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’ INTRODUCTION

Titanium oxide is a technologically important material in
applications ranging from catalysis1-4 to gas sensing5-7 and
solar energy conversion.8-10 These applications have stimulated
numerous studies on the surface science of rutile and anatase,
which are the two most common TiO2 polymorphs. Ultrathin
films of TiOx have different structures and properties than bulk
crystal terminations, with the result that an increasing interest
is developing in this field. TiOx thin films have been grown
on metal substrates including Ru(0001),11 Ni(110),12-14

Pt(001),21,22 Mo(112),23-24 and Cu (001).25-26 Variations in film
stoichiometry and the epitaxial nature of growth influence the
structure of the films, as observed on TiOx/Pt(111).

15-20 Thin
film growth of TiOx on Pt27,28 is a model system for studying the
strong metal support interaction (SMSI). This phenomenon is
important in the study of oxide supported noble metal catalysts.29

Similarly, growing TiOx on Au substrates is partially motivated by
the discovery of the catalytic properties of TiO2 supported Au
nanoclusters.30,31 There are no reported studies of epitaxial thin
films of TiOx on Au to date. However, Osgood et al. used three
methods to synthesize TiO2 nanocrystals on Au(111): room
temperature deposition of Ti on Au(111) in O2 followed by
postannealing,32 reactive-layer-assisted deposition,33,34 and anneal-
ing a Ti-Au surface alloy on a Au(111) substrate in oxygen.35

In this work, we report a study where Ti was deposited onto
reconstructed Au(111) room temperature substrates, and sub-
sequently oxidized in O2 at 600 �C. This method produced three
different epitaxial structures depending on the amount of Ti
deposited. The first structure resembles a hexagonal honeycomb
pattern, while the second exhibits a pinwheel shape. Both struc-
tures wet the substrate surface and form the first monolayer (ML).

From the second ML onward, film growth proceeds via the
coalescence of triangular islands. The structures are characterized
using scanning tunneling microscopy (STM) and Auger electron
spectroscopy (AES). Atomic models are proposed based on the
STM and Auger data in combination with results from previous
related studies.15,17,36-39

’EXPERIMENTAL SECTION

Mica-supported Au(111) single crystals (Agilent Technolo-
gies, U. K.) were used as the substrates for TiOx thin film growth.
To form clean reconstructed substrate surfaces, the Au(111)
samples were Arþ ion sputtered for 10 min with an ion flux of
86 μA/cm2, followed by annealing in UHV at approximately
600 �C for 1.5 h. The resulting (22�√

3) reconstruction on the
Au(111) surfaces was confirmed by STM prior to the deposition
of Ti. Ti was deposited onto the gold substrates in UHV from an
electron beam evaporator (Oxford Applied Research EGN4)
using 99.99% pure Ti rods (Johnson Matthey plc, U. K.). The
samples were then annealed in 10-6 PaO2 at∼600 �C for 30min
to form oxidized thin films. The partial pressure of O2 was kept
constant for 30 min during the sample cooling period following
annealing. The amount of deposited Ti is estimated inmonolayer
equivalents, which correspond to the density of Au atoms per unit
area of (1 � 1)-Au(111) (1.4 � 1015 atoms per cm2).

STM imaging was carried out in two separate JEOL UHV-
STM systems, a JSTM4500XT and a JSTM4500S, both operat-
ing at base pressures of 10-8 Pa. Imaging was performed in
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ABSTRACT: Ultrathin films of titanium oxide were grown on
(22 � √

3)-reconstructed Au(111) surfaces by Ti evaporation
in ultrahigh vacuum (UHV). Following Ti deposition onto
room temperature Au substrates, the samples were oxidized at
600 �C in 10-6 Pa O2. Scanning tunneling microscopy (STM)
images show that three different ordered TiOx film structures
form as the amount of deposited Ti is increased. Auger electron
spectroscopy (AES) was used to measure the stoichiometry of
the films. The first structure occurs for Ti surface coverages of <0.5
monolayer (ML), and exhibits a (2 � 2) reconstruction that has
hexagonal symmetry and is termed the honeycomb structure. This (2� 2) structure has Ti2O3 stoichiometry. The second structure arises
after depositing 0.5 ML - 1.8 MLs of Ti and resembles a pinwheel shape. The pinwheel structure forms a (

√
67 � √

67)R12.2�
Moir�e pattern, and it tends to coexist with the (2� 2) reconstruction. The third structure occurs for >0.5 ML Ti depositions and forms
triangular shaped islands with a measured stoichiometry of TiO1.3. Further increasing the amount of deposited Ti causes film
growth to continue via the coalescence of the triangular islands. Atomic models are proposed for the honeycomb and pinwheel
structures.
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constant current mode (unless otherwise stated) using electroche-
mically etched W tips with the bias voltage applied to the sample.
STM images were processed with WSxM40 and FabViewer41 soft-
ware. Attached to the JSTM4500S is a UHV chamber containing a
JEOLTMZ9043T scanning electronmicroscope (SEM). The SEM
chamber also contains a SPECS PHOIBOS 100 hemispherical
energy analyzer, used to measure the energy of the Auger electrons.
The focused electron beam of the SEM serves as the excitation
source for Auger electron generation, allowing AES to be performed
from small regions. The signal-to-noise ratio of the Auger spectros-
copy setup is sufficiently high that quantitative peak height analysis
can be performed from undifferentiated spectra.

