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The structure transformation of a TiO2(110) surface was observed at atomic-scale resolution by scanning

tunneling microscopy (STM) and low-energy electron diffraction (LEED). Irregular corrugations on an argon-
bombarded TiO2(110) surface crystallized to stacked (1x1) terraces by vacuum annealing at 600—800 K.
The terraces grew in dimension to be as large as 30x30 nm? at 900 K. The unoccupied surface states
localized on individual Ti** ions were resolved on a (1x1) terrace. The position of the Ti** ions was probed
by imaging adsorbed formate ions. Annealing at higher temperatures resulted in the formation of a wide row
structure comprising double strands. Imaging of individual adsorbed formate ions was used to grade possible
structure models by probing Ti ions exposed on the surface; thereby, an added TisO3 row model, which is
a new surface-limited phase of titanium oxide consisting of Ti3* ions of the optimum six-fold coordination,
was concluded for the double-strand structure. These results demonstrate the ability of probing experiments
with an adsorbed molecule to determine the chemical nature of imaged sites on multi-component materials

by STM.

Scanning tunneling microscopy (STM) has been
bringing novel insights concerning surface chemistry
on metals and semiconductors.>? The decomposition
reaction of adsorbed ethene was monitored on Pt-
(111).® It was suggested that hydrogen adsorption pro-
moted the formation of NiH, chains on Ni(110).* The
formation of an oxidized chain was observed on Cu-
(110), where mobile copper atoms migrated on the ter-
race, even at room temperature, being oxidized into
—-0-Cu-O- chains.” On Si(111)-(7x7), the diffusion
of vacancies governed the Si transport in oxidative
etching and oxide formation reactions.® Those pio-
neering results demonstrate that the kinetics of sur-
face reactions can be observed in-situ by STM at
an atomic-scale resolution. There are, however, lim-
ited STM results reported concerning metal-oxide sur-
faces, though metal oxides are fundamental materi-
als for catalysts, gas sensors, ceramics, and dielec-
tric or superconducting materials used for electronic
devices. Very recently, atomically resolved images
have been reported for TiO2(110),"**® TiO2(100)-
(1x3),'% SrTi03(100)- (v5x/5),151® Fe304(100),'"
Rb1/3W03(0001),18) M018052(100),19) V205(010),20’21)

and a FeO,-film prepared on Pt(111).?» However, the
chemical nature of the imaged sites was not always ob-
vious on those multi-component surfaces.

In the present paper we report on atomic-scale imag-
ing of a TiO2(110) surface, including stacked (1x1)
terraces and a partially reduced (1x2) reconstruction,
extending our previous communication.'” The trans-
formation in the surface structure was observed with
increasing annealing temperature. Titanium ions ex-
posed on the surface were probed by imaging adsorbed
formate ions. Thereby, a one-dimensional row of Ti*t
ions was found on the (1x1) surface, while a reconstruc-
tion with an added Ti»O3 row, where no titanium ion
was exposed, was concluded on the (1x2) surface.

Rutile TiO, is a typical transition metal oxide used
for catalysts, gas sensors, and electrodes in photoelec-
trolysis cells. Surface reactions play a crucial role in
those applications. TiOs also provides an interesting
field of surface chemistry. It has been thought that
the local coordination environment dominates the reac-
tions on a TiO, surface.?® Structure-sensitive coupling
reactions of adsorbed acetates?® and formates?® were
found on a TiO5 single-crystal surface. In the catalytic
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decomposition reaction of formic acid on a TiO2(110)
surface, we found that a switchover of the reaction paths
from dehydration to dehydrogenation by the second re-
actant molecule; an adsorbed formate ion unimolec-
ularly decomposed to CO and an adsorbed hydroxyl
group (HCOO™(a)—»CO+OH™ (a)), while the inter-
mediate reacted with a formic acid molecule to yield
CO2 and dihydrogen (HCOO~(a)+HCOOH—CO,+
Hy+HCOO™ (a)).262 1t is thus interesting to trace the
microscopic kinetics of chemical reactions on a TiOq
surface by STM, and to consider the reactivity on the
basis of the microscopic structures of reaction sites.
The (110) surface of rutile TiOy is regarded as being
a stable truncation, whereas (001)?® and (100)*® sur-
faces reconstructed by vacuum annealing are considered

