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When reduced Tigi110) single crystals are oxidized at moderate temperat(#@8—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 Ti@ layers. These are characterized by three structural elements: small)(Islands,
irregular networks of pseudohexagonal rosettes, [@t@d]-oriented strands. The strands exhibit the same
structural characteristics as theX2) surface reconstruction, which forms upon annealing at higher tempera-
tures. Atomic-resolution scanning tunneling microscopy images of the strands are consistent with the added-
Ti,O5-row model. UHV annealing of oxygen-restructured surfaces smooths the surfaces and converts the
rosette networks into strands and finally into regulaix(l) terraces. The composition of these oxygen-
induced phases is quantified usitf, gas in combination with low-energy Fidon scattering measurements.
Dynamic processes for the conversion from rosette networks into2(1strands and ultimately into ¢41)
terraces are discussed.

[. INTRODUCTION structural elements. Restructured surfaces are annealed in ul-
trahigh vacuum{UHV) at temperatures between 620 and 830
K. The surface morphology after annealing is monitored with
The TiO,(110 surface has become the most popular sysSTM, and the surface concentration’80 surfaces is quan-
tem for surface-science investigations of metal oxides in retified with LEIS. Rosette networks disappear quickly and
cent years. The different structures and morphologies thatonvert partially into (&X?2) strands. This “low-
evolve during sample preparation are therefore of considetemperature” (1<2) phase is converted into flat
able interest. It is well established by experintefias well  (1Xx1)-terminated terraces surfaces through UHV annealing
as theor§ that the (1x1) surface is bulk-terminated with at 830 K.
some relaxations, while the atomic structure and stability
range of the (X 2) reconstruction is still subject to debate B. The (1X2) structure

(see below. Our own interest in the (%2) structure has Because the atomic structure of the{2) phase is under
been stimulated by our recent observation of a massive rgjetajled discussion, we give a brief survey of the current
structuring process that takes place upon reoxidizing reducegiate of knowledge and the proposed structural models.
TiO; single crystals at moderate temperatures. A (1x2) low-energy electron diffractiofLEED) pattern

We found that annealing flat, (41)-terminated was originally observed after high-temperature annealing of
TiO,(110 surfaces in moderate oxygen pressures changes reduced TiQ110 sample in UHV. It was interpreted as
the surface morphology and structure substantraifyA for- alternate rows of bridging oxygen missing from the regular
mation mechanism involving the reaction of interstitial Ti (1x 1) surface(“missing-row model”®). A variety of STM
atoms(diffusing from the reduced bulk to the surfaceith  images of this surface reconstruction were published by dif-
oxygen offered from the gas phase was confirmed by lowferent groups-° Bright strands running along the substrate
energy ion scatteringLEIS) experiments using isotopically [001] direction with a minimum separation of 13 A were
labeled '%0,. Restructured surfaces are quite rough andPbserved. The (X2) reconstruction appears to be stable in
dominated by three small-scale features: irregular networka relatively wide temperature range, and higher periodicities,
of connected, & 6.5-A-wide rosettes; one-unit-cell-wide i.e., a local (1X3) reconstruction, have also been
[001]-oriented strand§with an appearance in scanning tun- observed®*” In addition, many researchers report scattered
neling microscopy(STM) images similar to the (x2) re-  single bright strings on a (41) surface prepared by anneal-
constructio; and small(tens of A (1x 1) islands(see Fig. ing in UHV to lower temperatures. These are located at the
1). The formation and stability range of these structures desame position and have an appearance similar to the
pend on a variety of preparation parameters, such as oxygdd X 2) strands:**>13181%50me but not all groups report a
pressure, annealing temperature, annealing time, and redueross-linking of the (¥2) rows along the [110]
tion state of the crystdl We have proposed that the rosettesdirection**?16202igngel and co-workers reported the first
consist of an incomplete TiJayer with atoms missing in a STM images after annealing the surface i5 @nd observed
regular fashion. First-principles calculations have shown thapronounced cross-linking with local(2x 1) units after re-
these are stable structures. annealing the oxygen-treated surface in UH\?! More re-