’RESULTS

Scanning Tunneling Microscopy. The STM images in
Figure 1 show the evolution of ultrathin TiOx films on Au(111)
with increasing Ti coverage. We observe three types of TiOx

structures that form as the surface coverage is increased. The
three structures are designated as honeycomb, pinwheel, and
triangular islands in accordance with their appearance in the
STM images. Different structures are marked as R (recon-
structed Au), β (honeycomb TiOx), γ (triangular island TiOx),
and δ (pinwheel TiOx) in the STM images containing multiple
structures.

Figure 1. Increasing amounts of Ti were deposited at room temperature onto reconstructed Au(111) surfaces, followed by annealing at 600 �C in 10-6

Pa of O2 for 30min. The Ti deposition amounts aremarked on the STM images. Different structures are labeled asR (reconstructed Au), β (honeycomb
(2� 2) TiOx), γ (triangular island TiOx), and δ (pinwheel TiOx) in the STM images with multiple structures. (a) (22�√

3)-reconstructed Au(111)
substrate (Image size: 75� 75 nm2, Vs =-1.85 V, It = 0.20 nA). (b) 0.1ML: a small bright island of the honeycomb structure (Image size: 59� 59 nm2,
Vs = 1.30 V, It = 0.20 nA). (c) 0.3 ML: larger coverage of honeycomb structure (Image size: 32 � 32 nm2, Vs = 0.32 V, It = 0.22 nA). (d) 0.6 ML:
honeycomb structure and triangular islands on the reconstructed Au surface (Image size: 31� 31 nm2,Vs = 1.00 V, It = 0.20 nA). (e) 1.1MLs: coexisting
honeycomb structure, pinwheel structure and triangular islands (Image size: 18� 18 nm2, Vs = 0.92 V, It = 0.20 nA). (f) 1.6 MLs: a surface almost fully
covered by pinwheels with small areas of honeycomb in between and triangular islands on top (Image size: 55� 55 nm2, Vs = 1.39 V, It = 0.20 nA). (g)
1.8 MLs: an almost completed layer of triangular islands with several islands on top (Image size: 37� 37 nm2, Vs = 0.98 V, It = 0.22 nA). (h) 2.0 MLs:
several TiOx layers form with characteristic triangular shape after additional UHV annealing at 600 �C for 3.5 h (Image size: 50� 50 nm2, Vs = 0.65 V,
It = 0.20 nA). (i) 5.0 MLs: row structures appear on the triangular islands with subsequent UHV annealing at 600 �C for 1.5 h (Image size: 27� 27 nm2,
Vs = 1.14 V, It = 0.20 nA).
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Figure 1a shows an STM image of the Au(111) surface.
Unreconstructed Au(111) planes consist of hexagonal lattices as
Au is a face centered cubic (fcc) crystal. The reconstructed Au(111)
surface, however, is seen as a complex structure of paired rows. The
bright lines in the STM image are boundaries between unfaulted fcc
and faulted hcp stacking.42 This regular stacking sequence transition
produces paired rows that have (22�√

3) unit cells and run along
the Æ112æ directions. The surface usually has different domains43

that exhibit a herringbone pattern as shown in Figure 1a.
Figure 1b is an STM image of a Au(111) surface following the

deposition of 0.1MLofTiwith subsequent oxidation. A small bright
TiOx island can be seen toward the right of the image. The island is
surrounded by the familiar double rows of the reconstructed
Au(111) surface. The island has a hexagonal honeycomb struc-
ture which lifts the gold reconstruction, indicating a significant
interaction between the substrate and the TiOx overlayer. In
Figure 1c, an STM image shows a higher surface coverage of the
honeycomb structure following 0.3 ML Ti deposition.
With further increased Ti coverage of 0.6 ML, triangular

islands arise and coexist with the honeycomb structure on the
surface. Some reconstructed Au areas are still visible in Figure 1d.
The STM image in Figure 1e shows a surface composed of the
honeycomb, pinwheel, and triangular islands following the depo-
sition of 1.1 MLs of Ti. Measuring the heights of the surface

