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Surface structure of anatase TiQ(001): Reconstruction, atomic steps, and domains
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The surface structure of anatase Ji@1) was investigated using scanning tunneling microsc@yM),
x-ray photoelectron spectroscop¥PS), reflection high-energy electron diffractiéRHEED), and low-energy
electron diffractionfLEED). A two-domain (1x4)/(4X 1) reconstruction, similar to those previously reported
in LEED and ion scattering studies, was observed by STM and RHEED. This reconstruction was found to be
stable not only from room temperature to 850 °C in ultrahigh vacuum and oxygen-rich environments, but also
during the anatase film growth. High-resolution STM images obtained at positive sample biases revealed two
types of atomic row within each surface unit cell, indicating different Ti-derived states at the surface. At the
same time, XPS of the reconstructed surfaces showed no evidenc¥ oB&ised on the STM, XPS, RHEED,
and LEED results, an “added”-and-"“missing”-row model is proposed to account for the4(lLreconstruc-
tion. Atomic steps and their relationship to the population ok@) and (4<1) domains were also investi-
gated. The results showed that for vicinal surfaces the domain population depended strongly on the overall
surface step orientation. While populations of thex@) and the (4 1) domains were nearly equal on flat
(001) surfaces, they became significantly lopsided on a surface with its normal 2° away fro@0be
direction, demonstrating a strong correlation between surface steps and domain population on vicinal surfaces.
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. INTRODUCTION X 4) reconstruction at the anatase Ji@1) surface under
different conditions. We then show XPS results on the elec-
Titanium dioxide is of great importance in several tech-tronic structures of Tig001)-(1x4). We present evidence
nological applications including photocatalysis, sensors, sofor atomic steps, defects on anat#661) surfaces, and dis-
lar cells, and memory devicés? TiO, has three different cuss the implications of these features for the surface recon-
polymorphs: rutile, anatase, and brookite. The bulk and surstructions and domain populations. We finally propose a
face properties of rutile have received the most investigatiostructural model that accounts for the surface reconstruction
due largely to the availability of large bulk rutile single crys- and local step structures.
tals. Although anatase TiCexhibits superior photocatalytic
properties as well as a number of interesting behavidts, Il. EXPERIMENTAL METHOD
experimental investigations on anatase single-crystal sur-

faces have been very limited and existing results remain con- "€ experiments were conducted in two separate UHV
troversial. Durincket al. first reported a (X 1) low-energy systems. The first one is a custom-designed oxygen-plasma-

electron diffraction(LEED) pattern from a mineral anatase assisted molecular-beam epitax@PA-MBE) system that

i ists of a growth chamber and a characterization cham-
(001) surface® Recently, Herman, Sievers, and Gao reported "> _ _ _
a (1x4) reconstruction on thin-film anatase TB{001) cger‘ The growth chamber is equipped with a RHEED system

rfaceld Based on anale-resolved m i fr operating at 15 keV fom situ monitoring of surface struc-
surface.”based on angle-resolved mass Spectroscopy ot 1&g, .o 5 morphology during film growth, an electron cyclo-
coiled ions, these authors attributed thex(4) reconstruc-

_ tron resonancédECR) plasma source for activated oxygen
tion to microfaceting toward103) and (103) surface planes. radicals, and two quartz crystal oscillat¢@CO’s) adjacent
Hengerert al. also reported a (%X 4) reconstruction on ana- to the substrate for flux monitoring. The characterization
tase(001) surfaces. They suggested that this reconstructiomhamber is equipped with an x-ray photoelectron spectrom-
might be due to ordered oxygen vacanciesut they also  eter and reverse-view LEED optics. The second UHV system
cautioned about potential complications of this reconstrucis equipped with a STM, LEED optics, an XPS spectrometer,
tion. In this paper, we report on a study of the anatase&n Auger electron spectrometer and an ECR oxygen plasma
TiO4(00D)-(1x4) surface by scanning tunneling microscopy source. All the STM images shown here were taken at posi-
(STM), combined with x-ray photoelectron spectroscopytive sample bias. The base pressures of both characterization
(XPS), reflection high-energy electron diffractigRHEED), chambers were in the low 18°Torr range. In both systems,
and LEED. The nature of the reconstruction is explained irsample heating was accomplished through electron bombard-
terms of “added” and “missing” rows at the anatase sur- ment from the back side of the sample holder, and the
faces. sample temperature was measured by a #pleermocouple

