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[trathin oxides grown on metallic

substrates are currently a subject

of intensive study in the emerging
field of nanoscience. Possible applications
include utilizing the self-assembled, low-
dimensional nanostuctures in electronic de-
vices, nanocatalysts, and gas sensors. Con-
trolling the oxidation state and the
dimensions of these nanostructures may al-
low the production of a new range of tech-
nologically important materials.

Titanium dioxide nanostructures grown
on Ni(110) have previously been studied
with scanning tunneling microscopy (STM),
low-energy electron diffraction (LEED), and
soft X-ray photoelectron spectroscopy
(SXPS)." 2 It was shown that islands of rutile
TiO,(110) grow on top of a wetting layer
that also has TiO, stoichiometry. Rutile is-
lands, with heights of up to 40 A, typically
grow on the Ni(110) single crystal with the
TiO, [110] azimuth parallel to the Ni [001]
direction. In addition, minority domains can
be observed with the [001] direction of
TiO,(110) aligned parallel to the [001] direc-
tion of the substrate.* These islands are usu-
ally terminated by the unreconstructed
TiO,(110) 1X1 phase (Figure 1a) and are re-
ferred to as “rutile islands” in the rest of
this article.

One of the key motivations for our cur-
rent study is to establish to what extent the
ultrathin titania mimics the behavior of the
(110) surface of a rutile single crystal (hence-
forth referred to as the “native surface”). Dif-
ferences might be expected because rutile
TiO,(110) is incommensurate with respect
the Ni(110) substrate.

The 1X1-terminated native surface is
usually prepared by sputtering with inert
gas ions and annealing to about 700-1200
K. This results in reduction of the crystal and
the introduction of n-type conductivity.
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ABSTRACT Reduced phases of ultrathin rutile Ti0,(110) grown on Ni(110) have been characterized with

scanning tunneling microscopy and low-energy electron diffraction. Areas of 1X 2 reconstruction are observed as

well as {132} and {121} families of crystallographic shear planes. These phases are assigned by comparison with

analogous phases on native rutile Ti0,(110).
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When samples are annealed to higher tem-
peratures or when they are heavily reduced,
a 1X2 reconstruction appears.”™'? On the
basis of STM images, Onishi and lwasawa®
proposed an “added Ti,O5 row model” for
the 1X2 reconstruction, shown in Figure 1b.
This model has been shown to be consis-
tent with a range of experimental results,
such as quantitative LEED, as well as theo-
retical calculations.®'°

Magnéli phases have also been ob-
served on native surfaces, through the for-
mation of crystallographic shear (CS)
planes.’>™23 A detailed review of CS plane
formation in titanium oxides is given by Bur-
sill and Hyde,?° and the energetics of this
system have been studied by Catlow and
James.?* CS plane formation is caused by re-
duction of the crystal. As the concentration
of oxygen vacancies increases, they order
into specific planes, resulting in the collapse
of the crystal by a slip of half a unit cell
along the CS planes. Arrays of (132) CS
planes terminated at the TiO,(110) surface
are shown in Figure 2. Two different ar-
rangements of these CS planes are
illustrated.

The first arrangement consists of half-
height steps where alternate CS planes slip
half a unit cell up and then down. We refer
to these as “up—down” steps. In the second
arrangement all CS planes slip in the same
direction, and we refer to this as a “stair -

crystallographic shear
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Figure 1. Atomic models of TiO,(110) surfaces. The high-symmetry axes and the surface unit cells are indicated. Small blue
spheres represent Ti atoms and larger red spheres O atoms. O atoms nearer to the surface are shaded lighter. (a) The unre-
constructed TiO,(110) 1% 1 surface. (b) The proposed added Ti,O, row model for the TiO,(110) 1X2 reconstruction.®

case” arrangement of steps. In the up-down steps, the
CS planes can be thought of as pairs comprising the up
step and the down step.

The orientations of the CS planes reported in ref 20
are described by the empirical formula (hkl) = p(121) +
q(011), where p and g are integers. When p/q = 1, which
is the case in the measurements reported by Bursill
and Hyde,?° the solutions to the empirical formula cor-
respond to orientations of the CS planes between (132)
and (121).