features from the STM image indicates that the pinwheels are
approximately 0.1 Å higher than the honeycomb structure.
Pinwheel structures were also observed on the bare Au surface
with lower Ti deposition amounts. Therefore, the pinwheel
structure does not grow on top of the honeycomb structure as
may be the appearance in Figure 1e, but rather the pinwheel
structure wets the substrate surface to form the first TiOx layer in
a different way from the honeycomb structure.
In Figure 1f, the STM image shows triangular islands growing

on top of honeycomb and pinwheel structures following 1.6 MLs
Ti deposition. Some areas of the islands appear brighter, indicat-
ing that a second layer of islands has started to form before the
completion of the first triangular type TiOx layer. Slightly
increasing the deposition amount of Ti to 1.8 MLs leads to an
almost completed first layer of triangular islands with several
islands on top. The film continues to grow via the coalescence of
triangular islands as the deposition amount is increased to 2.0
MLs. Figure 1h shows an STM image of the triangular islands
following UHV annealing at 600 �C for 3.5 h. Atomic resolution
STM of the triangular islands was not achieved. A 5.0 ML Ti
deposition followed by a 1.5 h postoxidation anneal in UHV
resulted in the formation of row structures on top of the
triangular islands, as shown in Figure 1i. The row structures only
appear on thicker films.

Figure 2. STM images showing the bias and tip dependent apparent height of the honeycombTiOx structure (β) relative to the Au(111) substrate (R).
The images were taken from the same area with different voltages applied to the sample. All of the images have the same size (50� 50 nm2) and the same
imaging current (It = 0.20 nA), while the sample bias has been decreased from 2.00 to 0.25 V in steps of 0.25 V for images (a)-(h). In image (i), a change
in the relative apparent height of the TiOx structure can be seen following a tip change half-way through the image. The apparent height of the TiOx

structure on the Au(111) reconstruction is indicated on each image.
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Changes in sample bias or the apical atom of the STM tip affect
the apparent height of the honeycomb TiOx structure compared
to the Au(111) substrate. This is demonstrated by a series of
STM images taken from the same surface area (0.7 ML of Ti
coverage) in Figure 2. The images have an area of bare Au
substrate (R) in the center surrounded by the honeycomb TiOx

structure (β). Again, the Au reconstruction is lifted by the
honeycomb structure and winds itself up in the formation of a
triangular-shaped feature at the image center. A decreasing
apparent height from 0.97 Å to -0.17 Å of the honeycomb
TiOx structure is observed with a decrease from 2.00 to 0.25 V in
sample bias. Although the TiOx layer is topographically higher
than the Au substrate, for sample biases below 0.75 V, the
Au reconstruction looks brighter than the TiOx overlayer
(Figure 2f-h). This type of bias dependent height behavior is
not unusual,44,45 and has been demonstrated dramatically for Au
monolayer islands on a SrTiO3(001) substrate.

46 The tunneling
current in STM depends on both the tip-sample separation and
the local density of states (LDOS) of the sample. By changing
sample bias, different parts of the LDOS energy spectrum are
accessed, giving rise to different apparent heights in STM images.
Figure 2i shows a contrast change caused by a spontaneous tip

change half-way through the image, despite a constant imaging
bias being applied. In the upper half of the image, the
Au reconstruction appears darker than the surrounding TiOx

honeycomb structure, while in the lower half, the two structures
appear to have similar brightness. This is almost certainly due to a
change in the tip apex structure. This phenomenon is also often
observed47,48 and it is usually assigned to whether a metal atom
or an adsorbate is at the tip apex.
An atomic resolution STM image of the hexagonal honey-

comb TiOx structure is shown in Figure 3a with a unit cell
indicated. Arrows marked as “i” and “ii” denote the line profiles
shown in Figure 3b,c. A periodicity of 5.9( 0.3 Å is measured in
Figure 3b along the Au [110] direction. The unit cell is aligned
with the crystallographic directions of the gold substrate, and
corresponds to a (2 � 2) reconstruction for the epitaxial
honeycomb structure on the Au(111) surface. The fcc crystal-
lographic unit cell of Au has dimensions of 4.08 Å, and the close
packed [110] direction on the (111) surface has a (1 � 1)
periodicity of 2.89 Å. Figure 3c shows the spacing between
adjacent bright spots in the image (approximately 3.3 Å) at the
edges of the hexagons. The bright spots in the STM image are
thought to correspond to the locations of the Ti atoms.44