After a brief description of the experimental method, welocated adjacent to the sample. The detailed descriptions of
present the RHEED, LEED, and STM results on the (1lthese two systems have been provided elsewifere.
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Two classes of single-crystal anatase X@1) surfaces
were examined. The first class consisted of single-crystal
anatase Ti_@ thin films. These fjlms were grown on Nb- < X
doped SrTiQ(001) substrates using the OPA-MBE method
with the substrates at 550 °C and an oxygen pressure of 2
X 107° Torr. The film growth rate was typically-1 A/min,
judged by the QCQO’s. The combination of low growth tem-
perature and low growth rate was important in this case as it
allowed the strontium out-diffusion from the SrTjGub-
strates to the anatase films to be minimized while maintain-
ing a high degree of crystallinity of the films. Upon comple-
tion of MBE growth, anatase films were transferiaditu to
the appended characterization chamber for XPS and LEED
measurements, and then transferred to the STM system
through air for further investigations. After thex situ
sample transfer, the anatase films were subjected to several
cycles of Ar sputtering and annealing in oxygen at a partial
pressure of~5x10 8 Torr. XPS showed that the resulting
surfaces were free of carbon contamination. However, cycles X
of sputtering and annealing often yielded a small amount of
Sr residing at the anatase surfaces due to strontium segrega-FIG. 1. A ball-and-stick model of an anatase unit cell. The large
tion from the SrTiQ substrates. The amount of Sr was ap-and small balls represent O and Ti atoms, respectively AaedB
proximately 1 to 1.5 at. % based on XPS measurements. Thearkers denote different locations where the crystal may be
quality of the LEED patterns of the resulting surfaces wascleaved.
either comparable to or better than that of as-grown anatase

surfaces. In addition to LEED. and RHEED, x-ray diffraction (001 surface can be created either by breaking all the Ti-O
(XRD) was also used to verify the crystal structure of thebonds running along thé001] direction at the location

MBE-grown anatase films. Results showed that these film R ; .
i . TharkedA in Fig. 1, or by breaking not only the Ti-O bonds
consisted of 100% anatase and had no detectable mmor%nning along th001] direction, but also those buckled

phases. T ; -
The second class of single-crystal anatase was a bulk mir T1-O bonds at locatio. The former creates an autocom

eral. The sample surface was prepared by first annealing i ensqted surface; the Iatt«_er not only involves more bond_
an oxygen plasma at about 500 °C to remove all the Ca an reaking events, but also yl_elds a charged and thus energeti-
carbon impurities at the surface and then in UHv-ao°c  cally unstable surface terminated by Ti.
for several hours. The resulting surface exhibited sharp Figure 2& shows a RHEED pattern of an anatase surface
LEED patterns, comparable to those of the thin-film sur-taken along th¢100] azimuthal direction during film growth.
faces. Since the size of the mineral anatase sample was mu¢he streakiness of the pattern suggests that the film surface
smaller than the viewing area of the XPS spectrometer, Auwas very flat. Aside from the primary- diffraction pattern,
ger electron spectroscopy was used to verify the cleanlinesgeak 4x diffraction features consisting of three additional
of the surface. Results obtained after these treatmengireaks within each structure were also visible, suggest-
showed that the surface was free from Ca, Sr, and C impung that a 4< reconstruction occurred along th@10] direc-
rities. tion during growth. Likewise, the RHEED patterns taken
along the[010] azimuth also exhibited similar features, indi-

ll. RESULTS cating either that the ¥ reconstruction was due to a mutu-
ally orthogonal two-domain surface structure, or that the re-
construction occurred along bofh00] and[010] directions.

