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We report a comprehensive study on the adsorption of Cl on the clean rutile(Ti0) (1Xx1) surface.
STM and photoemission spectroscopy results are compare timitio results. At room temperature, ClI
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 (1X4) 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 nuniber68.43.Bc, 68.43.Fg, 68.35p, 68.37.Ef
[. INTRODUCTION because the STM image contrast is largely dominated by

electronic structure effects>?* interpretation of STM im-

Adsorption processes on well-characterized metal oxid@ges is often not straightforward. The combination of first-
surfaces are of considerable practical and fundamental inteprinciples total-energy calculations with STM measurements
est. Amongst all the single-crystalline metal oxides, theand area-averaging spectroscopic techniques is thus a prom-
TiO,(110) surface has been studied most extensively withSing approach to obtain a very detailed picture of adsorbate
theoretical~® as well as experimentaf'?techniques, and the Structures. In addition, it allows insight into the STM imag-
geometric, electronic, and defect structure is very well uning contrast of adsorbates on a metal compound surface with
derstood. It is thus a good model substrate to undertakd Strongly varying local electronic structure.
model studies of the surface reactivity at the molecular level.

In this paper, a simple, diatomic molecule,®las been cho- Il. EXPERIMENTS

sen as a test molecule. Chlorine is a common impurity in
polycrystalline powder materials, and its presence is known
to affect reaction process&sThus, a detailed knowledge of ~ The experimental setup and procedure have been dis-
adsorption geometries and adsorption-related effects on thaissed in more detail in Refs. 14-17,19. A cleanx ()
electronic structure might be interesting from an appliedsurface with a small density of point defe¢tscancies in the
view as well. bridging oxygen rowswas prepared as described previously.

This paper is part of a series of recent publications orAll STM results shown are empty-states images acquired at
electronegative adsorbates. The adsorption of S is treated lmom temperature with the sample biased and the tip held
Refs. 14—-17 and the dissociation and adsorption mechanisnaéose to ground potential. Photoemission spectroscopy of
of Cl, have been discussed in Ref. 18. This paper combinesore levels was performed with a dual-anode x-ray source.
experimental investigations with detailed initio calcula- Valence band(VB) spectra were taken with synchrotron-
tions. The experimental results are discussed in more detdiased radiation at the Center for Advanced Microstructures
in Ref. 19, and only the most relevant results are summarizednd Devices. The molecular chlorine was produced by elec-
here. trolytical dissociation of AgCl in an ultrahigh-vacuum com-

It is widely accepted that defects on metal oxide surfacepatible cel’® Results are reported after adsorption on the
are reactive site€ Local nonstoichiometries and other im- clean surfacécontaining the O vacancipat room tempera-
perfections change both, the surface geometric and electroniare and at 200 °C—-300°C. A stoichiometric substrés
structure. Local probes such as scanning tunneling microgudged by photoemissionwas produced by adsorbing mo-
copy (STM) are very well suited to study defect-related ad-lecular oxygen at room temperature before exposure to chlo-
sorption and reaction mechanisii&??and can give a first rine. The coverages were estimated using a combination of
impression of adsorption sites and mechanisms. Howevex-ray photoemission spectroscop¥PS) and STM® and are

A. Experimental details
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FIG. 2. Photoelectron specttaormal emissionhv=40 eV) of
the valence-band region frofa) the clean TiQ (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 tem-
perature on the surface described(l; and (d) after exposure to
Cl, at 200 °C. The spectra have been normalized to the photon flux.

FIG. 1. An STM image (200 A200 A, +1.4 V, 0.4 nA after

Cl adsorption at room temperature. Each bright spot, located OBisappears upon exposure to molecular oxygen at room tem-

light gray row, represents a single Cl atom adsorbed offadiom.  perature[Fig. 2(b)]. Dissociative adsorption of the oxygen
The apparent height of the Cl atoms is indicated in the line sCaNmolecules results in a filling of the oxygen vacanéghe
Two kinds of light spots, labeled witA and B, respectively, are

located at the dark oxygen rows. Possibly, typeepresents bridg- upper edge of the VB is shifted to lower binding energy by

ing oxygen vacancies and tyBerepresents oxygen vacancies filled 0.2 eV. The spectrum in Fig.(@ is representative for CI
wigt]h c)llg yperep Yo adsorbed at room temperature on either a slightly defective

surface or on one that has been predosed with oxygen. In

both cases the defect state disappears. The shapes of the

given in monolayergwith 1 ML=1 CI atom per surface unit S . .
cell). Work function changes have been measured by comsPectra in Figs. @—(c) are remarkably similar, with only

paring the position of the low-energy cutoff of the seconda heltre_zlatlve” |ntenS|tt|e§ Of: th% rr;ain p_eakﬁ S%mgv‘.’hat altered.
electron spectrum on the biased sample. No attempt has been IS we accsp?] that de ZCtSk in the bri 389923’,(2&99”
made to determine the absolute value of the work function.FoWWS appear as brig t Spots on dar rows o, . ).

