiometry of these protrusions could be determined with
experimental techniques applied in this work. It is likely th
they contain several Cl atoms.19 Stable TiOCl and TiOCl2
compounds have been described in Refs. 30,31, respecti
It is well possible that these surface features resemble th
structures to some extent. The Cl 2p level is shifted to higher
binding energies by 0.4 eV compared to the value of 19
60.1 eV for adsorption at room temperature. The valen
band spectrum from such a surface is considerably chan

n

n.

FIG. 2. Photoelectron spectra~normal emission,hn540 eV) of
the valence-band region from~a! the clean TiO2 ~110! surface con-
taining point defects;~b! after dosing of oxygen at room tempera
ture; ~c! with a saturation coverage of Cl, adsorbed at room te
perature on the surface described in~b!; and ~d! after exposure to
Cl2 at 200 °C. The spectra have been normalized to the photon
1-2
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see Fig. 2~d!. A pronounced defect state appears, and
features of the valence band appear smeared out. The
intensity of the spectrum is smaller. In Ref. 19 it is argu
that the small cross section of photoemission from the Clp
levels32 causes the reduction in signal intensity in the
surface-sensitive measurements. The pronounced defect
is also reflected in XPS measurements of the Ti 2p peak. A
stoichiometric surface contains Ti atoms in a~formally! Ti41

oxidation state while the oxygen atoms are~formally! O22

anions. A surface with a few percent of oxygen vacanc
@Fig. 2~a!# exhibits a Ti31 shoulder, which typically consti-
tutes 2% of the Ti 2p3/2 peak in these experiments. Th
shoulder increases by a factor of 2 after adsorption of 1.2
Cl at 300 °C.19 The increase scales with the density of sing
Cl atoms replacing bridging oxygens rather than the num
of the larger protrusions.

The change in work function has been measured for
different surfaces. Taking the clean, slightly defective surf
as a reference, chlorine adsorption results in an increas
the work function by 0.7 eV and 0.5 eV for adsorption
room temperature and 200 °C, respectively. The adsorp
of oxygen on the slightly defective surface results in a wo
function increase by 0.8 eV. One has to be careful with
terpreting this latter value, however, as a small amoun
hydroxyls could have been present on the oxygen-dosed
face. Because water adsorption is precursor mediated,33 it
happens much more rapidly than the dissociation of oxy
molecules at the oxygen vacancies. It is well possible th
trace amount of water is contained in the oxygen gas w
the ultrahigh vacuum chamber is backfilled during the2
exposure. Thus, some of the surface oxygens could pos
be hydroxylated, changing the work function value consid
ably.

Understanding the image contrast of adsorbates in STM
one focal point in this paper. Normally, STM images

FIG. 3. An STM image after adsorption of 0.25 ML Cl a
200 °C. The light gray spots in registry with the dark substrate ro
~the bridging oxygen atoms! are identified at Cl substituting O at
oms. In addition, larger protrusions appear upon Cl adsorption w
unidentified structure and stoichiometry.
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filled-state images are of poor quality, if feasible at all. T
bands in the O 2p region are rather flat,34 and the hole con-
ductivity is small. In addition, the Fermi level is located
the lower edge of the conduction band in the~intrinsically
n-type doped! bulk. This necessitates a high bias voltage
bridge the 3 eV gap and causes an often unstable tunne
junction. When the surface was exposed to Cl at high te
perature, filled-state images with satisfactory quality co
be obtained~Fig. 4!. Interestingly, the single Cl atoms are n
visible in filled-state images, see Fig. 4~b!. A consecutive
image with positive bias shows that no Cl is removed dur
the scan and that the atoms are largely at the same posit
see the circles in Fig. 4.

III. CALCULATIONS

A. Computational details

The ab initio calculations were performed applying th
full potential linearized augmented plane wave~FLAPW!
method,35 based on density functional theory~DFT, Ref. 36!,
in its version for free single slabs. We chose the local den
approximation~LDA ! in the parametrization of Hedin an
Lundqvist.37 The wave-function cutoff of the augmente
plane waves was 4.1 a.u.21, corresponding to approximatel
180 basis functions per atom. Within the atomic spheres,
angular parts of density and potential were expanded u
l max56 ~Ti! and l max54 ~Cl and O!, respectively. Two gen-
eral kW points within the irreducible part of the two

s

th

FIG. 4. STM sequence (200 Å3200 Å,I t50.3 nA) after ad-
sorption of Cl at 200 °C with different tunneling voltage polaritie
1-3
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FIG. 5. Model adsorption geometries of C
adsorption on the stoichiometric and reduc
rutile-TiO2 ~110! surface. Small black circles
bridging O, small dark-gray circles: all other O
small light-gray circles: Ti, large white circles
Cl. Only the upper part of the slab is shown. Fi
ures 5~a!,~c! show the clean substrates, Fig
5~b!,~d!,~e!,~f! the Cl-adsorbed slabs. For detai
see text.
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dimensional Brillouin zone~IBZ! were used to obtain self
consistency of the charge densities. The Brillouin-zo
integrations were performed by triangular integration ove
regular mesh of 25kW points in the IBZ.38