Anatase TiQ has a tetragonal unit cell within which each  To elucidate the nature of the<4reconstruction observed
Ti atom is coordinated to six oxygen atoms. Figure 1 show$y RHEED along boti{100] and [010] directions, LEED
a ball-and-stick model of an anatase unit cell. It contains 12vas used to examine the anatase ,{801) surface. Figure
atoms and has a volume of 378.78<9.51 A>. Compared 2(b) shows a LEED pattern for an as-grown anaté®@l)
to rutile TiO,, there is a significant degree of buckling asso-surface. A two-domain structure, consisting ofX(4) and
ciated with O-Ti-O bonds in anatase. This buckling reduceg4x 1) reconstructions, similar to those reported by Herman
the crystal symmetry and results in a larger unit-cell dimen-et al.and by Hengereet al,'%!!is clearly evident. A similar
sion in the[001] direction. Also notice in Fig. 1 that near the LEED pattern was also observed on the mineral ;{001
top of the unit cell the rows of oxygen atoms alof@l0]  surface that was free of Sr, indicating that thex(#) recon-
buckle upward, whilg a unit cell down, the rows of oxygen struction is intrinsic to the anata$@01) surface, instead of
atoms along 100] buckle upward; this 90° rotation of the due to Sr impurities or potential complications from the thin
buckling direction is dictated by the crystal structure. Therefilms such as stress due to the 3.5% lattice mismatch between
are two possible terminations for(801) anatase surface. A the TiG, film and SrTiQ, substrate.

[001]
[010]

[100]

A. Surface reconstruction

235402-2



SURFACE STRUCTURE OF ANATASE Tigi001): . . . PHYSICAL REVIEW B 63 235402

FIG. 2. () A RHEED pattern obtained during anatase film
growth. In addition to the X diffraction features, a weak>4 dif-
fraction pattern consisting of three additional lifesarked by three
arrows within the 1X pattern is also visiblgb) A LEED pattern of
an as-grown TiQ(001) surface showing a two-domain K4)/(4
X 1) reconstruction.

. To petter understqnd this reconstruction, we used STMt0 FiG. 3. (a) A large-scale STM image showing K4) and (4
investigate the atomic structure and morphology of anatasg 1) domains on anatase TiM@01). The size of the image is
TiO,(001). Figure 3a) is a large-scale STM image of an 1200x1200 A2. The inset is a close-up view of the surface show-
anatase film surface. Two types of mutually orthogonal doing a (1x4) unit cell on TiGQ(001). (b) A high-resolution STM
mains separated by steps are shown in the image. The heightage reveals in addition to the bright rows two additional faint
of these steps was approximately 2.3 A. Within experimentalows (marked by arrowsin each 4 period.(c) A magnified STM
error, these steps corresponded fanit-cell-high atomic ~ mage showing a local’8 reconstruction on an anatase F{@021)
steps of 2.4 A. There were essentially two types of step orf"'
this surface, with step edges either parallel or perpendiculz

face. The image is 1%40 A? in size.

! 2.4 R), accompanied by a 90° rotation along {8®1] axis,
tho éhe aFome drows atht_lhe # pﬁ)er terra(_:esl.l T: N dforgw'err] ?(Ttek nd followed by a 1.9 A horizontal translation.
ad straight edges, while the latter typically had a high kin Figure 3b) is a high resolution STM image of

density, and were thus more kinky and wavy N appearancein,0p1)-(1x4). In addition to the brighter rows such as
similar to theA andB steps on $001) surfac_es". Asonthe nse shown in Fig. @), two additional faint rows, marked
Si su_rface, this sugge_sts that steps running parallel to thsy the arrows in Fig. ), are also evident within each<4
atomic rows are lower in energy. period. The distance between the two adjacent faint rows was
The average spacing between two adjacent atomic rows.3.9 A and~6.2 A between a faint row and the adjacent
was ~16 A, approximately four times the ¢41) unit cell  prighter row. The corrugation of the brighter atomic rows
distance(15.12 A). In addition to the % periodicity, corru-  along the[100] direction was typically about 1.5 A when the
gations along the atomic rows with periodicity o84 and 8 sample was biased at 2.5 V. This corrugation, however, de-
A, such as those shown in the inset of Figa)3were also pended on the sample bias. It typically varied from 0.8 to 1.7
observed. It is worth noting that the X14) and (4<1) do- A as the sample bias changed from 3.0 to 1.5 V, with the
mains shown in Fig. @) are crystallographically equivalent. exact magnitude dependent on the tip. This bias dependence
As shown in Fig. 1, a “lower” terrace can be reproduced suggests a coupling between geometric and electronic effects
from an upper terrace by a single-height vertical translationin determining the contrast in the image.
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FIG. 4. XPS spectra of Ti 3, and Ti 2p,, core levels for an
as-grown anatase §4) surface. The solid line is the experimental
data and the dashed line is the fitted peak involving a single
Gaussian-Lorentzian peak for Tpg, and Ti 2p,,, respectively.
The excellent fit demonstrates the absence of' Ton the
TiO,(001)-(1x 4) surfaces.