In this paper, we focus on the atomic structure of thecently, the structure of these cross-links has been resolved in
(1x2) strands as well as the thermal stability of all threehigh-temperature STM imagé%?°

A. Motivation
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The (1x2) strands are generally observed to have g1x1) layers?® The restructuring process was recorded by
height smaller than a regular Tj®tep edge of 3.2 A and to high-temperature STM movigsand was shown to occur
be in registry with the bright rows of the (1) substrate. through nucleation of cross-links strands at temperatures
Because most researchers report empty-state images and Bes73 K.
cause these are dominated by the tunneling into mostly As shown in this work, the (X2) strands that appear
Ti3d—derived state& bright strands centered on top of upon annealing in oxygen at low temperat{#e660 K (Ref.
bright substrate rows imply that the X12) strands are atthe 7)] have a structure consistent with the Onishi-lwasawa
position of fivefold-coordinated Ti atoms and not at themodel. These strands are thermally more stable than rosette
bridging oxygen atoms. This discounts a simple missing-rownetworks and develop a cross-linked appearance upon an-
model. Because most of the XI2) rows extend out of step nealing in UHV. As will be shown in a forthcoming paper,
edges, a modified model has been proposed by Murray, Coithe reduction state of the sample affects whether or not such
don, and Thorntof? which involves narrow rows with miss- strands are observed on sputtered and UHV-annealed
ing bridging oxygens that are effectively part of the upper(1x1) surfaces?
terrace. Lateral relaxations were also includeth This

model was shown to be consistent with calculated surface Il EXPERIMENT
charge densitie€ Early on, Onishi and lwasaWasuggested '
a quite different model. It consists of strings with,®@ stoi- The experiments were conducted in a UHV sysfeth,

chiometry, consisting of double rows of Ti cations(abr-  which is equipped with x-ray photoelectron spectroscopy
mally empty octahedral positions, surrounded by oxygen at-XPS), low-energy Hé-ion scattering spectroscogi.EIS),
oms. Self-consistent total-energy and electronic structure cal-EED, and STM operating at room temperature. Two pol-
culation found that this added-Ds-row structure has a ished TiQ single crystals have been uséG@ommercial
lower surface free energy than the missing-row structtite.  Crystal Laboratorigs Both samples exhibited a blue color
is also supported by ESDIADRef. 25 as well as more after an initial high-temperature anne@50 K). Sample

recent STM measurements. mounting and treatment are described in Refs. 7 and 27. In
Recently, a different added-row model has been proposedrder to monitor the oxygen incorporation during annealing
by Panget all’ In this model, all atoms are in bulklike po- excursions, isotopically enriched 180, gas