to diminish the population of unstable four-fold coordi- -

nated Ti ions. Figure 1 illustrates the model proposed
for the stoichiometric TiO2(110)-(1x1) truncation.®
A medium-energy backscattered electron diffraction
(MEED) study supported the model.>*) The model con-
tains two types of in-plane Ti ions: five-fold and six-fold
coordinated. Protruding oxygen ions bridge the six-fold
coordinated Ti ions, forming regular O-ridges along the
[001] axis. The alternative alignment of the exposed,
five-fold coordinated Ti-row, and the bridging O-ridge
results in the characteristic anisotropy on this surface.
One-dimensional transport was found in the migration
of adsorbed formate ions along the Ti-row.3?

Several STM studies were performed on TiO5(110) in
air®® and UHV.” ¥ Early studies” ™ reported regular
rows oriented along the [113] or [1T1] direction on vac-
uum-annealed (1x1) surfaces, and assigned the [111]-
row to a crystallographic shear (CS) structure of par-
tially reduced crystals. The CS model, however, failed
to reproduce the (1x1) periodicity. Recently, ridges
parallel to the [0 0 1] axis were found to cover the
surface, corresponding to the (1x1) order.!*—** An-
other feature, a protruding double-strand row along the
[0 0 1] direction, was also reported and associated with
a (1x2) reconstruction in the recent studies. Contradic-
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Fig. 1. A stoichiometric model of the TiO2(110)-(1x1)
surface. Filled and shaded symbols represent Ti*t
and O27, respectively. Plan and side views are
shown.
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tory models have been proposed for the double-strand
row.10:11:13:34) Byrthermore, an additional structure hav-
ing a local ¢(2x1)!? or (2x2) symmetry'® was observed
on the surface by exposure to an oxygen ambient'® or
by further annealing in vacuum.'® In the present study,
the chemical nature of the (1x1) ridge and the double-
strand row is examined.

Experimental

The experiments were carried out in an UHV-STM sys-
tem (JEOL, JSTM4500VT, Japan) equipped with an Ar™
gun and LEED-AES optics. The base pressure was 8x107°
Pa. A polished TiO2(110) wafer of 6.5x1x0.25 mm? (Earth
Chemicals Co., Ltd., Japan) was annealed in air at 1100 K
for 1 h. Nickel film was then deposited on a side of the
wafer to resistively heat the crystal in the vacuum cham-
ber. A small electrical input (ca. 2 V, 1 A) was sufficient to
heat the wafer at 1200 K. The temperature of the surface
was monitored with an IR radiation thermometer (Chino,
IRFBP, Japan).

STM images were recorded at room temperature with a
Pt—Ir tip. Positive sample bias voltages (Vs) of 0.5—2.0 V,
and tunneling currents (L) of 0.2—0.3 nA were applied,
while an opposite bias resulted in an unstable tunneling
junction. A constant-current mode or a variable-current
mode was employed in the imaging. In the latter mode,
the z-position of the tip was controlled by a feedback loop
with a larger time constant than in the former mode; thus,
the surface topography was presented by small deviations
in the tunneling current around a set value. Corrugations
were presented as if they were illuminated from left side in
the variable-current images shown below. This method of
imaging was suitable for a rough or terraced surface. The
dimensions of the imaged structure were determined in con-
stant-current scans. The topography was presented in a
gray scale in constant-current images. The scaling of the
microscope was calibrated on a Si(111)-(7x7) surface.