In Figure 4a, an STM image shows coexisting honeycomb,
pinwheel, and triangular islands. A pinwheel is outlined in
Figure 4a by six interlocking triangles around a central hub.
The hubs can be connected to illustrate the unit cells of the
pinwheel structure as shown in Figure 4b. The two unit cells in
Figure 4b are rotated with respect to each other and demonstrate
that multiple domains of pinwheel structure coexist on the sur-
face. The spokes of the pinwheels are brighter in appearance than
the areas within the triangles. Since the unit cells of the
honeycomb structure form a (2 � 2) reconstruction, which is
unrotated with respect to the substrate surface, the honeycomb
structure can be used as a reference to determine the crystal-
lographic orientations of the pinwheels. In Figure 4a, the
measured angle (θ) between the spoke of the pinwheel and
the honeycomb is approximately 2�, while the measured angle
(j) between the unit cells of the pinwheel and the honeycomb
structures is approximately 13�. Atomic resolution of the pin-
wheels (Figure 4c) was achieved using constant height imaging

mode which is more sensitive to small atomic corrugations on flat
surfaces. All of the other images in this work were obtained while
using constant current imagingmode. The periodicities along the
spokes and within the triangles share the same measured value of
3.2 ( 0.1 Å.
Triangular TiOx islands formed by postoxidation annealing in

UHV for 1.5 h following 5 ML Ti deposition are shown in
Figure 5a. Row-like structures, as shown in Figure 1i, run along the
three directions [101], [110] and [011] of the Au(111) surface.
Two line profiles (Figure 5b,c) are drawn along arrowsmarked as “i”
and “ii”. Figure 5b shows the measured step height (around 2.3 Å)
and the periodicity across the rows (∼8.2 Å). The periodicity along
the rows is approximately 3.2 Å, as shown in Figure 5c.
Auger Electron Spectroscopy. Auger spectroscopy was

performed on the TiOx structures on Au(111), and on a rutile
TiO2(110) crystal used as a reference. Although stoichiometric
TiO2 crystals are insulating, they become reduced and electrically
conducting, as they change in color from transparent to blue
following UHV annealing.49 To facilitate AES analysis, the TiO2

reference sample was annealed in UHV to render it conducting
enough for AES. The annealed sample has a light blue color. On
the basis of comparisons with the literature,50-52 the sample is
estimated to have a composition of TiO2-x (x < 10-4). This
gives Ti and O Auger peak heights that are close to that of
stoichiometric TiO2. We will refer to this slightly reduced sample

Figure 3. (a) High resolution STM image of the honeycomb structure
with bright Ti atoms forming hexagonal rings. A (2 � 2) unit cell is
indicated in the image (Image size: 8.5� 8.5 nm2, Vs = 0.98 V, It = 0.20
nA). (b),(c) Profiles taken along arrows marked as “i” and “ii” in (a),
respectively.
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as “TiO2” for simplicity. An Auger spectrum of the TiO2

reference sample is shown in Figure 6a. The peaks at 380 and
413 eV arise fromTi (LMM&LMV)Auger transitions, while the
peaks at 492 and 510 eV are attributed to O (KLL). All of the
Auger spectra have a featureless region from 530 to 540 eV that is
independent of surface composition. Spectra are normalized by
setting the counts at 535 eV to 1000 such that the featureless

region of each spectrum overlaps. Normalizing the spectra allows
for quantitative comparisons of peak heights.
Figure 6b shows the Auger spectrum (solid line) of the surface

with multiple TiOx phases shown in Figure 1d. It has approx-
imate relative surface coverages of honeycomb 80%, triangular
islands 10%, and bare reconstructed Au substrate 10%. Since the
honeycomb TiOx structure forms in the submonolayer regime,
there is a significant contribution from the Au substrate to the
Auger spectrum. Consequently, it is necessary to subtract the Au
background signal from the spectrum. An Auger spectrum is
shown as a dashed line in Figure 6b which was taken from a clean
reconstructed Au surface similar to that shown in Figure 1a. The
Au background subtraction results in the difference spectrum
shown in Figure 6c. In Figure 6d, an Auger spectrum is shown
from a surface covered by triangular islands, formed after 5 MLs
Ti deposition similar to the STM image shown in Figure 1i. The
spectrum of this thicker film is similar to the stoichiometric TiO2

sample and as a result background subtraction of the Au substrate
is unnecessary.
The chemical composition of the films can be determined by

comparing the ratio of related O and Ti peak intensities to that of
the TiO2 crystal. To establish the experimental error of the
different TiOx thin films, five separate Auger spectra were taken
for each surface structure from areas approximately 1 mm apart
on the same sample. By comparing the O to Ti peak intensity

Figure 5. (a) STM image of the row features on the triangular islands
(Image size: 23� 23 nm2, Vs = 0.70 V, It = 0.29 nA). (b) Measurement
along “i” showing the step height (2.3 Å) and the periodicity across the
rows (8.2 Å). (c) A line scan along “ii”with a measured periodicity along
the rows of 3.2 Å.