sitions, and all the bridging oxygen atoms are missing, re{*t0,:'%0,=93%:7%) was employed. LEIS spectra show
sulting in an overall TjOs stoichiometry. In addition, the Ti  clearly resolved®0 and*®0 peaks’. For quantification of the
atoms underneath some of the bridging oxygen rows are réf0 surface content, these peaks were fitted with two
moved, which gives rise to the dark regions separating th&aussians with equal widths after subtraction of a linear
bright ridges in the (X 2) structure. The missing units are background, and the total peak area was normalized to
similar to a proposal made by Fischetral*® to explain the  100%. LEIS measurements do not affect the uptaké®of
bright (1x 2) strands on the (X1) surface. with carefully controlled parametergotal ion fluence of
The thermal stability range, formation mechanism of the~1.6x 10" '°cm 2 per measurement and beam energy of
(1x2) phase, and the role of gaseous oxygen in this proces225 eVj. The roughness of surfaces is quantified with the
are still unclear. While most researchers produced theoot-mean-squargrms) value of STM images. The rms
(1% 2) reconstruction through UHV annealing at high tem-roughness value is determined on the differentiated instead
perature$=1000 K), Xu et al.report a (1X2) phase with a of the original STM imagesFigs. 4 and bin order to em-
very similar appearance can also be formed by annealing gthasize the newly added features such as rosette network
low temperaturg700—800 K.1* At somewhat higher tem- patches, (X 2) strands, and TiQclusters, as well as step
peratures, it converts to the X11) surface. To date, two edges of (X 1) islands. The rms roughness value presented
groups have studied the formation of theq2) phase using in the results section is averaged over several images with
STM measurements at elevated temperattfé2® Onishi  similar quality. An error of 0.2 A is estimated for Figs(a#
and lwasawa report the formation of X2) strands while and 4b), and 0.1 A for Figs. &)—5(d).
keeping the sample at 800 K in an oxygen background pres-
sure of 1x10 "mbar. These strands were interpreted as
added TjO5; rows. Very recent STM images taken at 873 K
in 5.5x 10" " mbar oxygen showed evidence for two differ-  The starting point for our experiments was restructured
ent reconstructions, depending on the reduction state of theurfaces similar to the one shown in Fig. 1. These surfaces
TiO, crystal'®?® Added T,O, rows were formed on a more have been produced by reannealing in oxygen flat,
stoichiometric crystal, and a cross-linked>2) structure (1X1)-terminated TiQ(110 crystals(which, in turn, have
was observed on more bulk reduced, darker ;Te@ystals. been obtained through Arsputtering and annealing in UHV
The cross-linked (X 2) strands exhibit the same step heightat 880 K). Figure 1 shows pseudohexagonal rosettaseled
as the (X 1) terminated surface, and were essentially interR in Fig. 1), small (1X1) islands, and short strandwith
preted as long lines of intact 1) structure, separated by white features at both endihat are typically present on such
troughs of missing atoms. This is structurally similar to the“restructured” surfaces. As seen in Fig. 1, and more clearly
Panget al. model’ with the addition of bridging oxygen in the small-scale image of Fig. 2, most rosettes consist of
atoms. The cross links have some resemblance to the rosett&® bright spots, which are considered Ti atoms. Atomic
observed in our previous workThe cross-linked (X2) models for the rosettes have been presented b&foamd
strands grow through reaction of interstitial Ti atoms with rosettes connected to KI2) strands are depicted in Fig. 3.
gaseous oxygen and are precursors to the growth of addddey consist of Ti and O atoms in bulklike positions, with

Ill. RESULTS
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FIG. 1. STM image (300 A300A) of a TiO,(110 surface FIG. 3. Structu_ral mod_els for_ strantﬂtfnp and side vie\)_\{con-
annealed in ©(1x 10~ mbar, 550 K, 20 min Reoxidation of the nected to rosettesi) The single Ti-O chain moddRef. 5); (ii) the

reduced bulk causes formation of irregular networks of pseudohex@dded-TiOs-row model(Ref. 17; (iii) the added-TOs-row model
agonal rosette¢R), added small (k1) islands, and strands. (Refs. 10, 26, 2B Large black balls and small white balls corre-
spond to oxygen and titanium atoms, respectively. Atoms belonging

T . c}o rosettes are marked with dots in the side view.
some atoms missing in a regular fashion. For example, add-

ing one TiQ, unit into the center of a rosette would render a .\ 04620 The cross-linked structures include the single

small island with (.JXl) structure. F|r_st-pr|nC|p_Ies total- link and double links in the form of cross shapes, which are
energy and electronic structure calculations predict that thes

rosettes are essentially stable structures and undergo substilellgs:o; |§:t())lgellnv\?;sr §J M égigeg;gfﬁelbrzdsﬂ?nlksslnw??gh re-
tial relaxations(ranging up to 0.5 A’ ’ 99 ’

A similar “rosette” structure reported to exist on the sembles part of the rosette network depicted in R¥ig.

o ) 2(b)].
(1% 2) reconstructed surface exhibits a range of cross-llnke& The bright strands in Figs. 1, 2, and 6 are in registry with

the bright rows(with fivefold-coordinated Ti atomsof the
TiO,(110 substrate, as is the case for the rows of the
(1 2) structure. Interestingly, rosettes always miss a bright
atom(a Ti atom) when connected to a bright strand. This is
exemplified in the inset of Fig. 2. In Fig. 3, we have drawn
the established model for the rosettes together with three
different possibilities for the (X2) strands:(i) an added-
TiO model initially proposed by our group,(ii) TizOs
strands’’ and(iii ) Ti,O3 strands-%?2|n all three cases, the
atom missing in the experimental ima¢eig. 2) is marked

by a star in the model. The implications of this observation
are discussed in Sec. IVA.

