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Morphology change of oxygen-restructured TiO2„110… surfaces by UHV annealing:
Formation of a low-temperature „1Ã2… structure

Min Li, Wilhelm Hebenstreit, and Ulrike Diebold*
Department of Physics, Tulane University, New Orleans, Louisiana 70118

~Received 6 July 1999!

When reduced TiO2~110! single crystals are oxidized at moderate temperatures~470–660 K!, the surfaces
restructure. Interstitial Ti atoms from the bulk diffuse to the surface where they react with gaseous oxygen and
form new, added TiO2 layers. These are characterized by three structural elements: small (131) islands,
irregular networks of pseudohexagonal rosettes, and@001#-oriented strands. The strands exhibit the same
structural characteristics as the (132) surface reconstruction, which forms upon annealing at higher tempera-
tures. Atomic-resolution scanning tunneling microscopy images of the strands are consistent with the added-
Ti2O3-row model. UHV annealing of oxygen-restructured surfaces smooths the surfaces and converts the
rosette networks into strands and finally into regular (131) terraces. The composition of these oxygen-
induced phases is quantified using18O2 gas in combination with low-energy He1 ion scattering measurements.
Dynamic processes for the conversion from rosette networks into (132) strands and ultimately into (131)
terraces are discussed.
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I. INTRODUCTION

A. Motivation

The TiO2~110! surface has become the most popular s
tem for surface-science investigations of metal oxides in
cent years. The different structures and morphologies
evolve during sample preparation are therefore of consi
able interest. It is well established by experiment1–3 as well
as theory4 that the (131) surface is bulk-terminated with
some relaxations, while the atomic structure and stab
range of the (132) reconstruction is still subject to deba
~see below!. Our own interest in the (132) structure has
been stimulated by our recent observation of a massive
structuring process that takes place upon reoxidizing redu
TiO2 single crystals at moderate temperatures.

We found that annealing flat, (131)-terminated
TiO2~110! surfaces in moderate oxygen pressures chan
the surface morphology and structure substantially.5–7 A for-
mation mechanism involving the reaction of interstitial
atoms~diffusing from the reduced bulk to the surface! with
oxygen offered from the gas phase was confirmed by lo
energy ion scattering~LEIS! experiments using isotopicall
labeled 18O2. Restructured surfaces are quite rough a
dominated by three small-scale features: irregular netwo
of connected, 636.5-Å-wide rosettes; one-unit-cell-wid
@001#-oriented strands@with an appearance in scanning tu
neling microscopy~STM! images similar to the (132) re-
construction#; and small~tens of Å! (131) islands~see Fig.
1!. The formation and stability range of these structures
pend on a variety of preparation parameters, such as oxy
pressure, annealing temperature, annealing time, and re
tion state of the crystal.7 We have proposed that the rosett
consist of an incomplete TiO2 layer with atoms missing in a
regular fashion. First-principles calculations have shown t
these are stable structures.7

In this paper, we focus on the atomic structure of t
(132) strands as well as the thermal stability of all thr
PRB 610163-1829/2000/61~7!/4926~8!/$15.00
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structural elements. Restructured surfaces are annealed
trahigh vacuum~UHV! at temperatures between 620 and 8
K. The surface morphology after annealing is monitored w
STM, and the surface concentration of18O surfaces is quan
tified with LEIS. Rosette networks disappear quickly a
convert partially into (132) strands. This ‘‘low-
temperature’’ (132) phase is converted into fla
(131)-terminated terraces surfaces through UHV annea
at 830 K.

B. The „1Ã2… structure

Because the atomic structure of the (132) phase is under
detailed discussion, we give a brief survey of the curr
state of knowledge and the proposed structural models.

A (132) low-energy electron diffraction~LEED! pattern
was originally observed after high-temperature annealing
a reduced TiO2~110! sample in UHV. It was interpreted a
alternate rows of bridging oxygen missing from the regu
(131) surface~‘‘missing-row model’’8!. A variety of STM
images of this surface reconstruction were published by
ferent groups.9–16 Bright strands running along the substra
@001# direction with a minimum separation of 13 Å wer
observed. The (132) reconstruction appears to be stable
a relatively wide temperature range, and higher periodicit
i.e., a local (133) reconstruction, have also bee
observed.13,17 In addition, many researchers report scatte
single bright strings on a (131) surface prepared by annea
ing in UHV to lower temperatures. These are located at
same position and have an appearance similar to
(132) strands.6,9,12,13,18,19Some but not all groups report
cross-linking of the (132) rows along the @11̄0#

