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Atom-Resolved Image of theTiO2sss110ddd Surface by Noncontact Atomic Force Microscopy
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Atom-resolved images of a TiO2s110d-s1 3 1d surface were obtained by noncontact atomic force
microscopy (NC-AFM) in ultrahigh vacuum. In contrast to previous scanning tunneling microscopy
studies, outermost atoms of bridge-bound oxygen ridges were observed as protruding rows by NC-
AFM. A high-resolution image of the surface revealed that the bridging oxygen atoms ordered
in s1 3 1d periodicity on terraces. Point defects of oxygen atoms were also imaged as dark spots.
[S0031-9007(97)04584-5]

PACS numbers: 61.16.Ch, 68.35.Bs, 68.35.Dv
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Metal oxides find applications in a variety of technolo
gies where interfacial chemistry is critical to success, su
as catalysis, gas sensors, photoelectrolysis, semicondu
or superconductor devices, etc. The oxide surfaces a
however, in general, heterogeneous and complicated. T
inherent compositional and structural inhomogeneity
oxide surfaces makes the problem of identifying the esse
tial issues for their functions extremely difficult. Scannin
probe microscopy has particularly great potential to ove
come the difficulty of heterogeneity, discriminating spe
cific sites from the other sites in an atomic scale.

Following the invention of scanning tunneling micro
scopy (STM), several transition metal oxides have be
subjects of real space imaging with atomic-scale resoluti
[1,2]. Rutile-type TiO2 is a typical transition metal oxide
and the (110) surface is one of the oxide surfaces mo
extensively studied including atom-resolved STM work
by some groups [3–10]. A promising ability of STM in
visualizing reactions on a metal oxide surface has be
demonstrated even at elevated temperatures [11] and e
in the presence of reactant gas ambients [12]. A practica
important class of oxides (Al2O3, SiO2, MgO, zeolites,
etc.) is, however, out of range of the tunneling microscop
due to a nonconducting problem.

Atomic force microscopy (AFM) is, instead, applicable
to the insulators. Experimentally, atomic-scale structur
have been resolved by the AFM operated in contact mod
In this mode, the probing tip is in contact with the samp
surface, and is scanned over the surface to keep the sh
range repulsive force (normally 10 nN) between the t
and the surface to be constant. Under the assumption
a monoatomic tip, the relatively large loading of 10 nN
theoretically results in the destruction of the tip apex [13
It is, hence, assumed that the effective tip is composed
several atoms. Thus, the atomic-scale image obtained
the contact AFM is usually interpreted as the periodicit
of the ordered surface.

On the other hand, noncontact (NC) atomic force m
croscopy provides an opportunity to observe atomic-sca
singularities, such as adatoms and vacancies. This mo
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uses longer-range attractive force for regulation of tip
surface separation. Atomically resolved imaging of sing
atom vacancies has been demonstrated on semicondu
surfaces such as Sis111d-s7 3 7d [14–19], Sis100d-s2 3

1d [16], and InP(110) [19,20]. In the present Letter, w
report NC-AFM topography of a metal oxide surface
TiO2s110d-s1 3 1d. Oxygen atoms protruding over the
surface were individually visualized for the first time.

Since the magnitude of the attractive forces at relative
large distances may be considerably smaller than that
the short-range repulsion in the contact AFM, the metho
of interaction force detection in the NC-AFM is different
from that of the contact AFM [21]. We used a frequenc
modulation technique introduced by Albrechtet al. [22].
As the cantilever vibrating with the resonant frequency i
the vertical direction approaches the sample, the attract
force (with negative force gradientF0) begins to work
between the tip and the sample, resulting in the shift
the resonance frequency. A feedback signal is applied
the Z piezo to keep the frequency shift constant, whic
gives a topographic image of the surface.