The experimental lattice parameters (a54.593 Å,c/a
50.664) of rutile TiO2 were taken for the geometry setup.
more extensive description of the computational details w
be given elsewhere.39

All surfaces were modeled by free single slabs with
thickness of three TiO2 formula units. Equilibrium geom-
etries, adsorption energetics, electronic structures, and S
images were calculated for several model adsorption ge
etries, which are summarized in Fig. 5. The relaxed geo
etries were calculated by minimization of the forces40,41 on
all atoms in and above the mixed surface plane, which w
allowed to relax under the constraint that thepmmsymmetry
of the unit cell is not broken.

In the present study, (134) superstructures~correspond-
ing to vacancy densities and adsorbate coverages of1

4 ML,
respectively!, were chosen for the O-defective and the C
adsorbed slabs. Results on high-coverage adsorbate d
ties, modeled with (132) supercells, will be discussed in
forthcoming paper. These higher-coverage adsorption ty
are energetically less favorable for all assumed mo
geometries,39,42 in good agreement with experiment, where
saturation coverage of 0.3–0.4 ML is found.18,19 For the
study of adsorption on the stoichiometric substrate surf
~upper panels in Fig. 5!, on-top adsorption on the underco
ordinated Ti[5] atoms @Fig. 5~b!# was considered, becaus
this geometry was shown to be slightly more stable tha
bridging adsorption type for the (132) high-coverage
limit.42 In our model structure of the reduced substr
~lower panels of Fig. 5!, every fourth of the bridging O at
oms was missing@Fig. 5~c!#, which results in a variety of
adsorption sites. To investigate the influence of the nea
and next-nearest neighbors, we considered three differen
sorption geometries. In the first one Cl fills an O vacan
12541
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@Fig. 5~e!#, corresponding to the high-temperature adsorpt
type of the experiment, as shown in Fig. 2 and Fig. 3. In t
geometry, Cl–O–O–O–Clchains are formed along the@001#
direction. In addition, Cl may again be bound to one of t
Ti[5] atoms, comparable to adsorption on the stoichiome
substrate, and predominantly present at low temperatu
see Fig. 1. Considering the latter case, we compared ads
tion on two nonequivalent Ti[5] sites, either adjacent to, or i
maximum distance from an O vacancys @Figs. 5~f! and
5~d!, respectively#. These adsorption types are referred to
‘‘in-line’’ and ‘‘zigzag’’ adsorption types further on. The two
structures differ with respect to the next-nearest neighb
along the@11̄0# direction. Either chains of –s –Cl–s –Cl–
or chains of–O–Cl–O–Cl– areformed due to the periodic
ity of the slab.

STM images were calculated based on the Ters
Hamann model43 by which the local vacuum DOS~density
of states! serves as a first approximation for the image co
trast. In this model the STM tip is described by as-type wave
function, tip-substrate interactions are neglected and the
neling process is treated within a perturbational approa
Hence the tunneling current is proportional to the cha
density of sample states at the position of the tip apex at
which satisfy elastic tunneling conditions corresponding
the applied tip-sample bias voltage. The charge-density c
tours of the empty-states DOS were calculated accordin
the experimental tip polarity. Despite the substantial appro
mations made in the Tersoff-Hamann model, this appro
worked satisfactorily for the clean rutile~110! surface.9,24

Predominantly empty-states images were acquired exp
mentally on then-type semiconducting TiO2 crystals. In ap-
proximation to the experimental parameters, the calcula
DOS was integrated up to an energy of 1.6 eV above c
duction band minimum.23

