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A new O induced structure on Rh(111) displaying a �2
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�R30� periodicity with an oxygen
coverage of 2=3 has been studied by high resolution core level spectroscopy, scanning tunneling
microscopy, and density functional theory. Although O favors fcc hollow sites in all other known phases,
it occupies both fcc and hcp sites in this structure, which cannot be explained by pairwise adsorbate
repulsion only. Both the �2
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�R30� and �2� 2�-3O structures also exemplify that density-of-
states contrast can lead to oxygen adatoms appearing as protrusions in scanning tunneling microscopy
images.
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The structures formed by adsorbates on surfaces are
usually seen as a result of minimizing the energies of (i) -
adsorbate-adsorbate interactions, which are usually con-
sidered to be pairwise and predominantly repulsive, and
(ii) the site-dependent adsorption energy, which leads to a
preference for a certain adsorption site already for a single
isolated adsorbate. It has been noted previously that an
exact description of adsorption energies needs compli-
cated models including three-atom terms [1]. Never-
theless, for the determination of possible adatom struc-
tures the simple picture mentioned above is usually con-
sidered sufficient, at least as long as the substrate does not
reconstruct [2]. Common adsorption systems studied are
oxygen induced structures on metal substrates; one reason
being the important role oxygen plays in catalytic reac-
tions. Although it has been shown for some surfaces that
it is not the chemisorbed O adatoms but rather oxides—
bulk or ultrathin surface oxides [3–6]—that are the most
efficient phase in oxidizing CO [7–9], chemisorbed O is
still of considerable interest for catalysis. In fact, previous
investigations have indicated that oxide formation on
Rh(111) even poisons the adsorption of CO and thus
hinders the CO oxidation reaction [10].

In the present Letter we present a structure not under-
standable using the simple pair-interaction outlined
above, the �2
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�R30� oxygen superstructure on
Rh(111). Using a combination of experimental and theo-
retical techniques we show that oxygen adsorbs in both
fcc and hcp sites. We further demonstrate the existence of
a p�2� 2�-3O superstructure with � � 3=4 monolayers
(ML), and we show that the oxygen adatoms for these
structures appear as protrusions in scanning tunneling
microscopy (STM) images.

Previously, chemisorbed O on Rh(111) has been ob-
served to form p�2� 2� and p�2� 1� structures with O
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coverages of � � 1=4 and 1=2 ML, respectively. Low
energy electron diffraction (LEED) [11], high-resolution
core level spectroscopy (HRCLS) , and density functional
theory (DFT) [13] have been used to study these struc-
tures and shown that the oxygen atoms reside in fcc
hollow sites. Using molecular oxygen, or even by expos-
ing the p�2� 1� surface to NO [11] which is known to be
strongly oxidizing, to our knowledge, no oxygen-on-
surface structure with a coverage above � � 1=2 has
been reported previously. However, using atomic O a
p�1� 1�-O phase has been prepared [14].

For the present work, the HRCLS measurements were
performed at beam line I311 at MAX II in Lund, Sweden
[15]. A Donjiac-Šunjić profile [16] convoluted with a
Gaussian distribution was used for the deconvolution of
all spectra. STM measurements were done in Vienna at
room temperature using the same instrument as in
Refs. [4,6]. The cleaning procedure of the Rh(111) surface
has been described elsewhere [6]. An oxygen induced
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�R30� structure could be formed by exposing
the Rh(111) surface to 1� 10�3 mbar of oxygen for
300 seconds at a sample temperature of 400 K or 550 K
with cooldown to 400 K in oxygen. At the higher prepa-
ration temperatures, coexistence of the high-coverage
adatom phases and the surface oxide [6] at the step edges
was observed.