The experiments were performed in an UHV-AFM
(JEOL JAFM4500XT) equipped with an Ar1 gun and low-
energy election diffraction (LEED) optics. The base pres
sure was1 3 1028 Pa. Stiff silicon cantilevers withf0 
260 290 kHz andk  26 32 Nym (NANOSENSORS)
were used as the force sensor. These cantilevers had c
ductivity sufficient to observe STM by applying bias volt-
age between tip and sample and scanning the surface.
polished TiO2s110d wafer of6.5 3 1 3 0.25 mm3 (Earth
Chemicals Co.) was cleaned with cycles of Ar1 sputter-
ing (3 keV for 3 min) and UHV annealing at 900 K for
2 min. After the procedure, the surface exhibited a we
contrasteds1 3 1d LEED pattern. The surface was ob-
served with STM to confirm that wide terraces develope
ands1 3 1d rows ran along the [001] direction.

Figure 1 shows a topographic image of the TiO2s110d-
s1 3 1d surface by NC-AFM. Bright rows parallel to the
[001] direction were clearly observed at a regular interv
of 0.65 nm. The corrugation of the rows along thef110g
© 1997 The American Physical Society
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FIG. 1. Noncontact AFM image of the TiO2s110d-s1 3 1d
surfaces10 3 10 nm2d. Oscillation amplitude of the cantilever
was ,s30 nmdp-p and the sample biassVsd was set for 0 V.
The cantilever had a spring constant of28 Nym and a resonant
frequency of 270 kHz. The frequency shiftsDfd to obtain the
topograph was,80 Hz.

direction was determined to be0.07 6 0.01 nm in cross
section analysis. We interpret the bright rows as oxyge
ridges protruding over the surface.

A stoichiometric structure, shown in Fig. 2, has bee
proposed for thes1 3 1d surface [23]. Recent surface
x-ray diffraction [24], medium-energy backscattered elec
tron diffraction [25], and anab initio calculation of the en-
ergy minimized structure [26] studies support the mode
The s1 3 1d surface contains two types of oxygen atoms
at bridge and in-plane positions, and two types of titaniu
atoms, fivefold and sixfold coordinated. Oxygen atom
bridging and covering the sixfold coordinated Ti atom
form ridges along the [001] axis. The fivefold coordinate

FIG. 2. A model of the TiO2s110d-s1 3 1d surface with a
single step, a point defect, and a Ti2O3 added row. Larger
circles represent O atoms, with lighter shading representi
higher atoms. Small solid circles represent Ti atoms. Botto
is a cross section of the surface atA-A0.
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Ti atoms are exposed to the surface. Thes1 3 1d surface
is, thus, composed of the alternative rows of the expos
Ti atoms and the bridging O ridges. The O ridges and T
rows are aligned with a 0.65 nm separation, respective
It has been established that the unoccupied states loc
ized on the Ti rows were imaged as bright lines or spo
in STM topography determined with positive sample bia
voltages [9,27], though the Ti atoms are located 0.11 n
below the bridging oxygen atoms [24]. The reversal to
pographic contrast in STM, which is against the physic
protrusion of the O ridges, is an artifact of “tunnel vision,
resulting from the dominant contribution of electronic ef
fects. In contrast, the NC-AFM image of Fig. 1 should re
produce physical topography of the surface, since the for
regulating the tip-sample separation is largely element i
dependent. It is, hence, a reasonable interpretation that
bridging oxygen atoms create the observed corrugation

Figure 3 shows a high-resolution image of two terrace
separated with a single height step, where axial corrug
tions were resolved along the bright lines. The periodicit
along the row axis was 0.30 nm. The two-dimensional o
der of the bright spots,0.65 3 0.30 nm2, reproduces the
alignment of the bridging oxygen atoms. Oxygen atom
on this surface were individually visualized for the firs
time by the use of NC-AFM, while STM is favorable for
Ti atoms. This suggests the complementary roles of ST
and NC-AFM in surface structure visualization.