In addition to the (4 1) reconstruction, local’8 and 6x
reconstructions were also observed on this surface. Com-
pared to the (X4), these local reconstructions occurred
much less frequently. Figurd@ is a STM image of a local
3X reconstruction. It involves only two atomic rows with the  FIG. 5. (a) A STM image showing a double-height step running
spacing between them beingl2 A. These results indicate along the[010] direction. The separation between the two atomic
that on TiQ(001) surfaces the separations between atomigows from upper and lower terraces adjacent to the step edge is
rows can vary to some degree. Such a variability could bd8A. The size of the image is 45®280 A% (b) A STM image
due either to defects related to stacking faults, or toPPtained on a vicinal surface, showing that thex) domain
“added”-row structures such as those observed on rut"éjomlnates the surface. The normal of the surface had a 2° inclina-
TiO,(110-(1x2) where variable row spacing is intringig26 10" toward thef010] direction.

X4) or sometimes a diffused 1) pattern. Prolonging the
B. Electronic structures and stability of (1X4) reconstruction annealing time did not improve the quality of the LEED

. : dpattern.
In addition to surface morphology, atomic structures, an
surface symmetry, the electronic structures of the anatase _ _ _ _
(001 surfaces were also investigated using XPS. Figure 4 isC- Surface steps, domain boundaries, and domain population

an XPS spectrum of the Ti core level for an as-grown (1 |n addition to the single-height steps shown in Fi¢g)3

X 4) reconstructed anatase surface. Results show that bogfouble-height steps were also observed on,{001)-(1

the Ti2p;z, and TiZpy, peaks can be fitted well by single x4). Figure %a) is a STM image of a double-height step
peaks, indicating the absence of Tfrom the (1x4) recon-  with its edge parallel to the atomic rows on the terraces. The
struction. To verify the stability of the (4) reconstruc- lateral separation between the two adjacent atomic rows from
tion, we annealed the surface in UHV and in oxygen plasmahe upper and lower terraces wad8 A, ~2 A larger than
(oxygen partial pressure as high as 80 © Torr) conditions  the 4x distance. In addition, the atomic row at the step edge
with sample temperature up to 850°C. STM and LEEDon the upper terrace is typically broader than those on the
showed that the (X 4) reconstruction remained unchanged.regular terraces.

XPS of Ti0,(001) showed no evidence of *Ti states after STM results showed that on Ty001)-(1X 4) the over-
annealing in UHV at temperatures as high as 750 °C, a corall step direction dictated by the misorientation of the crystal
dition under which significant reduction is known to take profoundly affects the population of (4) and (4x 1) do-
place on rutile surfaces. Annealing at higher temperatures imains. On nominally flaf001) surfaces where the step den-
UHV began to produce ¥i states observed by XPS. These sities along[100] and[010] were nearly equal, the popula-
results suggest that anatase J{@M1)-(1x4) is more stable tion of (1xX4) and (4x 1) domains were also approximately
toward reduction than rutile surfaces. Annealing thethe same. For example, statistical analysis of Figa) 3
TiO,(001)-(1X4) surface in oxygen plasma with oxygen par- showed that the (X¥4) domain occupied 48.3% of the total
tial pressure greater thanxgL0 © Torr often degraded the surface area while the (41) domain occupied 51.7%. The
LEED pattern of the surface, resulting in either a weak (1population distribution changed drastically on vicinal sur-
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rows by Hengereet al! Based on our investigation of the
stability of the surface, the (14) reconstruction is not
likely to be due to missing oxygen rows. This is because all
anatase films we investigated were grown in an activated
. ' oxygen environment with the oxygen partial pressure as high
P - ot W as 2x 10 °Torr. Under these conditions, the X#) recon-

. struction was observed during growth by RHEED. If the (1
X 4) surface were reduced, continued growth on this surface
would undoubtedly lead to films with a bulk stoichiometry

g considerably less than TigOwhich is not the case. In addi-
T P " tion, our XPS spectra of the (d4) surface showed no evi-

: " ; F dence of Ti" at the surface. Furthermore, postgrowth an-
nealing of the TiQ(001)-(1X4) under reduction and
oxidation conditions showed no substantial differences in
: i . : .. STM, LEED, and XPS results. This experimental evidence
FIG. 6. A STM image showing two antiphase domains CoexISt'suggests that the ¢44) reconstruction ispfully oxidized and

ing on the same terrace. The protrusions from one domain align mains stable under these annealing conditions. Further
with the depressions on the other domain, as demonstrated by th NS 'S u S Ing itions. - Fur .