direction.11,12,16,20,21Engel and co-workers reported the fir
STM images after annealing the surface in O2, and observed
pronounced cross-linking with localc(231) units after re-
annealing the oxygen-treated surface in UHV.11,21 More re-
cently, the structure of these cross-links has been resolve
high-temperature STM images.16,20
4926 ©2000 The American Physical Society
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PRB 61 4927MORPHOLOGY CHANGE OF OXYGEN-RESTRUCTURED . . .
The (132) strands are generally observed to have
height smaller than a regular TiO2 step edge of 3.2 Å and to
be in registry with the bright rows of the (131) substrate.
Because most researchers report empty-state images an
cause these are dominated by the tunneling into mo
Ti 3d– derived states,22 bright strands centered on top o
bright substrate rows imply that the (132) strands are at the
position of fivefold-coordinated Ti atoms and not at t
bridging oxygen atoms. This discounts a simple missing-r
model. Because most of the (132) rows extend out of step
edges, a modified model has been proposed by Murray, C
don, and Thornton,12 which involves narrow rows with miss
ing bridging oxygens that are effectively part of the upp
terrace. Lateral relaxations were also included.12,21 This
model was shown to be consistent with calculated surf
charge densities.23 Early on, Onishi and Iwasawa10 suggested
a quite different model. It consists of strings with Ti2O3 stoi-
chiometry, consisting of double rows of Ti cations at~nor-
mally empty! octahedral positions, surrounded by oxygen
oms. Self-consistent total-energy and electronic structure
culation found that this added-Ti2O3-row structure has a
lower surface free energy than the missing-row structure.24 It
is also supported by ESDIAD~Ref. 25! as well as more
recent STM measurements.15

Recently, a different added-row model has been propo
by Panget al.17 In this model, all atoms are in bulklike po
sitions, and all the bridging oxygen atoms are missing,
sulting in an overall Ti3O5 stoichiometry. In addition, the T
atoms underneath some of the bridging oxygen rows are
moved, which gives rise to the dark regions separating
bright ridges in the (132) structure. The missing units ar
similar to a proposal made by Fischeret al.18 to explain the
bright (132) strands on the (131) surface.

The thermal stability range, formation mechanism of t
(132) phase, and the role of gaseous oxygen in this proc
are still unclear. While most researchers produced
(132) reconstruction through UHV annealing at high te
peratures~*1000 K!, Xu et al. report a (132) phase with a
very similar appearance can also be formed by annealin
low temperature~700–800 K!.14 At somewhat higher tem
peratures, it converts to the (131) surface. To date, two
groups have studied the formation of the (132) phase using
STM measurements at elevated temperatures.16,20,26 Onishi
and Iwasawa report the formation of (132) strands while
keeping the sample at 800 K in an oxygen background p
sure of 131027 mbar. These strands were interpreted
added Ti2O3 rows. Very recent STM images taken at 873
in 5.531027 mbar oxygen showed evidence for two diffe
ent reconstructions, depending on the reduction state of
TiO2 crystal.16,20 Added Ti2O3 rows were formed on a mor
stoichiometric crystal, and a cross-linked (132) structure
was observed on more bulk reduced, darker TiO2 crystals.
The cross-linked (132) strands exhibit the same step heig
as the (131) terminated surface, and were essentially int
preted as long lines of intact (131) structure, separated b
troughs of missing atoms. This is structurally similar to t
Pang et al. model17 with the addition of bridging oxygen
atoms. The cross links have some resemblance to the ros
observed in our previous work.7 The cross-linked (132)
strands grow through reaction of interstitial Ti atoms w
gaseous oxygen and are precursors to the growth of ad
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(131) layers.20 The restructuring process was recorded
high-temperature STM movies20 and was shown to occu
through nucleation of cross-links strands at temperatu
.673 K.