The transition matrix elements of the calculated valen
band photoelectron spectra~VB-PES! were calculated within
the single-scatterer final-state approximation.44 Thus, the cal-
1-4
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FIG. 6. Densities of states
~DOS! and calculated photoelec
tron spectra ~VB-PES! of the
clean and Cl-adsorbed rutile su
faces in states/eV. Left panels: re
duced substrate surface, right pa
els: stoichiometric substrate
surfaces. Bold full lines corre-
spond to the VB-PES, full lines
give the total DOS, divided by
ten. Dotted lines: partial Cl-DOS
and dashed-dotted lines: partia
Ti-DOS of the Ti atom responsible
for the STM tunneling current~in
DOS/atom!. The gray-shaded
boxes: energy region of the state
that contribute to the tunneling
current.
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culated spectra, shown as a solid bold line in Fig. 6, may
viewed as a cross-section-weighted average of the local
tial DOS ~LDOS!, with cross sections calculated from ‘‘a
oms’’ in the solid. According to experiment,17 the photon
energy, and spectrometer resolution were set to 40.8 eV
0.35 eV, respectively. A Lorentzian lifetime broadening
0.07 eV was assumed for the initial states. Finite lifetim
effects of the outgoing photoelectrons due to unspecific m
tiple scattering processes determine mostly the escape d
and may be translated roughly into az-dependent decay fac
tor of the signal intensity. Outgoing electrons originati
from atoms further away from the surface contribute less
the total PES signal. Omitting these effects as done in
calculation for TiO2 artificially enhances the contributions o
subsurface atoms that dominate the LDOS near the lo
p-band edge. Two assumptions in the single-scatterer fi
state approximation that need some attention are~i! the ne-
glect of the surface barrier in the emission process and in
final-state wave functions, and~ii ! the neglect ofkW conserva-
tion. Both assumptions are certainly well met for high ph
ton energies such as in the XPS regime, but become
justified when approaching the traditional ultraviolet pho
emission spectroscopy~UPS! regime (hn540.8 eV). How-
ever, as the surface barrier is only neglected in the final s
and since the potential varies smoothly in the surface reg
assumption~i! would only introduce larger errors if the fina
state would be pinned to the surface region by a bulk ene
gap for that particular energy range. The largest effect of
surface barrier is certainly on the energetic positions of th
initial states protruding far out into the vacuum, which a
correctly treated by the FLAPW free slab surface barrie45

Assumption~ii ! certainly seems to be a rather crude appro
mation for typical UPS photon energies, such as in
present case, where directkW conserving transitions shoul
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constitute the main part of the photocurrent. Nevertheles
is less severe than supposed at first guess, because per
ing the angular averaging is rather helpful. All regions ofkW
space are probed for the photon energies used and the en
dependence of the single-scatterer cross sections is taken
account in akW -averaged way. So it is mainly thekW depen-
dence of the cross sections due to particular orbital symm
dependent selection rules, which is neglected in our
proach. Consequently states along high-symmetry direct
will be affected most, and their contribution is overstated
the calculated PES.

B. Computational results

1. Relaxations and bondlengths

The calculated equilibrium geometries of clean a
adsorbate-covered substrate films show considerable cha
in relaxations and bond lengths upon Cl adsorption~see
Table I!. As details of the equilibrium geometries will b
given elsewhere,39 only the main effects of adsorption ar
summarized here.

On the clean stoichiometric and reduced substrate
faces, relaxations shorten the remaining bonds of atoms
lost coordination partners upon surface formation. This
mainly accomplished by strong inwards relaxations of
undercoordinated Ti atoms (Ti[5] ) and the bridging O atoms
which form the outermost rows of atoms along@001#. Fur-
thermore, minor changes occur of the positions of the surf
Ti atoms (Ti[6] ) below the bridging O, and the O atoms th
lie in the surface plane, O~plane!, which move slightly out-
wards~Ti, O! and laterally~O!.46 Upon reduction of the sur-
face, the Ti atoms adjacent to the O vacancy also beco
undercoordinated and these atoms move closer towards
bulk O neighbors, denoted by O~3!.
1-5
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Adsorption of Cl has mainly two effects on the substra
surfaces considered.

~i! When undercoordinated TiO2 surface atoms becom
bound to the Cl atoms, they regain their bulklike coordin
tion. Therefore, the large relaxations found at the clean
faces are~partly! lifted, as can be seen by close inspection
Fig. 5 and Table I. For all adsorption types where Cl binds
Ti[5] , the Ti[5] atoms move considerably outwards with r
spect to their positions on the clean substrate surfaces.
results in weakened bonds between the Ti atoms and th
atoms in the layer underneath, denoted O~2! atoms. If Cl is
adsorbed in a vacant O site, the bonds to the neighbo
atoms become very similar to the stoichiometric surface.

