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Scanning tunneling microscopy (STM) is used to investigate surface structures of barium and barium oxide
grown on (22 x v/3)-reconstructed Au(111) surfaces. Evaporated Ba attaches to the Au herringbones after
ultrahigh vacuum (UHV) annealing, forming a stripe pattern. Oxidation of the Ba stripes gives rise to a
BaO, structure pinned to the Au herringbones. Conversely, well-ordered epitaxial BaO, structures can be
obtained with oxidation of the deposited Ba by residual oxygen and subsequent UHV annealing. The two or-
dered BaO, phases, a (6x6) and a (2+v/3x2/3)-R30° structure, coexist on the surface and lift the Au

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Barium oxide is a material with applications in many technologi-
cally important areas including high current density cathodes [1-3],
catalysts [4-6] and optical devices [7-9]. Most of these applications in-
volve BaO layers in combination with other metal elements, which
has stimulated investigations of BaO thin films on metals such as
W(001) [10,11], W(110) [12,13], Ir(001) [14,15], Re(0001) [16,17]
and Ni(110) [18-20]. The majority of these studies have focused on
electronic and chemical characterization. Because the surface struc-
tures of BaO thin films partially determine the film properties and re-
flect the film-substrate interactions, a deeper understanding of the
surface structure is necessary. Among the limited investigations in
this area, Bowker et al. studied the surface structures of BaO grown
on Pt(111) as an inverse catalyst model for NO, reduction and storage
and observed a (2x2) reconstruction of BaO [21-23]. Similarly, our
studies of the growth of BaO thin films on Au(111) is partially moti-
vated by the promoting effect of BaO on the catalytic properties of
oxide supported Au nanoparticles [6,24-26]. Furthermore, BaO thin
film growth on Au(111) enables surface science investigation of the
BaO(111) face for two reasons. The first is that surface structure stud-
ies using electron-based techniques are difficult because BaO is an
electrical insulator, but this restriction can be overcome by investigat-
ing thin films of BaO grown on a conducting substrate. This method is
reviewed in Ref [27]. Secondly, the BaO(111) surface is polar and var-
ious mechanisms have been proposed for the stabilization of the polar
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surface, one of which is reconstruction [28]. The surface structure of
the thin film form of BaO(111) is likely to be different to that of the
bulk reconstruction because no macroscopic dipole can be created
in the thin film to destabilize it [29].

In this paper, the growth of Ba and BaO, films on reconstructed
Au(111) surfaces is presented. Scanning tunneling microscopy (STM) of-
fers insights into the surface structures and aids the understanding of
the adsorption of Ba and its reactivity to O on metal substrates. Two
well-ordered BaO, phases are observed and their structures are dis-
cussed in the context of the experimental data combined with results
from previous related studies [21,30-34].

2. Experimental methods

The experiments were carried out in a JEOL JSTM4500XT system, op-
erating at a base pressure of 10~ 2 Pa. Mica-supported Au(111) single
crystals (Agilent Technologies, UK) were used as the substrates. Details
of the preparation method for clean reconstructed Au(111) substrates
have been described elsewhere [35]. The resulting (22x+/3) reconstruc-
tion on the Au(111) surface was confirmed by STM prior to the deposi-
tion of Ba. Ba was deposited onto room temperature (RT) substrates in
ultrahigh vacuum (UHV) from a getter wire (SAES Getters S.p.A.)
installed in a dedicated Ba evaporator built in the Institute of Physics
and Physical Technologies at the Technical University of Clausthal.
Since Ba is highly reactive, it can be oxidized either by 0, (10~ Pa) pur-
posefully introduced into the chamber or by the residual O in the cham-
ber. In the latter case, the samples were annealed at approx. 450 °C in
UHV to form ordered BaO, structures. The amount of Ba deposited is es-
timated in monolayer (ML) equivalents, corresponding to the density of
Au atoms per unit area of (1x1)-Au(111) (1.4x 10" atoms per cm?).
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3. Results and discussion
3.1. Deposition and oxidation of Ba on Au(111)

The STM images in Fig. 1 show the as-deposited and oxidized bar-
ium on Au(111) surfaces. The Au(111) substrate surface forms a
(22 x +/3) reconstruction with bright parallel rows that are the bound-
aries between the fcc and hcp regions. The surface has different do-
mains rotated by 60° with respect to each other [36], resulting in a
herringbone pattern as shown in Fig. 1a. Different domains are con-
nected by elbow sites, containing surface dislocations caused by the
60° rotation of the two domains [37].