As shown in this work, the (132) strands that appea
upon annealing in oxygen at low temperature@,660 K ~Ref.
7!# have a structure consistent with the Onishi-Iwasa
model. These strands are thermally more stable than ros
networks and develop a cross-linked appearance upon
nealing in UHV. As will be shown in a forthcoming pape
the reduction state of the sample affects whether or not s
strands are observed on sputtered and UHV-anne
(131) surfaces.19

II. EXPERIMENT

The experiments were conducted in a UHV system,7,27

which is equipped with x-ray photoelectron spectrosco
~XPS!, low-energy He1-ion scattering spectroscopy~LEIS!,
LEED, and STM operating at room temperature. Two p
ished TiO2 single crystals have been used~Commercial
Crystal Laboratories!. Both samples exhibited a blue colo
after an initial high-temperature anneal~950 K!. Sample
mounting and treatment are described in Refs. 7 and 27
order to monitor the oxygen incorporation during anneal
excursions, isotopically enriched 18O2 gas
(18O2:16O2593%:7%) was employed. LEIS spectra sho
clearly resolved16O and18O peaks.7 For quantification of the
18O surface content, these peaks were fitted with t
Gaussians with equal widths after subtraction of a lin
background, and the total peak area was normalized
100%. LEIS measurements do not affect the uptake of18O
with carefully controlled parameters~total ion fluence of
;1.6310215cm22 per measurement and beam energy
1225 eV!. The roughness of surfaces is quantified with t
root-mean-square~rms! value of STM images. The rms
roughness value is determined on the differentiated inst
of the original STM images~Figs. 4 and 5! in order to em-
phasize the newly added features such as rosette net
patches, (132) strands, and TiO2 clusters, as well as ste
edges of (131) islands. The rms roughness value presen
in the results section is averaged over several images
similar quality. An error of 0.2 Å is estimated for Figs. 4~a!
and 4~b!, and 0.1 Å for Figs. 5~a!–5~d!.

III. RESULTS

The starting point for our experiments was restructu
surfaces similar to the one shown in Fig. 1. These surfa
have been produced by reannealing in oxygen fl
(131)-terminated TiO2~110! crystals~which, in turn, have
been obtained through Ar1 sputtering and annealing in UHV
at 880 K!. Figure 1 shows pseudohexagonal rosettes~labeled
R in Fig. 1!, small (131) islands, and short strands~with
white features at both ends! that are typically present on suc
‘‘restructured’’ surfaces. As seen in Fig. 1, and more clea
in the small-scale image of Fig. 2, most rosettes consis
six bright spots, which are considered Ti atoms. Atom
models for the rosettes have been presented before,5,7 and
rosettes connected to (132) strands are depicted in Fig. 3
They consist of Ti and O atoms in bulklike positions, wi
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4928 PRB 61MIN LI, WILHELM HEBENSTREIT, AND ULRIKE DIEBOLD
some atoms missing in a regular fashion. For example, a
ing one TiO2 unit into the center of a rosette would render
small island with (131) structure. First-principles total
energy and electronic structure calculations predict that th
rosettes are essentially stable structures and undergo sub
tial relaxations~ranging up to 0.5 Å!.7

A similar ‘‘rosette’’ structure reported to exist on th
(132) reconstructed surface exhibits a range of cross-lin

FIG. 1. STM image (300 Å3300 Å) of a TiO2~110! surface
annealed in O2 ~131026 mbar, 550 K, 20 min!. Reoxidation of the
reduced bulk causes formation of irregular networks of pseudoh
agonal rosettes~R!, added small (131) islands, and strands.

FIG. 2. Small-scale STM image (150 Å3150 Å) of a restruc-
tured TiO2~110! surface annealed in O2 ~131026 mbar, 570 K, 25
min!. Regular rosettes consist of six bright spots. Rosettes c
nected to strands miss the bright spot at the apex next to the st
d-

se
tan-

d

structures.16,20 The cross-linked structures include the sing
link and double links in the form of cross shapes, which a
also visible in our STM images~Figs. 1, 2, and 6!. In Ref.
16, a model was suggested for the cross-links, which
sembles part of the rosette network depicted in Ref. 7@Fig.
12~b!#.

The bright strands in Figs. 1, 2, and 6 are in registry w
the bright rows~with fivefold-coordinated Ti atoms! of the
TiO2~110! substrate, as is the case for the rows of t
(132) structure. Interestingly, rosettes always miss a bri
atom ~a Ti atom! when connected to a bright strand. This
exemplified in the inset of Fig. 2. In Fig. 3, we have draw
the established model for the rosettes together with th
different possibilities for the (132) strands:~i! an added-
TiO model initially proposed by our group,5 ~ii ! Ti3O5
strands,17 and~iii ! Ti2O3 strands.10,26,28In all three cases, the
atom missing in the experimental image~Fig. 2! is marked
by a star in the model. The implications of this observati
are discussed in Sec. IV A.

