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Using a combined experimental and theoretical approach, we show that the initial oxidation of a Rh�553�
surface, a surface vicinal to �111�, undergoes step bunching when exposed to oxygen, forming lower-index
facets. At a pressure of about 10−6 mbar and a temperature of 380 °C this leads to �331� facets with one-
dimensional oxide chains along the steps, coexisting with �111� facets. Further increase of the pressure and
temperature results in �111� facets only, covered by an O-Rh-O surface oxide. Our density functional theory
calculations provide an atomistic understanding of the observed behavior.
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I. INTRODUCTION

The search for a fundamental understanding of solid sur-
faces and their interaction with a surrounding gas has been a
major research field for decades, motivated by areas such as,
e.g., catalysis, corrosion, and thin-film devices. Using model
systems such as low-index single-crystal surfaces under
ultrahigh-vacuum �UHV� conditions and carefully control-
ling the reactant gas abundance on the surface, significant
progress has been made in the understanding of adsorbate-
adsorbate and adsorbate-substrate interactions.1 A conse-
quence of this surface science approach is the introduction of
a pressure and a material gap by which surface properties
and reactivity probed and determined under well-defined
UHV conditions may not be extrapolated in a straightforward
manner to those at realistic reaction conditions.2

Recently, a large effort has been made to extend these
studies of the atomic-scale structure to systems of a com-
plexity at least approaching that found in nature. Structural
studies at atmospheric pressures using CO and H have been
performed in situ using a number of well-prepared single-
crystal substrates; see, for example, Refs. 3–5. Further, a
growing number of studies have concentrated on the in situ
oxidation and reactivity of late transition metals.6–13 Surpris-
ingly, it has been shown that under realistic conditions, the
resulting oxides are more active in CO oxidation than the
metal surfaces.6,7,11,14 Studies of late transition-metal sur-

faces exposed to high oxygen partial pressures have at the
same time led to the discovery of ultrathin well-ordered films
of oxides, so-called surface oxides on the surfaces of Ag, Rh,
Pd, and Pt.9,15–21 A surface oxide can be viewed as an inter-
mediate state in between the metallic phase and the forma-
tion of the bulk oxide. It is clear that the formation of a
surface or a bulk oxide completely alters most properties of
the originally metallic surface; thus, any information on the
oxidation of transition-metal surfaces, and the resulting ad-
sorption and reactivity properties, is valuable.11,22,23

Most of these studies are, however, still limited to single-
crystal low-index surfaces, a condition rarely found in na-
ture, where surfaces normally contain a large number of de-
fects and facets. In fact, a typical metallic particle, used in,
for example, catalysis, is expected to oxidize more easily and
to a larger extent than a single crystal, forming not only
surface oxides resulting in a core-shell structure but also a
more complete oxidation of the metal particle.24,25 It is, how-
ever, not straightforward to experimentally study metal par-
ticles on the atomic scale under realistic conditions, as the
oxidation behavior can be surprisingly complex.26

One way to increase the complexity of a surface on the
route towards real metal particles is to use vicinal surfaces;
see, for example, Refs. 27–30. Such a surface provides a
large number of “defects,” which in some aspects have prop-
erties similar to those expected on metal particles. In particu-
lar, the atoms at a step edge of a vicinal surface have a
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similar �under�coordination as atoms between different facets
on a nanoparticle. Because of this undercoordination, atoms
at step edges are expected to be more reactive in their inter-
action with the surrounding gas. We have recently shown
that in the case of a Pt�332� surface, the dissociation and
sticking probability of the O2 molecule is enhanced as com-
pared to the �111� surface, leading to the formation of a
one-dimensional �1D� oxide along the step edge. It could
also be shown that the 1D oxide is more reactive in the CO
oxidation as compared to the chemisorbed oxygen on the
Pt�111� terraces.31