~ii ! The strongly electronegative Cl atoms push away
oxygens. However, these effects are very short ranged
therefore restricted to the nearest oxygen atoms only. If C
adsorbed in a vacancy in the bridging O rows, it is loca
slightly above the O atoms in the rows. Upon adsorption
top of a Ti[5] on the stoichiometric surface, the bridging O
registry with Cl shows a stronger inwards relaxation co
pared to the neighboring O@see Fig. 5~b!#. On the reduced
surface the positions of the bridging O are generally close
those in the bulk for the considered~very high! vacancy con-
centrations, making the influence of Cl adsorption less p
nounced. As mentioned above, significant changes in b
lengths are found only for atoms directly involved
adsorbate-substrate bonding. Therefore, the Ti–Cl b
lengths are almost independent of adsorbate cove
density39 and the stoichiometry of the substrate surface. T
shortest bond lengths (2.2 Å) are found for singly bound
atoms on Ti[5] , irrespective of the surface stoichiometry@see
Figs. 5~b!,~d!,~f! and Table I#. If Cl is adsorbed along the
bridging O rows, the Ti–Cl bonding distances of th
Ti[6] –Cl–Ti[6] are slightly larger (2.4 Å) because the Cl a
oms are pushed towards the vacuum by the electronegati
neighbors@see Fig. 5~e!#. The largest Ti–Cl bond lengths o
2.8 Å are found if Cl is in a bridging position between th
undercoordinated Ti[5] .42 This adsorption type is energet
cally least favorable42 ~though clearly stable! and should be
regarded as a transition state of Cl as it diffuses along th
rows.18 Judging from other Cl-adsorption systems,47 one

TABLE I. Bond lengths in Å. From left to right: increasin
distance from the adsorbate. The geometries are ordered wit
spect to decreasing stability for each adsorption type. For in-
geometries on the reduced substrate surface, the Ti[6] atoms next to
the O vacancy are also adjacent to the Cl on the Ti[5] rows, which
is not the case for the zigzag geometries. See also Fig. 5.

Cl–Ti Ti[5] –O~2! Ti[6] –O~b.! Ti[6] –O~3!

Stoichiometric substrate

Clean 1.73 1.73 1.73 1.75 1.75 1.98 1.9
Ti[5] 2.16 1.94 1.73 1.75 1.67 1.71 1.77 1.9

Reduced substrate
Clean 1.68 1.69 1.69 1.72 1.72 1.63 1.9
sO 2.43 1.67 1.68 1.69 1.68 1.71 1.71 1.9
Ti[5] ,i .-l . 2.20 1.86 1.67 1.69 1.67 1.70 1.58 1.9
Ti[5] ,z.-z. 2.18 1.91 1.67 1.69 1.71 1.70 1.93 1.6
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would expect an increase of the Cl–Ti bond length of ab
2% upon replacing the LDA-Vxc by generalized gradient ap
proximation~GGA!.

2. Energetics

The adsorption energies Eads, given in Table II were cal-
culated by taking the difference of the total energiesE of the
totally relaxed final~Cl-adsorbed surface! and initial states
~clean substrate surfaces1 Cl atoms!:

Eads5
1

2
@E~Cl/TiO22x!2E~TiO22x!22E~Cl!# ~1!

For the stoichiometric substrate surface,x50. As the free
slab has two equivalent surfaces, the factor of1

2 provides that
all energies are given as total energy per surface. Comp
to the adsorption energies of (132) Cl-adsorbed TiO2,39,42a
lower coverage is favorable for all considered model geo
etries. Furthermore, the calculated adsorption energies s
that the O vacancy is the most active adsorption site.
general, the adsorption energies are substantially larger
is adsorbed on the reduced rutile substrate surface. The
culated dissociation energy of Cl2 ~1.71 eV/Cl atom at 0 K)
is included in the energy balance. This value is considera
larger than the experimental value of 1.25 eV/atom~at 298
K!,48 due to the temperature difference between calcula
and experiment, and to the well-known feature of the ov
estimation of bond strengths by LDA calculations. If, aga
the GGA was used instead of LDA, we expect that the Cl–
overbinding would be reduced by 15%.47

For free slab geometries, the zero level of potential a
energy is naturally given, limz→`V50. Therefore, work
functionsw ~Table II! correspond to the energies of the hig
est occupied level with respect to the vacuum zero. The
culated changes inw vary little with Cl coverage but quite
considerably with the substrate surface stoichiometry.39

3. Electronic structure

The DOS were calculated for the relaxed slabs. Figur
displays the total DOS~full lines, divided by a factor of 10!
the partial Cl-DOS~dotted lines!, and the partial DOS of the
Ti atoms involved in the Cl bonding~dashed-dotted!. The
left and right panels show the DOS of reduced and stoich

re-
e

TABLE II. Adsorption energiesEads, Cl2p3/2
core level energies,

gap widthsDEgap, p-band widthsDEp2bd. , and work functionsw
of the studied adsorption geometries. All values are given in eV

