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Resonant photoemission of anatase Ti©(101) and (001) single crystals
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The resonant behavior of anatase FiQ@01) and (001 surfaces has been investigated using synchrotron
photoemission spectroscopy. The data are compared with earlier photoemission work from ryf{tel0)O
and calculations for bulk anatase in order to elucidate the degree of Ti-O hybridization in the valence band. The
results for the(101) surface show good general agreement with bulk band-structure calculations. Deviations
from the bulk band structure in the case of t061) surface are attributed to the reconstruction of this surface.
A small peak is observed at around 1 eV binding endimgative to the Fermi energyfor both surfaces
following the creation of surface defect® vacancies which is thought to arise from surface®Ti The
attenuation of this peak by gentle heating ip i® attributed to healing of the surface O vacancies.
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[. INTRODUCTION as the photon energy is swept through the optical absorption
edge of a constituent atom of the mateffal'*?*The direct
For some time there has been much interest in H@e to  Ti 3p photoemission process is given by
its applications in catalysfsgas sensor devicésand pig-
ments and more recently its use in biomaterial coatiigs. 3p®3d"+hy—3p83d"t+e. 1)
addition, there has been recent interest in anatase phage TiO

nanocrystals psroduced by a so_légel route for applications "However, at the p—3d optical absorption edge we see a
photocatalysis® and solar cell§;® to ”am‘?agl‘ét a few. The esonance due to interference between the direct photoemis-
rutile form of TiO, has been widely studi€d™ due to the  gjon process and the excitation of electrons from tpet@
ready availability of bulk single crystals, with the electronic o 34 orbital followed by a super-Coster-Kronig decay into

structure having been widely investigated by x-ray photo-5 continuum state. These two steps can be summarized as
emission spectroscopy(XPS), ultraviolet photoemission

spectroscop (UPS, and resonant photoemission - i 1en a1 .
spectroscopy' 1 The geometric structure of the most stable 3p°3d"+hy—[3p°3d""]* —3p°3d" "+e”. (2

rutile surfaceg namely (100), (110), and (001)] have also

been widely investigated by low-energy electron diffractfon The asterisk denotes an excited state. This resonance process
(LEED), photoelectron diffraction® scanning tunneling would only be expected to occur for features associated with
microscopy’ (STM), and surface x-ray diffractidfi  the occupied metal-iondorbitals but is known to occur for
(SXRD). features associated with the @ 2alence band in transition-

It appears from recent density-functional calculations thametal (TM) oxides, even those witt® configurations such
the surface energy of certain faces of the anatase crystal & TiO,, as a result of strong hybridization of the cations
lower than that of rutile, thus stabilizing the anatase form inwith their oxygen ligand$:??'The presence of a resonance
the nanocrystals, as the surface/bulk ratio is lafde.addi-  in parts of the valence band then allows us to make some
tion, the anatase form also seems to exhibit more potent ph@ssumptions about the origin of features observed in the pho-
tocatalytic properties in its bulk form than rutile. Until 1999 toemission spectrum and the nature of the bonding associ-
only one photoemission study of the anatase surface existeated with such features.
in the literature?® however, the recent availability of good-  Here we measure and discuss high-resolution valence-
quality grown anatase single crystals and thin films and thdand and resonance photoemission spectra oifrtheicuo
applications mentioned above is producing a renewed inteprepared TiQ anatas€101) and(001) surfaces. The data are
est in this polymorph of Ti@. discussed with reference to previous work for the rutile

Resonant photoemission uses the fact that certain phot@hase of TiQ and calculations of the bulk density of states
emission spectral features increase or decrease in amplitudpO9) for anatase.
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Il. EXPERIMENT TiOg (101)
TiO, anatase crystal# mmx 2 mm (101) and 3x2 mm anatase
(00) (Ref. 22] were grown by a chemical transport hv
method®® The single crystals were characterized by Laue 80
back reflection, which showed no evidence of twinning, 75 A
LEED, and secondary-electron diffractférprior to the pho- 70 T/,
toemission measurements being made. The orientation of the 66 // AN
surface under investigation was confirmed by simulations of 64 MW::M/// / \‘,\
the Laue pattern using Lauegen softwéte. 62~ ) \\ —
For these experiments the samples were mounted in a 28::“\“”“/7 ‘//N\\‘“w o\
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UHV chamber by means of Ta clips on a 316L stainless steel
backplate. The base pressure in the chamber was around 5
% 10 1° Torr during the photoemission measurements. The
chamber, equipped with an ARUPS10 multichannel hemi-
spherical analyzer, electron gun, LEED, and"Aon etch-