Figure 4. (a) STM image of a TiOx surface with coexisting honeycomb
structure, pinwheel structure, and triangular islands. An asymmetrical
pinwheel is drawnwith black lines as six triangles. The spoke and the unit
cell of the pinwheels are rotated by θ (approximately 2�) and j
(approximately 13�) with respect to the honeycomb structure (Image
size: 24 � 24 nm2, Vs = 0.98 V, It = 0.20 nA). (b) STM image showing
two domains of the pinwheel structure (Image size: 31 � 14 nm2, Vs =
1.41 V, It = 0.18 nA). (c) Constant height atomic resolution image
of the pinwheel structure (Image size: 11 � 5 nm2, Vs = -0.12 V,
It = 0.50 nA).



8648 dx.doi.org/10.1021/jp111385n |J. Phys. Chem. C 2011, 115, 8643–8652

The Journal of Physical Chemistry C ARTICLE

ratios, an average stoichiometry of TiO1.13(0.05 is calculated for
the mixed phase of honeycomb and triangular islands, while for
triangular islands, the average stoichiometry is TiO1.30(0.04. The
errors in the stoichiometries are the standard deviations of the
combined errors of multiple measurements. For a variety of
reasons, outlined below, these stoichiometries require further
refinement for them to be accurate.
For ultrathin TiOx thin films, an important factor to be taken

into account is the inelastic electron mean free path (MFP).
Auger electrons originated from the O(KLL) and Ti(LMM)
transitions have different kinetic energies, and hence different
MFPs. Various models for MFP calculation have been proposed
in the literature.53-59 The average MFP based on prevailing
models for the Auger electrons in the TiO2 crystal originating
fromO(KLL) is 11.32 Å, and for Ti(LMM) is 8.94 Å. This means
a relatively larger depth contribution from O than Ti for Auger
measurements on the TiO2 crystal. However, this effect can be
ignored for AES on ultrathin TiOx films on Au, as the depth of
the TiOx layers is less than the MFP. Consequently, it is
necessary to use the MFP ratio as a correction factor for the
stoichiometry calculation of ultrathin films. The average MFP
ratio of the models is 1.25 ( 0.11. The error is the standard
deviation of MFP ratios based on different models. By taking the
MFP correction factor into account, the corrected stoichiometry
is TiO1.41(0.19 for the honeycomb structure. The error in the
corrected stoichiometry is the combined error given by xΔyþ
yΔxþ ΔxΔy, where x and Δx are the average stoichiometry and
the standard deviation of multiple measurements; y and Δy are
the MFP correction factor and its error. When the surface
coverage of the honeycomb structure is considered relative to
that of the bare Au surface and the triangular islands in the mixed
phase, the stoichiometry of an isolated honeycomb structure is

likely to be Ti2O3. It was not possible to obtain an isolated Auger
spectrum of the pinwheel structure as it always coexists with the
honeycomb and the triangular island structures. Limited stoichi-
ometry analysis is available in the literature, among which
Schoiswohl et al39 found that on an O-precovered Rh(111)
surface, a pinwheel VO structure could be obtained by depositing
the same amount of V as O. The stoichiometry of VO was also
supported by density functional theory (DFT) calculations. The
pinwheel phase of TiOx on Au(111) exhibits a similar structure
to the pinwheel VO on Rh(111). It is, therefore, possible that
they have similar stoichiometries.
The thicker film of the triangular islands shows very small

peaks of the Au substrate at the high energy end of the Auger
spectrum. The observation of small Au peaks is due to the large
MFP (∼25.87 Å) of the Auger electrons generated from the Au
substrate. Consequently, for Ti and O peaks originated from
much smaller MFPs, the thicker film can be considered as a bulk
sample for Auger purposes and no MFP correction is necessary
for the stoichiometry calculation of TiO1.30(0.04. It should be
noted, however, that effects such as shadowing and Auger
electron diffraction will further contribute to the error on the
stoichiometry by as much as 10%.
Figure 7 shows high resolution Auger spectra of the Ti peak at

413 eV for stoichiometric TiO2, the honeycomb (2 � 2) surface
and a surface consisting of triangular islands. Each of these spectra
have significant differences in their peak shapes. The TiO2

spectrum in Figure 7a consists of a peak at 413 eV with a shoulder
at 419 eV, while for the triangular islands (Figure 7c), a distinct
peak at 419 eV is visible with the 413 eV peak appearing as a
shoulder. In Figure 7b, the peak for the honeycomb structure
appears flat, which can be attributed to the peaks at 413 and 419 eV

Figure 6. (a) Auger spectrum of a rutile TiO2(110) crystal showing the
Ti (LMM & LMV) peaks at 380 and 413 eV, and the O (KLL) peaks at
492 and 510 eV. (b) Auger spectrum (solid line) of thin TiOx film (0.6
MLs) consisting primarily of the honeycomb structure. The dashed line
is a spectrum from a clean Au(111) substrate. (c) Difference spectrum
showing the subtraction of the Au substrate from the TiOx thin film
spectrum in (b). (d) Auger spectrum of the triangular TiOx structure
formed by 5 MLs of Ti deposition.