Eads E(Cl2p3/2
) DEgap DEp2bd. w

Stoichiometric substrate

Clean 0.66 6.74 7.16
Top (Ti[5] ) 22.71 2189.94 0.13 7.37 7.38

Reduced substrate
Clean 2.06 5.81 5.16
sO 25.62 2189.59 1.50 6.25 6.10
Ti[5] ,in-line 25.35 2189.57 1.63 6.63 6.10
Ti[5] ,zigzag 25.21 2189.44 1.64 6.06 5.98
1-6
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metric substrates, respectively. The gray-shaded box de
the energy range over which the states contributing to
STM tunneling current were sampled~from EF to 11.6 eV!.
The data ofp-band widths and gap widths are given in Tab
II.

The DOS of clean TiO(22x) surfaces is split into occupie
O s and p bands, and the predominantly Ti 3d-derived Ti
band that is separated from the O states by a gap@Figs.
6~a!,~e!#. The energies of the O 2s states are typically 18
eV–15 eV below the valence band maximum, irrespective
the substrate stoichiometry and the presence of Cl ad
bates. The O 2p bandwidth is about 5.8–6.7 eV~see Table
II ! and in good agreement with the experimental spectra
Fig. 2. The calculated width of the fundamental gap stron
depends on the presence of O vacancies. Stoichiometric2
is a semiconductor with an experimental gapwidth of 3
However, as DFT is a ground-state theory, the energies o
unoccupied Ti d-band levels are not calculated reliabl
Therefore, the calculated gapwidth ('0.7 eV, see fourth col-
umn of Table II! has no physical meaning and is far too lo
However, as the surface becomes reduced, the lowest le
of the Ti d band become occupied and therefore, state
both edges of the gap are occupied even in the ground s
As a consequence, the calculated gapwidth increases sig
cantly. Because the gap state found in experiment is in
porated into the lower edge of the conduction band, the g
width still is too low by about 0.9 eV.

The adsorption of Cl induces additional states. A sharp
3s peak is found'3 eV above the Os band. The position
and E dispersion of the Cl 3p states depend on the loc
environment of the adsorbate. If Cl is singly bound to
undercoordinated Ti[5] atom, a sharp peak appears at the u
per edge of the Op band.

The width of thep band is increased by 0.5–0.8 eV, co
responding to the width of the additional Clp peak at the
upper edge of the VB. However, the shape and energ
position of this Cl peak is independent of the substrate s
face stoichiometry, as can be seen by comparison of F
6~c!,~d!,~f! and Cl-coverage density.39 If Cl is close to O
atoms, as in the new Cl adsorption type@Fig. 6~b!#, the states
are distributed over the wholep band, due to interaction with
the O states.

The partial DOS at the upper valence band edge sh
significant differences in the characteristics, depending
the adsorption type of Cl. The uppermost VB states of
clean stoichiometric and reduced surface show bridging
and subsurface O~3! character, respectively. If Cl fills an O
vacancy, Clp and O~3! p states~of the oxygen seated below
Cl! contribute to the VBM-DOS. On the other hand, if Cl
bound to Ti[5] , the four uppermost VB states are deriv
from Cl only. Most probably these states correspond
p-@001# and p-@11̄0# orbitals, because thepz states
(p-@110#) lie at higher binding energies, due to the stro
interaction with Ti[5] -dz2. Upon adsorption on Ti[5] on the
stoichiometric surface,EF shifts from the valence ban
maximum to lower values. Each Cl atom contributes threp
states but only five electrons, thus rendering empty level
the upper edge of the VB. An analysis of the partial DO
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~not shown in detail! shows that this empty state is derive
from a subsurface O~3! atom next to Ti[6] . However, it
should be pointed out that these differences in
adsorption-type-dependent VBM characteristics andEF po-
sitions are strongly related to our model geometries, wh
assume a 1:1 ratio of O vacancies and Cl adsorbates.
leaves the highest VB peak empty upon Cl adsorption on
stoichiometric surface and the lowest CB states occupie
all structures involving O vacancies. A Cl:O-vacancy ratio
2:1 would, for example, pinEF exactly at the valence ban
edge, as for the clean stoichiometric surface.

The shape of the calculated photoelectron spectra dif
significantly from the total DOS, as can be seen from Fig
The differences arise from the relative sizes of the atom
transition matrix elements and their respective energy dep
dences. For all considered model geometries, the Op
→(s,d) transition matrix elements are bigger by a factor
ca. 5 than the Tid→(p, f ) and the Clp→(s,d) matrix ele-
ments. Moreover, their magnitudes decrease significa
~30% for O and 50% for Ti and Cl, respectively! with in-
creasing binding energies. Therefore, although the posit
of the peaks coincide in DOS and PES, the intensities of
spectra decrease towards thep-band minimum whereas th
height of the DOS peaks is almost constant over the wh
energy range.