Annealing restructured surfaces in UHV leads to an ov
all smoothening of the surfaces~Fig. 4!. The starting point
for Fig. 4 is a Ti18O2~110! surface prepared by 5 min18O2
(131026 mbar) exposure at 660 K@Fig. 4~a!#. The
1000 Å31000 Å-wide image in Fig. 4~a! exhibits more than
seven layers, and the (131) step edges are irregularl
shaped. The rms roughness value is 1.4 Å. Annealing su
surface in UHV at 620 K for 2 min leads to a flatter surfa
~rms roughness value51.1 Å! with less than three layers ex
posed in Fig. 4~b! and smoother step edges of the ma
(131) terraces. The added (131) islands and rosette
patchesR are still visible in Fig. 4~b!.

A more detailed UHV annealing study begins with
Ti18O2~110! surface annealed in18O2 (131026 mbar) at 550
K for 10 min as shown in Fig. 5~a!. After 2 min UHV anneal
at 690 K @Fig. 5~b!#, the network patches have partially di
appeared and small (131) islands dominate the image
Many isolated short strands~;50 Å long! populate the

x-

n-
nd.

FIG. 3. Structural models for strands~top and side view! con-
nected to rosettes.~i! The single Ti-O chain model~Ref. 5!; ~ii ! the
added-Ti3O5-row model~Ref. 17!; ~iii ! the added-Ti2O3-row model
~Refs. 10, 26, 28!. Large black balls and small white balls corre
spond to oxygen and titanium atoms, respectively. Atoms belong
to rosettes are marked with dots in the side view.
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PRB 61 4929MORPHOLOGY CHANGE OF OXYGEN-RESTRUCTURED . . .
(131) islands. A small-scale STM image~Fig. 6! shows
that the network patches are now composed of@001#-
oriented strands~ca. 30 Å long! interconnected by a singl
chain of rosettes or@11̄0#-oriented rows. The closest dis
tance between strands is 13 Å, which is twice the width
the (131) unit cell in the@11̄0# direction. The bright spots
at both ends of the strands in Figs. 5~b! and 6 are commonly
observed for the (132) reconstruction.9,10

Continuing to anneal in UHV for 2 min at 780 K@Fig.
5~c!# flattens the surface further. Only a few isolat
(131) islands (70 Å340 Å – 250 Å3100 Å) can be seen
while most of the (131) islands become incorporated in
step edges. This merging of smaller islands may have le
irregular holes distributed on the large flat terraces. The
work patches have disappeared. Short strands~ca. 50 Å! are
still visible, albeit their number decreases considerably. F
ther annealing in UHV for 2 min at 830 K@Fig. 5~d!# yields
a surface that is similar to the UHV annealed surface. T
step edges become smoother with very few@11̄0# elongated
~131! islands~typically 160 Å370 Å! as extensions. No iso
lated (131) islands exist. The irregular holes can still b
seen on the terrace. The number of short strands with w
ends is drastically decreased. The overall flattening of
surface is reflected in the decrease of rms roughness va
from 1.4 Å @Fig. 5~a!# to 0.9 Å @Fig. 5~d!#.

FIG. 4. STM images (1000 Å31000 Å) of a Ti18O2~110! sur-
face:~a! after annealing in18O2 for 5 min at 660 K, rms roughnes
value51.4 Å, ~b! followed by 2 min UHV anneal at 620 K, rms
roughness value51.1 Å.
f
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A series of LEIS measurements was performed wh
keeping a Ti18O2~110! surface at elevated temperature
UHV. The surface was initially prepared by exposure
131026 mbar 18O2 at 500 K for 60 min. The temperatur
was stepped from 500 to 970 K; each temperature was
for 5 min. The 18O surface content decreases from 40%
500 K to 4% at 970 K during the experimental time~50 min!
as shown in Fig. 7. After employing linear regressio
through the data points, a turning point in the slope is fou
at 740 K. Below 740 K~region I!, the18O content drops with
a rate of 0.06 K21 and slides down much faster with a rate
;0.1 K21 above 740 K~region II!.

FIG. 5. STM images (1000 Å31000 Å) of TiO2~110! surfaces:
~a! 550 K annealing in 131026 mbar 18O2 for 10 min, rms rough-
ness value51.4 Å; and reannealing for 2 min in UHV at~b! 690 K,
rms roughness value51.2 Å, ~c! 780 K, rms roughness value
51.1 Å, ~d! 830 K, rms roughness value50.9 Å.