As both the 1X2 reconstruction and the CS plane in-
tersections are essentially one-dimensional structures,
they have recently attracted attention as templates for
directing the growth of molecular self-assembly
1314 and metal nanoparticles.’®

In this article, we show that the reduction behavior
of the ultrathin titania closely resembles that of the na-
tive surface; both the 1X2 reconstruction and CS planes
can be seen on the ultrathin TiO,(110). This is, to our
knowledge, the first report of CS planes in TiO, ultrathin
films, although similar phases have been observed for
other, much thicker (300-1000 A) metal oxide films.?>2°
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Figure 2. Schematic representation of crystallographic shear
planes intersecting the TiO,(110) surface. Blue circles repre-
sent Ti atoms, and rhombi are the cross sections of Ti atoms
in pseudo-octahedral co-ordination. Cross sections repre-
sent a cut parallel to the (001) plane. CS planes of (132) ori-
entation are indicated by dotted lines intersecting the (001)
plane along the [310] direction and by solid lines intersect-
ing the (110) plane along the [171] direction. One of these CS
planes is highlighted with a red dashed perimeter. The
rhombi which form the CS planes are shaded gray. The CS
planes induce half-height steps at the TiO,(110) surface re-
sulting in (a) an “up—down” half-height step arrangement
and (b) a “staircase” half-height step arrangement. The peri-
odicity between the up-down pairs, d, is indicated.
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RESULTS AND DISCUSSION

The 12 Reconstruction. Although the rutile islands are
often terminated by the 1X1 phase, more reduced is-
lands are also found. Figure 3 shows STM images of
some islands terminated by the TiO,(110) 1X2 recon-
struction. The islands are typically 1-4 atomic layers
thick.

The high-resolution image in Figure 3b shows a
large density of links present. These links are in the
form of cross-links, as well as single links and (elon-
gated) rosette structures. For more reduced 1X2 sur-
faces, STM images of the native TiO,(110) crystal reveal
the formation of similar links between 1X2
rows.” 21113141618 Thay are known to be mobile upon
annealing and to form cross and rosette shapes as well
as single links.

Two feasible models have been proposed recently
for these links. Bowker et al.”® suggest that a new type
of 1X2 “added Ti;O,4 row” forms and that these rows
contain links between them. More recently,® a model
was proposed for the links which is based on the origi-
nal added Ti,O5 row model described above. At
present, it has not been established whether either of
these interpretations of the links is correct, but there is
a consensus that these structures represent a reduced
phase.

A line profile along the TiO, [110] direction (Figure
3¢) reveals periodic rows every 13.0 A. These rows are
themselves composed of two ridges, separated by 3.4
A, which is a close match to measurements on the na-
tive surface.® The apparent corrugation of the 1X2 rows
in the present study ranges between 0.5 and 1.7 A. Pre-
sumably, the variation in the corrugation arises from
differing tip conditions and possibly also depends on
the distance of the TiO, surface from the conducting
metallic substrate, which varies from island to island.

No areas of the TiO,(110) 1X2 reconstruction were
detected after further annealing of such surfaces to
773 Kin 1 X 10”7 mbar O,, suggesting that the TiO,
stoichiometry can be restored by further oxidation. This
implies that the 1X2 reconstruction is caused by incom-
plete oxidation of the as-deposited Ti.

Crystallographic Shear Planes. The LEED pattern of the
supported titania following annealing to 1110 K is
shown in Figure 4, together with a schematic diagram
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Figure 3. STM images of TiO, islands with a 1x2 termination. (a)
Large-scale (350 x 470 A% 1.05 V, 3.44 nA) image. (b) High-resolution
smoothed image (90 x 90 A2, 1.00 V, 1.00 nA). A single link (i), a cross-
link (ii), and a rosette link (iii) are indicated, as well as the orienta-

lands can no longer be observed. Instead, con-
tinuous films are seen, separated by step edges
and facets, which can be up to 50 A high and 600
A wide. The average thickness of the crystallo-
graphically sheared film is estimated at about
four atomic layers.

Regularly spaced lines with a periodicity of
~34-35 A can be seen along both the ter-
races and the facets. These lines correspond to
intersections of the CS planes with the (110)
surface and the facets. On the terraces, line pro-
files reveal oscillations which are due to an up-
down arrangement of CS planes. The periodic-
ity of the up—down pairs is within the range
observed for the crystallographically sheared
native surface’>?' and also consistent with the
LEED pattern discussed above.

tion of TiO,(110). (c) Line profile along the line drawn in (b).

of the pattern. Discrete spots are observed running
along [112] and [112]. These spots will be referred to
as “(112)" spots. The (112) spots have a periodicity of
about 1/16 of the [112] (or [112]) unit vector. This corre-
sponds to a real space distance of ~35 A, which
matches the periodicity of the CS plane up-down pairs
observed in our STM images (discussed later) and those
taken from the crystallographically sheared native sur-
face."”