Upon adsorption of Cl on such a slightly defective surface,

both faint and somewhat brighter spots appear at the dark
bridging oxygen rows. Representative features are marked
The STM image in Fig. 1 shows a Tj@110 surface with  with the white circlesA and B in Fig. 1. The large circle
a small coverage of Cl, adsorbed at room temperature. Ipoints out two of these different spots next to each other.
agreement with previous STM results of CI/Li€#!° the  Based on the theoretical results discussed below, and consis-
chlorine atoms appear as bright spots located on the lighent with the quenching of the VB defect state upon CI ad-
gray rows that are generally accepted as being representatigerption in Fig. 2, we interpret one of these spots as a Cl
of the fivefold coordinated Ti atoms (1) at the surface. atom filling an oxygen vacancy.
The Cl features are large and exhibit an apparent height of 2 The adsorption geometry changes considerably when Cl
A above the titanium rows. No long-range ordering of theis dosed on a hot surface (200°C-300°C), see Fig. 3. The
adsorbate is visible at any coverage. Some streakiness in tieight spots, indicative of single Cl atoms, are now centered
images as well as Cl atoms that appear “cut” indicate someon the dark rows, i.e., at the position of the bridging oxy-
mobility at the given tunneling conditions. Indeed, scanninggens. Their number increases with increasing coverage. In
with a higher bias voltagéot shown herecan clear off the  addition, ca. 15-A-wide and several angstroms high protru-
Cl from the surface, or can push single Cl atoms along theions form. Neither the internal structure nor the exact sto-
Til! rows during consecutive scans. ichiometry of these protrusions could be determined with the
The substrate surface has been prepared by sputtering argperimental techniques applied in this work. It is likely that
annealing in ultrahigh vacuurfUHV), which typically re- they contain several Cl atom3.Stable TiOCI and TiOGI
sults in a few percent of vacancies in the bridging oxygencompounds have been described in Refs. 30,31, respectively.
rows. This is also apparent in the valence band photoemidt is well possible that these surface features resemble these
sion spectrdFig. 2(a@)] of such a surface. The presence of structures to some extent. The @ #vel is shifted to higher
oxygen vacancies on the TJ@110) surface leads to an ex- binding energies by 0.4 eV compared to the value of 199.4
cess of electrons in the neighborhood of the defects whicht0.1 eV for adsorption at room temperature. The valence
populate a state within the band g&@F° %This defect state band spectrum from such a surface is considerably changed,

B. Experimental results
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FIG. 3. An STM image after adsorption of 0.25 ML Cl at
200 °C. The light gray spots in registry with the dark substrate rows
(the bridging oxygen atomsare identified at Cl substituting O at-
oms. In addition, larger protrusions appear upon Cl adsorption with
unidentified structure and stoichiometry.

see Fig. 2d). A pronounced defect state appears, and the
features of the valence band appear smeared out. The total
intensity of the spectrum is smaller. In Ref. 19 it is argued
that the small cross section of photoemission from the €13 £, 4. STM sequence (20052200 A1,=0.3 nA) after ad-
levels’ causes the reduction in signal intensity in thesesorption of CI at 200 °C with different tunneling voltage polarities.
surface-sensitive measurements. The pronounced defect state

is also reflected in XPS measurements of the p_'@al_(‘i A filled-state images are of poor quality, if feasible at all. The
stqlch!ometrlc surche contains Ti atoms iffarmally) T|27 bands in the O @ region are rather flaf and the hole con-
oxidation state while the oxygen atoms dfermally) O ductivity is small. In addition, the Fermi level is located at

. o A i 4 C1®%he lower edge of the conduction band in tfietrinsically
[Fig. 2(‘?] exhibits a T shoulder, which typically consti- 1 yyne dopedl bulk. This necessitates a high bias voltage to
tutes 2% of the Ti Ps, peak in these experiments. This piqge the 3 eV gap and causes an often unstable tunneling
shoulder increases by a factor of 2 after adsorption of 1.2 Mlynetion, When the surface was exposed to Cl at high tem-
Cl at 300 °C." The increase scales with the density of singleperatyre, filled-state images with satisfactory quality could
Cl atoms replacing bridging oxygens rather than the numbepe gptainedFig. 4). Interestingly, the single Cl atoms are not
of the larger protrusions. . visible in filled-state images, see Fig(bl A consecutive
The change in work function has been measured for thgy3ge with positive bias shows that no Cl is removed during

different surfaces. Taking the clean, slightly defective surfacgne scan and that the atoms are largely at the same positions,
as a reference, chlorine adsorption results in an increase @te the circles in Fig. 4.

the work function by 0.7 eV and 0.5 eV for adsorption at
room temperature and 200 °C, respectively. The adsorption
of oxygen on the slightly defective surface results in a work . CALCULATIONS
function increase by 0.8 eV. One has to be careful with in-
terpreting this latter value, however, as a small amount of
hydroxyls could have been present on the oxygen-dosed sur- The ab initio calculations were performed applying the
face. Because water adsorption is precursor medidtéd, full potential linearized augmented plane watlLAPW)
happens much more rapidly than the dissociation of oxygefethod’® based on density functional thedFT, Ref. 36,
molecules at the oxygen vacancies. It is well possible that 1 its version for free single slabs. We chose the local density
trace amount of water is contained in the oxygen gas whegpproximation(LDA) in the parametrization of Hedin and
the ultrahigh vacuum chamber is backfilled during the O Lundqvist’’” The wave-function cutoff of the augmented
exposure. Thus, some of the surface oxygens could possibBlane waves was 4.1 a’ut, corresponding to approximately
be hydroxylated, changing the work function value consider180 basis functions per atom. Within the atomic spheres, the
ably. angular parts of density and potential were expanded up to
Understanding the image contrast of adsorbates in STM ikna=6 (Ti) andlya=4 (Cl and O, respectively. Two gen-
one focal point in this paper. Normally, STM images of eral k points within the irreducible part of the two-