In this study we show that a combination of experimental
and theoretical methods is able to unravel the atomistic
mechanisms governing oxygen-induced morphology changes
of a vicinal Rh�553� surface. At intermediate oxygen partial
pressures, this surface is rearranged into coexisting �331� and
�111� facets. Along the steps on the �331� facets, a 1D nano-
segmented oxide is formed, while the �111� facets are cov-
ered with oxygen in a �2�1� structure similar to that on the
Rh�111� surface.32,33 At higher oxygen partial pressures the
�331� facets disappear, and we find �111� facets only, covered
by a two-dimensional O-Rh-O trilayer surface oxide.9 This
demonstrates that large morphological changes, on mesos-
copic as well as atomic length scales, can be induced by
surprisingly low O partial pressures. In turn this implies that
most of the important properties of a catalytic nanoparticle
such as its shape, geometrical, and electronic structure may
be completely transformed as the particle is exposed to an
enhanced gas pressure and/or temperature. This result and its
implications for other gas-surface combinations are highly
relevant for understanding heterogeneous catalysis, as the de-
tailed atomic geometry and composition of the catalyst sur-
face under working conditions are necessary ingredients in
such an understanding.27,34,35 It may also have significant
consequences in several common uses of vicinal surfaces
such as growth templates for various nanostructures36 as well
as for chiral biomolecules.37

II. EXPERIMENT

The low-energy electron diffraction �LEED� and high-
resolution core level spectroscopy �HRCLS� measurements
were done using a sample temperature of 90 K at beamline
I311 �Ref. 38� at MAX-lab, Lund, Sweden, using a normal
emission angle and photon energies of 380 and 625 eV for
the Rh 3d5/2 and O 1s levels, respectively.

Scanning tunneling microscopy �STM� images were re-
corded using a commercial Omicron STM1, operated at
room temperature in Lund, Sweden. The STM is positioned
inside an UHV system with a base pressure of 1
�10−10 mbar. STM tips used in these experiments were all
chemically etched tungsten tips. All images shown were re-
corded in constant current mode.

The surface x-ray diffraction �SXRD� measurements were
carried out at the ID3 surface diffraction beamline39 at the
European Synchrotron Radiation Facility �ESRF� using a
photon energy of 17 keV. The experimental end station used
is specifically constructed for studies under high pressures
and elevated sample temperatures.40 The crystal basis used to

describe the �HKL� directions is a monoclinic basis set,
which for the �553� coordinates give a1= �a0 /2 ,a0 /2 ,0�, a2

= �−3/2a0 ,0 ,5 /2a0�, and a3= �5a0 ,−5a0 ,3a0�, expressed as
a function of the cubic Rh lattice, with a1 and a2 lying in the
surface plane and of length 2.687 Å and 11.079 Å and a3 out
of plane with length 29.188 Å. In this basis �=�=90° and
�=111.333° �a0=3.80 Å is the bulk Rh lattice constant�.

III. MODELING

The calculations were performed using the Vienna ab ini-
tio simulation package �VASP�.41,42 The calculations are based
on the projector augmented-wave �PAW� method43,44 and
generalized gradient �GGA� corrections as proposed by Per-
dew et al.45 For the plane-wave set a cutoff energy of 250 eV
was used. The surface was modeled by a slab consisting of
six layers in the �111� direction. The Brillouin-zone integra-
tion was performed using a �4�8�1� Monkhorst-Pack grid
for Rh�553� and a �8�8�1� grid for Rh�331�. For the �10
�1� reconstructions the number of points was reduced ac-
cordingly.

For the determination of the phase diagram the Gibbs free
surface energy per area was calculated as

� = �Gslab − NRh�Rh − NO�O�/A , �1�

where Gslab is the total energy of the slab, NRh and NO are the
number of Rh and O atoms in the slab, and �O and �Rh are
the chemical potentials of O and Rh. Vibrational contribu-
tions are neglected, except for �O, for which we have used
the partition function of the ideal gas. The value �Rh is set to
the calculated energy of bulk fcc Rh. The 0 K value for O2 is
taken from our total energy calculations. In Fig. 8, below,
�O=0 corresponds to this 0 K limit. The STM simulation
was performed using the Tersoff-Hamann approach.46

IV. RESULTS AND DISCUSSION

A. Clean surface

Figure 1�a� shows a model of the pristine Rh�553� surface
which consists of five-atom-wide terraces separated by
monoatomic �111�-faceted steps approximately 10 Å apart.
Scanning tunneling microscopy, Fig. 1�b�, directly confirms
the expected surface structure of the present sample display-
ing a distance of approximately 10–11 Å between steps. Ad-
ditional LEED �Fig. 1�c�� and SXRD measurements shown
in Fig. 1�d� confirmed the presence of a well-ordered
Rh�553� surface. The intensity of the peaks at integer values
of K is determined at which L value the bulk Bragg reflection
occurs.