Fig. 1b shows an STM image of Ba islands and Au herringbones in the
background, following 0.5 ML of Ba deposition. The as-deposited Ba
forms islands randomly arranged on the Au(111) surface. This behavior
is different from metals such as Fe [38-40], Co [41,42], Ni [43], Mn [44]
and Ti [45,46] which preferentially nucleate at the elbow sites of the
Au(111) surface and form regular arrays of islands. It has been found
that the preferred nucleation site is determined by the surface energy
of the deposited metal and the Au(111) surface [47]. Metals with higher
surface energy than Au prefer to nucleate at the elbow sites while those
with lower surface energy do not have this preference. A place-exchange
mechanism has been proposed to explain this observation. It involves
deposited metal atoms substituting for Au atoms in the substrate lattice
and forming the nucleation sites for the further incoming deposits
[47,48]. Ba(111) has a much lower surface energy (0.397 J/m?) than
that of Au(111) (1.283 J/m?) [49], hence it can remain on the surface
without substituting with the underlying Au atoms. The as-deposited
Ba on Au(111) only forms islands with irregular shapes, indicating an in-
coherent interfacial relationship.

Even at RT Ba is mobile on the Au(111) surface. This can be seen in
the STM image in Fig. 1c, taken within 10 min of Fig. 1b, where Ba has

started to attach to the herringbones. The terrace height (approx.
2.4 A) measured in Fig. 1c corresponds to the step height of the
Au(111) lattice. The image also shows that Ba islands do not nucleate
preferentially at the step edges.

After UHV annealing at 450 °C for 15 min, refined adhesion of the
islands to the Au herringbones is observed in Fig. 1d, with stripes run-
ning along the directions of the three domains of the Au (22 x /3) re-
construction. The distance measured between the stripes (6441 A)
matches the distance between the Au herringbones (63 A). As Ba is
highly reactive, the deposited Ba may by this stage have partially
reacted with the residual O in the chamber to form BaO, islands.

Following further annealing at 450 °C for 45 min, the islands
spread over the substrate surface as shown in Fig. 1e where their
alignment with the domains of the Au substrate is still visible. At
this stage, the sample has been kept in the chamber for 72 h. The
STM image (Fig. 1e) appears very similar to Fig. 1f, which was
obtained after annealing the sample in 10~ 6Pa 0, for 30 min fol-
lowed by UHV annealing at 450 °C. The similarity between the two
STM images indicates that the sample left in-situ for 72 h has already
been oxidized by residual O as a result of the strong reactivity of Ba.

3.2. Reconstructions of BaO, on Au(111)

As demonstrated in the previous section, the deposited Ba can be
oxidized either by the residual O in the chamber or by purposefully
introduced O,. With introduced O, at a relatively high pressure
(10~ °Pa), no ordered BaO structure was observed. To obtain epitax-
ial BaO, structures on the Au(111) substrate, deposited Ba (0.4 ML)
was oxidized by residual O in the chamber over 72 h prior to UHV
annealing at 450 °C for 15 min. This leads to the coexistence of
three structures marked ‘e, ‘3’ and “y’ as shown in Fig. 2. The image
is high pass filtered so that the steps are flattened and various

Fig. 1. STM images showing (a) a (22 x v/3)-reconstructed Au(111) surface as the substrate for Ba deposition (Image size: 79x 79 nm?, V;= —1.83 V, ,=0.20 nA); (b) Ba islands
grown following Ba deposition onto the RT Au(111) surface (image size: 81 x81 nm?, Vo= —1.91V, I,=0.20 nA); (c) Ba islands surrounded by a small amount of Ba attaching to
the Au herringbones (image size: 92 x 92 nm?, V;= —1.00 V, I,=0.20 nA); (d) stripes running along the three directions of the Au reconstruction after UHV annealing at 450 °C for
15 min (image size: 121x 121 nm?, V;= —0.53 V, [;=0.20 nA); (e) BaO, layer spreading over the Au(111) substrate surface following further UHV annealing at 450 °C for 45 min
with the sample being kept in-situ for 72 h (Image size: 64 x 64 nm?, V;=—1.00V, I;=0.20 nA); (f) similar morphology as in (e) after first annealing in 10~ Pa O, and then in

UHV (Image size: 64 x 64 nm?, Vo= —0.99 V, ;= 0.20 nA).
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structures with different heights can be shown on the same image.
Structure vy is only observed covering a few percent of the surface
area and appears disordered. It is possible that this structure is an in-
termediate phase. The other two structures, o and 3, are well-ordered
over larger surface areas. The angle between the two close packed di-
rections of the ordered structures is measured as 30°. Fig. 2b and c
show line profiles measured along arrows ‘i’ and ‘ii’, indicating that
structure 3 is approx. 1.8 A higher than vy, while the difference of
the apparent height between structure v and 3 is approx. 0.9 A.