ing, is described in detail elsewheéteSample preparation
was performed by cycles of 500 eV Arsputtering for 10

min followed by 30 min of heating to 600 °C by~ bom-
bardment on the back of the sample plate. The sample tem-
perature was measured using a thermocouple attached to the
sample plate. Annealing was carefully controlled to limit sur-
face reconstruction and to ensure no phase transitions
occurred? This treatment resulted in a sharpX1) LEED
pattern for thg101) crystal and a (X 4) LEED pattern from

the (001) surface in agreement with previous LEED mea-
surements from these surfate® and calculations of the
surface energ}??’ The samples were determined to be free
of contamination by electron Auger spectroscopy. Oxygen
dosing was performed by admitting oxygen @&&5 Special ! '

gases 99.999%wia a high-precision leak valve with expo- 15 10 5 Er

Normalized Intensity (arb. units)

sure in langmuirs (1 E1x10"° Torrs) monitored by an Binding Energy (eV)
RGA placed in the main chamber. During oxygen exposure , _ _
the sample was heated to around 400 K. FIG. 1. EDC's of the clean TiQanatasg101) surface at in-

reasing photon energies. The points marke@&, C andD refer to
e binding energies at which CIS spectra were recorded.
=8.2eV,B=54¢eV,C=4.0eV,D=1.1eV.

Photoemission measurements were recorded on the m
tipole wiggler beamline MPW6.(PHOENIX, photon energy
range 30 e¥shv=<350 eV) at the CLRC Daresbury Labora-
tory SRS?® Energy distribution curve§EDC's) were re-
corded with the sample at an angle of 45° to the inciden
photons and close to normal electron emission. Constan
initial-state (CIS) spectra were recorded in the same geom—p
etry with a fixed photon energy increment of 0.2 eV. All . ;
spectra were recorded with the sample at room temperatu ;4 and 8'? eV are expected 'to bgé(jzerl\{ed mainly frompo 2
and, where appropriate, are referenced to a Fermi edge rg_ates as in the case O.f rutile HO" It is clear from the
corded from a sputtered Ta clip holding the sample in plac<=§'peCtra presented in Fig. 2 that the valen_ce-band features
and normalized to théo (flux) monitor of the beam linelo undergo resonance between photon energies of around 42

was recorded using a W mesh placed in the beam line jusqnd 60 eV, a d{f_%'fn normally associated with th_e B 3

prior to the point where light enters the experimental cham-_’3d threshold: . Resqngncg szgtbflse featlres Is atrib-

ber. The total resolution was 140 meV as determined from é'ted to strong Ti-O hybridizatiofr, as one med not

Fermi edge spectrum recorded from the sputtered Ta clip. expect O states to resonate at these energies, i.e., the reso-
nance occurs via the interatomic decay chatirfél

orm of TiO,, in that there are two main peaks in the valence
and at binding energies of 5.4 and 8.2 eV and a small defect
eak at a binding energy of 1.1 é84%~*The two peaks at

Elso show a resemblance to those recorded from the rutile

I1l. RESULTS AND DISCUSSION ) Byl 6 _ 62140 6
Ti 3p°3d*+0 2p°—[Ti 3p°3d”]*+0O 2p
A. Resonance behavior of anatase Ti©(101) and (001 as ' 610 5
prepared in vacuo —Ti 3p°3d°+0 2p°+e”. (3