Figure 7. Auger spectra showing the Ti L3(Ti)M23(Ti)V(O) peak at
413 eV, and the Ti L3(Ti)M23(Ti)V(Ti) peak at 419 eV generated from
(a) a slightly reduced rutile TiO2 surface, (b) a surface covered primarily
with the honeycomb structure, and (c) a surface consisting only of
triangular islands.
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having equal heights. Previous studies60-68 on titanium oxides
indicate that the structure of the peak at 400-430 eV is sensitive to
Ti oxidation states. The two components of the peak at 413 and
419 eV are thought to arise from inter- and intra-atomic transitions
connected with the valence band.61,62,65 The peak at 413 eV is
attributed to the L3(Ti)M23(Ti)V(O) interatomic transitions
involving the oxygen 2p level, while the peak at 419 eV originates
from the L3(Ti)M23(Ti)V(Ti) intra-atomic transitions involving
the titanium 3d level. For Ti metal, only the peak at 419 eV has
been observed in Auger spectra62,64 as the L3(Ti)M23(Ti)V(O)
Auger transitions cannot occur without oxygen ions. As for
stoichiometric TiO2, ideally there would only be the peak at 413
eV60,65 since the Ti 3d level is vacant. ThemeasuredAuger spectra,
however, usually have a shoulder at 419 eV (Figure 7a) due to the
presence of Ti 3d electrons that arise as a result of a small number
of oxygen vacancies introduced during UHV annealing. The
intensity of the 413 eV peak is proportional to the amount of
oxygen in the surface region, and the 419 eV peak is a measure of
the 3d electron density. Hence, one peak wanes as the other waxes
in accordance with the different oxidation states.
The Auger peak shape in Figure 7 is consistent with the

stoichiometries determined by the peak intensities, indicating a
higher oxidation state for the honeycomb structure with a
stoichiometry around Ti2O3 compared to the triangular island
structure with a stoichiometry of approximately TiO1.3. It should
be pointed out that charge transfer from the Ti 3d level to the Au
substrate can affect the Ti(LMV) peak of the ultrathin TiOx film.
The effect has been reported for Au nanoclusters grown on
reduced TiO2(110)

69-73 and TiO2-terminated SrTiO3(001)
substrates,74 where electronic charge transfers from the valence
band of the supporting oxides to Au at the interfaces. The resultant
electron depletion of the Ti 3d level leads to a reduction in the
number of L3(Ti)M23(Ti)V(Ti) Auger transitions for the honey-
comb structure in the monolayer regime. As this charge transfer
only occurs at the interface, Auger transitions of the thicker film
(5 MLs) of triangular islands are not affected. Interestingly,
exposure of the samples to air fully oxidizes the substoichiometric
TiOx thin films. This can be observed as a higher O to Ti peak
intensity ratio and Ti peak (413 eV) shape similar to that of TiO2

in the Auger spectra. The substoichiometric oxidation states,
however, are restored following UHV annealing to the growth
temperature of the thin films (600 �C).
StructuralModels.On the basis of the STM images and AES

spectra, an atomic model is shown in Figure 8, for the (2� 2)-
reconstructed honeycomb structure. Ti atoms (blue balls)
occupy 3-fold hollow sites of the Au lattice (yellow balls).
For each Ti atom, the three nearest neighbor and six
next nearest neighbor hollow sites are vacant, and the third
nearest neighbor sites are occupied. These occupation rules
result in the hexagonal lattice show in Figure 8a. The model is
based on STM images (e.g., Figure 3a), which show that six
Ti atoms (bright) form a hexagon with a hole in the center.
The centers of the hexagons formed by the Ti atoms form
the corners of the (2 � 2) unit cell drawn in Figure 8. The Ti
layer can also be viewed as a hexagonal lattice with the
interatomic spacing of 3.33 Å rotated by 30� with respect to
the Au lattice. The density of Ti atoms is 0.50 per (1 � 1) Au
surface unit cell. The oxygen atoms (red balls) are located at the
bridging sites of the Ti atoms (Figure 8b), resulting in Ti2O3

stoichiometry, which matches the AES data. This model is
substantially the same as previously proposed for honeycomb
TiOx structures.

