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STM and atomic-resolution noncontact AFM of an oxygen-deficient TiO2„110… surface
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We present atom-resolved images of oxygen-deficient TiO2(110) by scanning tunneling microscopy~STM!
and noncontact atomic force microscopy~NC-AFM!. Although STM images emphasized variations of Ti-atom
density underneath the surface oxygen, NC-AFM images directly traced defect-induced structures of topmost
oxygen atoms. We first found the (133) phases was not composed of missing TiO2 units but added Ti2O3

rows. We observed the deformed (133) phase by half steps along@001#, which well explains that diffusion
and adsorption of segregated impurities help in the formation of (133) phases.
sti

ru
ic

ie
at
e

w

in
d
h

op
y

lo
s-
es

e

n

v-

ce

n.
to

C-

r-

CS
se

es,

-
lly

ct-
ed

t
ing
Rutile TiO2(110) surfaces have extensively been inve
gated as a representative system of easily-reducibled-type
nonmagnetic metal oxides. Oxygen-deficient surface st
tures are regarded as a predominant factor for their chem
and electronic properties, essential to preparing high-effic
catalysts, solar cells, gas sensors, photoelectrolytes of w
and so on. Recently, a large number of studies have b
devoted to understanding those structures.1–14 Xu et al. re-
ported that the primitive (131) phases are formed belo
700 K and between 900 and 1150 K, whereas the (132)
phases, known as partially reduced reconstruction hav
double periodicity along@ 1̄10#, are formed between 700 an
800 K and above 1200 K.5,8 Oxygen-deficient structures suc
as point defects and defect clusters in (131) and (132)
phases were studied by scanning tunneling microsc
~STM! ~Refs. 1–9! and noncontact atomic force microscop
~NC-AFM!.10 Moreover, the half steps caused by crystal
graphic shear~CS! planes, a formation of planar defect clu
tering in flashing or annealing at elevated temperatur
(>970 K!, were investigated by STM.11–13

For the (132) phases, two structural models, the add
Ti2O3-row model1 and the missing TiO2-unit model,6 are
widely accepted by a variety of experimental observatio
and theoretical calculations. Recently, Bennettet al. pro-
posed the coexistence of two such structures in (132)
phases from their reoxidation experiments.9 In contrast to a
large number of studies for the (131) and (132) phases,
there are only a few reports for other phases. Berko´ and
Solymosi found that (133) phases as one of (13n) series
reconstructions appeared during transition from (131) to
(132) phases.4 They observed two kinds of structures ha
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ing three times the periodicity along@ 1̄10#: one has wide
strings and the other has narrow strings. Panget al.observed
(133) phases exhibiting the missing TiO2-unit structures,6

which are equivalent to the wide strings in Ref. 4. No¨renberg
et al.observed (133) phases on an oxygen-deficient surfa

including half steps along@ 1̄10#, @ 1̄11̄#, and@ 1̄11#.12 They
proposed a possible mechanism of the (133) phase forma-
tion involving calcium segregation induced by CS formatio
However, they did not perform atomic-scale observations
explain the mechanism of the (133) reconstruction owing
to segregated calcium.

In this paper we present atom-resolved STM and N
AFM images of an oxygen-deficient TiO2(110) surface. We
found the (133) phases not composed of missing TiO2

units but added Ti2O3 rows, which are equivalent to the na
row strings in Ref. 4. We observed the (133) phase de-
formed by half steps along@001#. On the basis of the idea
that the half step formation has close relations with both
formation and diffusion of segregated impurities, we propo
that (133) phases terminated with added Ti2O3 rows are
formed by diffusion and adsorption of segregated impuriti
together with diffusion and adsorption of Ti2O3 on the sur-
face along the@001# direction. The key technology to ob
serve the half steps is the use of NC-AFM. STM usua
visualizes Ti atoms underneath the surface oxygen layer8 and
emphasizes the variation of Ti-atom density in defe
induced structures. On the other hand, NC-AFM visualiz
bridging-oxygen atoms in (131) phases10 and in the presen
study directly visualized the surface oxygen atoms form
the half steps and the added Ti2O3 rows. It is widely ac-
13 955 ©2000 The American Physical Society
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13 956 PRB 61M. ASHINO et al.
cepted that NC-AFM does not always trace accurately
surface topography14,15, while in our study NC-AFM images
of a TiO2(110) surface produced surface topography.