Annealing restructured surfaces in UHV leads to an over-
all smoothening of the surfacéFig. 4). The starting point
for Fig. 4 is a T+®%0,(110 surface prepared by 5 mifO,
(1x10 ®mbar) exposure at 660 KFig. 4@]. The
1000 Ax1000 A-wide image in Fig. @) exhibits more than
seven layers, and the K1) step edges are irregularly
shaped. The rms roughness value is 1.4 A. Annealing such a
surface in UHV at 620 K for 2 min leads to a flatter surface
(rms roughness valael.1 A) with less than three layers ex-
posed in Fig. &) and smoother step edges of the main
(1X1) terraces. The added Xl1) islands and rosette
patchesR are still visible in Fig. 4b).

A more detailed UHV annealing study begins with a
Ti'®0,(110) surface annealed ifO, (1x 10~ ® mbar) at 550

FIG. 2. Small-scale STM image (1504150 A) of a restruc- K for 10 min as shown in Fig.(@). After 2 min UHV anneal
tured TiO(110) surface annealed in Q1% 10 ®mbar, 570 K, 25  at 690 K[Fig. §b)], the network patches have partially dis-
min). Regular rosettes consist of six bright spots. Rosettes conappeared and small 1) islands dominate the image.
nected to strands miss the bright spot at the apex next to the stranilany isolated short strandé~50 A long populate the
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FIG. 5. STM images (1000 A 1000 A) of TiO,(110 surfaces:
(a) 550 K annealing in X 10" ® mbar*®0, for 10 min, rms rough-
ness value 1.4 A; and reannealing for 2 min in UHV éb) 690 K,
rms roughness valuel.2 A, (c) 780 K, rms roughness value
=1.1A, (d) 830 K, rms roughness vala).9 A.

A series of LEIS measurements was performed while
keeping a Ti%0,(110 surface at elevated temperature in
UHV. The surface was initially prepared by exposure to
1x 10" ® mbar 80, at 500 K for 60 min. The temperature
was stepped from 500 to 970 K; each temperature was kept
for 5 min. The®0O surface content decreases from 40% at
500 K to 4% at 970 K during the experimental tif& min)
as shown in Fig. 7. After employing linear regressions
through the data points, a turning point in the slope is found
at 740 K. Below 740 Kregion )), the 180 content drops with
a rate of 0.06 K* and slides down much faster with a rate of
~0.1 K ! above 740 K(region ).

FIG. 4. STM images (1000 X 1000 A) of a T%0,(110) sur-
face:(a) after annealing it®0, for 5 min at 660 K, rms roughness
value=1.4 A, (b) followed by 2 min UHV anneal at 620 K, rms
roughness value1.1A.

(1%1) islands. A small-scale STM imagéig. 6) shows
that the network patches are now composed[@D1]-
oriented strandgca. 30 A long interconnected by a single

chain of rosettes o[lTO]-oriented rows. The closest dis-
tance between strands is 13 A, which is twice the width of

the (X 1) unit cell in the[110] direction. The bright spots
at both ends of the strands in Figgbpband 6 are commonly
observed for the (X 2) reconstructionf:1°

Continuing to anneal in UHV for 2 min at 780 KFig.
5(c)] flattens the surface further. Only a few isolated
(1x1) islands (70 A<40A-250Ax100A) can be seen
while most of the (X 1) islands become incorporated into
step edges. This merging of smaller islands may have led to
irregular holes distributed on the large flat terraces. The net-
work patches have disappeared. Short straods50 A are
still visible, albeit their number decreases considerably. Fur-
ther annealing in UHV for 2 min at 830 KFig. 5(d)] yields
a surface that is similar to the UHV annealed surface. The

step edges become smoother with very fewt0] elongated
(1x1) islands(typically 160 Ax 70 A) as extensions. No iso-
lated (1X1) islands exist. The irregular holes can still be
seen on the terrace. The number of short strands with white
ends is drastically decreased. The overall flattening of the FIG. 6. STM image (5004 500A) of a TiO(110 sample
surface is reflected in the decrease of rms roughness valuggepared as in Fig.(5). Labels (i)—(iii) in the inset refer to the
from 1.4 A[Fig. 5@] to 0.9 A[Fig. 5(d)]. atomic model in Fig. 8.