15,38

For the pinwheel structure, the STM images in Figure 4 can be
explained by a Moir�e pattern formed by superpositioning a Ti
lattice over the Au(111)-(1 � 1) surface as shown in Figure 9.
The condition of coincident points for two lattices can be
calculated using the following equation:75,76
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where s and a are the atomic spacings of the Au substrate layer
and the Ti adlayer, respectively; θ is the angle between the two

Figure 8. (a) An atomic model for the hexagonal honeycomb structure
with Ti atoms sitting in 3-fold hollow sites of the Au(111) substrate. Au
atoms are yellow while Ti atoms are blue. (b) Same model with oxygen
atoms (red) located at the bridging sites of the Ti atoms. The (2 � 2)
unit cell is indicated on both images.
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layers; h, k, and m, n are integer multiples resulting in the
coincidence between the lattices. Equation 1 can be solved for
the variables a and θ such that:

a ¼ s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ hkþ k2

m2 þmnþ n2

r
;

θ ¼ arctan

ffiffiffi
3

p ðkm- hnÞ
2hmþ hnþ kmþ 2kn

 !
ð2Þ

From eq 1, the coincidence periodicity r (Moir�e periodicity)
and anglej between theMoir�e pattern and the substrate can also
be determined:

r ¼ s
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2hþ kÞ2 þ 3k2

q
;j ¼ arctan

ffiffiffi
3

p
k

2hþ k

 !
ð3Þ

With s fixed at 2.89 Å, eq 3 was used to determine candidate
integermultiples h and k based on the ranges of r andjmeasured
from STM images. The candidate compatible pairs were sub-
stituted into eq 2 to calculate possible sets of integer m and n
which fit the measured range of a and θ. The compatible sets of
integer h, k,m, and n were then considered for further analysis. A
Moir�e pattern which matches the STM images can be repro-
duced with the parametres h = 7, k = 2,m = 2, n = 9, s = 2.89 Å, θ =
1.68�, and a = 3.27 Å. On the basis of these calculations, we
propose an atomic model for the pinwheel structure shown in
Figure 9 with a Ti adlayer (3.27 Å periodicity) rotated anti-
clockwise by 1.68� with respect to the Au(111) lattice (2.89 Å
periodicity) underneath. The other domain can be obtained by
rotating the Ti lattice clockwise instead. A pinwheel is drawn on
themodel. In Figure 9, the Ti atoms at the triangle edges are located

at Au bridging sites. Consequently, they appear brighter than the
other Ti atoms in the STM images (Figure 4). Thismodel produces
a (

√
67�√

67)R12.2� reconstruction. The density of Ti atoms is
0.76 per (1 � 1) Au unit cell. For the VO pinwheel structure on
Rh(111), a model was proposed based on DFT calculations.39 It
contains a V hexagonal layer with O atoms occupying the 3-fold
hollow sites on top. For the pinwheel TiOx structure onAu(111), O
atoms are likely to be stable at the hollow sites or the bridging sites of
the Ti layer underneath. A TiO stoichiometry results from both
possibilities, although theoretical studies would be useful to locate
the O position in this model.
We have so far proposed atomic structures for the monolayer

honeycomb and pinwheel surfaces. The third structure, namely the
triangular islands, is thicker and consists of multiple layers. STM
imaging and Auger spectroscopy data alone are not sufficient in this
instance to allow us to propose a structural model. However, we can
rule out that the triangular islands are a TiO2 polymorph because
our Auger data indicates a stoichiometry of TiO1.30(0.04.

’DISCUSSION

It is instructive to compare the proposed ultrathin TiOx film
structures with those grown on other substrates. Comparable
honeycomb TiOx structures similar to those presented here were
studied by other researchers on metal substrates such as Ru-
(0001), Cu(001), and Pt(111). On Cu(001)25 and Ru(0001),11

an O-Ti-O trilayer structure was proposed for both honey-
comb TiOx structures observed. Whether a stacking type of O-
Ti-metal or Ti-O-metal is preferable depends strongly on the
substrate used. Au is nobler than Ru, Cu, and even Pt, and is very
unlikely to bond with O. Instead, it has been reported that for Au
deposited on reduced TiO2, Au is trapped at the oxygen
vacancies and binds to the substrate via Ti incorporating a charge
transfer mechanism.70-72,77 Hence, for our system the O-Ti-
Au stacking sequence is likely to be energetically favorable
compared with Ti-O-Au stacking. For TiOx grown on Pt-
(111), Sedona et al. have reported STM observations similar to
those shown here and proposed a model with Ti atoms sitting at
Pt(111) hollow sites and O atoms at Ti bridging sites.15,38 XPS
indicated stacking of Pt-Ti-O. The proposed model was later
modeled by DFT calculations38 and has a stoichiometry of
Ti2O3. A similar model has also been proposed for a V2O3

structure on Pd(111).78-80 Our AES data in Figure 6 confirm
that the honeycomb structure on Au(111) has a stoichiometry of
Ti2O3. Combined STM and AES data indicate that the honey-
comb Ti2O3 phase on Au(111) has a similar structure to the
Ti2O3 phase on Pt(111) and the V2O3 phase on Pd(111).