The density functional calculations were performed
using the Vienna ab initio simulation package (VASP)
[17], using the projector augmented wave method
[18,19] and the generalized gradient approximation
(GGA) [20]. The valence wave functions were expanded
in a plane wave basis with a cutoff at 250 eV. With this
setup, the lattice constant of Rh was determined to be
a0�3:84 �A, in excellent agreement with previous DFT-
GGA calculations (a0 � 3:83 �A, e.g., Ref. [13]). The Rh
-1  2004 The American Physical Society
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substrate was modeled by six layer thick slabs, and the
Brillouin zone integration was performed with grids cor-
responding to 24�24 k-points in the primitive surface
cell. Compared to our previous, less accurate setup [6] the
average adsorption energies change by about 50 meV. The
high computational accuracy was required since energy
differences between different structures are tiny in the
present case.

In Fig. 1 we show the O 1s and Rh 3d5=2 core level
spectra of the �2

���
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�R30� structure and the LEED
pattern. The Rh 3d5=2 level can be decomposed into four
components. Apart from the bulk component at approxi-
mately 307.15 eV we find one component at lower binding
energy and two at higher binding energies. Previously, for
the p�2� 1� structure, it has been shown that the lower
binding energy component (�0:15 eV relative to the bulk
component) is due to Rh atoms coordinated to one oxygen
atom (1O), while the intermediate component shifted by
about �0:45 eV is due to Rh atoms coordinated to two
oxygen atoms (2O) [12]. When decomposing spectra
taken with different excitation energies, it becomes clear
that a fourth component with a shift of �0:71 eV must be
included to obtain a consistent fit. One explanation for
this component are Rh atoms coordinated to three O
atoms. A second possibility, the presence of subsurface
oxygen can be ruled out (see below). Turning to the O 1s
spectra, we find that the O 1s emission can be described
using only a single component. The component is broad-
ened by approximately 0.2 eV as compared to the O 1s
spectrum of the p�2� 2� structure. Although a small
shift or broadening does not necessarily point towards a
single adsorption site, a comparison of the present spectra
to the O 1s spectra of the (9� 9) surface oxide —which
involves oxygen atoms on top and below a Rh layer
exhibiting a large binding energy shift [6]—suggests
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FIG. 1 (color online). HRCLS of the �2
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���
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�R30� struc-
ture. The Rh3d5=2 peak can be decomposed into four compo-
nents with an O coordination of 1O, 2O, and 3O, whereas, the
O 1s level exhibits only one component indicating no subsur-
face or oxide formation. (Inset) LEED pattern of the �2

���
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2

���
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p

�R30� structure (electron energy 126 eV).

266103
that subsurface oxygen can be excluded in the present
case.

The oxygen coverage of the �2
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�R30� struc-
ture is consistent with both � � 2=3 or � � 3=4 ML, as
obtained by comparing the O 1s spectra with those from
the p�2� 2� and p�2� 1� structures. The uncertainty in
the O coverage is mainly due to the coexistence of �2
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�
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�R30� and p�2� 2�-3O domains with a local cover-
age of � � 3=4 ML.

Useful information about the relative abundance of
different oxygen coordinated Rh atoms can be obtained
by comparing the relative intensity of the different com-
ponents in the Rh 3d5=2 spectra. Using the line shapes
obtained for the p�2� 2� and p�2� 1� structures, we
estimate that the ratios of Rh atoms binding to one,
two, and three oxygen atoms are 1O:2O:3O 	 1:2:1.

In Fig. 2(a) we show an STM image of the coexisting
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�R30� and �2�2�-3O structures, and Fig. 2(c)
shows a high-resolution Fourier filtered image of a
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�R30� domain. First, we have tried to analyze
the structure using the usual assumption of the oxygen
atoms and/or their metal neighbors appearing as depres-
sions (dark) in STM [21]. It turned out that this attempt
does not lead to any structure model with oxygen atoms in
hollow or bridge sites and a reasonable O coverage unless
large displacements of the Rh atoms and unrealistic Rh-
Rh distances are assumed. Assuming that the oxygen
atoms appear as protrusions (bright), the construction
of a structure model is straightforward [Fig. 2(d)]. We
find an O coverage of � � 2=3, with two O atoms per cell
in hcp sites and six in fcc sites. The number of Rh atoms
binding to one, two, and three O atoms are three, six and
three, respectively, in perfect agreement with the HRCLS
data, and the different environment of the O atoms in the
structure explains the slight broadening of the O core
level peak. The reproducibility of the STM image and
the fact that similar images were obtained in a large
range of tip-sample distances (tunneling voltages be-
tween �4 mV and �1:2 V) indicate that oxygen adatoms
on Rh can appear as protrusions without a special tip or
tip-sample interaction, as opposed to cases when oxygen
atoms occasionally appeared as protrusions [22,23].