In formate adsorption measurements, the TiO2 surface
was exposed to DCOOD (Merck, USA) at room temper-
ature prior to STM observations. A capillary gas doser
transported the reactant to the sample surface, thus min-
imizing contamination in the chamber. DCOOD was used
to avoid Hs background in thermal desorption and reaction
experiments.26’27)

Results and Discussion

Surface Preparation and Stoichiometry. A
well-ordered (1x1) surface was prepared by cycles of ar-
gon bombardment (3 keV, 0.3 pA, 5 min) and vacuum
annealing at 900 K (0.5—3 min). A sharp (1x1) LEED
pattern was observed, and no impurity on the surface
was detected by Auger electron spectroscopy (AES).
The wafer became deep blue after tens of cleaning cy-
cles. Argon sputtering and high-temperature annealing
caused a deficiency in the oxygen concentration.?® The
following experiments were performed on the blue crys-
tal with a resistivity of 2 Qm. Assuming that the car-
rier density is inversely proportional to the resistivity, a
slight deviation from the stoichiometry (—0.001%) was
estimated for our wafer.?® A carrier density of 6x10%°
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Fig. 2. LEED and STM results of an Art-bombarded TiO2(110) surface. (a) a LEED pattern observed with a priméxy

energy of 54 eV, (b) a variable-current topograph (100x100 nm?, Vz=+2.0 V, ,=0.3 nA), and (c) a cross section
determined in a constant-current scan.
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Fig. 3. LEED and STM results of the terraced TiO2(110) surface annealed at 600—800 K. (a) a LEED pattern

observed on the surface annealed at 750 K with a primary energy of 48 eV, and (b) a variable-current topograph of
the surface annealed at 800 K (100x100 nm?, V;=+2.0 V, ,=0.3 nA).
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m~3 had been reported for a rutile single crystal of 0.04
Qm.%®

The structure transformation of an Art-bombarded
TiO2(110) surface is mentioned in the following sec-
tions. The reconstruction of the bombarded surface was
monitored with increasing temperature of vacuum an-
nealing.

Art-Bombarded TiO2(110) Surface. Figure 2
shows a LEED pattern and a variable-current topo-
graph observed on a bombarded surface without an-
nealing. A diffuse (1x1) pattern faintly appeared in
LEED (Fig. 2a), suggesting a poorly ordered structure.
The STM topograph was rugged, as shown in Fig. 2b,
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where corrugations were presented as if lighted from
the left side. Irregular corrugations of ca. +2 nm were
observed in constant current measurements. A typical
cross section is shown in Fig. 2c.

Development of (1x1) Terraces.  The irregu-
lar corrugations on the bombarded surface crystallized
into small and stacked terraces by vacuum annealing at
600—800 K. The terraces developed in dimension with
increasing annealing temperature. Figure 3a presents
the LEED pattern with broad (1x1) spots with crossed
streaks recorded on a surface annealed at 750 K. The
fair pattern shows that (1x1) ordered patches grew in
dimension as large as the coherent length of the pri-

Fig. 4.

LEED and STM results of the well-ordered TiO2(110)-(1x1) surface annealed at 800—900 K. (a) a LEED

pattern observed on the surface annealed at 880 K with a primary energy of 88 eV, (b) a variable-current topograph
of the surface annealed at 860 K (100x100 nm?, V;=+2.0 V, ,=0.3 nA), and (c) a variable-current topograph of
stacked terraces of the surface in (b) (5x5 nm?, V;=+2.0 V, ,=0.3 nA).
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mary electron beam, ca. 10 nm.?” Hexagonal terraces
that were 10x10 nm? or smaller accordingly appeared
in the topograph of Fig. 3b. The terraces were irreg-
ularly stacked and bounded by steps in the [111] and
[001] directions. The diffraction on a terrace generated
the (1x1) spots, while the electron waves diffracted on
the stacked terraces interfered to cause streaks normal
to the azimuth of the steps. An electron-stimulated
desorption (ESD) study®® detected off-normal emis-
sions of stimulated ions on a TiO2(110) surface annealed
at 400—800 K. Step structures parallel to the [111]
and [113] directions were proposed for the off-normal
signals.®® Our observation partly agrees with the pro-
posal.