Figure 1 shows the valence-band EDC's recorded at pho-
ton energies of 40—80 eV from tti@01) crystal. The spectra The resonance of valence-band features markeahd B in
are in excellent agreement with previous EDC’s recordedrig. 1 is shown more clearly in Fig. 2. In addition to the 47
from natural anatase using an x-ray souft@he spectra eV resonance we see a broad shoulder for both featires
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204 TiO, (101) dicates the presence of surface O vacancies in the form of
anatase surface Ti', i.e., in the experimental spectrum we have oc-
CIs cupied Ti 3 states and we thus observe a defect state below
| e Er similar to that observed on rutile TiGsurfaceg®12-1
- J T~ D The MO diagram shown in Fig. 3 indicates the highest
= T binding-energy part of the valence band to be the most
s —— C strongly hybridized resulting from overlap between @,2
£ 207 e and Tiey states, with small contributions from Tj, and 4.
= / \‘ This is supported by the resonance profile in Fig. 2 recorded
5 ‘“\ for featureA, where we see a strong resonance at around 47
§ ] / ~ eV from Ti 3p— 3d optical transitions, with a broad shoul-
£ / . der at around 55-60 eV, which is attributed to p-34s
3 VAN T~ transitions as described for rutté*
% 107 [N ~.__ B It is clear from Fig. 2 that for featur® (5.4 eV BB,
£ / N o although the general shape of the resonance is the same as
2 /" \ that for featureA, the resonance is weaker overall than that
7 / from featureA (8.2 eV BB. The weaker resonance arises
/ \ presumably as a result of the reduced hybridization of Ti
/ \\\»ﬁ‘ with O in this region of the valence band, though the DOS
07 ‘ — ‘ calculations in Fig. 3 show that some Td Xharacter re-
40 50 60 70 mains in this part of the valence band. The MO picture for

anatase in Fig. ®) shows overlap of O @, and Tityg in
this part of the valence band. The resonance at 47 eV agrees
FIG. 2. CIS spectra of the features B, G and D of the  With this. However, we still see a broad, weak shoulder at
valence-band spectrum of anat461) labeled in Fig. 1A, B and ~ around 50—60 eV, which is again presumably linkedpto
D are recorded CIS spectr&;is reconstructed from the EDC’s in —S transitions. This may be due to reduced symmetry at the
Fig. 1. The spectra have been arbitrarily offset on the intensity scalsurface as the FLAPW calculations suggest there is ®10 4
for ease of viewing. character in the bulk anatase TiOOS (Ref. 29 in this part
of the valence band. A reduction in symmetry at the surface
andB at around 55-60 eV. The energies of these two resois the reason given for the large resonance at around 55 eV in
nances are similar to those observed for rutilerytile TiO,(110).23* Unlike rutile, however, in the present
TiO,(110) **'® where the feature at around 47 eV is as-work the 47 eV resonance is dominant throughout the va-
signed to an optical Ti B— 3d excitation process and that at |ence band.
around 50—60 eV to Ti B—4s excitationt?~432 According to the calculated bulk DOS shown in Figa)3
Recent calculations on bulk anatase allow a more detaileghere appears to be very little contribution of the T States
assignment of the features of the anatase valence band. Thethe very-lowest-energy part of the valence band, suggest-
fully linearized augmented plane-wa&LAPW) calcula-  ing that there is little or no hybridization of Ti and O states at
tions of Asahietal®® show Ti 3d states to be present these energies. The CIS spectrum recorded at this energy
throughout the valence band with the exception of the verycurve C in Fig. 2) shows no resonances at either 47 or 55
lowest binding energy region of the valence band, which iseV, apparently confirming the absence of T 8tates in this
attributed almost solely to O[®, states. The DOS calcula- part of the valence band.
tions for bulk stoichiometric anatase Ti®@f Asahi et al?® FeatureD, the band-gap state, at 1.1 eV is clearly seen to
compared to a recorded EDC from tk#01) TiO, anatase undergo a resonance with the shoulder at 50-60 eV appar-
surface and the molecular orbitdMO) diagram derived ently much more pronounced. A similar effect was also seen
from the DOS are presented in Fig. 3. A photon energy of 8dor the defect statéor O-vacancy stajen rutile.r* The reso-
eV is used as it represents the energy at which theop@r&  nance observed here suggests a contribution fromdTtd3
Ti 3d cross sections are closest in value in this workthis state in anatase presumably as a result of surface O va-
[o(O 2p):o(Ti3d)~4:3].32* The calculated spectra are cancies resulting in ¥i". Such vacancies have indeed been
aligned to the experiment at the valence-band maximunimaged on anatase surfaces by S¥M° The observed in-
(VBM) as this was the zero of energy used by the autfbors. crease in the Ti B—4s resonance intensity is somewhat at
Both the energy relative to VBM and the absolute bindingodds with the MO structure, which suggests no contribution
energy(BE) relative toEg are shown. The apparent agree-from the Ti 4s states. This may be a consequence of the
ment between the energy position of the defect state and theduced symmetry at the surface or the reduced oxidation
mainly Ti 3d states at around 1 eV BE is to some extentstate of the W' ions. In addition to the difference in the
fortuitous. The 8 states in the calculation should, in fact, lie shape of the profile it is also apparent that the peak position
above the Fermi level as the calculation is for #teichio-  of the resonance for the defect peak has shifted down in
metric surface, which has unoccupied Til 3tates. However energy to 45 eV at the peak intensity maximdime shoulder
this type of calculation tends to underestimate the magnituds also shifted down to around 52 eV as compared to 55 eV
of the band gap. In contrast, our experimental spectrum infor the featuresA andB, though the absence of a clear peak