Similar pinwheel or wagon-wheel-like phases as presented
here have been found in other systems, such as encapsulated
TiOx on Pd(111) nanoparticles on TiO2(110)

36,81 and TiOx/
Pt(111).15,17,18,38 The TiOx wagon-wheel structures are usually
attributed to Moir�e-like models. There has, however, been
disagreement on the stacking sequence. Compared to the O-
Ti-metal stacking with the formation of a Moir�e pattern
between Ti and substrate lattices, STM observations can also
be explained by superpositioning a Ti layer on an O layer which
adopts the substrate lattice, and this results in Ti-O-metal
stacking. Ourmodel adopts O-Ti-Au stacking for the pinwheel
structure, since the Au substrate is likely to bind with Ti due to
charge transfer. This energetically favorable O-Ti-Au stacking
sequence also restricts the possibility of the growth of other
structures directly on Au. In the monolayer regime, the

Figure 9. Model for the pinwheel structure where Ti atoms are
arranged in a rotated lattice (blue, 3.27 Å periodicity) on the Au(111)
surface (yellow, 2.89 Å periodicity). The position of the oxygen atoms is
not shown. The six triangles that make up the pinwheel are drawn on the
image. The Moir�e pattern that results can be described as a (

√
67 �√

67)R12.2� reconstruction.
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honeycomb and the pinwheel TiOx are the only two structures
observed on Au(111). On metal substrates such as Pt(111) and
Pd(111), other phases, namely the zigzag structures, were also
observed at submonolayer coverages.15,36 Both models proposed
for the zigzag structures involve oxygen atoms at the interfaces.
As it is unlikely for O to form an epitaxial layer on Au as may
occur on Pd and Pt, no zigzag structure forms on Au and only
honeycomb and pinwheel phases were observed in the mono-
layer regime. The pinwheel structure coexists with the honey-
comb structure, especially around 1 ML coverage. What seems
plausible is that the honeycomb structure has a lower surface
energy compared with the pinwheel structure, but that the
pinwheel structure is adopted in order to accommodate the
increased density of deposited Ti. After all, the pinwheel
structure is more than 1.5 times as dense as the honeycomb.
This proposal is further supported by the observation that the
pinwheel structure transforms into the honeycomb structure
upon UHV annealing at 600 �C.

Triangular TiO2 islands have recently been reported on Au-
(111) by Potapenko et al. using Ti-Au alloy oxidation,35

however the structure of the triangles was not resolved. A
hexagonal shape was reported to coexist with the triangular
shape. In their previous study on preparing TiO2 nanocrystals on
Au(111) by reactive-layer-assisted deposition, a row structure
was observed on hexagonal crystallites.34 The spacing across the
rows and the height of the hexagonal islands have been measured
to be 9.0-9.5 Å and 2.3 Å, respectively. The authors proposed a
(1 � 2) reconstruction on the rutile TiO2(100) surface. Our
STM measurements of the row structure on the triangular TiOx

islands suggests similar heights of the triangular islands (∼2.3 Å)
but a slightly smaller periodicity (8.2 Å). We do not have
sufficient data to speculate on the structure of our triangular
island covered surfaces except to state that given our Auger data
indicating TiO1.3 stoichiometry, we do not think that these are
bulk terminations of a TiO2 polymorph.

’CONCLUSIONS

In summary, TiOx thin films were grown on the herringbone-
reconstructed Au(111) surface following Ti deposition and oxida-
tion. As the Ti coverage was increased, we observed three distinct
structures: honeycombs, pinwheels, and triangular islands. With Ti
coverages of less than 0.5ML, the Ti atoms occupy the third nearest
neighbor hollow sites of the Au(111) lattice, forming the (2 � 2)
honeycomb Ti2O3 structure. To accommodate more Ti atoms, a
closer packed structure with a pinwheel shape arises. This structure
is seen for Ti deposition from 0.5 to 1.8 MLs. The (

√
67 �√

67)R12.2� reconstructed pinwheel structure has a higher Ti
density and can be described as a Moir�e pattern. Further increasing
the Ti coverage results in the formation of TiO1.3 multiple layers
with a characteristic triangular shape.

Besides TiOx thin films grown on different metal substrates,
similar honeycomb and pinwheel structures have been ob-
served37,39,78-80,82-84 for oxides of other transition metals with
multiple oxidation states, such as VOx and FeOx. Such studies open
up a new research area in which novel structures can be created and
utilized in a variety of applications. Similarly, the TiOx structures on
Au(111) reported here were not observed on bulk TiO2 termina-
tions and they potentially have different properties relevant to
catalysts, gas sensors, and solar cells. Well-ordered epitaxial TiOx

thin film structures on Au(111) presented in this work also serve as
promising templates for the growth ofmetal clusters, particularly for

catalytically relevant Au nanoparticles.85-88 The study of thin oxide
films on noble metals provides insights into fundamental oxide-
metal interactions at the interface. This is of significant importance
for the investigation of catalytic properties of oxides, and oxide-
supported noble metal nanoparticles.
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