FIG. 6. STM image (500 Å3500 Å) of a TiO2~110! sample
prepared as in Fig. 5~b!. Labels ~i!–~iii ! in the inset refer to the
atomic model in Fig. 8.
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IV. DISCUSSION

A. Geometric model for strands

Bright strands with a similar appearance are visible
both oxygen-annealed TiO2~110! surfaces@Figs. 1 and 2,
strands connected to rosettes or (131) islands# and UHV-
annealed Ti18O2~110! surfaces@Figs. 5~b!–5~d! and 6#. These
strands are located above bright rows of the (131) sub-
strate, at the position of fivefold-coordinated Ti atoms. Th
closely resemble the strands observed on (132) surfaces
that are formed upon annealing either in UHV~Refs. 9, 11–
16, 18, 21, 26, and 28! or in oxygen (;1027 mbar) at 800
K.26 In the atomically resolved STM image in Fig. 2, stran
are composed of bright features with a separation of;3 Å
along the@001# direction. It has been proposed that the wh
feature at ends of the strands~in our images most clearly
observed on UHV-annealed surfaces, Fig. 6! corresponds to
an increase in the local density of states~LDOS! for the
atoms with reduced coordination number at the stra
end.9,10

Why would such strands coexist with the rosette netwo
As shown in Figs. 1 and 2, the rosette networks and

added small (131) islands are elongated along the@11̄0#
direction, perpendicular to the surface@001# rows. As dis-
cussed in a previous paper,7 connecting rosette units in th

@11̄0# direction produces a slightly smaller Ti:O ratio tha
ideal stoichiometry (Ti:O51:2), leading to oxygen-rich sur
faces. Possibly, this is the physical reason for the forma
of strands composed of some form of substoichiometric t
nium oxide. This way, the overall stoichiometry of the i
complete layer~composed of network patches and stran!
should be close to Ti:O51:2.

FIG. 7. Surface concentration of18O determined from He1

LEIS peak areas during annealing in UHV at increasing temp
tures~pretreatment: 60 min in18O2: 131026 mbar at 500 K!.
n

y

d

?
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n
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Three possible geometrical models for strands conne
to a single rosette are shown in Fig. 3. We use the models
strands that have been outlined in Sec. I B5,10,17,26,28and
compare their expected appearance in STM images with
experimental observations~Fig. 2!. The center of the strand
must be aligned with the center of a rosette; they must h
a periodicity of 3 Å along@001#; they must appear lower tha
the rosette network in STM images; their stoichiometry m
be TiOx (x,2); and there should be a reason why the
atom of the lower apex of the rosette~marked with a star in
Fig. 3! is always missing.

In a previous paper, we have proposed a single ch
model as part of oxygen-restructured surfaces.5 On top of a
regular (131) surface, Fig. 3~i! shows a structure consistin
of twofold-coordinated Ti atoms supported by threefo
coordinated O atoms. The overall stoichiometry of such
strand is TiO in one unit cell as shown in Fig. 3~i!. The Ti-O
chain, aligned with the center of the rosette, is located o
row of fivefold-coordinated Ti atoms on the (131) sub-
strate. The broad~;7.5 Å in the@11̄0# direction! and lower
~than rosette Ti atoms! appearance of strands has been attr
uted to the instability of a single Ti-O row structure, rela
ations, and tip effects in our previous paper.5 As pointed out
above~inset in Fig. 2!, a fourfold-coordinated Ti atom in the
rosette ~or two Ti atoms if the strands extend from bo
apices of the rosette! is always missing at the connection
the strand in our STM results. Such a Ti atom is marked
a star in Fig. 3. It is not immediately obvious why such
atom should be missing in the single-chain model, and
revoke our assignment made in Ref. 5.

Figure 3~ii ! shows the model proposed in a recent pa
by Panget al.17 Similar to the rosettes~Fig. 3, top part!, it
consists only of atoms in their bulklike positions. Fourfol
coordinated Ti atoms~two bridging O atoms are missing pe
Ti atom! are aligned with the rosette center. The row is t
minated by twofold-coordinated in-plane O atoms on bo
sides, and the stoichiometry reaches Ti:O53:5 (Ti3O5);
which again may reduce the overall stoichiometry of rose
and strands to Ti:O51:2. The strands observed by STM
Ref. 17 are composed of paired rows running along the@001#
direction with a height of 2.5 Å; such a pairing is not r
solved in our STM images. The separation of these featu
is ;3 Å in the @001# direction, which agrees with our mea
surement. The distance between paired rows in the@11̄0#
direction is;5.5 Å, close to the full width at half maximum
of our strands. A good agreement was reached between S
results and first-principles atomic orbital based calculatio
based upon the proposed model in Ref. 17. Nevertheless
model does not reflect well the relationship between rose
and strands observed in our STM images~Figs. 1 and 2 and
STM images in previous papers5,7!. The strands of Pang
et al. and the rosette network have a very similar geome
structure, and predicted relaxations collapse the rose
somewhat inward.7 Hence one would expect a similar widt
and height of the rosettes and the (132) strand. In the ex-
periment the strands appear narrower and lower than the
settes. Most importantly, there is no particular reason w
the marked Ti atom should disappear.