The experiments were performed under ultrahigh vacu
~UHV! conditions using a home-built scanning probe mic
scope, which can operate as an STM and NC-AFM. The b
pressure was in the 10211-Torr regime. A commercial PtIr-
tip ~Nanotips! cleaned by Ar1 bombardments was used
the STM observation. In the NC-AFM measurement, a co
mercial n1-silicon cantilever ~NANOSENSORS! with a
spring constantk541 N/m and a mechanical resonant fr
quencyf 05171 kHz was used as a force sensor after cle
ing by Ar1 bombardment. To sense tip-sample interaction
the attractive force regime with high sensitivity, a frequen
modulation technique was used under resonant oscilla
conditions of the cantilevers with high-Q values (.30 000)
in UHV.15 The amplitude of the excitation voltage applied
a piezoactuator was kept constant through the whole m
surement. The oscillation amplitude of the cantilever w
;87 Å. A polished TiO2(110) substrate of 231030.3 mm3

~Earth Chemicals Co., Japan! was cleaned by repeated cycl
of Ar1 bombardment~;3 keV,200 nA! and annealing a
increasing temperature finally to;1250 K for every
5 – 15 min in UHV (,3310210 Torr!, and turned into a
deep-blue crystal.

Figure 1 shows a constant current topographic STM
age of empty states of TiO2(110) and the cross section of
line A-B. The presented area, where bright rows with 1
60.1 Å corrugations were running along the@001# direction,
was part of a terrace spread over 400 Å wide between si

FIG. 1. STM image of TiO2(110)(2603260 Å2, Vs512.3 V,
I t50.4 nA!. The cross section ofA-B is shown in the lower record

ing. Broken lines indicate half steps along@11̄2# and @11̄2̄#. (1
33) phases in addition to (132) phases are shown with unit cell
The area enclosed by an open rectangle is magnified in the ins
confirm (132) and (133) phases. Brighter rows higher than 2.0
are denoted by pairs of arrows.
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steps (3.260.1 Å height!. From the distances between the
bright rows, we found that the surface was composed of
32) and (133) phases. Moreover, Fig. 1 shows that t

surface included half steps along@11̄2# and @11̄2̄#, which
are equivalent to those caused by the CS planes belongin
the $132% family for TiO1.902TiO1.9375.

13 Also, along@001#
the brighter rows of higher than 2.0 Å were included in
33) phases, as denoted by pairs of arrows.

Figure 2 shows an atom-resolved STM image and
cross section of a lineA-B, which were obtained at an are
neighboring on the left side of Fig. 1~not shown in Fig. 1!.
An apparent height of@001# rows was not uniform and clas
sified into two kinds, namely,;1.5 Å and;2.5 Å ~see the
cross section!. The rows of;1.5 Å height were mainly com-
posed of two bright rows of atomic features~see the enclosed
area labeled ‘‘a’ ’) with almost the same periodicity along
@001# as a unit cell (a00153.0 Å!. In the areaa the distance
between such atomic features was 3.360.2 Å in the @ 1̄10#
direction, which is consistent with the distance between
atoms in the added Ti2O3 rows.1 On the other hand, the row
of ;2.5 Å height were composed of single or triple rows
atomic features, each of which corresponds to the area
beled ‘‘b’ ’ or ‘ ‘ c’ ’ , respectively. The distance between ou
side rows of triple features was 5.560.2 Å, which is close to
the dimension of the missing TiO2-unit structure.6 Thus, the
STM image obtained appears to be composed of both st
tures of added row and missing unit, as reported in Ref.

to

FIG. 2. Atom-resolved STM image~62362 Å2,12.3 V,0.8
nA!, and the cross section ofA-B ~lower record!. The enclosed
areas labeled ‘‘a’ ’ , ‘ ‘ b’ ’ , and ‘‘ c’ ’ were composed of two rows
(;1.5 Å height!, one row~;2.5 Å height!, and three rows (;2.5 Å
height! of atomic features, respectively. The distance between~i!-
~ii ! and~ii !-~iii ! rows differs from the horizontal length of a unit ce
of (132). The distances between atomic features are presente
the lower record.
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Figure 2 also indicates that the distance between the@001#
row labeled~i! and the row labeled~ii ! is larger than 2a1̄10
513 Å and that the distance between the~ii ! row and the~iii !
row is smaller than 2a1̄10513 Å. However, from the image
presented in Fig. 2 it is difficult to explain how such irreg
larity was induced, and moreover, how such irregularity w
related to two or three kinds of structures that appeared a
areasa, b, andc. STM mainly visualized the empty states
Ti atoms underlying topmost oxygen atoms on TiO2 sur-
faces. Figure 2 does not directly represent the oxyg
deficient structures but the variations of Ti-atom density.
the other hand, the NC-AFM image represents surface st
tures of topmost oxygen atoms, as pointed out in the pr
ous study of TiO2(110)-(131),10 and makes it possible to
directly represent oxygen-deficient structures of TiO2 sur-
faces.