By considering symmetrically equivalent CS planes,
Bennett et al.> deduced that a CS plane of the {hk/} fam-
ily intersects the (110) plane along [p + g,p+q,3p + qU
and [pFq,p + g,3p + gLl The (112) LEED spots de-
scribed above are therefore consistent with the {132}
family of CS planes. In addition, all CS planes intersect
the (110) plane along [111] and [111], and intersection
lines should therefore be observable in STM images ori-
ented at £65.5° with respect to the TiO, [001] azimuth.

Figures 5 and 6 show STM images of the crystallo-
graphically sheared film. The morphology of the sup-
ported TiO, has clearly changed in comparison to the
STM image of the rutile islands, shown in Figure 3. Is-
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Figure 4. (a) LEED pattern (32 eV) of the crystallographically
sheared film. The orientation of TiO,(110) is indicated. (b)
Schematic diagram of (a) drawn to scale. Filled red circles de-
pict the spots present in the LEED pattern. Open circles show
the positions of the LEED beams from the TiO,(110) 1x 1 ter-
mination. The zero-order spot is labeled. The lines indicate
the principal directions of the streaking in the LEED pattern
with respect to the TiO,(110) surface unit cell.
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The line profile displayed in Figure 5¢ shows
that the corrugation of the up—down steps is ~1 A,
which is slightly lower than expected for half-steps (1.6
R). The discrepancy can be explained by the finite size
of the tip preventing it from reaching the bottom of the
“down” terraces. When this steric restriction of the tip
is absent, for example, when there is a half-step lead-
ing onto a flat terrace, the apparent height increases to
about ~1.3 A. Furthermore, in higher resolution im-
ages, we measure the corrugation of the up—down
steps in a range from 1.2 to 1.5 A. These latter values
are in good agreement with the ideal half-height step
of 1.6 A.
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Figure 5. STM images of the crystallographically sheared film: (a)
1700 x 2100 A 0.30 V, 0.90 nA; (b) 1500 x 1800 A2, 0.15V, 0.80 nA.
The arrows indicate both the principal azimuths of the TiO,(110) sur-
face and the directions of the CS plane intersections at the (110) sur-
face. (c) Line profile along the line indicated in (a). (d) Line profile
along the line indicated in (b). The image in (b) has a shadow effect
applied, and the line profile in (d) is taken from an image without the
shadow applied.
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Figure 6. (a) Differentiated STM image of the crystallo-
graphically sheared film (3600 x 3600 A2, 050V, 4.82 nA).
The arrows indicate the principal azimuths of the TiO,(110)
surface. Parts of four facets are highlighted by different col-
ors. (b) Schematic representation of the facet arrangement
in the lower part of the STM image, with the same color cod-
ing as in (a). F,, F,, F5, and F, correspond to the (16 17 1),
(1617 1),(17 16 1), and (17 16 1) planes, respectively. The ar-
rows indicate intersections of the facets with each other
and with the (110) plane.
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Figure 7. (a) STM image of the crystallographically sheared film (360
x 180 A2, 0.15 V, 0.85 nA). The arrows indicate both the principal azi-
muths of the TiO,(110) surface and the direction of the CS plane inter-
sections. A dashed guideline shows that the TiO,(110) 1X 1 rows are
in-phase across the half-steps. Note that the image in this figure is
taken from one of the minority islands with the TiO, [001] azimuth ori-
ented parallel to the Ni [001] direction. Similar images were observed
on the majority islands, where the TiO, [110] azimuth lies parallel to
Ni [001]. (b) Fast Fourier transform of the STM image presented in (a).
Blue arrows pointing to the right indicate discrete spots arising due
to the periodicity of the CS plane up-down pairs, and red arrows
pointing to the left indicate the (01) and (01) spots of TiO,(110). An
open yellow circle highlights the (00) spot. (c,d) Line profiles along the
lines indicated in (a).
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An interesting feature of the images in Figures 5
and 6 concerns the step edges. All the step edges are in-
corporated into the CS shear planes. This is indicated
by their alignment parallel to the CS planes and their
heights (1.2-1.5 A), which correspond to half-steps.
Bennett et al."® suggested that step edges would be in-
corporated into CS planes so that the surface free en-
ergy can be reduced by exposing steps of ~1.6 A in-
stead of the natural 3.25 A steps. Some of the images of
the native surface presented by Bennett et al.'® show
this incorporation of step edges with the CS planes.

Further to this, in many cases, such as in the area im-
aged in Figure 63, the incorporation of step edges with
CS planes causes the film to facet, with (110) terraces
separated by CS plane half-steps.