The stacked terraces grew in dimension along with
the annealing temperature. The crossed streaks became
faint, and disappeared at 900 K. Figure 4a shows a
sharp (1x1) pattern without streaks recorded on a sur-
face annealed at 880 K. Terraces that were 30x30 nm?
or larger were observed in a topograph on the surface
annealed at 860 K (Fig. 4b). Regular ridges oriented
along the [001] axis covered the surface. They were
separated from each other by 0.65 nm. The separation
corresponded with the (1x1) periodicity in the stoichio-
metric model (Fig. 1). It was thus suggested that the
ridge represented the position of either the exposed Ti-
row or the bridging O-row. However, it was not obvi-
ous whether the Ti-row or the O-row was imaged as the
protruding ridge in the topograph.

A uniform step height (0.32 nm) was determined in
constant-current measurements. This was equivalent to
the layer separation of the (110) planes in a bulk crys-
tal. Figure 4c shows an STM image for a small area
over a [111]-step, where the ridges on the adjacent ter-
races alternated with each other. These characteristics
are well reproduced in the model shown in Fig. 5a, the
situation of which is independent of the assignment of
the imaged component (Ti or O). Stoichiometric trun-
cation of the bulk and no displacement of the residual
atoms are assumed in Fig. 5a. Small corrugations on
the step slope observed in Fig. 4c may reflect the ions
at coordinatively unsaturated positions.

The terraces observed in Figs. 3b and 4b were
bounded by [1T1]- and [001]-steps. The stability of
those steps can be rationalized in the light of stoichiom-
etry. A hexagonal terrace with the stable steps main-
tains the TiOs composition, if we assume Ti ions re-
quire five-fold or six-fold coordination at step edges, as
illustrated in Fig. 5a where the upper terrace comprises
TigoO13s. Another type of termination, e. g. a [110]-
step, leads to a composition beyond TiO;. A rectangu-
lar terrace bounded by [110]- and [001]-steps shown in
Fig. 5b comprises Tiz;O7¢ being out of the stoichiom-
etry. Eight oxygen ions must be removed to maintain
the TiOs composition. This would result in poor and
hence energetically unfavorable coordination of Ti ions.

Ti-Row or O-Row 7 It is a fundamental is-
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Fig. 5. (a) A model of a stacked (110)-(1x1) ter-
race bounded by [1T1]- and [001]-steps. Plan and
side views are shown. The upper terrace comprises
TigoO138 in the model, maintaining the stoichiome-
try. (b) Top view of a stacked (110) terrace bounded
by [110]- and [001]-steps. The upper terrace com-
prises Tiz1 070, being out of the stoichiometry. Filled
and shaded symbols represent Ti*T and 02, respec-
tively.

sue for reading topographs whether the exposed Ti-row
or bridging O-row generates the protruding ridge in
Fig. 4. We have already proposed that electron tun-
neling from the tip into the unoccupied states of the
surface was responsible for the observed contrast, since
the topographs were determined on a positively biased
surface. The exposed five-fold coordinated Ti** ion is
a reasonable source of the unoccupied states. A DV-
Xa cluster calculation®® predicted vacant 3d-states lo-
calized on the exposed Ti ion; those states could be 1—
2 eV above the Fermi level, and could expand normal
to the surface. These characteristics are favorable for
the imaged tunneling. On the other hand, the bridging
oxygen ion, the position of which is 0.15 nm closer to
the tip than the Ti position in Fig. 1, may also create
the observed corrugation. Finite hybridization of Ti-
derived and O-derived states should be considered in
this case. To examine the alternative proposition, we
probed the Ti ions exposed on the (1x1) surface using
imaging of individual adsorbed formate ions (DCOO™).
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The reaction of formic acid has been well-character-
ized on the Ti0O5(110)-(1x1) surface by thermal desorp-
tion and photoelectron spectroscopy;?® a formic acid
molecule was dissociated on the surface to create an
adsorbed formate anion at 300 K,

DCOOD + 0s*” — DCOO™ (a) + 0D (a), (1)

where O42~ represents an oxygen anion of the substrate.
The resultant formate ions were adsorbed not only on
minor defect sites, but also on the (1x1) terrace. They
formed an ordered (2x1)-monolayer, which was satu-
rated at 0.5 ML. One ML is defined as the density of
the (1x1) cell, 5.21x10® m~2. The adsorbed formate
anions interacted primarily with the accessible Ti*t
cations due to their ionic nature. It was most unlikely
that the anions were preferentially adsorbed on the oxy-

[110]

~ Fig. 6.