Figure 3~a! shows a NC-AFM image obtained from a
most the same area, having the same arrangement of@001#
rows, as the STM image~Fig. 2! was obtained. In Fig. 3~a!

FIG. 3. ~a! An atom-resolved NC-AFM image of the same ro
arrangement as Fig. 2 shows (62362 Å2), including single oxygen
vacancies at the positions denoted by open arrows and segre
impurities at the sites with extra brightness. The controlled f
quency shift wasD f ;214.7 Hz. A bias voltage~20.7 V! was
applied for obtaining high contrast. A ball model of the add
Ti2O3 row and a unit cell of (132) are put on the correspondin
positions.~b! Cross sections of two line segmentsA-B andC-D in
~a! and a ball model of the added Ti2O3 row. Large circles~open
and shaded! and small filled circles represent oxygen atoms and
atoms, respectively. The width of protrusions and the distances
tween Ti atoms and bridging oxygen are also shown. Pairs of
rows indicate the position of half steps.
s
he

n-
n
c-
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each row along the@001# direction was composed of cen
tered two bright rows and outside two faint rows of atom
features. The separation of these atomic features along
@001# direction was approximately consistent witha001

53.0 Å. The distance in the@ 1̄10# direction was 3.260.2 Å
between the bright rows and 6.860.3 Å between the faint
rows. The cross sections through the line segmentsA-B and
C-D are plotted with a solid line and a dotted line in Fi
3~b!, respectively. Comparing the left records of Fig. 3~b!,
corresponding to the row labeled~i! in Fig. 3~a!, with the
cross-sectional ball model of the added Ti2O3-row structure
drawn below in the same dimension, we found that the d
ted line traces the outline of the shaded circles, while
solid line traces the outline of the open circles. In the cro
sectional ball model the shaded circles represent the brid
two oxygen atoms and a bottom oxygen atom of Ti2O3; the
open circles represent topmost two oxygen atoms of Ti2O3.
Thus, each row along the@001# direction in Fig. 3~a! directly
corresponds to added Ti2O3 and two bridging oxygen atoms

In Fig. 3~b! the width of the protrusions was 2.4-2.9 Å
which is close to twice the van der Waals radius of oxyg
~1.40 Å!. Moreover, the corrugation ofA-B line is approxi-
mately 3 Å on theleft record corresponding to the~i! row in
Fig. 3~a!, which is equivalent to the known single step heig
~3.25 Å!,1 namely, the height from in-plane oxygen to to
most oxygen. Therefore, we concluded that the surface o
gen atoms were preferentially visualized in the NC-AFM im
age and that Fig. 3 demonstrates that NC-AFM imag
directly trace the true surface topography of TiO2(110) in
contrast to other semiconductor surfaces.14,15From this point
of view, we found the formation of two half steps at th
positions denoted by pairs of arrows on the right record
Fig. 3~b!. These positions correspond to the broken lin
along the@001# direction in Fig. 3~a!. The irregularity of the
rows in Fig. 3~a! @also in Fig. 2~a!# is expected to have a
close relation to such half steps.

Figure 4~a! represents a structural model without geom
ric imperfections, while Fig. 4~b! represents a structura
model of the irregularity of the rows, put on the correspon
ing positions of the lower part of Fig. 3~a!. In Fig. 4~b! the
atomic arrangement of the row labeled~ii ! is out of phase
with the other rows by half a unit cell along the@001# direc-
tion as shown in the crosses marked on topmost oxygen
oms. The displacement in the@ 1̄10# direction is caused by
the deficiency of two rows of in-plane oxygen correspond
to the two rows enclosed by red open rectangles in Fig. 4~a!.
Because the prepared surface included the half steps a

@11̄2# and @11̄2̄# caused by the CS planes belonging to t
$132% family ~Fig. 1!, the similar CS process is considered
reproduce the half steps between the~i!-~ii ! rows and the
~ii !-~iii ! rows. The CS displacement is denoted as1

2 @01̄1#
with a lattice vector,13 which is equivalent to the CS opera
tion 1

2 @011#5 1
4 @110#1 1

2 @001#1 1
4 @ 1̄10#, in Ref. 12. Thus,

the displacement in the@110# direction is estimated at;1.6

Å ( 1
4 a110), to which the evaluated value;1.5 Å in Fig. 3~b!