smglellnk: 2 4
*e et
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50 Three possible geometrical models for strands connected
1 to a single rosette are shown in Fig. 3. We use the models for
strands that have been outlined in Sec.>tB'726%and
region I region II compare their expected appearance in STM images with our
experimental observatiorifig. 2). The center of the strands
must be aligned with the center of a rosette; they must have
a periodicity of 3 A alond001]; they must appear lower than
the rosette network in STM images; their stoichiometry must
be TiQ, (x<2); and there should be a reason why the Ti
atom of the lower apex of the rosettmarked with a star in
Fig. 3 is always missing.

In a previous paper, we have proposed a single chain
model as part of oxygen-restructured surfat€n top of a
regular (X 1) surface, Fig. 8) shows a structure consisting
of twofold-coordinated Ti atoms supported by threefold-
coordinated O atoms. The overall stoichiometry of such a
strand is TiO in one unit cell as shown in Fidi)3 The Ti-O
chain, aligned with the center of the rosette, is located on a
row of fivefold-coordinated Ti atoms on the XI1) sub-

N strate. The broa@~7.5 A in the[110] direction and lower
400 500 600 700 800 900 1000 (than rosette Ti atomsppearance of strands has been attrib-
uted to the instability of a single Ti-O row structure, relax-
Temperature (K) ations, and tip effects in our previous papés pointed out
FIG. 7. Surface concentration dfO determined from He above(inset in Fig. 2, afogrfold-coordinated Ti atom in the
LEIS peak areas during annealing in UHV at increasing tempera[OS_ette(or two Ti atoms if the strands extend from both
tures (pretreatment: 60 min iRf0,: 1x10 6 mbar at 500 K. apices of the rosettas always missing at the connection to
the strand in our STM results. Such a Ti atom is marked by
a star in Fig. 3. It is not immediately obvious why such an
IV. DISCUSSION atom should be missing in the single-chain model, and we
A. Geometric model for strands revoke our assignment made in Ref. 5.
) ) o o Figure 3ii) shows the model proposed in a recent paper
Bright strands with a §|m|lar appearance are visible Ohy Panget al” Similar to the rosette¢Fig. 3, top par, it
both oxygen-annealed TA10 surfaces[Figs. 1 and 2, consists only of atoms in their bulklike positions. Fourfold-
strands connected to rosettes or{(1) islandg and UHV-  coordinated Ti atomé&wo bridging O atoms are missing per
annealed T0,(110) surfacegFigs. §b)-5(d) and 6. These  Tj atom) are aligned with the rosette center. The row is ter-
strands are located above bright rows of thex(@) sub- minated by twofold-coordinated in-plane O atoms on both
strate, at the position of fivefold-coordinated Ti atoms. Theysides, and the stoichiometry reaches F:®5 (Ti;Os);
closely resemble the strands observed oix2) surfaces which again may reduce the overall stoichiometry of rosettes
that are formed upon annealing either in UKRefs. 9, 11— and strands to Ti:©1:2. The strands observed by STM in
16, 18, 21, 26, and 2%r in oxygen (~10 "mbar) at 800 Ref. 17 are composed of paired rows running alond €iod]
K.28 In the atomically resolved STM image in Fig. 2, strandsdirection with a height of 2.5 A; such a pairing is not re-
are composed of bright features with a separation-8fA ~ solved in our STM images. The separation of these features
along the[001] direction. It has been proposed that the whiteis ~3 A in the[001] direction, which agrees with our mea-
feature at ends of the strandi® our images most clearly Surement. The distance between paired rows in[thE0]

observed on UHV-annealed surfaces, Figcérresponds to  direction is~5.5 A, close to the full width at half maximum

an increase in the local density of sta@DOS) for the ©Of our strands. A good agreement was reached between STM
atoms with reduced coordination number at the strand€SUlts and first-principles atomic orbital based calculations

end%10 ased upon the proposed model in Ref. 17. Nevertheless, this
4nodel does not reflect well the relationship between rosettes

Why would such strands coexist with the rosette network.and strands observed in our STM imagBigs. 1 and 2 and

As shown in Figs. 1 and 2, the rosette networks and th . X .