4. Ab initio simulation of STM images

As already mentioned in Sec. III A, STM images we
simulated within the Tersoff-Hamann approach. Figures
and 8 display the contour lines of the unoccupied sta
along@001#. The bold lines are at the position of 5 Å abov
the surface, in rough correspondence with an expected
perimental tip-sample distance. A maximum along a giv
contour line corresponds to a maximum in the STM cor
gation, which is seen as a bright spot in a measured S
image. Only cuts along the Ti[5] and bridging-O rows are
plotted as there are no additional corrugation maxima nor
to these lines. A rough estimate of the differences in cor
gation along@11̄0# can be made by comparing the upper a
the lower panels in each of the figures.

As seen from Fig. 7, Cl adsorbed on Ti[5] should always
appear as a bright, extended spot. The broad maxima o
contours are spread over about three unit cells along@001#,
which would make it impossible to determine the exact p
sition of the adsorbate atom on the Ti rows in STM. T
shape and extension of the calculated corrugation max
are almost independent of the presence of vacancies in
neighboring O rows, as can be seen from the three pane
the upper part of Fig. 7. Moreover, Cl features also extend
the neighboring O rows. The bridging O rows remain dark
compared to the adsorbate features, as for the clean surf
Although all bridging O are~almost! equivalent, the region
next to Cl appears brighter. This effect is even more strik
when Cl is adsorbed on Ti[5] in zigzag geometry in maxi-
mum distance to the vacancy~right panel in the bottom par
of Fig. 7!. Usually, O vacancies appear as bright spots alo
the dark O rows,23 see circles in Fig. 1. However, an ad
sorbed Cl atom makes the neighboring O appear brig
1-7
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FIG. 7. Charge density contou
lines of the unoccupied states con
tributing to the tunneling curren
at low T along@001# in a logarith-
mic mesh. Upper panel: Contour
along the Ti-rows showing Cl,
lower panels: along the bridging
O rows. The bold line correspond
to the experimental tip-sample
distance.
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than an O vacancy on a clean surface, compare, for exam
the lower right panel in Fig. 7 with the lower left panel
Fig. 8.

Figure 8 displays the calculated STM line scans of
adsorption in an O vacancy. As already mentioned, O vac
cies appear as bright spots along dark O rows on the c
surface~left box in the lower panel of Fig. 8!. Replacing the
O vacancy with Cl does not alter this feature significan
According to the shape of the contours, the spots sho
appear smaller and more richly structured.

FIG. 8. Charge density contour lines of the unoccupied sta
contributing to the tunneling current at highT along @001# in a
logarithmic mesh. Upper panel: Contours along the bridging O ro
~showing Cl on the right panel!, lower panels: along the bridging T
rows. The left panels show the clean reduced surface. The bold
corresponds to the experimental tip-sample distance.
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IV. DISCUSSION

A. Adsorption geometry and energetics

The experimentally observed adsorption geometries a
mixture of the configurations used in the calculations~Fig.
5!. Adsorption at room temperature results in occupation
up to 40% of the Ti[5] atoms. Two different surfaces wer
prepared in the experiment: One where Cl was dosed o
slightly reduced surface, and one where the O vacan
were filled by exposure to molecular oxygen prior to t
chlorine adsorption experiment.49 The VB spectra of these
two surfaces are practically indistinguishable from ea
other. The oxygen predosed surfaces are expected to
semble most closely the stoichiometric surfaces displaye
Figs. 5~a!,~b!, with the caveat that the dissociative adsorpti
of oxygen at a slightly defective surface might result in
adatoms, which can affect the adsorption of oth
molecules.50,51 Experimentally, the slightly defective surfac
can be prepared in a more reliable way. However, in theab
initio calculations, only a high defect concentration of 25
could be considered for practical reasons.

Nevertheless, the comparison between calculated and
perimental results shows a remarkably good agreement.
cording to the adsorption energies shown in Table II,
most favorable adsorption site should be an O vacancy. A
the measured photoemission data in Fig. 2 and the exp
mental STM image in Figs. 1 and 3 suggest that oxyg
vacancies, if present, are filled very rapidly with chlorin
The STM results after high-temperature adsorption are
agreement with the calculated results; adsorption at elev
temperature results in a massive replacement of bridg
oxygen atoms. It has been pointed out in a rec
publication19 that a kinetic barrier prevents adsorbates fro
reaching these sites at room temperature. At elevated t
peratures, oxygen vacancies and other defects within
bulk-reduced sample migrate to the surface and react w
the Cl atoms that are weakly bound to the Ti[5] atoms. Ad-
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sorption on bridge and top sites is energetically ve
similar42 suggesting a high mobility of the Cl atoms in th
precursor state.