is close. In Fig. 3~a! the half steps corresponding to th
displacement ran along the@001# direction. These, to our
knowledge, have not been previously reported but are fi
ings observed in this work. It is possible for the (11̄0) plane,
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FIG. 4. ~Color! Structural models representing formation of half steps along@001#. ~a! A structural model before the formation of ha
steps. Unit cells of (133) and (132) are outlined by black open rectangles. Segregated impurities are considered to be adsorbe
slash-marked positions.~b! A schematic reproduction of row arrangement, put on the corresponding positions of the lower part of Fig~a!.
Open ellipses lie on the same sites with extra brightness as Fig. 3~a! shows. The line segmentsA-B andC-D and the arrows~white! lie on
the same positions. Crosses mark topmost oxygen atoms to clearly indicate the displacement of the~ii ! row along@001#. Red closed circles
represent the adsorption of the segregated impurities on the in-plane oxygen atoms between the rows~i!-~ii !. Cross sectional drawings of~a!
and~b! are also shown in the top and the bottom, respectively. Comparing~b! with ~a!, the distance between the rows labeled~i! and~ii ! and
the distance between the rows labeled~ii ! and~iii ! are shortened by lacking each of the in-plane oxygen rows enclosed by red open rect
in ~a!. The half steps are running on the positions of red broken lines. Overlapping of Ti atoms is indicated by open red circles in t
sectional drawings of~b!. In these atomic models we used the same notations as in Fig. 3.
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which is one of the thermodynamically most stable faces
move along@001# and@ 1̄10# directions, together with the CS
plane formation, and consequently to form the half ste
along the@001# direction.

Comparing Fig. 2 with Figs. 3 and 4, we conclude that
STM images does not always present the half steps along
@001# direction. Although the STM image~Fig. 2! appears to
be composed of both the added Ti2O3-row and the missing
TiO2-unit structures, the NC-AFM image~Fig. 3! reveals
that the surface did not contain the missing TiO2-unit struc-
tures but contained only the added Ti2O3-row structures. As
shown in the cross-sectional drawing of Fig. 4~b!, the over-
lapping of Ti atoms at the position of the half steps can m
the apparent height increase in the STM image. The N
AFM image ~Fig. 3! presents single atom vacancies in t
added rows, not visualized yet in the STM images,1 as the
dark spots denoted by arrows. Also, the adsorbed impur
o

s
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e
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were visualized as clusters with extra brightness on an
across the centered two bright rows. The added Ti2O3 row is
inactive to anions, e.g., formate ions.1 The clusters with extra
brightness can be regarded as segregated impurities of
tallic species such as calcium,12 which strongly bonds to
oxygen. Thus, the atomic features of;2.5 Å height in Fig. 2
may be the atomic arrangement of segregated impurities

Although the segregated impurities were not identified
our study, calcium is generally accepted as one of the m
popular species of segregated impurities. The (133) con-
figuration is involved in calcium segregation inducing C
formation.12 Segregated Ca atoms are adsorbed on the
plane oxygen atoms like in a perovskite CaTiO3 structure.16

The channels formed by the octahedra allow anisotropic
fusion of metal cations along@001#.1,17 Also, Ca-O diffusion
to the surface may be an important process in the creatio
oxygen vacancies.12 On the basis of these ideas we propo
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mechanisms for two kinds of reconstructions, namely,
(133) reconstruction and the deformed (133) reconstruc-
tion identified in our current work. The first one is formed b
the following steps: Segregated impurities observed as c
ters with extra brightness in Fig. 3~a!, together with a unit of
Ti2O3, diffuse and are adsorbed on in-plane oxygen of a
31) substrate. Adsorption of segregated impurities on
row of in-plane oxygen prevents the (131) configuration
taking a (132) configuration, and consequently forces
into a (133) configuration. In fact, Fig. 3~a! presents some
bright protrusions indicating adsorption of the segregated
purities on the in-plane oxygen atom sites. The correspo
ing positions between the rows~i!-~ii ! are marked by red
closed circles in Fig. 4~b!. The second deformed reconstru
tion is formed by the following steps: After segregated i
purities bond to in-plane oxygen atoms, the segregated
purities bound to oxygen diffuse on the surface leaving a r
e

s-

1
ne

t

-
d-

-
-
m-
w

of in-plane oxygen vacancies behind themselves. The o
gen vacancy consequently deforms the (133) reconstruc-
tion, together with the formation of half steps along@001#.
Figure 4 shows that the deficiency of one row of in-pla
oxygen caused the half step between the~i!-~ii ! rows, fol-
lowed by the deformation of the (133) configuration.

In summary, we observed the rows of atomic featu
along @001# in (132) and (133) phases of oxygen
deficient TiO2(110) by STM and NC-AFM. We found the
(133) phases composed of added Ti2O3 rows, correspond-
ing to the narrow strings reported by Berko´ and Solymosi.
Although STM emphasized the variation of Ti-atom densi
NC-AFM provided surface topography and demonstrated
half steps along@001#, which holds the key to understandin
the (133) reconstruction.
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