Positive voltage: +1.5 V

A. Computational details
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dimensional Brillouin zond€IBZ) were used to obtain self- [Fig. 5e)], corresponding to the high-temperature adsorption
consistency of the charge densities. The Brillouin-zonetype of the experiment, as shown in Fig. 2 and Fig. 3. In this
integrations were performed by triangular integration over ageometry, CGkO—0O-0O-Clkhains are formed along the01]
regular mesh of 2% points in the 1Bz direction. In addition, CI may again be bound to one of the

The experimental lattice parametera=(4.593 Ac/a Til%! atoms, comparable to adsorption on the stoichiometric
=0.664) of rutile TiG were taken for the geometry setup. A substrate, and predominantly present at low temperatures,
more extensive description of the computational details willsee Fig. 1. Considering the latter case, we compared adsorp-
be given elsewher®. tion on two nonequivalent i sites, either adjacent to, or in

All surfaces were modeled by free single slabs with amaximum distance from an O vacan€y [Figs. §f) and
thickness of three TiQ formula units. Equilibrium geom- 5(d), respectively. These adsorption types are referred to as
etries, adsorption energetics, electronic structures, and STMn-line” and “zigzag” adsorption types further on. The two
images were calculated for several model adsorption geongtructures differ with respect to the next-nearest neighbors
etries, which are summarized in Fig. 5. The relaxed geomalong thel 110] direction. Either chains of @ —CI-O—CI—
etries were calculated by minimization of the fortté8 on  or chains of~O—Cl-O—Cl— ardormed due to the periodic-
all atoms in and above the mixed surface plane, which weréy of the slab.
allowed to relax under the constraint that fh@msymmetry STM images were calculated based on the Tersoff-
of the unit cell is not broken. Hamann modéf by which the local vacuum DOSlensity

In the present study, (24) superstructuregorrespond- of state$ serves as a first approximation for the image con-
ing to vacancy densities and adsorbate coveragées M., trast. In this model the STM tip is described bg-type wave
respectively, were chosen for the O-defective and the CI-function, tip-substrate interactions are neglected and the tun-
adsorbed slabs. Results on high-coverage adsorbate denseling process is treated within a perturbational approach.
ties, modeled with (X 2) supercells, will be discussed in a Hence the tunneling current is proportional to the charge
forthcoming paper. These higher-coverage adsorption typedensity of sample states at the position of the tip apex atom,
are energetically less favorable for all assumed modelvhich satisfy elastic tunneling conditions corresponding to
geometries?*2in good agreement with experiment, where athe applied tip-sample bias voltage. The charge-density con-
saturation coverage of 0.3—0.4 ML is foutft!® For the  tours of the empty-states DOS were calculated according to
study of adsorption on the stoichiometric substrate surfacéhe experimental tip polarity. Despite the substantial approxi-
(upper panels in Fig.)5on-top adsorption on the underco- mations made in the Tersoff-Hamann model, this approach
ordinated TP! atoms[Fig. 5b)] was considered, because worked satisfactorily for the clean rutilel10) surface’?*
this geometry was shown to be slightly more stable than d&redominantly empty-states images were acquired experi-
bridging adsorption type for the (d2) high-coverage mentally on then-type semiconducting TiQcrystals. In ap-
limit.*?> In our model structure of the reduced substrateproximation to the experimental parameters, the calculated
(lower panels of Fig. b every fourth of the bridging O at- DOS was integrated up to an energy of 1.6 eV above con-
oms was missingFig. 5(c)], which results in a variety of duction band minimur?
adsorption sites. To investigate the influence of the nearest The transition matrix elements of the calculated valence-
and next-nearest neighbors, we considered three different aland photoelectron spectféB-PES were calculated within
sorption geometries. In the first one Cl fills an O vacancythe single-scatterer final-state approximattdithus, the cal-
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culated spectra, shown as a solid bold line in Fig. 6, may beonstitute the main part of the photocurrent. Nevertheless, it
viewed as a cross-section-weighted average of the local pais less severe than supposed at first guess, because perform-
tial DOS (LDOS), with cross sections calculated from “at- jng the angular averaging is rather helpful. All regionskof
oms” in the solid. According to experimeft,the photon  space are probed for the photon energies used and the energy
energy, and spectrometer resolution were set to 40.8 eV argbpendence of the single-scatterer cross sections is taken into
0.35 eV, respectively. A Lorentzian lifetime broadening of account in aIZ—averaged way. So it is mainly tHe depen-