The p�2� 2�-3O structure also visible in Fig. 2(a) can
be easily understood, if the oxygen atoms are also imaged
as protrusions. By extrapolating the lattice from the
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�R30� into the p�2� 2�-3O domains we can
determine that the protrusions are in three of the four fcc
hollow sites of the p�2� 2� cell. We find that the p�2�
2�-3O areas appear blurred in many parts of the image,
indicating a high mobility of domain boundaries at room
temperature.

The DFT calculations confirm the above model for the
�2
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� 2
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�R30� structure and furthermore verify that
O atoms appear as bright protrusions in the STM image.
The STM image, simulated using the simple Tersoff-
Hamann approach [24] [Fig. 2(b)], resembles the experi-
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FIG. 3 (color online). Calculated phase diagram for oxygen-
on Rh(111). The chemical potential can be related to the
temperature and the oxygen partial pressure [28]. The stability
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�R30� phase is indicated by small
ticks.
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FIG. 2 (color online). (a) STM image of the �2
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�R30� and p�2� 2�-3O phase (20 nm wide; �95 mV,
0.46 nA). (b) Simulated STM image of the relaxed structure
as obtained by DFT shown in (d). (c) Fourier filtered STM
image of the �2
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�R30� to be compared to (b).
(d) Structure as obtained by DFT. Small balls are O atoms,
dark in fcc sites, lighter in hcp sites. In the lower right corner
the honeycomb �
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�R30�-2O structure is illustrated.
Interaction energies for O pairs and an O3 triangle are also
indicated.
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mental image in Fig. 2(c) to such a degree that few doubts
concerning the correctness of the model remain. In the
Tersoff-Hamann approach the protrusions are bias inde-
pendent between 
1V and related to a charge accumula-
tion at the Fermi-level on top of the oxygen atoms.
Additional proof stems from calculated core level shifts
of the Rh surface atoms, as well as from the binding
energy shifts of the O 1s levels. For the �2

���
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p
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�R30� structure, binding energy shifts of �0:16 eV,
0:43 eV, and 0:56 eV are calculated for the Rh atoms
coordinated to one, two, and three oxygens atoms, re-
spectively. This is in excellent agreement with the experi-
mental values for the 1O (�0:15 eV), 2O (0.45 eV), and in
reasonable agreement for the 3O (0.71 eV) component.
The calculated O 1s binding energies vary by 0.15 eV in
good agreement with the experimentally observed broad-
ening of the O 1s spectra by 0.2 eV. The binding energies
are smallest for the oxygen atoms in the hcp site, and
largest for the oxygen atoms at the sides of the triangles
formed by six O atoms.

Figure 3 shows the calculated surface phase diagram,
including the previously determined ultrathin Moiré
266103
O-Rh-O oxide phase [6]. First of all, it is obvious that
both the �2
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�R30� and the �2� 2�-3O phases are
only kinetically stabilized phases, since both the
O-Rh-O�8� 8�@Rh�9� 9� surface oxide and the Rh2O3

bulk phase are lower in energy at the oxygen rich side of
the phase diagram. Formation of the surface and bulk
oxides, however, is kinetically hindered and occurs only
at higher temperatures around 800 K (and higher pres-
sures) as discussed in our previous work [6]. Considering
only adatom structures and no (surface) oxides, the
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�R30� structure is stable between a chemical
potential of �1:07 and �0:64 eV, corresponding to tem-
peratures of 400–700 K at a pressure of 1� 10�3 mbar.
This agrees quantitatively with the experimental prepa-
ration conditions.