Note that a slight plus bias of 0.5 V was applied to
the sample to obtain the image in Fig. 3. However, th
distance between the tip and the sample was controlled
keep the shift of resonance frequency of the cantilever (i.
force gradient) constant. Güntherodtet al. [28,29] have
reported that compensation of contact potential betwe

FIG. 3. Highly resolved noncontact AFM image of the
TiO2s110d-s1 3 1d surfaces8.5 3 8.5 nm2d with a single step.
Oscillation amplitude of the cantilever was,s30 nmdp-p and
the sample biassVsd was set for10.5 V. The cantilever had
a spring constant of29 Nym and a resonant frequency of
280 kHz. The frequency shiftsDfd to obtain the topograph
was,80 Hz.
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tip and sample is essential to obtain a high contrast ima
of the atomic structure. The contact potential depends
material and contaminants such as an oxide layer.
cantilevers were used without cleaning in UHV, most o
the surface of the Si tip must be covered with a native oxi
layer. As far as we performed with different cantilever
we could obtain thes1 3 1d rows at sample bias between
20.5 and12.5 V.

In addition to thes1 3 1d rows of oxygen atoms, doubly
wide rows were imaged by NC-AFM. Figure 4(a) show
a NC-AFM topography of two terraces separated with
single height step. Several double strands are obser
on the lower terrace. Detailed analysis of the image
Fig. 4(a) provided further evidence for the interpretatio
of the contrast in NC-AFM. The wide row has been ob
served in STM studies on this surface [4–7,27], and whi
structure was interpreted as an extra row of Ti2O3 compo-

FIG. 4. (a) Noncontact AFM image of Ti2O3 added rows at
a single step of TiO2s110d-s1 3 1d surfaces14.5 3 14.5 nm2d.
(b) Lines on the bright rows with 0.65 nm separation at th
upper terrace were superimposed on the topograph in
Oscillation amplitude of the cantilever was,s30 nmdp-p and
the sample biassVsd was set for11.5 V . The cantilever had
a spring constant of32 Nym and a resonant frequency of
290 kHz. The frequency shiftsDfd to obtain the topograph
was,80 Hz.
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sition added on the stoichiometrics1 3 1d terrace as illus-
trated in Fig. 2 [27]. Recent results of electron stimulate
desorption ion angular distribution measurement [30] an
ab initio calculation [31] support the interpretation of the
added rows. In the NC-AFM image of Fig. 4(a), the cente
of the Ti2O3 rows corresponds to the position of the brigh
lines of the upper terrace. The position of thes1 3 1d rows
are guided with solid lines in Fig. 4(b). As illustrated in
Fig. 2, the center of the Ti2O3 row stands in line with the
bridging oxygen ridge on the upper terrace. This demo
strates that the bridging O atoms (ridges) of thes1 3 1d
terrace are represented as the bright spots (lines) in
NC-AFM images.

Several dark sites were observed right on the brig
lines in Figs. 1 and 3. They should be vacancies of th
bridging oxygen atoms. Oxygen deficiency is easil
induced on the TiO2 surface by vacuum annealing at high
temperatures [23]. It is thought that the removal of
bridging oxygen atom, which is less coordinated than th
in-plane O atoms, is a favorable way to create a point v
cancy of oxygen. The defect density on the (110) surfa
annealed at 1000 K was estimated at8.7 3 1013 cm22

or 1.7 3 1014 cm22 in ultraviolet photoelectron spec-
troscopy [32] or ion scattering [33] studies. The coverag
of dark sites counted in several NC-AFM images fe
in the range of s0.5 1.6d 3 1013 cm22. Considering
the lower annealing temperature of 900 K employed
the present study, the vacancy density determined w
NC-AFM may be consistent with the reported values
Dark spots located out of the O-ridge center seen in Fig.
may be possibly the point vacancies of the in-plane
atoms.

In summary, we have succeeded in obtaining atom
resolved images of TiO2s110d-s1 3 1d by noncontact
AFM. In contrast to STM, bridging oxygen rows, which
are outermost atoms on the surface, were observed
s1 3 1d protrusions by NC-AFM. Oxygen defects were
imaged as dark sites in thes1 3 1d rows. These results
demonstrate that NC-AFM can give more informatio
of the surface structure combined with STM, and can b
applied to nonconductive materials as a tool to explo
chemical processes as well as surface structures in
atomic scale.
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