O];f07 teV fV\t'ﬁS astsumed fr?rtth? |r;|t|al séatef. Finite “.f]ft'mefdence of the cross sections due to particular orbital symmetry
eliects of the outgoing photoelectrons due to unspecitic muf pendent selection rules, which is neglected in our ap-

tiple scattering processes deter.mine mostly the escape deng ach. Consequently states along high-symmetry directions
and may be _translated rqughly mtt_zaiependent dec_ay fa(_:- will be affected most, and their contribution is overstated in
tor of the signal intensity. Outgoing electrons originating . - lated PES

from atoms further away from the surface contribute less to
the total PES signal. Omitting these effects as done in our
calculation for TiQ artificially enhances the contributions of

subsurface atoms that dominate the LDOS near the lower 1. Relaxations and bondlengths
p-band edge. Two assumptions in the single-scatterer final-

stlat? afptrr)]rOX|r’r;fat|0nbthrar1it ??ﬁ?hsonrﬁ atitennncr)n(e)rmenndei—n thadsorbate—covered substrate films show considerable changes
giect ot the surtace barrie € emission process a f relaxations and bond lengths upon Cl adsorptisee

final-state wave functions, ar{d) the neglect ok conserva-  Taple ). As details of the equilibrium geometries will be
tion. Both assumptions are certainly well met for high pho-gjven elsewher&® only the main effects of adsorption are
ton energies such as in the XPS regime, but become les§mmarized here.

justified when approaching the traditional ultraviolet photo-  on the clean stoichiometric and reduced substrate sur-
emission spectroscop§JPS regime (1v=40.8 eV). How-  faces, relaxations shorten the remaining bonds of atoms that
ever, as the surface barrier is only neglected in the final statgyst coordination partners upon surface formation. This is
and since the potential varies smoothly in the surface regionnainly accomplished by strong inwards relaxations of the
assumptior(i) would only introduce larger errors if the final ndercoordinated Ti atoms (3%) and the bridging O atoms,
state would be pinned to the surface region by a bulk energyhich form the outermost rows of atoms alof@p1]. Fur-

gap for that particular energy range. The largest effect of thenermore, minor changes occur of the positions of the surface
surface barrier is certainly on the energetic positions of thosej gtoms (Ti%1) below the bridging O, and the O atoms that
initial states protruding far out into the vacuum, which arejje in the surface plane, @lane, which move slightly out-
correctly treated by the FLAPW free slab surface baffier. wards(Ti, O) and laterally(O).*® Upon reduction of the sur-
Assumption(ii) certainly seems to be a rather crude approXiface, the Ti atoms adjacent to the O vacancy also become
mation for typical UPS photon energies, such as in thgndercoordinated and these atoms move closer towards their
present case, where direktconserving transitions should bulk O neighbors, denoted by(8).

B. Computational results

The calculated equilibrium geometries of clean and
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TABLE |. Bond lengths in A. From left to right: increasing TABLE II. Adsorption energie&2“s, CI2p3/2 core level energies,
distance from the adsorbate. The geometries are ordered with rgap widthsAE,,, p-band widthsAE,_,4 , and work functionsp

spect to decreasing stability for each adsorption type. For in-linef the studied adsorption geometries. All values are given in eV.
geometries on the reduced substrate surface, thkeafoms next to

the O vacancy are also adjacent to the Cl on tH& Tows, which E®®  E(Clyp,) AEgy AEppe ¢
is not the case for the zigzag geometries. See also Fig. 5. Stoichiometric substrate
CI-Ti TiP1—0(2) Tilll—Ob)  Til¥1—0O(3) Clean 0.66 6.74 7.16
Stoichiometric substrate Top (Tit®h -271 —189.94  0.13 7.37 7.38

Reduced substrate

Clean 173 173 173 175 175 198 1.98 jean 206 581 516
Tilo! 216 194 173 175 167 171 177 192 o 562 —18959 150 6.25 6.10

Reduced substrate Ti® indine  -535 18957 163 663  6.10
Clean 168 1.69 169 172 172 163 194 gl 5igsny  —521 —189.44  1.64 6.06 508
0° 243 167 168 169 1.68 1.71 171 1.93

Tili.-l. 220 1.86 167 169 1.67 1.70 1.58 1.93

Ti®lz-z. 218 191 1.67 1.69 171 170 1.93 160 would expect an increase of the Cl-Ti bond length of about
2% upon replacing the LDA4,; by generalized gradient ap-
proximation(GGA).

Adsorption of Cl has mainly two effects on the substrate
surfaces considered.

(i) When undercoordinated TiOsurface atoms become
bound to the Cl atoms, they regain their bulklike coordina- The adsorption energies 5 given in Table Il were cal-
tion. Therefore, the large relaxations found at the clean surculated by taking the difference of the total enerdiesf the
faces ardpartly) lifted, as can be seen by close inspection oftotally relaxed final(Cl-adsorbed surfageand initial states
Fig. 5 and Table I. For all adsorption types where Cl binds to(clean substrate surfaces Cl atoms:

Til®l, the TI®! atoms move considerably outwards with re-

spect to their positions on the clean substrate surfaces. This ads. 1 ] ]

results in weakened bonds between the Ti atoms and the O~ E*"=5[E(CITO;) —E(TiOz-,) —2E(CDH] (1)
atoms in the layer underneath, denote@)CGatoms. If Cl is
adsorbed in a vacant O site, the bonds to the neighborin
atoms become very similar to the stoichiometric surface.