. i STM images in previous pap&f. The strands of Pang
added small (X1) islands are elongated along the10] et a1, and the rosette network have a very similar geometric
direction, perpendicular to the surfaf@01] rows. As dis-  structure, and predicted relaxations collapse the rosettes
cussed in a previous papeconnecting rosette units in the somewhat inward.Hence one would expect a similar width
[110] direction produces a slightly smaller Ti:O ratio than and height of the rosettes and theX2) strand. In the ex-
ideal stoichiometry (Ti:&1:2), leading to oxygen-rich sur- periment the strands appear narrower and lower than the ro-
faces. Possibly, this is the physical reason for the formatiorsettes. Most importantly, there is no particular reason why
of strands composed of some form of substoichiometric titathe marked Ti atom should disappear.
nium oxide. This way, the overall stoichiometry of the in-  Finally, the added-L0s-row model of Onishi and
complete layer(composed of network patches and strands lwasawa is presented in Fig.(i).1%?%2% Two sixfold-
should be close to Ti:©1:2. coordinated Ti rows are located next to the threefold-

30+

20+

1% LEIS peak area ( % )

10+
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coordinated O atoms. These in turn are aligned with the cen-
ter of the rosette and are located on top of the fivefold-
coordinated Ti atoms of the substrate. Thes¥ Htoms are

at the same octahedral position as interstitial Ti atoms in the
bulk.?® The stoichiometry is Ti:@2:3, satisfying the need
for a reduced TiQ (x<2) feature coexistent with the rosette
network. The added-JO; model is supported by STM stud-
ies of a DCOO-covered Ti110) surface’® an ESDIAD
study of (1X2) reconstructed Tig110) surface by Guo,
Cocks, and William$? as well as Ng and Vanderbilt's
calculations* More recently, Tanner, Castell, and Brigys
reported STM results that also favored thedj model. The
calculated near-conduction-band-minimum charge density of
states exhibits a sharp increase around the position of the
added TjO; units and the corrugation is about 1.5-2.0 A,
which is slightly larger than that of our strant8 A). On-

ishi and Iwasawa observed Straf’ﬂmmposed of two ridges FIG. 8. Atomic model(top and side viewfor a restructured

(2 A high) separated by 3.5 A; such a double structure is rmtl'ioz(llo) surface after annealing in UHV composed(Dfrosettes,

resolved in our images. Note that the marked fourfold-(ii) rings, and(iii) larger rings. Large black balls and small white
coordinated Ti atom of the rosette together with the support; ! :

ing O atom inside the rosettenarked with a trianglehas to balls correspond to oxygen and titanium atoms, respectively.
be removed, otherwise the supporting O atomarked with

a cros$ would become fourfold coordinated. All O atoms in
the bulk rutile structure are threefold coordinated, and it i
highly unlikely that a fourfold coordinated O atom should
appear on the surface. These considerations correlate weﬁq

Wltg\t/g?aﬂﬂs\;'hr:lge avtvoemc?alr?ngltjrgci)\?esecrgﬁglj;risgﬂgv.idae'nce for3' Becau;g the cross-linked strands evolve .fr(_)m the rosette

either moéel the Onishi-lwasawa addedcTrow model is network, it is natural to assume the same bqumg blocks for

most favoreé by our STM measurements. The difference OEOth sFructures. Attempts to_construct atqm|c mpdels. for

the strand height and width is within a ranée that could easil ross_-llnked strands W't.h Iar_ge and small rings using either
he single-chain modéFig. 3(i)] or the added-row model of

result from the changes in LDOS on the strands and throug anget al. [Fig. 3(ii)] resulted in far less satisfactory agree-

convolution with the tip during the scanning process. Thement with our STM data.