(a) A model of the dispersed formate ions ad-
sorbed on the TiO2(110)-(1x1) surface.?8*? Open
symbol represents formate ions. Plan and side views

are shown. (b) A constant-current image of a
TiO2(110)-(1x1) surface exposed to 0.3 L DCOOD at
room temperature. (14x14 nm?, Vi=+1.0 V, ,=0.2
nA). The topography was presented in a gray scale.
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gen ridge. Figure 6a illustrates a proposed picture of the
adsorbed formate ions of the bridging configuration on
the (1x1) surface.?6*® The adsorbed formate anions,
thereby, help us to probe accessible Ti cations exposed
on the surface, i.e. the five-fold coordinated Ti ions.
Figure 6b shows a constant-current topograph in a gray
scale observed on a (110)-(1x1) surface exposed to 0.3
L (1 L=1.33x10"* Pas) DCOOD at room temperature.
97 bright spots were observed in Fig. 6b. They were as-
signed to individual adsorbed formate ions bridging the
two adjacent Ti*t atoms, because the number of the
spots increased with DCOOD exposure and saturated
at 0.5 ML with the (2x1) periodicity.*” The corruga-
tion of an isolated spot was 0.14 nm, a reasonable value
for a bridging formate ion.

Note the position of the bright spots (formate ions)
relative to the substrate structure in Fig. 6b. They were
always located just on the ridge of contrast. These re-
sults allowed us to conclude that the topographic ridge
of the underlying (1x1) substrate represented the Ti-
row of five-fold coordination. If the ridge indicated the
position of the bridging O-row, the formate ions should
be adsorbed between the ridges.

Atomically Resolved Corrugation on the (1x1)
Surface. An atomically-resolved topograph of the
(1x1) surface was observed with a smaller sample bias
voltage of +1.0 V, as shown in Fig. 7. There were spots
ordered in a rectangular periodicity of 0.65x0.30 nm?.
This was the size of the (1x1) unit cell, 0.649x0.296
nm?. Hence, the spots were assigned to the individual
Ti ions. The corrugation of the spots along the [001]
and [110] directions was 0.014 and 0.060 nm, respec-
tively. These values are fairly small, and are compara-
ble to atomic corrugations of gold surfaces (0.05—0.005

Fig. 7. A constant- current topograph of the
Ti02(110)-(1x1) surface. (12x12 nm?, V;=+1.0 V,
I,=0.3 nA). Horizontal scratches were artifacts.
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nm).*Y A high spatial resolution of STM is achieved at
a small tip-surface separation, i.e. at a low tunneling
resistance.? Indeed, the atomic corrugation on metal
surface is usually resolved at a low bias voltage (0.1 V or
less) and at a large tunneling current (1 nA or more).
The atomic resolution achieved on TiO3(110) with a
relatively high tunneling resistance can be attributed
to the band structure of the substrate. Stoichiometric
TiO, has a wide gap of 3 eV in the band structure.*®
An inverse photoemission study on TiO2(110) found the
onset of the conduction band at 1 eV above the Fermi
level.*Y The tip closely approached the surface while
maintaining the tunneling current when the bias volt-
age was reduced to +1 V.

Formation of a Double-Strand Row. Vac-
uum annealing at 900 K or higher temperatures caused

Fig. 8.
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~ streaks in the LEED pattern (Fig. 8a). The streaks par-

allel to the [110] direction increased in intensity with
the annealing temperature, and additional (1x2) spots
appeared on the streaks upon annealing at 1150 K
(Fig. 8b). The (1x1) periodicity was not recovered on
the [110]-streaky or (1x2) surface once reconstructed,
even after re-annealing at 880 K for 1 h (Fig. 8¢), though
an early study reported that a (1x1) pattern was recov-
ered on a (1x2) surface by annealing at 970 K.3%
Responding to a transformation of the LEED pattern,
we found a new feature by the STM observation, which
showed wide rows parallel to the [001] axis on the (1x1)
terrace. Figure 9a shows a constant-current topograph
of the wide rows. The number of rows increased with
the annealing temperature, and eventually covered up
the surface at 1150 K accompanied by the appearance