This contrasts with the observations by Murray et
al,’" where the low-index {100}, {111}, and {011} facets
were formed on a highly reduced native TiO,(110) sur-
face. This difference is exemplified by the image in Fig-
ure 6, where the facets labeled F,, F,, F5, and F, are mea-
sured as the (1617 1), (16 171), (1716 1) and (17 16 1)
planes, respectively, and are determined by the period-
icity of the half-steps. These facets (F,—F,) correspond
to crystallographically equivalent planes of the rutile
structure. The dihedral angle between these facets and
the (110) plane is 3.0°, a close match to the 3.7° mea-
sured directly from the STM image in Figure 6a. The ar-
rangement of the facets pictured in Figure 6 gives the
appearance of oblique wedge-like indentations in the
(110) surface.

Such well-defined, wedge-like facets were not ob-
served for the crystallographically sheared native sur-
face. Instead, poorly defined, large-scale faceting was
observed in STM, and this was presumed to give the
crystal a rippled appearance when viewed by the
eye."®

A number of the CS planes identified in our STM im-
ages were not detected with LEED. This is presumably
due to the LEED measurements sampling a different
area to the STM. In particular, numerous CS plane inter-
sections are observed in STM images running along
[171], [111], and [113], the last being indicative of the
formation of CS planes of the {121} family.

Figure 7a shows a high-resolution image of a CS
plane structure. Here, lines of the CS plane intersec-
tions run parallel to the [113] direction, caused by the
{121} family of CS planes. The CS plane intersections
lead to an up-down arrangement of half-height steps,
as discussed previously. The line profile in Figure 7d
highlights these up-down steps.

Additional fine structure can be seen in the image,
consisting of lines which run in the [001] direction. The
separation of these lines along [110] is about 6.5 A, as
shown in the line profile of Figure 7¢, indicating that
they correspond to the 1X1 rows of the TiO,(110)
surface.

www.acsnano.org



The dashed guideline in Figure 7a is drawn over
one of these finer lines. It can be seen that the lines
stay in-phase across the half-steps. On the native
TiO,(110) surface, STM images reveal 1X1 rows, which
are displaced laterally by half a unit cell in the [170] di-
rection as a single step is crossed.® That there is no
phase-shift in the 1X1 rows in Figure 7 provides fur-
ther evidence that the steps are indeed genuine CS
plane derived half-steps.

Figure 7b shows a fast Fourier transform (FFT) of
the STM image in Figure 7a. The FFT image detects the
series of CS plane up-down pairs as an array of spots.
The direction in which the spots align corresponds to
the direction across which the half-steps run, and the
periodicity of the spots matches the separation be-
tween pairs of up—down steps and therefore supports

METHODS

STM experiments were carried out in two separate ultra-
high-vacuum (UHV) chambers. The 1X2-terminated rutile
TiO,(110) islands were imaged using an Omicron low-
temperature STM operated at 77 = 1 K, with a base pressure of
7 X 10" mbar. The CS plane surfaces were characterized using
an Omicron variable-temperature STM operated at room tem-
perature and a base pressure of 2 X 107" mbar.

The substrate was a single crystal of Ni(110), prepared with
cycles of Ar" sputtering and vacuum annealing to 1100 K. The
cleanliness of the Ni(110) surface was established from sharp
(1X1) LEED patterns and the absence of any contaminants in Au-
ger electron spectra (AES). The TiO,(110) islands were grown on
Ni(110) by first depositing Ti by metal vapor deposition (MVD) at
room temperature and then oxidizing for 30 min in a pressure
of 1 X 10”7 mbar molecular oxygen at a temperature between
873 and 1023 K. The coverage of titanium metal was estimated
from AES to be in the range of 2-4 monolayer equivalents (MLE,
where 1 MLE corresponds to a coverage of one adsorbate atom
per substrate surface unit cell). After oxidizing, rutile TiO,(110) is-
lands are formed with a thickness between one and four atomic
layers, as measured directly with STM. The rutile islands sit on
top of an initial wetting layer that is two layers thick. More de-
tails of the rutile islands and the wetting layer can be found
elsewhere.'

Crystallographically sheared ultrathin films of TiO, have been
formed from these Ni(110)-supported TiO,(110) 1X1 islands by
further annealing at 1110 K for 15 min in a pressure of 1 X 10~7
mbar O,. Similar CS planes could also be formed in the TiO,(110)
ultrathin films by directly annealing the as-deposited Ti to 1100
K for 30 min under a pressure of 1 X 10”7 mbar O,. STM images
were processed using Image SXM v1.81.%” The thickness of the
sheared film (four layers on average) was evaluated from AES in
combination with STM measurements of the density and heights
of the initially formed rutile islands.
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