Finally, the added-Ti2O3-row model of Onishi and
Iwasawa is presented in Fig. 3~iii !.10,26,28 Two sixfold-
coordinated Ti rows are located next to the threefo

a-
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PRB 61 4931MORPHOLOGY CHANGE OF OXYGEN-RESTRUCTURED . . .
coordinated O atoms. These in turn are aligned with the c
ter of the rosette and are located on top of the fivefo
coordinated Ti atoms of the substrate. These Ti31 atoms are
at the same octahedral position as interstitial Ti atoms in
bulk.29 The stoichiometry is Ti:O52:3, satisfying the need
for a reduced TiOx (x,2) feature coexistent with the roset
network. The added-Ti2O3 model is supported by STM stud
ies of a DCOO-covered TiO2~110! surface,28 an ESDIAD
study of (132) reconstructed TiO2~110! surface by Guo,
Cocks, and Williams,25 as well as Ng and Vanderbilt’s
calculations.24 More recently, Tanner, Castell, and Briggs15

reported STM results that also favored the Ti2O3 model. The
calculated near-conduction-band-minimum charge densit
states exhibits a sharp increase around the position of
added Ti2O3 units and the corrugation is about 1.5–2.0
which is slightly larger than that of our strands~0.8 Å!. On-
ishi and Iwasawa observed strands26 composed of two ridges
~2 Å high! separated by 3.5 Å; such a double structure is
resolved in our images. Note that the marked fourfo
coordinated Ti atom of the rosette together with the supp
ing O atom inside the rosette~marked with a triangle! has to
be removed, otherwise the supporting O atom~marked with
a cross! would become fourfold coordinated. All O atoms
the bulk rutile structure are threefold coordinated, and i
highly unlikely that a fourfold coordinated O atom shou
appear on the surface. These considerations correlate
with the missing atoms in our observed strands~Fig. 2!.

Overall, while we cannot give conclusive evidence f
either model, the Onishi-Iwasawa added-Ti2O3-row model is
most favored by our STM measurements. The difference
the strand height and width is within a range that could ea
result from the changes in LDOS on the strands and thro
convolution with the tip during the scanning process. T
most convincing evidence is the Ti atom that is missing
the apex of the rosette connected to the strand~Figs. 2 and
3!. This is predicted to be missing in a Ti2O3 strand con-
nected to a rosette.

B. Geometric model for cross-linked strands

As seen in the annealing series of Fig. 5, cross-link
(132) strands are the precursors to the single strands
served at higher temperature. The inset in Fig. 6 shows
enlarged STM image of a Ti18O2 surface, reannealed i
UHV. Along the @11̄0# direction, a combination of single
rosettes@~i!, 6.5 Å36 Å# and rings@~ii !, 6.5 Å312 Å# is ob-
served with the typical order i-ii-i-ii-i-ii. Strands extend from
either one or both ends of rosettes and rings. T
strands themselves form the edges of larger rings@~iii !,
13 Å323 Å#. Based upon the Onishi-Iwasawa adde
Ti2O3-row model, an atomic model for a structure consisti
of the three elements@the rosette~i!, the ring ~ii !, and the
large ring~iii !# is presented in Fig. 8. Again, the dark cent
of rosettes is aligned with the bright rows as sketched in F
3. Where rosettes connect to strands, the fourfo
coordinated Ti atom and one of the supporting O atoms h
been removed as discussed above. The rosette~i! and ring
~ii ! share two common two fivefold-coordinated Ti atom
above the bridging O atoms of the (131) substrate. Both
structures are one (131) unit cell wide in the@11̄0# direc-
tion. The large ring~iii ! is boarded by Ti2O3 rows, which are
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separated by two (131) unit cells. At the bottom, large
rings are linked to form the zigzag-shaped chains, which
be recognized in Fig. 6.