B. Faceting and formation of a 1D oxide

Exposing the surface to about 5�10−6 mbar of O2 at
380 °C causes dramatic changes as displayed in the LEED
image of Fig. 2�a�. It is still rather straightforward to identify
the �1�1� spots �large hexagon� and an oxygen-induced �2
�1� superstructure �small hexagon� from the �111� facets;
however, a change in the periodicity of the step-induced
spots can be detected by measuring the distance between the
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spots in the K direction. From the LEED pattern, we can
conclude that the size of the terraces between the steps has
decreased, indicating step bunching. Furthermore, additional
spots can be seen, indicating that the surface is reconstructed
along the steps, with a periodicity of around 10.

A more precise determination of the facets can be made
by using SXRD; see Figs. 2�b� and 2�c�. Figure 2�b� shows K
scans parallel to the �111� terraces at H=0 �no momentum
transfer parallel to the steps� for different L values �momen-
tum transfer normal to surface�, plotted using Rh�553� coor-
dinates. Apart from the �0,−4,L� crystal truncation rod
�CTR�, additional rods, which are not constant in K with
increasing L, are observed around K=−2 and as shoulders on
both sides of the CTR at K=−4. This is direct proof for the
formation of facets on the surface, since any facet will give
rise to a CTR perpendicular to that facet.47 Using instead
�331� coordinates �Fig. 2�c��, two of the peaks stay constant
at K=−1 and K=−2, respectively, unambiguously demon-
strating the presence of �331� facets. In a similar way, the
peak around K=−4.3 in the �553� coordinates is shown to
correspond to �111� facets, which are also present on the
clean �553� surface, but increase in strength as a result of the
step bunching and faceting.

Direct confirmation by STM of these findings is shown in
Fig. 3�a�. This image shows an alternation between flat sur-

face areas and areas with a clearly discernable stepped struc-
ture. The stepped areas correspond to the �331� facets while
the flat areas are �111� facets. On the flat areas, a �2�1�
superstructure and characteristic rows of the �9�9� trilayer
O-Rh-O surface oxide are seen. These observations confirm
the above results obtained by diffraction methods; thus, the
flat areas are �111� facets with O-induced �2�1� and �9
�9� structures as expected on �111� terraces.9,32,33 Further-
more, a periodic structure is observed along the steps in the
stepped areas of the �331� facets with a periodicity of around
ten interatomic Rh distances, directly confirming the recon-
struction along the steps as observed in LEED in Fig. 2�a�.

Concentrating on the reconstruction along the steps as ob-
served in the LEED pattern in Fig. 2�a�, the STM image in
Fig. 3�b� from a �331� facet reveals segmented chains, each
containing eight protrusions. The protrusions are shifted by
half a nearest-neighbor distance between two adjacent steps.
Our model for the segmented chain, Fig. 3�d�, is based on
results of Africh et al.48 for Rh�110�-�10�2�. Two out of ten
Rh step-edge atoms are removed, leaving segments of eight
Rh atoms, stretched out to cover nine original atomic dis-
tances, separated by one atomic distance. Furthermore, each
step-edge Rh atom is surrounded by four O atoms. This, in
combination with a change of the Rh-Rh distance to a value
closer to bulk Rh2O3, makes us refer to this as a one-

FIG. 1. �Color online� �a� Model of the
Rh�553� surface. �b� STM image �200�200 Å2�
of the clean Rh�553� surface, using a positive
sample bias of 2.8 V and a tunneling current of
0.3 nA. �c� LEED pattern from the clean
Rh�553�. The diffraction spots from the �111� ter-
races are indicated. �d� SXRD scan from the
Rh�553� surface in the K direction with H=0 and
L=0.5 plotted in �553� coordinates.