LEED patterns of the TiO2(110) surface annealed at (a) 960 and (b) 1150 K. (c) The surface in (b) was

annealed again at 880 K for 1 h. (a), (b), and (c) was observed with the primary beam of 66, 54, and 65 eV,

respectively.
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Fig. 9.
constant-current topograph of the rows (14x14 nm?,
Ve=+0.7V, ;=0.3 nA). (b) a variable-current image
of the Ti02(110)-(1x2) surface annealed at 1150 K
(90x90 nm?, Vi=42.0 V, ;=0.3 nA).

of the (1x2) LEED pattern. The variable-current im-
age in Fig. 9b shows very large terraces saturated with
the wide rows. Small (1x1) patches were left uncovered
on the left side, indicating that the transition into the
wide row structure was limited only to the top layer.
The [110]-streaks were ascribed to diffraction by rows
not ordered in the [110] direction. The [110]-streak re-
flected the lack of correlation between the rows. When
the surface was saturated with wide rows, they were
regularly aligned on the underlying (1x1) surface, lead-
ing to the (1x2) order. The wide rows persisted on a
(1x2) surface after re-annealing at 880 K, being consis-
tent with the LEED observation.

It should be noted that each row comprised two
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strands separated by 0.35 nm, the separation of which
was much less than that of the Ti-rows of the (1x1)
surface. Hence, we hereafter designate this structure as
a double-strand row. The center of the double strands
was always located above a Ti-row on the underlying
(1x1) surface, as shown in Fig. 9a. The height of the
double-strand row was 0.20 nm, lower than a complete
single step. A row was terminated by hill(s) of 0.30-nm
height or by complete step(s). The diffraction patterns
resulting from the rows, the [110] streaks and the (1x2)
spots, were not spread along the [001] direction at all.
This showed that the double-strand row was well or-
dered along the row axis, though the axial corrugation
could not be resolved in our measurements. The intra-
structure of the double-strand row is discussed in the
next section based on these characteristics.

Added Ti;O3 Row Model for the Double-
Strand Row. Recent STM studies found double-
strand rows on the TiO5(110) surface annealed in vac-
uum near to 900 K, and associated the rows with a
(1x2) reconstruction.’®=!® The dimensions of the re-
ported structures agreed with ours. A (1x2) order-
ing on a surface heated at high temperatures had been
known prior to the STM reports.>4*% Those early works
reported a decrease in the O/Ti AES intensity ratio and
UPS signal from reduced Ti3* species on the (1x2)-
reconstructed surface. They were ascribed to oxygen
release during high-temperature annealing. Hence, sev-
eral models assuming a Ti-rich composition have been
proposed for the double-strand row and the consequent
(1x2) reconstruction.

We proposed an added TizOs row model, as illus-
trated in Fig. 10a.!V It is a reasonable assumption that
added rows of partially reduced oxide form the protrud-
ing double-strand rows. The composition of a long row
in the model is Ti; O3, leading to the 3+ charged state of
titanium. Two lines of Ti3T ions in an added row could
cause the observed contrast of the double strands. The
Ti3* ions are in the optimum six-fold coordination due
to oxygen ions. There are vacant octahedral sites coor-
dinated by six O?~ ions in bulk rutile. The Ti** ions
are assumed to move into the vacant octahedra forming
the double rows, whereas oxygen ions sit on their orig-
inal position. Thereby, the separation of the Ti double
rows is 0.33 nm consistent with the observed value, and
the height of the row becomes smaller than a complete
single step. The capacity of the octabedron to coordi-
nate a Ti®t ion was suggested; Electrical conductivity
measurements proposed Ti*t and Ti®* ions at inter-
stitial positions in a rutile crystal reduced at 1200—
1700 K.#®) The transport of Ti ions into vacant octahe-
dra neighboring to their original sites was assumed in
the formation of the crystallographic shear structures
(TipO2n-1).4" It was found that an Fe3* ion diffused
through the channels formed by the O?~ octahedra.*®

Other than the added row model, three types of miss-
ing oxygen row models'®'®3* have been proposed for
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less than 0.65 nm

Fig. 10.