This atomic model is a logical outgrowth of the atom
model for the strands connected to rosettes presented in
3. Because the cross-linked strands evolve from the ros
network, it is natural to assume the same building blocks
both structures. Attempts to construct atomic models
cross-linked strands with large and small rings using eit
the single-chain model@Fig. 3~i!# or the added-row model o
Panget al. @Fig. 3~ii !# resulted in far less satisfactory agre
ment with our STM data.

Interestingly, Bennettet al. report cross-linked strand
that were interpreted as Ti3O5 strands~with extra bridging
oxygen atoms! connected by cross shapes structurally sim
to rosettes. These have been produced by annealing in
gen at 870 K.16 The presence of one or the other (132)
reconstruction appears to be dependent on the reduction
of the TiO2 crystal; (132) strands consistent with th
Onishi-Iwasawa model were observed on more stoich
metric crystals.16 For the crystal~blue! used in our experi-
ment, only the latter type of (132) strands was observed
One reason for this discrepancy could be that our STM
periment was made at room temperature. The cooling of
crystal in our experimental setup is very slow, and t
quenching process might affect the surface structure. In
dition, the reduction state of the crystal has a great influe
on the surface morphology evolving at elevated temperatu
in UHV as well as in an oxygen environment.7,19 Possibly,
different reduction states of crystals used by various gro
could give rise to the different validity of models for cros
linked (132) strands.

C. Mechanism

As discussed in detail in our previous paper7 and by
others16,20,26 the main features on the oxygen-restructur
TiO2~110! surfaces are created by reaction of gaseous o
gen with interstitial Ti31 ions segregating from the reduce
bulk towards the surface. At temperatures between 500

FIG. 8. Atomic model~top and side view! for a restructured
TiO2~110! surface after annealing in UHV composed of~i! rosettes,
~ii ! rings, and~iii ! larger rings. Large black balls and small whi
balls correspond to oxygen and titanium atoms, respectively.
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710 K, all three features@rosettes, (132) strands, and
(131) islands# are seen. Above 710 K, only strands a
islands are formed. Exposure to oxygen above 830 K ren
large (131) terraces.

UHV annealing a restructured surface at 620 K flatte
the surface, but the rosette networks still survive as show
Fig. 4. Above 690 K@Fig. 5~b!#, the surface morphology
undergoes a dramatic change as follows: netw
1(131) islands1(132) strands→(132) strands1(131)
terraces (780 K)→(131) terraces~830 K!. In the STM im-
ages of Figs. 5~a! and 5~b!, the number of rosette networ
patches decreases dramatically, and a high concentratio
(132) strands appears. The surface morphology change
the high-temperature range~above 710 K! of UHV annealing
are similar to those of the Ti18O2 surface under oxygen en
vironment at high temperature.7 This suggests that the dom
nating mechanisms for the phase transition during annea
at high temperature could be the same in both UHV a
oxygen surroundings.

Three possible mechanisms may cause the surface
phology change at elevated temperatures. First, TiO2 units
may detach from rosettes or from (132) strands, diffuse
across the surface, and incorporate into (131) islands. Sec-
ond, additional Ti and O atoms from the substrate may
fuse to the surface and convert rosettes into (131) islands
by filling empty sites such as the centers of rosettes. Th
both rosettes and (132) strands may decompose with ox
gen desorbing into the vacuum and Ti cations diffusing i
the bulk, which is just the opposite process of oxyge
induced restructuring.7 All three processes could occur s
multaneously with different rates in different temperature
gimes. Only processes two and three will result in a cha
of surface composition, while process one involves a m
rearrangement of surface atoms.

UHV annealing of oxygen-restructured surfaces decrea
the 18O surface content. In Fig. 7, a clear break point
visible at 740 K with slower depletion of18O in region I
~,740 K! and a much faster rate above this temperat
~region II!. Region I corresponds to the disappearance
most rosette networks, with only a few cross-links
(132) strands surviving@Figs. 5~a! and 5~b!#. The tempera-
ture regime of region II starts between Figs. 5~b! and 5~c!
where (132) strands convert into the (131) surface.
Henderson30 has studied bulk-assisted oxidation of reduc
TiO2 surfaces~which were produced by both sputtering a
deposition of excess Ti! and has observed a drastic change
the rate of diffusion mechanisms at a similar temperatu
The slight increase in the O:Ti ratio below;700 K was
explained by exchange of Ti and O within the reduced
gion. Above 700 K, excess Ti starts to diffuse into the bu
which leads to a rapid reoxidation of the surface. Intere
ingly, the rate of18O decrease/16O increase was faster in th
a
c
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low-temperature regime of Henderson’s static secondary
mass spectrometry experiment,30 which was interpreted as
diffusion of O in the sputtered film.