Photon Energy (eV)
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FIG. 3. (a) Comparison of the experimental EDC of anatase,{#01) recorded at 80 eV photon energy with the bulk band-structure
calculations of Asahét al. (Ref. 29. The calculations have been aligned with experiment at the valence-band matseetext (b) MO
diagram adapted from Ref. 29 showing the contributions to different parts of the valence band from the atomic states of Ti and O.

makes this energy more difficult to pinpoint precigeljhis  in Fig. 3, are broadly similar to those recorded from the
downward shift in energy is also consistent with the defect101) surface. There are, however, some subtle differences.
peak arising from reduced valency*Tistates at the surface First for featureA, there appears to be no contribution to the
and has been observed in other mixed-valency oxidepectrum at 55 eV associated with the -3 4s resonance.
systems® The resonance profiles recorded from t0€1) surface for
Figure 4 shows the valence-band EDC spectra of théoth features\ andB are narrower than their analogs on the
(001 surface of anatase recorded at photon energies dfl01) surface, although featuiexhibits a weak shoulder at
40-80 eV. Generally the spectra are similar to those recordearound 55 eV, suggestings&haracter. The peak resonance
from the (101) surface. It is clear that the valence-band fea-of featureA occurs at 47 eV compared to 48 eV for featBre
tures undergo a resonance process between 40 and 60 ewid the two resonances appear to be of similar intensity. It
The most obvious difference lies in the intensity of the defectherefore appears that the X#) reconstruction leads to a
state, associated with the presence of'Tat the surface. complete restructuring of the DOS on this surface with a
This feature is so weak that it can only just be resolved amodification of the Ti-O hybridization over all parts of the
around the maximum resonance energ#®—-48 eV, indi-  valence band. Further evidence for this change in bonding
cating that the (X 4) surface reconstruction shows little or character in the valence band comes from the CIS spectrum
no Ti¥* at the surface. The absence of Tiat the surface is recorded at 4 eV binding energfeatureC).
in agreement with Ti p XPS from the (2xX4) reconstructed For the(001) surface we see two very clear peaks at pho-
(001) surface?®®’ This seems to suggest that tii601)  ton energies of 46.5 and 53—54 eV, in marked contrast to the
(1% 4) surface is more stable with respect to reduction thar{101) surface. From the discussion above the higher-energy
the (102) surface, and the low index surfaces of rutile JiO feature is associated with Tip3—-4s resonance. However,
Indeed, as will be discussed in Sec. Ill B below, 1.5 keV Ar the FLAPW calculations for anataé&éshown in Fig. 3, and
sputtering followed by annealing was required to produce theutile®! suggest there should be no Ts-4derived states in
defect state at thé001) surface. this part of the valence band, and indeed none is observed for
The CIS spectra in Fig. 5, for the features markeanhdB  the (101) surface(Fig. 2). This result then suggests that the
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FIG. 5. CIS spectra of the features, B, G and D of the
valence-band spectrum of anat#861) labeled in Fig. 4A, B, and
D are recorded CIS spectr€;is reconstructed from the EDC'’s in
Fig. 4. The spectra have been arbitrarily offset on the intensity scale
for ease of viewing.
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Binding Energy (eV)

where a small bump may be observed at around 1 eV BE
when the photon energy is around 47 eV. The weak reso-
FIG. 4. EDC's from the clean TiQanatase(001) surface at Nance is attributgd to the fact that there are in fact very few
increasing photon energies. The points marke®, G andD refer Ti* states on this surface as seen in Fig. 4. This result is in
to the binding energies at which CIS spectra were recorded. agreement with earlier work:*" It is possible to create Tt
=8.2eV,B=5.4eV,C=4.0eV,D=1.1¢V. states on this surface by more extensive Asn etching as

o described in Sec Il B below.
significant geometrical structure rearrangement at(€itg)