To disentangle the stability of the �2
���
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p

� 2
���

3
p

�R30�

phase, pair and triple interaction parameters were deter-
mined using a �4� 4� supercell. The repulsive pairwise
interaction energies are summarized in Fig. 2(d). A sig-
nificant triple interaction energy was only found for three
oxygen atoms arranged in a triangle (the triangle is
0.123 eV more stable than predicted by the additive pair-
wise repulsion), whereas, for other arrangements the trio
interaction energies are small. Table I shows that the
interaction parameters can be used to predict the average
oxygen adsorption energies with an accuracy of roughly
20 meV (with the exception of the �2� 2�-3O phase, see
below).

In particular, we have to discuss why the �2
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�R30�-8O is more stable than an alternative 2=3 ML
structure with a honeycomb �
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�
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�R30�-2O arrange-
ment of oxygen atoms in fcc sites [lower right corner
in Fig. 2(d)]. In GGA this arrangement is less stable
by 80 meV per oxygen atom than the experimen-
-3



TABLE I. Average oxygen adsorption energy (in eV) for a
number of structures as calculated by GGA and predicted using
the pair and triple interaction energies indicated in Fig. 2(d).

GGA Pair + Triple

�4� 4� � O (fcc) �2:114
�4� 4� � O (hcp) �2:013
�2� 2� � O �2:051 �2:030
�2� 1� � O �1:795 �1:762
�2
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3
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� 2
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3
p

�R30�-8O �1:614 �1:637
�

���

3
p

�
���

3
p

�R30�-2O �1:530 �1:547
�2� 2� � 3O �1:506 �1:576
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tally observed structure. The crucial result is that the
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�R30�-8O is stabilized by the attractive triple
interaction energy, which itself is caused by an outwards
relaxation of the oxygen atoms at the corners of the
triangles towards the bridge sites. This relaxation occurs
for a triangular arrangement of three and six oxygen
atoms. If the oxygen atoms are kept exactly above the
fcc hollow site, the �2
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� 2
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p

�R30�-8O structure is
calculated to be degenerate with the �

���

3
p

�
���
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p

�R30�-2O
phase (�1:534 eV). It is now also apparent why the
predictions for the �2� 2�-3O phase are wrong if the
triplet interaction parameters are included. In this phase,
the oxygen atoms can not relax towards the bridge site
and, hence, the energy without triple interaction parame-
ters (�1:494 eV) agrees much better with the calculated
GGA value of �1:506 eV.

These results imply that several factors are important
for the realization of the hcp site on Rh(111): (i) the small
energy difference between the fcc and hcp sites is a
prerequisite, (ii) relaxation towards bridge sites allows a
significant reduction of the repulsion between oxygen
atoms in the triangles, and (iii) the empty space in be-
tween the triangles can accommodate two oxygen ada-
toms in hcp sites that experience only a relatively weak
repulsion to neighboring O atoms. The correct structure
model cannot be found by reasoning based on simple
repulsive nearest neighbor interactions between oxygen
atoms, because in the �2
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�R30�-8O the average
number of fcc-fcc and hcp-fcc nearest neighbors is 3.75,
whereas, it is only three in the �
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p
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p

�R30�-2O struc-
ture. Furthermore, in the present case, the trio interaction
parameters must include relaxation effects, which hith-
erto have not been included [1]. In any case, it is remark-
able to find a coexistence of oxygen adsorbed in hcp and
fcc sites in the �2
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�R30� structure, whereas, in
all previous studies the adsorption site of atomic oxygen
on fcc(111) surfaces was the fcc site. To our knowledge, a
related observation has only been reported in the case of
the O=Ni�111� system in which p�2� 2� domains with
oxygen adsorbed in fcc sites are separated by domain
walls in which hcp sites are occupied [25,26].

A second key observation of the present study is that
oxygen atoms appear in STM as protrusions on Rh(111) at
266103
higher coverage in both the �2
���

3
p
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�R30� and the
p�2� 2�-3O structures. This contradicts the common
assertion that oxygen atoms are imaged as depressions
in experimental STM images (see also Ref. [27]). It is
emphasized that the bright appearance of oxygen atoms is
not related to a special tip or special tip-substrate inter-
action in the present case. This observation implies that
STM images must be interpreted with considerable cau-
tion when oxygen is involved.
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