According to the calculated data, the stoichiometric s
face is far less reactive for Cl adsorption than the redu
one. Adsorption is less favorable by 2.5 eV per Cl atom
compared to adsorption on Ti[5] with a maximum Cl–O de-
fect distance on the reduced surface in an (134) supercell
@Fig. 5~d! and Table II#. This difference appears to be ve
large compared to the small differences inEadscalculated for
the different Cl configurations on a reduced substrate sur
(<0.4 eV), which seems to be surprising at first sight. Ho
ever, one has to be aware that the size of the supercell a
the @11̄0# direction is very small. Especially the in-line ad
sorption geometry seems to be stabilized by
–Cl–s –Cl–s – chains. This stabilization is still presen
though of slightly less importance, if Cl and the vacanc
are arranged in zigzag geometry. Therefore, not only th
vacancy, but also the surrounding surface act as an ‘‘a
vated region’’ for the adsorption process. This might dire
the Cl atoms moving along the Ti rows towards an O v
cancy. A comparison to high-Cl coverage density calcu
tions also shows that Cl seems to favor adsorption sites
maximize the number of vacancy sites in its neighborhoo39

B. Electronic structure

Because FLAPW is an all-electron method, core densi
and energy levels are included into the electronic s
consistency procedure. The calculated energies of the Clp3/2
levels given in Table II can be qualitatively compared to t
experimental XPS binding energies.19 A binding energy of
199.4 eV was measured for adsorption at room tempera
on the slightly defective surface, where a few Cl atoms fill
vacancies and most of them bind to Ti[5] atoms. That means
that the experimental situation corresponds to some mix
of geometrical configurations like in Figs. 5~b!,~d!,~e!,~f!.
The Cl 2p level increases by 0.4 eV when only O vacanc
are occupied under high-temperature adsorption condit
as in Fig. 5~e! ~ignoring Cl incorporation in the protrusions!.
No core-hole relaxations are included in the calculatio
Hence, the calculated adsorption-induced core level sh
correspond to shifts of the initial states only. Furthermore
the binding energies are measured with respect to the F
level in XPS, the differences of these two energies sho
also be taken into account when comparing experimental
calculated results. When applying this correction to the d
in Table II, one obtains binding energies of 182.6 eV for
adsorbed on the stoichiometric surface and, rather inde
dent of the actual adsorption site, 183.5 eV for Cl adsor
on the reduced surface. The calculated shift of 0.9 eV
wards higher binding energies is in reasonable agreem
with the experimental value of 0.4 eV, given the drastic a
proximations made in the calculations.

A comparison between the photoemission spectra in F
2 and 6 shows good agreement. The Ti 3d derived defect
state, clearly visible as a separate peak in Fig. 2~a!, is not
split off from, but shifted to, the lower edge of the condu
tion band in Fig. 6~a!. The reason may be that the antibon
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ing levels are not lowered sufficiently to push the peak p
sition into the gap if only a part of the Ti–O bonds a
broken.49,52 The replacement of bridging O atoms by Cl r
duces the surface, which is reflected in the defect state in
2~d! and an increase in the Ti 2p shoulder in XPS. Similarly,
the DOS and the calculated PES of a reduced surface
resemble those where Cl is occupying the O vacancies@Figs.
6~a!,~b!#. When Cl is situated in an O vacancy and bound
two Ti[6] , it hybridizes much stronger with substrate sta
than when adsorbed on a Ti[5] atom. This may cause th
drastic change of the VB shape after high-temperature
sorption @Fig. 2~d!# as compared to a clean surface or o
where most of the Cl is adsorbed at Ti[5] . It is not surprising
that the sharp Cl 3p peak in the DOS at the upper edge of t
occupied states is not observed. The cross section for ph
ionization of atomic Cl states is very small,32 and might be
altered additionally when Cl interacts with the rutile su
strate. The calculated ionization cross sections of the Clp
levels are significantly smaller than for the O 2p levels for
Cl-covered TiO2. Moreover, the LDOS in Fig. 6 exaggera
the intensity of this state because the shown total DOS
divided by a factor of 10.