marked line. Near where the domain boundary ends, a logal 6 more, since high-quality single-crystal anatase films were
reconstruction is also evident as demonstrated by the arrow. grown On_ these reco_nstructed surfaces, thec4] recon-
struction is also not likely to be related to any nonanatase
faces. Figure &) is a STM image obtained from a mineral phases' such as 2U3.°r. rutile TiO,, but has the structural
TiO,(001) surface that has a vicinal surface with 2° inclina- PrOPerties characteristic of anatase. _
tion toward the[100] direction. As a result, the majority of The (1x4) reconstruction is also not likely to be due to
the steps had their edges along 0] direction. Instead of ~Microfaceting toward thé103) and (103) planes;’ since this
the equal domain populations observed on the flat surfacdnodel is inconsistent with the high-resolution STM images
the (1x 4) domains, which had atomic rows running parallelshown in Fig. 8b). It is known that under the positive
to the [100] step edges, occupied nearly 92% of the totalsample bias condition STM preferentially images cation-
surface area. In contrast, the><4_) domains Occupied on|y derived Sta.te%? This was also verified by Dieboldt al. on
8% of the surface area, indicating that the steps strongl§he rutile TiOy(110) surface® These authors found that on
discriminated against the domains with atomic rows perpenthe rutile TiOy(110) surfaces, although the oxygen atoms lie
dicular to the step edgesl This Change in domain popu|ati0r@bove the Ti atoms, it is the Ti-derived states that contribute
was also reflected by LEED measurements. LEED pattern® the STM images under the positive sample bias
taken on this vicinal surface showed that the<(4_) domains Conditionfl'g Since rutile and anatase have similar densities of
had a higher diffraction intensity than that of thex(4) states and hybridization of atomic orbitals in their conduc-
domains. tion bands® we expect that this finding on TiQutile® can
In addition to those orthogonal ¢44) and (4x1) do-  @also be applied to anatase surfaces. Consequently, according
mains, antiphase domains, nearly 180° out of phase witlo the (103)/(D3) microfaceting model, one would expect
respect to each other, were also observed on the anatasesee no atomic rows within the &l4) surface unit cell
(001 surface. In contrast to the &4) and the (4 1) do-  since there are no Ti-derived states. This is inconsistent with
mains, which were separated by single-height atomic stepshe high-resolution STM image shown in Fig(bg The

these antiphase domains coexisted on the same terrace. F'(g03) /(_103) microfacet model also suggests pairs of Ti at-
ure 6 is a STM image of two antiphase domains. The righbms at the tops of the ridges, but no such pairs could be
side of the image shows a domain boundary across whicfesplved in high-resolution images.
protrusions from one domain nearly align with depressions  since the measured vertical separation between the bright
from the other domain. The domain boundary ends at the |Efénd faint rows varied with Samp|e bias, this apparent separa-
side of the image, beyond which continuum atomic rowstjon is a combination of geometric and electronic effects. It is
running along the[100] direction further confirmed that \worth noting that, if the bright and faint Ti rows had the
these two antiphase domains were on the same terrace. Negime local electronic structures, their corrugations would
where the domain boundary ends at the left side of the imchange in the same way under different Samp|e biasesl re-
age, a local & reconstruction, marked by an arrow, is also syjting in a constant vertical separation between these rows.
evident. Since this contradicts the STM results, and because the 1.5 A
separation does not correspond to a characteristic distance
IV. DISCUSSION between titanium atoms in anatase, the results indicate that
the bright and faint rows are likely to have different local
The (1X4) reconstruction was observed previously byelectronic structures.
angle-resolved mass spectroscopy of recoiled ions and by Based on our STM, RHEED, LEED, and XPS resullts, it is
LEED. This reconstruction was attributed(ft03) and (103)  quite clear that the (X4) reconstruction cannot be ad-
microfaceting by Hermaret all° and to missing oxygen equately explained by previously proposed mod@fs.
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FIG. 7. A ball-and-stick model of the anatase 7{001)-(1
X 4) reconstruction. Large and small balls represent oxygen and
titanium atoms, respectively.