2. Energetics

For the stoichiometric substrate surfage; 0. As the free
Jiab has two equivalent surfaces, the factof gfovides that

. ) all energies are given as total ener er surface. Compared
(ii) The strongly electronegative Cl atoms push away thc%8 the agsorptiongenergies of KI2) C?-)ggsorbed TigggAgap

OXygens. Hovv_ever, these effects are very short ranged anSwer coverage is favorable for all considered model geom-
therefore restricted to the nearest oxygen atoms only. If Cl is tries. Furthermore, the calculated adsorption energies show

adsorbed in a vacancy in the bridging O rows, it is locate . . ) ;

; . . hat the O vacancy is the most active adsorption site. In
slightly above the O atoms in the rows. Upon adsorption on . ; . .
top of a TI5) on the stoichiometric surface, the bridging O in general, the adsorption energies are substantially larger if Cl

reqistry with Cl shows a stronger inwards relaxation Com_is adsorbed on the reduced rutile substrate surface. The cal-
gistry . ; ge culated dissociation energy of {11.71 eV/Cl atom at 0 K)
pared to the neighboring (see Fig. B)]. On the reduced .. : . ; ;
2 S is included in the energy balance. This value is considerably
surface the positions of the bridging O are generally closer t

those in the bulk for the considerédery high vacancy con- (I)arger than the experimental value of 1.25 eV/at@nh298

48 . .
centrations, making the influence of Cl adsorption less proK)’ due to the temperature difference between calculation

. S . nd experiment, and to the well-known feature of the over-
nounced. As mentioned above, significant changes in bond . "' ) )
. ) .~ estimation of bond strengths by LDA calculations. If, again,
lengths are found only for atoms directly involved in

adsorbate-substrate bonding. Therefore, the Ti—Cl bon%’je G.GA.WaS used instead of LDA, W? expect that the CI-Ti
: overbinding would be reduced by 15%.
lengths are almost independent of adsorbate coverage . .
For free slab geometries, the zero level of potential and

density”® and the stoichiometry of the substrate surface. The

. energy is naturally given, lim,..V=0. Therefore, work
shortest bon]d !engths (.2'2 A) are found for _sm_gly bound leunction3go (Table Il) correspond to the energies of the high-
atoms on TPl irrespective of the surface stoichiomefsee

. . est occupied level with respect to the vacuum zero. The cal-
Figs. 8b),(d),(f) and Table ]. If Cl is adsorbed along the ; . . )
br?dgir?g)(o) ﬁo)ws the Ti—]CI bonding distances %f the culat_ed change_s ip vary little with Cl coverage but quite
Tilel_Cl_Ti® are ’slightly larger (2.4 A) because the Cl at- considerably with the substrate surface stoichiom&try.

oms are pushed towards the vacuum by the electronegative O
neighborgsee Fig. ¥e)]. The largest Ti—Cl bond lengths of
2.8 A are found if Cl is in a bridging position between the  The DOS were calculated for the relaxed slabs. Figure 6
undercoordinated 4> This adsorption type is energeti- displays the total DOSfull lines, divided by a factor of 10
cally least favorabl® (though clearly stableand should be the partial CI-DOSdotted lineg, and the partial DOS of the
regarded as a transition state of Cl as it diffuses along the TTi atoms involved in the Cl bondingdashed-dotted The
rows!® Judging from other Cl-adsorption systefispne left and right panels show the DOS of reduced and stoichio-

3. Electronic structure
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metric substrates, respectively. The gray-shaded box depictaot shown in detajl shows that this empty state is derived
the energy range over which the states contributing to thérom a subsurface @) atom next to Tfl. However, it
STM tunneling current were samplélom E¢ to +1.6 eV).  should be pointed out that these differences in the
The data ofp-band widths and gap widths are given in Table adsorption-type-dependent VBM characteristics &gdpo-
Il. sitions are strongly related to our model geometries, which
The DOS of clean Ti@ -, surfaces is split into occupied assume a 1:1 ratio of O vacancies and Cl adsorbates. This
O s and p bands, and the predominantly Tol3lerived Ti  leaves the highest VB peak empty upon Cl adsorption on the
band that is separated from the O states by a [fags. Stoichiometric surface and the lowest CB states occupied in
6(a),(e)]. The energies of the OXstates are typically 18 all structures involving O \{acancies. A Cl:O-vacancy ratio of
eV—15 eV below the valence band maximum, irrespective of:1 would, for example, pifcr exactly at the valence band

the substrate stoichiometry and the presence of Cl adsofdge. as for the clean stoichiometric surface. ,
bates. The O @ bandwidth is about 5.8—6.7 eléee Table The shape of the calculated photoelectron spectra differs

Il) and in good agreement with the experimental spectra i ignificantly from the total DOS, as can be seen from Fig. 6.

Fig. 2. The calculated width of the fundamental gap strongly, he q!fference_s arise from the re_Iatlve sizes of the atomic
) oS .~ transition matrix elements and their respective energy depen-

depends on the presence of O vacancies. Stoichiometric Ti . .

. . . : , dences. For all considered model geometries, thep O

is a semiconductor with an experimental gapwidth of 3 eV.

. .
: ) (s,d) transition matrix elements are bigger by a factor of
However, as DFT is a ground-state theory, the energies of the_ " - "0 Til— (p,f) and the Clp— (s.d) matrix ele-

unoccupied Tid-band levels are not calculated reliably. ,onts Moreover, their magnitudes decrease significantly
Therefore, the calculated gapmdtﬁ O.? eV, see fourth col- (30% for O and 50% for Ti and Cl, respectivelwith in-

umn of Table 1) has no physical meaning and is far too low. creasing binding energies. Therefore, although the positions
However, as the surface becomes reduced, the lowest level$ the peaks coincide in DOS and PES, the intensities of the
of the Ti d band become occupied and therefore, states afpectra decrease towards tdand minimum whereas the

both edges of the gap are occupied even in the ground stalgejght of the DOS peaks is almost constant over the whole
As a consequence, the calculated gapwidth increases S'gn'féhergy range.

cantly. Because the gap state found in experiment is incor-
porated into the lower edge of the conduction band, the gap-
width still is too low by about 0.9 eV.