0.65 nm

0.55 nm

Proposed models for the double-strand row on TiO2(110). (a) an added Ti2Os row model,'” (b) a simple

missing oxygen row model,?¥ (¢) an in-plane modified missing row model,*® and (d) an out-of-plane modified missin
g 0Xyg g g
row model.'® The assumed displacements are exaggerated for illustration in (c) and (d). Filled and shaded symbol
represents Ti*T and O%~, respectively. Plan and side views are shown.

the double-strand (1x2) structure. They assumed an
alternative removal of the bridging oxygen row. The
original model by Wu and Mgller (Fig. 10b) supposed
the alternative removal of the bridging O-rows with-
out any additional displacement of remaining atoms.>¥
Sander and Engel modified the model with an in-plane
transport based on their STM topographs, where the
four-fold coordinated Ti ion resultant in the original
model moved into a five-fold coordinated site and a
pair of Ti-rows then further relaxed towards the trans-
ported Ti-row in between (Fig. 10c).!® They assumed
that the pair of relaxed Ti-rows gave rise to the double
strands in STM topography. More recently, Murray et
al. proposed another structure having an out-of-plane
displacement; the four-fold coordinated Ti ion moved
down out of its original position to relax the in-plane
five-fold coordinated Ti ions (Fig. 10d).'® The double-
strand topography was ascribed to the resultant Ti-rows
spaced 0.55 nm apart.

In those missing row models, the protruding double
ridges observed by STM was attributed to tunneling to
the states on the rows of reduced titanium ions exposed
on the surface. However, the enhancement of tunneling
caused by:missing coordination and by reduced oxida-

tion state seems difficult to cause the observed protru-
sion, as large as 0.20 nm. The surface states localized
on an oxygen defect exhibited a much smaller protru-
sion of 0.01 nm on SrTiO3(100)-(v/5x+/5).1® We as-
sumed deposition of additional material instead. The
adsorbed formate ion helped us again to grade the pro-
posed models by probing titanium ions exposed on the
double-strand structure. The reduced titanium ions are
blocked up by oxygen ions in the added TizOs row
model, whereas other missing row models are rich in
exposed Ti species accessible by adsorbed formate ions.

Figure 11 presents topographs of the double-strand
rows exposed to 3 L formic acid at room temperature.
We could not observe formate ions adsorbed on the
rows, whereas the surrounding (1x1) area was almost
saturated by formate ions in contrast (Fig. 11a). There
are many double-strand rows terminated by hills in the
topograph. Small spots regularly aligned over the ter-
race in a rectangular periodicity (0.65x0.59 nm?) are
formate ions adsorbed on (1x1) region. The spacing
and dimensions of individual spots are consistent with
those of the (2x1)-monolayer in a previous report.*®
However, corrugation was not observed on the rows.
This indicates that the formate ions did not cover the
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Fig. 11. Constant-current topographs of DCOOD-ex-
posed double-strand rows on Ti02(110). (a) a wide
area (50x50 nm?) and (b) a small area (14x14 nm?)
scans. Vo=+4+1.0 V, [=0.3 nA. Two rows and four
hills are shown. A pair of formate ions adsorbed pos-
sibly on a pair of oxygen vacancies are marked by an
arrow.

rows. Several formate ions were resolved on the hills
and on minor defect sites on the row, as will mentioned
below. It is difficult to distinguish those minor formates
in Fig. 11a due to severe latitude for presentation.