Table II shows large differences in the work functions
the different surfaces. Note that the measured change
work functions are referenced to a slightly defective surfa
Upon adsorption of Cl the work functions are raised cons
erably, due to the enhanced electronegativity of the ou
most Cl atoms. The experimentally determined increase
0.5 eV for adsorption at elevated temperature should be c
pared with the difference of 1 eV between a clean, redu
surface and one where Cl fills all the oxygen vacancies. T
concentration of O vacancies depends somewhat on the e
preparation conditions, but ranges typically around 5–10
The calculated work functionsw of the clean TiO2 substrates
depend significantly on the concentrations of O vacancies
the surface.39 Changing the surface layer stoichiometry fro
Ti4O8 to Ti4O7 causes a drop of 2 eV inw. The effect of
further reduction to Ti4O6 is far less significant@Dw
521.0 eV~Ref. 39!#. Clearly, this strong dependence of th
work function on the vacancy concentration prevents a m
quantitative agreement with the experimental values.

C. Interpretation of STM images

The role of STM in revealing atomistic details relevant
surface adsorption and reaction mechanisms is unden
However, image interpretation is not always straightforwa
and the appearance of single individual atoms on flat s
faces is counterintuitive at times. In addition, the contrast
small adsorbates on metal surfaces may depend on the
of the tip.53,54Detailed calculations of the electronic structu
help to unravel the appearance of adsorbed atoms on m
surfaces, as recently reviewed by Sautet.55

Constant-current topographies~CCT’s! of the rutile TiO2
~110! surface are dominated by electronic effects. The bri
ing oxygen atoms usually appear lower than the Ti[5] atoms,
despite the fact that the former protrude by 1.2 Å above
surface. The reason for this lies in the negative polarity of
tip, which provides scanning of empty states that are larg
1-9
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DORIS VOGTENHUBERet al. PHYSICAL REVIEW B 65 125411
Ti 3d derived. Only very few empty O states are availab
for tunneling. However, adsorbed Cl atoms appear as br
features in empty-states STM images, independent of
state of the tip~Fig. 4!. This is all the more surprising, as C
is a very electronegative element for which very few emp
states are expected. The calculated partial DOS in Fig
supports this assumption.

The simple approach to the simulated STM images d
played in Figs. 7 and 8 does not include electron transit
probabilities from tip to the sample, and neglects a variety
other factors, such as tip-sample forces, polarizabilities,
Nevertheless, a comparison of charge-density maps with
perimental results gives good qualitative agreement of b
the image contrast and appearance of the adsorbates. I
STM images, the Cl atoms cause a big, broad bump w
bound to the Ti[5] atoms in an on-top geometry. While som
of the broadening is probably tip induced, the much sma
appearance of the point defects in Fig. 1 indicates a sharp
The contours in Fig. 7 show that the Cl atom changes
density of states considerably over a relatively large a
and the LDOS in Fig. 6 indicate that the Ti 3d states are
relevant for the tunneling current. These are mainly localiz
at Ti atoms involved in Cl–Ti bonding, i.e., the STM sca
the altered Ti states rather than the Cl states themselves
analysis of the LDOS at the CB edge39 reveals that Ti atoms
next to an O vacancy or a Cl adsorbate give the predomin
contributions to the DOS in the STM-energy range. When
replaces a bridging O atom as in Fig. 5~e!, its appearance
resembles a missing O atom~Figs. 3 and 8, lower panels!.
Several other molecular and atomic adsorbates were inv
gated so far with STM, such as formate,57 acetate,56

pyridine58 and its derivates,59 benzoic acid,60 S,14–17 and
Na.61,62 They all appear bright in empty-states CCT’s.
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would be quite interesting to calculate how much of the i
age contrast is due to actual adsorbate states, and how m
is due to Ti atoms, which are affected by the presence of
adsorbate.

V. SUMMARY

We investigated Cl adsorption on stoichiometric and
duced rutile TiO2 ~110! surfaces by experimental techniqu
~STM, PES, XPS! and an ab initio density functional
method. The reduced surface was shown to be more ac
for adsorption. The calculated adsorption energies as we
the photoemission spectra indicate that Cl is preferably c
tured by oxygen vacancies. Alternative adsorption sites
the undercoordinated Ti at the surface. These two adsorp
types show significant differences in work-function chang
and the shifts of the Clp3/2 peaks. Generally,w is increased
upon Cl adsorption because of the large electronegativit
the protruding adsorbate species.

In empty-states STM images, adsorbed Cl atoms app
as wide bright spots. These bright spots can be address
unoccupiedd states of the Ti atoms involved in adsorba
substrate bonding rather than to the adsorbed Cl atoms
also shown by the calculated local partial densities of sta
and line scans.
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