tmth; Cg:\gptcr']régrg;’g:fenzgr:ietgé J't;tt%rg ;?ra;i;jssmzlsasllnndg at Interestingly, Bennettet al. report cross-linked strands
P ' that were interpreted as ;05 strands(with extra bridging

i)e.c:crehéstésaprroesfjeli'::d to be missing in a,T strand con- oxygen atompsconnected by cross shapes structural_ly si_milar
' to rosettes. These have been produced by annealing in oxy-
gen at 870 K!® The presence of one or the otherX2)
B. Geometric model for cross-linked strands reconstruction appears to be dependent on the reduction state

As seen in the annealing series of Fig. 5, cross-linke®’ the TiO, crystal; (1xX2) strands consistent with the
(1% 2) strands are the precursors to the single strands 053”'3_h"'Wa3aW% model were observed on more stoichio-
served at higher temperature. The inset in Fig. 6 shows af1€tric crystals® For the crystal(blue) used in our experi-
enlarged STM image of a 10, surface, reannealed in Ment, only the Iat;er type of (12) strands was observed.
UHV. Along the [170] direction, a combination of single One reason for this discrepancy could be that our STM ex-

rosetted (i), 6.5 Ax 6 A] and rings[(ii), 6.5 Ax 12 A] is ob- periment was made at room temperature. The cooling of the

AN ) A A crystal in our experimental setup is very slow, and the
served with the typical order i-ii-i-ii-i-ii. Strands extend from hi iaht aff h f d
either one or both ends of rosettes and rings. Th&uenching process mig t affect the surface structure. In ad-
strands themselves form the edges of larger rifs) dition, the reduction state of the crystal has a great influence
13Ax23A]. Based upon the %nishi-lwagsawa adeed-on the surface morphology evolving at elevated temperatures
. : PO -~ ~in UHV as well as in an oxygen environméeht’ Possibly,
Ti,O5-row model, an atomic model for a structure consisting

of the three elementithe rosette(i), the ring (i), and the different reduction states of crystals used by various groups

large ring(iii )] is presented in Fig. 8. Again, the dark Centercould give rise to the different validity of models for cross-

of rosettes is aligned with the bright rows as sketched in Figl.mked (1x2) strands.

3. Where rosettes connect to strands, the fourfold-

coordinated Ti atom and one of the supporting O atoms have C. Mechanism

been removed as discussed above. The rogetend ring As discussed in detail in our previous papend by

(i) share two common two fivefold-coordinated Ti atoms otherd®2926 the main features on the oxygen-restructured
above the bridging O atoms of the X1L) substrate. Both Tj0,(110) surfaces are created by reaction of gaseous oxy-
structures are one (41) unit cell wide in the[110] direc-  gen with interstitial T¥* ions segregating from the reduced
tion. The large rindiii) is boarded by TiO; rows, which are  bulk towards the surface. At temperatures between 500 and

separated by two (X1) unit cells. At the bottom, large

rings are linked to form the zigzag-shaped chains, which can
e recognized in Fig. 6.

This atomic model is a logical outgrowth of the atomic

odel for the strands connected to rosettes presented in Fig.
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710 K, all three featuregrosettes, (X2) strands, and low-temperature regime of Henderson'’s static secondary ion
(1x1) islandg are seen. Above 710 K, only strands andmass spectrometry experiméfitwhich was interpreted as
islands are formed. Exposure to oxygen above 830 K rendeffusion of O in the sputtered film.
large (1x 1) terraces. Henderson’s results are consistent with the behavior ob-
UHV annealing a restructured surface at 620 K flattensserved in this work. The exchange 6f0 with bulk *%0
the surface, but the rosette networks still survive as shown ifsecond process: near surface Ji® O moves upward and
Fig. 4. Above 690 K[Fig. 5b)], the surface morphology fills the centers of rosetteslominates at lower temperatures
undergoes a dramatic change as follows: networi€low 740 K. Thl$ process is relatl\{ely slow. Region I cor-
+(1X 1) islands+ (1X 2) strands- (1 2) strands- (1x 1) responds_ to the disappearance qt)é[strgnds. Probably this
terraces (780 K)»(1x 1) terraceg830 K). In the STM im- ~ OCCUIS Via process thre€0 desorption into the gas phase,
ages of Figs. &) and §b), the number of rosette network which happens faster and gives rise to the rapid reduction of