Although the images in Fig. 1e, f and 2 all show BaO, surface struc-
tures on the Au(111) surface, Fig. 2 exhibits rather different morpho-
logic features. As can be seen from the evolution in Fig. 1b-d, Ba tends
to wet the substrate surface because it has a significantly lower sur-
face energy than Au(111). UHV annealing immediately following Ba
deposition facilitates the spread of Ba and its adhesion to the Au her-
ringbones. As a result, the formed BaO, islands stay pinned to the nu-
cleation sites of Ba after oxidation (Fig. 1e and f). In contrast, not
having the annealing process prior to oxidation allows the as-
deposited Ba to be oxidized before it has adhered to the Au herring-
bones. Consequently, the formed BaO, does not stay pinned and this
allows the formation of well-ordered BaO, structures with subse-
quent annealing (Fig. 2).

Fig. 3a shows an STM image of structure o with a unit cell indicated.
The structure is composed of bright spots forming a hexagonal lattice
that lifts the Au(111) reconstruction. Arrows marked as ‘i’ and ‘ii’ denote
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Fig. 2. (a) STM image (high pass filtered) that shows the coexistence of BaO, structures of
well-ordered azand f3, as well as disordered vy phases. The two epitaxial BaO, structures are
rotated by an angle of 30° with respect to each other. (Image size: 74x 74 nm?, V=

—1.68 V,1,=0.20 nA.). (b) and (c) profiles taken along arrows marked as ‘i’ and ‘i’ in (a).
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Fig. 3. (a) STM image showing the (6 x 6) hexagonal BaO, structure with a unit cell in-
dicated (image size: 36 x 36 nm?, V;=1.26 V, [;=0.20 nA). (b) and (c) profiles taken

G

the line profiles shown in Fig. 3b and c. A periodicity of 17.6+0.4 A is
measured along the close packed directions. The hexagonal BaOy struc-
ture is aligned with the crystallographic directions of the Au substrate.
Thus, a (6x6) reconstruction can be determined with the atomic spac-
ing of the Au(111) lattice being 2.89 A. The BaO, surface contains a num-
ber of defect sites where the bright spots are missing. Measuring the
depth of the defect sites provides an indication of the thickness of the
(6x6) BaO, structure on Au(111). The depth of the defect site in
Fig. 3b is approx. 1.3 A, while Fig. 3c shows a larger depth (approx.
3.8 A), indicating that the (6x 6) BaO, structure on Au(111) is probably
a multi-layer phase.

Structure (3 exhibits a honeycomb structure composed of edge-
sharing hexagons, one of which is indicated in Fig. 4a. A unit cell is
also indicated in the image, which is formed by connecting the centers
of the hexagons. The line profiles shown in Fig. 4b and c are taken along
arrows marked as ‘i’ and ‘ii’. A periodicity of 10.2 + 0.3 A is measured in
Fig. 4b. The honeycomb BaOj structure is rotated by 30° with respect to
the (6 x 6) BaO, structure which aligns with the Au(111) lattice (Fig. 2).
Consequently, a (2v/3x2+v/3)-R30° reconstruction can be determined
for the honeycomb BaO, structure on the Au(111) surface. The recon-
struction will be referred as (2+v/3 x2+/3) for simplicity. The edges of
the hexagons of the BaO, honeycomb structure consist of two adjacent
bright spots, the spacing between them is approx. 5.9 A as shown in
Fig. 4c. Although the (2v/3 x 2v/3) BaO, structure has a regular periodic-
ity, the brightness of the structure appears uneven, and the background
resembles the appearance of the disordered y phase in Fig. 2. It is there-
fore possible that the (2v/3 x 2v/3) BaOy structure grows on top of the y
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Fig. 4. (a) STM image of the honeycomb BaO, structure composed of edge-sharing
hexagons. The centers of the hexagons form (2v/3 x 2v/3) unit cells, one of which is in-
dicated in the image (image size: 22 x 22 nm?, Vs = —1.68 V, [;=0.20 nA). (b) and (c)

G

phase. This is supported by the fact that the former is measured as
approx. 1.8 A higher than the latter on the same image (Fig. 2).

3.3. Structural models

Although there are limited structure studies on BaO surfaces, the
(111) crystal facets of similar rock-salt metal oxides (MO) such as
VO [50-53], FeO [30,54-58], NiO [59,60,32], MgO [33,61-64], MnO
[31,65,66] and CoO [42,67] have been investigated due to the interest
in polar crystal terminations. It is instructive to compare our results of
the BaO, phases on Au(111) to previous studies to gain a better un-
derstanding of the possible structures. Various models have been pro-
posed for the hexagonal MO(111) surface reconstructions in the
literature including Moiré patterns, cyclic ozone structures, octopole
based structures and hydroxylated structures. Most of these models
involve mechanisms to stabilize the polar surface. However, for ultra-
thin films the dipole can be compensated by the interface dipole in-
duced by charge transfer between the metal substrate and oxide
overlayer [68,69]. Consequently, there is not necessarily a need for di-
pole cancellation in ultrathin films.