The absence of formate ions covering the dou-
ble-strand row strongly supports the added TiyOj
row model. It was unlikely that a formate ion
could not be adsorbed on the Ti ions assumed in
the missing-row models. Carboxylic acid was read-
ily dissociated to form carboxylate at room temper-
ature with an adsorption probability near to unity
on ‘TiO2(110)-(1x1),26:27:4049) faceted-TiO2(001),242)
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Mg0(100),5%%V NiO(100)-film,*? Zr02(100),%® Cus0O-
(100),°% Sn02(110),%® nonpolar ZnO(1010),°® and Zn-
polar ZnO(0001).5” The only metal-oxide surface dis-
abled from carboxylic acid dissociation is the O-polar
ZnO(000T) truncation. The inability was attributed to
the absence of accessible cation—anion site pairs on the
O-polar surface.®® Hence, the observed inability of for-
mate adsorption indicates the absence of Ti ions ex-
posed on the double-strand structure. It was also less
possible that the formate ions adsorbed on Ti ions as-
sumed in the missing row models were invisible to STM.
The height of the rows gave no change upon exposure
to formic acid.

Figure 11b shows a topograph for a small area in-
cluding DCOOD-exposed two double-strand rows ter-
minated by hills. A pair of small spots (marked by an
arrow) were observed on a row. They were probably for-
mates adsorbed on Ti sites created by oxygen defects.
Formate ions of the (2x1) order, which were presented
by spots of intermediate contrast, covered the (1x1)
area surrounding the rows. Topographic measurements
showed that the marked formate ions were located at
a higher z-position by 0.1 nm than those adsorbed on
the underlying (1x1) region. This also supports our
model with the Ti%* ions lifted up in the added row. A
lift of 0.16 nm was estimated in the model (Fig. 10a),
assuming ideal octahedra channels. We thus conclude
the added Ti,O3 row structure. Brighter spots on the
hills were also ascribed to adsorbed formates, since they
were not observed in a pre-exposure measurement. The
formates indicate accessible Ti ions left on the hills.
Figure 12 shows an extended added-row model termi-
nated by a hill and a complete terrace, on the basis of
the topograph. Possible sites for formate adsorption are
marked by an ellipse on the row and the hill.

The added TizO3 row is a new and highly anisotropic
surface-limited phase of titanium oxide that is different
from the known compounds, Ti,O, TiO, Ti»O3, Ti3O0s,
TiO4, and a series of partially reduced oxide of crystal-
lographic shear structures, Ti,,O2,—-1 (n=4—10). The
reconstructions of TiOg surfaces have been always re-
lated to oxygen vacancies created by high-temperature
annealing, assuming Ti ions of reduced coordination at
the original positions,?® though interstitial Ti ions were
proposed in interpretation of bulk conductivity.*® In
the added row, reduced Ti3* ions are located at the
center of the oxygen octahedra having an optimum six-
fold coordination. Hence, it is reasonable to assume
that optimizing coordination drives the Ti3* ions to
the octahedra channel. It was pointed out that Ti ions
moved into unoccupied octahedra in the initial stage of
shear-structure formation.*” These arguments suggest
the role of interstitial Ti ions at least as important as
that of oxygen vacancies on TiO2 surfaces. The present
study also demonstrates that probing experiments with
an adsorbed molecule help us to characterize an imaged
site on multi-component materials, e. g. metal oxide,



H. Onishi et al.

hill

row

Fig. 12. An extended model of the added Ti2O3 row.
Possible sites for formate adsorption are marked by
an ellipse.

the chemical nature of which site is not always obvious
by STM topography alone.

Conclusions

The atomic-scale structures of the TiO2(110) surface
were determined by STM and LEED with increasing
temperature during vacuum annealing. The irregular
corrugations on an Art-bombarded surface crystallized
into stacked (1x1) terraces upon annealing at 600—
800 K. The terraces developed in dimension as large as
30x30 nm?, being annealed at 900 K. Regular ridges
along the [001]-axis were observed on the terrace, and
assigned to the one-dimensional rows of five-fold coor-
dinated Ti** ions. The position of the Ti*T ions was
probed by imaging adsorbed formate ions.. The indi-
vidual Ti**+ ions were resolved corresponding with the
(1x1) periodicity. Annealing at higher temperatures
resulted in the formation of wide protruding rows com-
prising double strands. Probing experiments with ad-
sorbed formate ions allowed us to conclude an added
TisO3 row model for that structure, which is a new
surface-limited phase of titanium oxide. These results
demonstrate the ability of a probing experiment with
an adsorbed molecule to determine the chemical nature
of imaged sites on multi-component materials by STM.
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