FIG. 2. �a� LEED image of the Rh�553� sur-
face after an oxygen exposure of 5�10−6 mbar
for 600 s at a sample temperature of 380 °C. The
�1�1� �large hexagon� and �2�1� �small hexa-
gon� from the �111� facets and the �1�1� from
the oxygen-induced �331� facets are indicated. �b�
and �c� SXRD scans from the oxygen-exposed
surface in the K direction with H=0 plotted in
�553� and �331� coordinates, respectively.
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dimensional oxide. The observed shift between chains on
adjacent steps is not present on Rh�110�-�10�2�, but con-
firms the presence of �331� facets, since such a shift is in-
trinsic to this surface. Figure 3�c� shows the STM image as
simulated by density functional theory46 �DFT� according to
the model presented in Fig. 3�d� and further discussed below.
Here, the gap shift between adjacent steps is, for simplicity,
chosen to be in the same direction all the time, while in the
experimental data, the shift direction is varying, forming a
zigzag pattern. Our DFT calculations do not show any en-
ergy difference between these two cases. Except for this dif-
ference, the similarity between theory and experiment is
good, strongly supporting the model in Fig. 3�d�.

Figure 4 shows the HRCLS results from the �331�-faceted
surface. The O 1s spectrum reveals a single component at a
binding energy of 529.7 eV, while the Rh 3d5/2 spectrum is
decomposed into four different components. Starting with
the O 1s component, the single peak can be explained by all
O atoms being coordinated to three Rh atoms according to
our model. The Rh 3d5/2 spectrum is more complex. As men-
tioned above, on the �111� terraces we have a �2�1� struc-
ture which has been described for the Rh�111� surface, to-
gether with the corresponding core-level shifts, by
Ganduglia-Pirovano et al.32 This structure has two kinds of
Rh atoms, coordinated to one and two oxygen atoms, respec-
tively, giving rise to the peaks denoted 1O and 2O in Fig. 4.
The remaining component can therefore be assigned to the
Rh atoms at the step edges, which are all coordinated to four
O atoms shifting the component towards higher binding en-
ergy. In passing we note that a simple additive model49

would result in a shift between the 2O and 4O components
twice as large as that observed. A similar effect of a smaller
than expected shift of the metal core levels was also
observed31 for the case of the one-dimensional oxide on
Pt�332�. These details regarding the magnitude of the core
level shifts of the 1D oxide will be discussed together with

changes in the electronic structure along the 1D nano-oxide
chain in a separate article.50 In summary, the HRCLS mea-
surements confirm the model presented in Fig. 3�d�.

C. Formation of (111) and „111̄… facets

Exposing the Rh�553� surface to an O2 pressure of
10−3mbar at a temperature of 550 °C results in a LEED pat-
tern very similar to that of the �9�9� surface oxide structure
previously found on Rh�111� �Ref. 9�; see Fig. 5�a�. The fact
that we see the �9�9� coincidence also in the direction per-
pendicular to the steps indicates that the �111� facets are
more than nine atoms wide. Figures 5�b� and 5�c� show
SXRD scans parallel to the �111� surface at H=0 and differ-
ent L values plotted using the �553� and �111� coordinates,
respectively. At these O partial pressures, the �331� CTR’s
have disappeared and the �111� CTR has increased in inten-
sity, indicating larger and more well-ordered �111� terraces.
This result demonstrates that the steps merge to form

Rh�111� and equivalent �111̄� facets �compare Fig. 6�b��.
Furthermore, we also find a new peak at K=−0.89 r.l.u.
�where r.l.u. stands for reciprocal lattice units� in the �111�
frame. This is exactly the value found for the surface oxide
on Rh�111�,9 confirming the formation of the �9�9� surface
oxide on the �111�-faceted surface.

The high-resolution core-level spectroscopy results �Fig.
6� also show good agreement with those recorded for the
Rh�111�-�9�9�,8 strongly indicating the presence of the
trilayer O-Rh-O surface oxide. The deconvolution process
and origin for each component in Fig. 6�a� are described in
detail in Ref. 8. The interface and surface components in the
O 1s refer to the two types of oxygens in the O-Rh-O surface
oxide, while the oxide and interface components in the Rh
3d5/2 spectrum refer to Rh in the O-Rh-O surface oxide at the
interface in between the surface oxide and the bulk Rh. The
experimental results shown in Figs. 5 and 6 lead us to the
model shown in Fig. 6�b�: the step bunching has now pro-

ceeded as far as possible, with only �111� and �111̄� facets

FIG. 3. �Color online� �a� STM image of the Rh�553� surface
after an oxygen exposure of 5�10−6 mbar for 600 s at a sample
temperature of 380 °C, using a negative sample bias of V
=−0.8 V and a tunneling current of I=0.3 nA. �b� Zoom-in STM
image on a �331� facet �70�30 Å, U=−0.8 V, I=0.3 nA�. �c�
Simulated STM image of the �331� facets decorated with oxygen
atoms in a �10�1� pattern according to the model in d. �d� Model
of the surface morphology and atomic arrangement �oxygen, red
balls; Rh at the step edges, blue balls; Rh, gray balls�. Note the
one-dimensional oxide formed on the steps of the �331� surface.