1 .
patches decreases dramatically, and a high concentration glhe %O surface content. The desorption of oxygen from the

(1X2) strands appears. The surface morphology changes %rface is supported by creation of oxygen defScbove

. . 0 K and the Xuet al. STM study on the creation of a
the high-temperature rangabove 710 K of UHV annealing (1x2) reconstructed surface above 700KThe oxygen
are similar to those of the 0, surface under oxygen en-

! - > "~ desorption process is accompanied by diffusion of excess Ti
vironment at high temperatufeThis suggests that the domi- n¢g the bulk. At any given temperature, massive surface dif-

nating mechanisms for the phase transition during annealingsjon (first process leads to an overall increase of terrace
at high temperature could be the same in both UHV and;jze.

oxygen surroundings.
Three possible mechanisms may cause the surface mor- V. SUMMARY
phology change at elevated temperatures. First,, TiQits

. _ l _
may detach from rosettes or from XR) strands, diffuse UHV annealing of oxygen-restructured ¥0,(110) sur

faces (prepared by annealing if?0, at 550 K) causes a

across th_e_ surfac_e, and incorporate intx(l)) islands. Sec- _dramatic surface morphology change. The “rough” surface
ond, additional Ti and O atoms from the substrate may dif-, 5 acterized by three main elemerjtosette networks

fuse_ t.o the surfa(_:e and convert rosettes inteX () islands _ (1x2) strands, and (£1) islandg is smoothed with el-

by filling empty sites such as the centers of rosettes. Thirdgyated annealing temperatures through the conversion of
both rosettes and (42) strands may decompose with 0Xy- metastable rosette networks toX2) strands and finally to
gen desorbing into the vacuum and Ti cations diffusing intostaple (1x1) terraces. A depletion of surfac0 occurs

the bulk, which is just the opposite process of oxygen-concurrent with the morphology change. The main results
induced restructuring.All three processes could occur si- are summarized as follows.

multaneously with different rates in different temperature re- (1) For the (1x 2) strands, an induced added-row,dj
gimes. Only processes two and three will result in a changstructure is favored by atomically resolved STM measure-
of surface composition, while process one involves a merenents of oxygen-annealed surfaces and of cross-linked
rearrangement of surface atoms. (1% 2) strands obtained by UHV annealing.

UHV annealing of oxygen-restructured surfaces decreases (2) The smoothing process on oxygen-restructured
the 180 surface content. In Fig. 7, a clear break point isTiO,(110 surfaces depends on annealing temperature. Ro-
visible at 740 K with slower depletion offO in region |  sette network patches disappear above 690 k 2} strands
(<740 K) and a much faster rate above this temperatur@nd (1x1) islands exist up to 830 K. Above 830 K, only
(region 1l). Region | corresponds to the disappearance ofarge, flat (Ix1) terraces exist. .
most rosette networks, with only a few cross-links of (3) Two different temperature regimes are observed. Be-
(1x2) strands survivingFigs. §a) and 5b)]. The tempera- 10w 740 K, depletion off0 occurs relatively slowly. This is
ture regime of region Il starts between Figgb)sand 5c) ?ét”kfgted to diffusion of mainly oxygen leading to an
where (1x2) strands convert into the (1) surface. ! © exchange with the bulk. Above 740 K, desorption
Hendersoff has studied bulk-assisted oxidation of reducedOf oxygen into the gas pha;e and diffusion of excess Ti into
TiO, surfacestwhich were produced by both sputtering and the bulk cause a more rapid decrease of the surface oxygen
deposition of excess Tand has observed a drastic change incontent.
the rate of diffusion mechanisms at a similar temperature.

The slight increase in the O:Ti ratio below700 K was

explained by exchange of Ti and O within the reduced re- This work was supported in part by NSF-CAREER and
gion. Above 700 K, excess Ti starts to diffuse into the bulk,DoE-EPSCoR. The help of Dr. Lanping Zhang with data
which leads to a rapid reoxidation of the surface. Interesttaking and useful discussions with Dr. Michael A. Hender-
ingly, the rate of'®0 decreaséfO increase was faster in the son are gratefully acknowledged.
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