A

v

FIG. 8. A structural model of a double-height step based on the

Combining the experimental results obtained from this invesP"0P0sed (1 4) structure. The horizontal distance between the ad-
tigation, we propose the structural model shown in Fig. 7 fol2CeNt two atomic rows from the upper and lower terraces is 17.2 A
the (1X4) reconstruction. This model is based on the (1cons'stent with the distance determined by STM.

X 1) surface structure, involving “added” and “missing”

rows. All atoms in this model are derived from their bulk sults showed that formate molecules preferentially adsorb on
positions. Each surface unit cell consists of one added Ti-Qop of the added rows and form a locak Structure along
row, two added oxygen rows, and one missing oxygen rowthese rows. While this local’? reconstruction should not be
The resulting surface is stoichiometric and autocompensate@dken as an indication that the underlying Fi€urface must

in charge; thus not only is it energetically favorable, but italso have a 2 periodicity, the preferential adsorption of
also contains no Pi states, consistent with our XPS results. formate on top of the added rows seems to suggest that the
There is a similarity between this model and the ()Z0B03) reduced coordination of Ti atoms on these rows, arguing
microfaceting modet® Our model effectively creates micro- against the complete removal of the oxygen row in the center

facets toward th€014) and (019 planes. The major differ- Of the trough. If the missing oxygen is distributed bgtween
ence between these two models is that this one has two rowge “added” rows and the troughs, then the preferential for-
of Ti atoms within each unit cell, whereas the Ti atoms aremate adsorption can be understood in terms of steric effects

missing in the (103(T03) microfaceting model. In addi- as well as other possible subtle differences between the
tion, instead of being driven by surface faceting, the added-added” rows and troughs.
and-missing-row model allows the surfaces to form different The added-and-missing-row model appears to reproduce
reconstructions such as X13) and (1x6) by simply vary- the characteristic features of the STM images shown in Figs.
ing the spaces between the added and missing rows. 3(a) and 3b); for example, bright rows 16 A apart derived

It is worth noting that within the framework of the pro- from the fivefold-coordinated Ti sites at the added Ti-O
posed (1x4) model shown in Fig. 7 there are several waysrows, and two faint rows about A apart within each unit
to satisfy surface charge neutrality. One way is to completelell resulting from tunneling into the fourfold-coordinated Ti
remove the atomic oxygen row in the middle of the trough assites. Since all the surface atoms from this reconstruction are
shown in Fig. 7. This results in all the Ti atoms in the troughderived from their bulk anatase positions, this reconstructed
having fourfold coordination. Another way is to remove all surface also serves as a good template for the growth of
the oxygen atoms on top of the added row instead of in th@natase films.
middle of the trough, resulting in all the Ti atoms on top of Based on this proposed model, we can also construct a
the added row being threefold coordinated; this is highlydouble-height step that exhibits the characteristic distance
unrealistic. Finally, one can satisfy charge neutrality by re-features such as the 18 A lateral separation and a broader
moving half of the oxygen atoms from the trough and halfatomic row at the step edge on the upper terrace shown in
from the top of the added row in each surface cell. ThisFig. 5a). Figure 8 is a ball-and-stick model of a double-
results in all the Ti atoms on top of the added rows beingheight step structure. The resulting surface in this model is
fourfold coordinated, and the Ti atoms in the middle of theautocompensated. The separation between the two atomic
trough being 50% fourfold coordinated and 50% fivefold co-rows from the upper and lower terraces adjacent to the step
ordinated. In this case, if all the missing oxygen atoms aredge is 17.2 A, consistent with the STM results shown in
structurally coherent, they yield a ¥4) reconstruction in- Fig. 5a).
stead of the (X4) reconstruction, thus contradicting our  The driving force for the (X 4) reconstruction is unclear.
experimental results. However, if the missing oxygen atomd he fact that the ideal anatase {001 surface reconstructs
are not coherent along or between the rows, this structur a (1x4) structure although it is autocompensated is rath-
produces a (X 4) reconstruction in the LEED pattern. We erunusual, but not unique. In fact, it was found after anneal-
have recently conducted a STM investigation on the adsorping in UHV at elevated temperatures that, although the sur-
tion of formate on the anatase Ti001) surface?® The re- face stoichiometry remained unchanged, autocompensated
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MnO(001) surfaces transformed from &l1) to (2X2) and ACKNOWLEDGMENTS
(6X6) reconstruction&!
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