Henderson’s results are consistent with the behavior
served in this work. The exchange of18O with bulk 16O
~second process: near surface TiO2 or O moves upward and
fills the centers of rosettes! dominates at lower temperature
below 740 K. This process is relatively slow. Region II co
responds to the disappearance of Ti2O3 strands. Probably this
occurs via process three,18O desorption into the gas phas
which happens faster and gives rise to the rapid reductio
the 18O surface content. The desorption of oxygen from t
surface is supported by creation of oxygen defects31 above
700 K and the Xuet al. STM study on the creation of a
(132) reconstructed surface above 700 K.14 The oxygen
desorption process is accompanied by diffusion of exces
into the bulk. At any given temperature, massive surface
fusion ~first process! leads to an overall increase of terra
size.

V. SUMMARY

UHV annealing of oxygen-restructured Ti18O2~110! sur-
faces ~prepared by annealing in18O2 at 550 K! causes a
dramatic surface morphology change. The ‘‘rough’’ surfa
characterized by three main elements@rosette networks,
(132) strands, and (131) islands# is smoothed with el-
evated annealing temperatures through the conversion
metastable rosette networks to (132) strands and finally to
stable (131) terraces. A depletion of surface18O occurs
concurrent with the morphology change. The main resu
are summarized as follows.

~1! For the (132) strands, an induced added-row Ti2O3
structure is favored by atomically resolved STM measu
ments of oxygen-annealed surfaces and of cross-lin
(132) strands obtained by UHV annealing.

~2! The smoothing process on oxygen-restructu
TiO2~110! surfaces depends on annealing temperature.
sette network patches disappear above 690 K. (132) strands
and (131) islands exist up to 830 K. Above 830 K, onl
large, flat (131) terraces exist.

~3! Two different temperature regimes are observed. B
low 740 K, depletion of18O occurs relatively slowly. This is
attributed to diffusion of mainly oxygen leading to a
16O/18O exchange with the bulk. Above 740 K, desorptio
of oxygen into the gas phase and diffusion of excess Ti i
the bulk cause a more rapid decrease of the surface oxy
content.

ACKNOWLEDGMENTS

This work was supported in part by NSF-CAREER a
DoE-EPSCoR. The help of Dr. Lanping Zhang with da
taking and useful discussions with Dr. Michael A. Hende
son are gratefully acknowledged.
*Author to whom correspondence should be addressed. F
11 504 862 8702. Electronic address: diebold@mailhost.t
tulane.edu

1B. L. Maschhoff, J.-M. Pan, and T. E. Madey, Surf. Sci.259, 190
~1991!.

2G. Charlton, P. B. Howes, C. L. Nicklin, P. Steadman, J. S. G
Taylor, C. A. Muryn, S. P. Hartre, J. Mercer, R. McGrath, D
x:
s.

.

Norman, T. S. Turner, and G. Thornton, Phys. Rev. Lett.78, 495
~1997!.

3B. Hird and R. A. Amstrong, Surf. Sci.420, L131 ~1999!.
4M. Ramamoorthy, D. Vanderbilt, and R. D. King-Smith, Phys.

Rev. B49, 16 721~1994!.
5M. Li, W. Hebenstreit, and U. Diebold, Surf. Sci. Lett.414, L951

~1998!.



.

n,

B

ci.

e

G

s.

c.

PRB 61 4933MORPHOLOGY CHANGE OF OXYGEN-RESTRUCTURED . . .
6M. Li, W. Hebenstreit, U. Diebold, M. A. Henderson, and D. R
Jennison, Faraday Discuss.~to be published!.

7M. Li, W. Hebenstreit, L. Gross, U. Diebold, M. A. Henderso
D. R. Jennison, P. A. Schultz, and M. P. Sears, Surf. Sci.437,
173 ~1999!.

8P. J. Møller and M.-C. Wu, Surf. Sci.224, 265 ~1989!.
9D. Novak, E. Garfunkel, and T. Gustafsson, Phys. Rev. B50,

5000 ~1994!.
10H. Onishi and Y. Iwasawa, Surf. Sci. Lett.313, 783 ~1994!.
11M. Sander and T. Engel, Surf. Sci. Lett.302, 263 ~1994!.
12P. W. Murray, N. G. Condon, and G. Thornton, Phys. Rev. B51,

10 989~1995!.
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