The adsorption of Cl induces additional states. A sharp Cl As already mentioned in Sec. lll A, STM images were
3s peak is found~3 eV above the G band. The position simulated within the Tersoff-Hamann approach. Figures 7
and E dispersion of the CI B states depend on the local and 8 display the contour lines of the unoccupied states
environment of the adsorbate. If Cl is singly bound to analong[001]. The bold lines are at the position of 5 A above
undercoordinated ¥ atom, a sharp peak appears at the upthe surface, in rough correspondence with an expected ex-
per edge of the ( band. perimental tip-sample distance. A maximum along a given

The width of thep band is increased by 0.5-0.8 eV, cor- contour line corresponds to a maximum in the STM corru-
responding to the width of the additional @lpeak at the gation, which is seen as a bright spot in a measured STM
upper edge of the VB. However, the shape and energetignage. Only cuts along the fl and bridging-O rows are
position of this Cl peak is independent of the substrate surplotted as there are no additional corrugation maxima normal
face stoichiometry, as can be seen by comparison of Figso these lines. A rough estimate of the differences in corru-
6(c),(d),(f) and Cl-coverage de_nsﬁ?. If Clis close to O yation alond 110] can be made by comparing the upper and
atoms, as in the new Cl adsorption tyfpég. 6(b)], the states  {he |ower panels in each of the figures.
are distributed over the whofeband, due to interaction with As seen from Fig. 7, Cl adsorbed orf®Tishould always
the O states. appear as a bright, extended spot. The broad maxima of the

_ The partial DOS at the upper valence band edge showsynioyrs are spread over about three unit cells a[@0d],
significant differences in the characteristics, depending o hich would make it impossible to determine the exact po-
the adsorption type of CI. The uppermost VB states of theition of the adsorbate atom on the Ti rows in STM. The
clean stoichiometric and reduced surface show bridging Qnape and extension of the calculated corrugation maxima
and subsurface @) character, respectively. If Cl fills an O 516 aimost independent of the presence of vacancies in the
vacancy, Cp and Q3) p states(of the oxygen seated below eighhoring O rows, as can be seen from the three panels in
Cl) contrlbuFS to the VBM-DOS. On the other hand, if Clis {he ypper part of Fig. 7. Moreover, Cl features also extend to
bound to Ti!, the four uppermost VB states are derived g neighboring O rows. The bridging O rows remain darker
from CI only. Most probably these states correspond tq:ompared to the adsorbate features, as for the clean surfaces.
p-[001] and p-{110] orbitals, because thep, states Although all bridging O ardalmos) equivalent, the region
(p-[110]) lie at higher binding energies, due to the strongnext to Cl appears brighter. This effect is even more striking
interaction with Ti°l-d,2. Upon adsorption on Tl on the when Cl is adsorbed on [l in zigzag geometry in maxi-
stoichiometric surfacefEg shifts from the valence band mum distance to the vacanésight panel in the bottom part
maximum to lower values. Each Cl atom contributes thpee of Fig. 7). Usually, O vacancies appear as bright spots along
states but only five electrons, thus rendering empty levels ahe dark O rows? see circles in Fig. 1. However, an ad-
the upper edge of the VB. An analysis of the partial DOSsorbed Cl atom makes the neighboring O appear brighter

4. Ab initio simulation of STM images
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stoichiometric substrate
along the Ti[5]-rows

reduced substrate

Clin-line

PHYSICAL REVIEW B 65 125411

Cl zig-zag

[110]

PA®A ‘
(IR ARKARK ARRAR

along the bridging O-rows

FIG. 7. Charge density contour
lines of the unoccupied states con-
tributing to the tunneling current
at low T along[001] in a logarith-
mic mesh. Upper panel: Contours
along the Ti-rows showing ClI,
lower panels: along the bridging

=
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[001]
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O rows. The bold line corresponds
to the experimental tip-sample
distance.

N

than an O vacancy on a clean surface, compare, for example,
the lower right panel in Fig. 7 with the lower left panel in

Fig. 8.

IV. DISCUSSION

A. Adsorption geometry and energetics

Figure 8 displays the calculated STM line scans of the The experimentally observed adsorption geometries are a
adsorption in an O vacancy. As already mentioned, O vacarixture of the configurations used in the calculatidh.
cies appear as bright spots along dark O rows on the clea®)- Adsorption at room temperature results in occupation of

surface(left box in the lower panel of Fig.)8 Replacing the

up to 40% of the TPl atoms. Two different surfaces were

O vacancy with CI does not alter this feature significantly.pr_ePa“‘?‘d in the experiment: One where Cl was dosed on a
According to the shape of the contours, the spots shoulglightly reduced surface, and one where the O vacancies

appear smaller and more richly structured.

clean reduced substrate
along the Ti[5]-rows

Clin the O defect

[110]

I—»[om]

[110]

L.