surface has a great effect on the bonding and therefore the
electronic structure. This is not surprising since it has been
shown that the (X 4) surface reconstruction “admolecule  Figure 6 shows the effect of increasing oxygen exposure
model” of Lazzeri and SelloAl has average Ti-O bond on the valence band and defect state of anata6d) re-
lengths of 1.84 A compared to th{&01) surface where, as- corded at a photon energy of 48 eV. The cleanTiDatase
suming a bulk termination, the average Ti-O distance is 1.93urface was prepared as described above before being gently
A.2° A contraction of the fivefold Ti-O bond lengths would heated and exposed to increasing oxygen coverages. The
be expected to lead to an enhancement of SH@ 2p? sample was allowed to cool to room temperature before each
overlag® and thus an increase in the amounsaharacter is ~ spectrum was recorded. It is clear that following €posure
sensible. One unexpected feature of the result is that she 4the defect state decreases in intensity as the exposure is in-
contribution is localized so close to the valence-band maxicreased, though it is still evident even following a*10
mum. The dramatic difference in the electronic structure beexposure. On the rutile Ti{p110) surface 1 L @exposure is
tween the(101) and (001) surfaces also almost certainly sufficient to reduce the defect state intensity by half, though
rules out any reconstructions based o181 microfacet 10 L is required to remove it completefy. In addition to
model such as that proposed recently by Tanner, Young, arithe effects on the defect peak we also see the appearance of
Altman 28 Further elucidation of the structure would be en-a shoulder at BE of 9 eV on the valence band at the highest
hanced bysurfaceDOS calculations that would allow com- O, exposure (10L). The origin of this peak is not clear
parison with our experimental observations of thaface though it may be associated with the development of the
electronic structure of different anatase surfaces. stoichiometric(101) anatase surface as indicated by recent
For completeness we add that for this surface, no resczalculations?®
nance is observed for the defect state in the CIS. However, The effect of oxygen exposure on the valence band and
there is evidence of a resonance in the EDC spd€iica 4  defect state of th€001) surface is shown in Fig. 7. The

B. Behavior of the “defect peak” on oxygen adsorption
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FIG. 7. Effect of oxygen adsorption on the Ti@natasg001)
surface following the creation of surface defects by two® Ar

] sputter/anneal cycles. The inset shows the effect pa@sorption

I [ I
1 5 1 O 5 EF on the defect state.

Binding Energy (eV) IV. CONCLUSIONS
FIG. 6. Effect of oxygen adsorption the clean Ji@natase Resonant photoemission from the anatésel) surface

(102) surface. The method of preparation is described earlier in th&éuggests the mainly Ovalence band of anatase BHi@x-
text. The inset shows the effect of, @dsorption on the defect state. hibits strong hybridization with Ti 8 and at the higher-
binding-energy part of the valence band, & gtates. At the

spectra are recorded at a photon energy of 48 eV. To imrol_owest—energy part of the valence band there appears to be

duce the defect state on tf@01) surface required two cycles ;/ery little if any Ti Pﬁn't:rl'_%g\%" TTesl,e flndlnfgs r;\)relkln excel-

of 1.5 kV Ar" sputtering cf. 500 eV required to prepare the _I?not ag_;sen;)entdwn tate i C? cu atlonst or du anatase
‘ ) : . . The band-gap state is also seen to undergo a reso-

(101 surface with defecisfollowed by annealing to 900 K. 22 gap s 'S &S0 S . g y

” . hance, and this in conjunction with the decrease in defect
The stability of the (x4) reconstructed anatase surface isg;4te intensity upon O adsorption leads us to conclude that
well known?263"38Exposure to @ during gentle heating of

] ! s the band-gap state is of i character by analogy with the
the sample again leads to a gradual decrease in the intensi§éhavior of this feature in rutile.

of the defect state. For both ti#@01) and(101) surfaces it is The (001) surface is more complex. First, it undergoes a
clear that the defect state is associated with O vacancieg] x 4) reconstruction, which seems to stabilize the surface
which may be “healed” by exposure toQinder gentle heat- with regard to defect creation. We suggest that the reduction
ing conditions. This along with the resonance of the defectn bond length in conjunction with the overall geometrical
state suggests that it is due to the presence f Tésulting  rearrangemeft?’ leads to extensive changes in the hybrid-
from surface O vacancies and in this respect the behavior atation between O g and Ti 3d/4s states compared both to
both surfaces is very similar to that observed for rutile. the bulk DOS and thé€101) surface DOS. Creation of O
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