A Moiré pattern involves superpositioning one lattice on another.
It has been used to explain a pinwheel structure observed on VO/
Rh(111) [52,53] as well as honeycomb and hexagonal structures
obtained on FeO/Pt(111) [30,55-58]. Oxygen atoms are located at
the three-fold hollow sites of the V/Fe layer, forming a stoichiometric

MO bilayer. The nature of the Moiré pattern results in two different
periodicities that are observed with STM: a relatively long periodicity
for the coincident sites and a short atomic periodicity for the surface
layer. Meanwhile, different occupation sites of the MO layer usually
lead to different heights of the atoms, and hence different levels of
brightness in STM images. The height difference for Moiré patterns
in STM images is usually very small (<0.5 A), as the atoms being im-
aged are all in the same layer. As shown in Fig. 3a, the (6x6) recon-
struction of BaO, on Au(111) has a corrugation height of approx.
1 A, which almost corresponds to the thickness of an atomic layer
and is probably too large to be due to a Moiré pattern. As for the
(2v/3x2+/3) BaOy structure on Au(111), it appears uneven across the
surface due to the disordered layer underneath which is unlikely to
induce the coincident sites required by the Moiré pattern.

The second type of model proposed for the MO(111) surface recon-
struction involves a cyclic ozone structure, which contains oxygen tri-
mers around an M atom and isolated M atoms. It has been found that
such a structure does not cancel the divergence of dipoles efficiently
and the oxygen trimers dissociate upon full geometric relaxation, con-
verting the initial hexagonal structure into a stripe structure [31]. The
M atoms surrounded by the oxygen trimers would be expected to
have different brightness to those isolated ones in STM images, which
is not observed for both BaO, structures on Au(111).

The octopolar model has a pyramid shape with {001} facets. The
structure can be either O- or M-terminated with an M or O triangular
base [70]. The octopolar model has been proposed for the (2x2)-
reconstructed NiO(111) surface [32,59,60,71], (v/3 x v/3)-R30° MnO
(111) reconstruction [66] and the (2x2) BaO structure on Pt(111)
[21]. Theoretical calculations predict that the formation of facets allows
the dipole moments to cancel out along the three orthogonal axes
[32,60], which serves as an efficient way of forming stable surface struc-
tures for rock-salt crystals. One might expect that for an octopolar struc-
ture there will be lateral displacements of the pyramids, especially in
the (6 x6) reconstruction. However, we only observe regular periodic-
ities which indicate that an octopolar reconstruction is unlikely.

Hydroxylated structures have been suggested for (1x 1), (2x2) and
(V3% v/3)-R30° reconstructions on the MgO(111) surface [33,63,64]
and (2x2) and (v/3x v/3)-R30° NiO(111) reconstructions [34]. Since
the structures presented here are produced via Ba oxidation with the
residual O-containing species mainly being water, it is likely that hy-
droxyl groups will bond onto the surface. The STM images possibly re-
veal the hydroxide structure rather than the naked oxide surface. At
this stage, it is difficult to propose precise structural models that take
hydroxylation into account. Further studies such as analysis of low en-
ergy electron diffraction (LEED) intensity-voltage curves and theoreti-
cal calculations would be useful to further add to the determination of
the surface structures.

4. Conclusions

Ba has been deposited onto reconstructed Au(111) surfaces and ox-
idized by residual O in the chamber. Annealing the deposited Ba in UHV
facilitates its adhesion to the Au herringbones and forms a stripe pattern
which is aligned with the three domains of the Au reconstruction. The
attached Ba stays pinned after oxidation. Epitaxial BaO, structures can
be obtained by oxidation of deposited Ba with residual O and subse-
quent UHV annealing. Two well-ordered BaOj structures have been ob-
served coexisting on the same surface. They correspond to a (6 x 6) and
a (2v/3x2+/3) BaO, structure on Au(111). While very few studies have
been reported on the bulk BaO(111) surface reconstruction due to the
insulating nature of BaO, the epitaxial ultrathin film structures reported
here are likely to be different from bulk BaO(111) terminations because
of the influence of the Au(111) substrate. Further surface structure ex-
periments in combination with theoretical modeling is necessary to de-
termine the detailed atomic structure of the ultrathin films.
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