=

were filled by exposure to molecular oxygen prior to the
chlorine adsorption experimefit.The VB spectra of these
two surfaces are practically indistinguishable from each
other. The oxygen predosed surfaces are expected to re-
semble most closely the stoichiometric surfaces displayed in
Figs. Ha),(b), with the caveat that the dissociative adsorption
of oxygen at a slightly defective surface might result in O
adatoms, which can affect the adsorption of other
molecules®>! Experimentally, the slightly defective surface
can be prepared in a more reliable way. However, inahe
initio calculations, only a high defect concentration of 25%
could be considered for practical reasons.

Nevertheless, the comparison between calculated and ex-
perimental results shows a remarkably good agreement. Ac-
cording to the adsorption energies shown in Table II, the
most favorable adsorption site should be an O vacancy. Also,
the measured photoemission data in Fig. 2 and the experi-
mental STM image in Figs. 1 and 3 suggest that oxygen
vacancies, if present, are filled very rapidly with chlorine.
The STM results after high-temperature adsorption are in
agreement with the calculated results; adsorption at elevated
temperature results in a massive replacement of bridging

FIG. 8. Charge density contour lines of the unoccupied state®XYden atoms. It has been pointed out in a recent

contributing to the tunneling current at high along [001] in a

publicatiort® that a kinetic barrier prevents adsorbates from

logarithmic mesh. Upper panel: Contours along the bridging O rowd€aching these sites at room temperature. At elevated tem-

(showing CI on the right pangllower panels: along the bridging Ti

peratures, oxygen vacancies and other defects within the

rows. The left panels show the clean reduced surface. The bold linBulk-reduced sample migrate to the surface and react with

corresponds to the experimental tip-sample distance.

the Cl atoms that are weakly bound to thé®Tatoms. Ad-
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sorption on bridge and top sites is energetically verying levels are not lowered sufficiently to push the peak po-
similar*? suggesting a high mobility of the Cl atoms in this sition into the gap if only a part of the Ti-O bonds are
precursor state. broken***2 The replacement of bridging O atoms by ClI re-
According to the calculated data, the stoichiometric sur-duces the surface, which is reflected in the defect state in Fig.
face is far less reactive for Cl adsorption than the reduce@(d) and an increase in the Tip2shoulder in XPS. Similarly,
one. Adsorption is less favorable by 2.5 eV per Cl atom ifthe DOS and the calculated PES of a reduced surface also
compared to adsorption onlTi with a maximum CI-O de- resemble those where Cl is occupying the O vacarj€igs.
fect distance on the reduced surface in aix@) supercell 6(a),(b)]. When Cl is situated in an O vacancy and bound to
[Fig. 5d) and Table I]. This difference appears to be very two Til®!, it hybridizes much stronger with substrate states
large compared to the small differencesEffScalculated for  than when adsorbed on al™i atom. This may cause the
the different ClI configurations on a reduced substrate surfacgrastic change of the VB shape after high-temperature ad-
(<0.4 eV), which seems to be surprising at first sight. How-sorption[Fig. 2(d)] as compared to a clean surface or one
ever, one has to be aware that the size of the supercell alovghere most of the Cl is adsorbed at®ti It is not surprising
the[110] direction is very small. Especially the in-line ad- that the sharp CI 8 peak in the DOS at the upper edge of the
sorption geometry seems to be stabilized by theoccupied states is not observed. The cross section for photo-
—Cl-O-CI-O~ chains. This stabilization is still present, ionization of atomic Cl states is very sm&fland might be
though of S||ght|y less importance, if Cl and the Vacanciesﬁltered addltlonally when CI interacts with the rutile sub-
are arranged in zigzag geometry. Therefore, not only the @trate. The calculated ionization cross sections of theCl 3
vacancy, but also the surrounding surface act as an “actilevels are significantly smaller than for the @ Zevels for
vated region” for the adsorption process. This might directCl-covered TiQ. Moreover, the LDOS in Fig. 6 exaggerate
the Cl atoms moving along the Ti rows towards an O va-the intensity of this state because the shown total DOS is
cancy. A comparison to high-Cl coverage density calculadivided by a factor of 10.
tions also shows that Cl seems to favor adsorption sites that Table Il shows large differences in the work functions of

maximize the number of vacancy sites in its neighborhiod. the different surfaces. Note that the measured changes in
work functions are referenced to a slightly defective surface.