FIG. 4. HRCL spectra from the Rh�553� surface after an oxygen
exposure of 5�10−6 mbar for 600 s at a sample temperature of
380 °C. The Rh 3d5/2 spectra can be decomposed into components
corresponding to onefold, twofold, and fourfold oxygen-coodinated
Rh atoms, while the O 1s consists of one component.
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remaining. These facets are covered by the trilayer surface
oxide.

D. Theoretical insights

To gain insight into the details of the driving force for the
oxygen-induced faceting and successive merging of the
steps, we turn to ab initio DFT calculations. As well for
Rh�553� as for Rh�331� the stable oxygen structures have
been determined by comparing several adsorption configura-
tions for an successively increased oxygen coverage. The
energetically most stable structures have been used to con-
struct a phase diagram as described in Sec. III. Thus, we
have calculated a comprehensive surface phase diagram con-
sidering Rh�553�, a reconstruction of the Rh�553� surface
into Rh�331� and Rh�111� facets, and finally into facets

showing exclusively Rh�111� and Rh�111̄� orientation �Fig.
7�a��.

In the low-coverage limit on Rh�553� the oxygen atoms
are predicted to adsorb in hollow sites located above the step
edge �Fig. 7�b��. Due to the influence of the step, the DFT
adsorption energy of 2.20 eV is slightly larger than the cal-
culated value for the clean �111� surface, 2.05–2.11 eV.33

Adsorption at the lower step edge is found to be rather un-
favorable �1.78 eV�.

With increasing oxygen coverage the terrace is succes-
sively filled via a local p�2�2� structure until the adsorbate-
adsorbate repulsion on the terraces is high enough for occu-
pation of the lower steps to become favorable, leading to a
coexistence of a p2mg-like zigzag structure on the steps and
a p�2�1� structure on the terraces �Fig. 7�c��. If the oxygen
coverage is increased further, the above-mentioned �10�1�
phase is formed at the step edge and the terraces remain
covered by a local �2�1� phase �Fig. 7�d��.

Oxygen adsorption on the �331� surface proceeds in a
similar manner. At low coverages, the oxygen atoms adsorb

FIG. 5. �a� LEED image of the Rh�553� surface after an oxygen exposure of 5�10−3 mbar for 600 s at a sample temperature of 550 °C.
The diffraction spots from the �9�9� structure on the �111� facets strongly indicate increased step bunching. �b� and �c� SXRD scans from
the oxygen-exposed surface in the K direction with H=0 plotted in �553� and �111� coordinates, respectively. The peak at K=−0.89 in �c�
shows the presence of the �9�9� surface oxide found on Rh�111� �Ref. 9� on the �111� facets.

FIG. 6. �Color online� �a� HRCL spectra from the Rh�553� sur-
face after an oxygen exposure of 5�10−3 mbar for 600 s at a
sample temperature of 500 °C. The spectra strongly indicate the
presence of the �9�9� structure on the �111� facets. �b� Model of

the completely �111�- and �111̄�-faceted Rh�553� surfaces with the
surface oxide structure on the surface.

FIG. 7. �Color online� �a� Faceting of Rh�553� into Rh�331�
�blue/grey atoms� and Rh�111� �black atoms�, �b�–�d� calculated
adsorption structures for O on Rh�553�, and �e�–�g� O on Rh�331�.