) Upon adsorption of Cl the work functions are raised consid-
B. Electronic structure erably, due to the enhanced electronegativity of the outer-
Because FLAPW is an all-electron method, core densitie§ost Cl atoms. The experimentally determined increase of
and energy levels are included into the electronic self0.5 €V for adsorption at elevated temperature should be com-
Consistency procedure_ The calculated energies of tl‘@/@| pared with the difference of 1 eV between a clean, reduced
levels given in Table Il can be qualitatively compared to thesurface and one where Cl fills all the oxygen vacancies. The
experimental XPS binding energi¥sA binding energy of ~concentration of O vacancies depends somewhat on the exact
199.4 eV was measured for adsorption at room temperatur@reéparation conditions, but ranges typically around 5-10 %.
on the slightly defective surface, where a few Cl atoms fill O The calculated work functiong of the clean TiQ substrates
vacancies and most of them bind td°Tiatoms. That means depend significantly on the concentrations of O vacancies on
that the experimental situation corresponds to some mixturthe surface? Changing the surface layer stoichiometry from
of geometrical configurations like in Figs(i5,(d),(e),(f).  Ti4Og to Ti4O; causes a drop of 2 eV ip. The effect of
The CI 2p level increases by 0.4 eV when only O vacanciesfurther reduction to TjOs is far less significant[A¢
are occupied under high-temperature adsorption conditions —1.0 eV (Ref. 39]. Clearly, this strong dependence of the
as in Fig. %e) (ignoring Cl incorporation in the protrusions Wwork function on the vacancy concentration prevents a more
No core-hole relaxations are included in the calculationsguantitative agreement with the experimental values.
Hence, the calculated adsorption-induced core level shifts
correspond to shifts of the initial states only. Furthermore, as
the binding energies are measured with respect to the Fermi
level in XPS, the differences of these two energies should The role of STM in revealing atomistic details relevant to
also be taken into account when comparing experimental ansurface adsorption and reaction mechanisms is undenied.
calculated results. When applying this correction to the dat&dlowever, image interpretation is not always straightforward,
in Table 1, one obtains binding energies of 182.6 eV for Cland the appearance of single individual atoms on flat sur-
adsorbed on the stoichiometric surface and, rather indepeffaces is counterintuitive at times. In addition, the contrast of
dent of the actual adsorption site, 183.5 eV for Cl adsorbedmall adsorbates on metal surfaces may depend on the state
on the reduced surface. The calculated shift of 0.9 eV toef the tip>***Detailed calculations of the electronic structure
wards higher binding energies is in reasonable agreemeihilp to unravel the appearance of adsorbed atoms on metal
with the experimental value of 0.4 eV, given the drastic ap-surfaces, as recently reviewed by Sadtet.
proximations made in the calculations. Constant-current topographi€éSCT'’s) of the rutile TiO,
A comparison between the photoemission spectra in Figg110) surface are dominated by electronic effects. The bridg-
2 and 6 shows good agreement. The T Berived defect ing oxygen atoms usually appear lower than tHél dtoms,
state, clearly visible as a separate peak in Fig),4s not  despite the fact that the former protrude by 1.2 A above the
split off from, but shifted to, the lower edge of the conduc- surface. The reason for this lies in the negative polarity of the
tion band in Fig. 6a). The reason may be that the antibond-tip, which provides scanning of empty states that are largely

C. Interpretation of STM images
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Ti 3d derived. Only very few empty O states are availablewould be quite interesting to calculate how much of the im-

for tunneling. However, adsorbed Cl atoms appear as brighige contrast is due to actual adsorbate states, and how much

features in empty-states STM images, independent of this due to Ti atoms, which are affected by the presence of the

state of the tipFig. 4). This is all the more surprising, as Cl adsorbate.

is a very electronegative element for which very few empty

states are expected. The calculated partial DOS in Fig. 6 V. SUMMARY

supports this assumption. . . . I .
The sirple approach to the simulated STM images disy (cd 110 (110 surfaces by experimentaltechniuos

played in Figs. 7 and 8 does not include electron tranSitio?STM PES, XP$ and an ab i%itiopdensit functionqal

probabilities from tip to the sample, and neglects a variety o ' ' y .

method. The reduced surface was shown to be more active

other factors, such as tip-sample forces, polarizabilities, et%‘or adsorption. The calculated adsorption energies as well as

Nevertheless, a comparison of charge-density maps with e he photoemission spectra indicate that Cl is preferably cap-
perimental results gives good qualitative agreement of bot P pectr . pre oly cap

the image contrast and appearance of the adsorbates. In tuéEd by OXygen vacancies. Alternative adsorption sites are
STM images, the Cl atoms cause a big, broad bump .whe e undercoordinated Ti at the surface. These two adsorption

bound to the 5! atoms in an on-top geometry. While some lPypes show significant differences in work-function changes

of the broadening is probably tip induced, the much smallef"lnd the shifts of the Oy, peaks. Generallyp is increased
appearance of the point defects in Fig. 1 indicates a sharp ti pon Cl adsorption because of the large electronegativity of

The contours in Fig. 7 show that the Cl atom changes th helnprgrtr:ugl?sgtaigzoé?r?\;eiri]p:C;ZS.adsorbed Cl atoms appear
density of states considerably over a relatively large area, . ide kF))ny ht spots. These gri 'ht spots can be addreszg.d o
and the LDOS in Fig. 6 indicate that the Td3states are ght Spots. ght sp

, . : Gunoccupiedd states of the Ti atoms involved in adsorbate-
relevant for the tunneling current. These are mainly localize L ibstrate bonding rather than to the adsorbed Cl atoms. as
at Ti atoms involved in CI-Ti bonding, i.e., the STM scans 9 :

the altered Ti states rather than the CI states themselves. AarIFO shown by the calculated local partial densities of states

analysis of the LDOS at the CB edijeeveals that Ti atoms and fine scans.
next to an O vacancy or a Cl adsorbate give the predominant

contributions to the DOS in the STM-energy range. When ClI

replaces a bridging O atom as in Figleph its appearance This work was supported by the Austrian Science Foun-
resembles a missing O atoffigs. 3 and 8, lower pangls dation (D.V., project nr. T24-TPH and an NSF-CAREER
Several other molecular and atomic adsorbates were investirant (Tulane and the Center for Computational Materials
gated so far with STM, such as formafe,acetat€®  Science(CMS) in Vienna. All calculations were performed
pyridine®® and its derivated’ benzoic aci®® S~ and  on the NEC-SX4 supercomputer of the la server at the Uni-
Na’®2 They all appear bright in empty-states CCT’s. It versity of Technology in Vienna.
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