OXYGEN INDUCED STEP-BUNCHING AND FACETING¼ PHYSICAL REVIEW B 74, 035401 �2006�

035401-5



at the step edge with an adsorption energy of 2.18 eV �Fig.
7�e��, followed by a p2mg-like decoration of the steps �Fig.
7�f�� and finally the same �10�1� reconstruction with two
out of ten Rh step atoms missing �Fig. 7�g��. The important
point here is that this phase is significantly more stable on
Rh�331� than on Rh�553�. On Rh�553�, the one-dimensional
surface oxide at the steps coexists with a p�2�1� structure
on the terraces. The simultaneous existence of the p�2�1�
structure on the terraces and the 1D oxide at the steps leads
to a high local O concentration in the vicinity of the steps;
see Fig. 7�d�. On Rh�331�, however, the step edges are ex-
clusively covered, because the terraces are too narrow to
accommodate additional oxygen. The effective surface cov-
erage for the Rh�331�-�10�1� is nevertheless larger than for
the Rh�553�-�10�1� �0.107 oxygen/Å2 compared to 0.094�.
The driving force for the step bunching is the unfavorable
interface between the p�2�1�-O structure on the terrace and
the one-dimensional surface oxide at the edges. When the
terrace areas of the �553� surface “bunch” together to form
large continuous �111� areas with a local p�2�1�-O adatom
structure, interfaces between the p�2�1�-O and the recon-
structed step edge are minimized, as illustrated in Fig. 7�a�;
originally each �553� unit cell exhibits an interface, while
after the step bunching the stepped �331� and the flat �111�
areas are separated.

Figure 8 shows the phase diagram comparing the Gibbs
free surface energy of oxygen adsorbed on Rh�553� to a
combination of Rh�331� and Rh�111� areas, yielding the
same average macroscopic crystallographic orientation. The
Gibbs free energies of the Rh�553� and the Rh�331�
+Rh�111� surfaces are almost degenerate for most coverages
with equivalent structures on both surfaces. However, a large
driving force towards Rh�331� is observed around a chemical
potential of �=−1.1 eV, its origin being the unfavorable in-
terface. In fact the experimental conditions �5�10−6 mbar,
380 °C� correspond to a chemical potential of �=−1.18 eV,
close to our calculated value.

When the chemical potential is increased even further, the
whole surface is predicted to reconstruct into Rh�111� sur-

face areas covered with the �9�9� surface oxide as this al-
lows for the highest oxygen content per area. In this case, the
increase in effective surface area �compare Fig. 7�a�� is more
than made up for by the increased stability of the surface
oxide on Rh�111�. Although we find that step bunching is
thermodynamically favorable in a small regime before the
onset of the surface oxide, a large driving force exists only
for chemical potentials at which the surface-oxide covered
�111� facets are already stable.

V. CONCLUSION

The results presented above demonstrate that the initial
oxidation of Rh�553� on the atomic scale involves step
bunching, rearranging the surface into lower-index facets.
Increasing the oxygen partial pressure sufficiently, the
Rh�553� surface becomes unstable towards a separation into
�331� and �111� facets coexisting on the surface. As well for
the �10�1� one-dimensional oxide structure on the �331�
facets as for the �2�1� structure on the �111� facets the
experimental data agree perfectly with the theoretical predic-
tions. In the first stage, this leads to �331� and �111� facets
coexisting on the surface, where the �331� facets show a
�10�1� one-dimensional oxide structure, while the �111�
facets display a �2�1� structure. At higher O2 exposures the
surface is completely rearranged into �111� facets covered by
the �9�9� surface oxide, allowing for the highest oxygen
content per area. Again, for these observations the experi-
mental and theoretical results show remarkable agreement.
The study demonstrates how a combination of several ex-
perimental techniques and state-of-the-art DFT calculations
can lead to a detailed understanding of complex gas-induced
surface rearrangements also on more mesoscopic length
scales. The results show that the precise matching of the
terrace and step structures is of key importance for the un-
derstanding of the physics of rough surfaces. They also indi-
cate that the defect structure of a nanoparticle used, e.g., for
catalysis as well as vicinal template surfaces used for the
study of nanostructures and chiral biomolecules may be sig-
nificantly rearranged in the presence of surprisingly low
amounts of oxygen.

ACKNOWLEDGMENTS

This work was financially supported by the Swedish Re-
search Council, the Crafoord Foundation, the Knut and Alice
Wallenberg Foundation, the Austrian Fonds zur Förderung
der wissenschaftlichen Forschung, the MCyT of the Spanish
Government �Project No. MAT2002-02808�, and the Euro-
pean Union under Contract No. NMP3-CT-2003-505670
�NANO2�. Support by the MAX-lab and ESRF staff is grate-
fully acknowledged.

FIG. 8. �Color online� Phase diagram comparing O/Rh�553� to
O/Rh�331�+O/Rh�111�: dark gray �red� �553� phases, light gray
�green� �331� phases, and dashed �blue� �111� surface oxide.
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