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Oxygen Induced Reconstruction of the Rh(100) Surface: General Tendency
Towards Threefold Oxygen Adsorption Site on Rh Surfaces
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On the basis of a low energy electron diffractionI-V structural investigation, the surface geometry of
the Rhs100d 1 s2 3 2d-2O phase has been determined. The oxygen is found to adsorb in an unusu
threefold site of the rhombi created by the reconstruction of the first rhodium layer, producing apg
symmetry, in agreement with theoretical predictions but at variance with previous experimental conc
sions. Our result indicates that there is a strong tendency of oxygen to adsorb in threefold sites on
Rh surfaces. [S0031-9007(99)09340-0]

PACS numbers: 68.35.Bs, 61.14.Hg
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The adsorption geometry of atoms on single crysta
surfaces is closely related to many of the fundament
properties of a surface overlayer: determination of the a
sorption site, bond length, and site symmetry contribute
a fundamental way to the understanding of electronic an
vibrational surface properties. In this context, low energ
electron diffraction (LEED) [1] has proven to be one of the
most powerful techniques, since a qualitative inspection
the diffraction pattern already provides important informa
tion on the periodicity and symmetry of the system unde
investigation, while a theory-experiment comparison of th
LEED I-V curves permits the determination of the atomi
positions. Among the symmetry properties that a surfac
may exhibit [2], the existence of glide planes represents
special case, since at normal LEED incidence it leads
the systematic absence of some diffraction spots and, c
therefore, be easily detected experimentally.

One example is the nonprimitives2 3 2d oxygen struc-
ture obtained on Rh(100) at 0.5 ML. This structure ha
been previously investigated using LEED [3–8], scannin
tunneling microscopy (STM) [8], core level photoemis-
sion [9], angle resolved photoemission [10], and angle r
solved ion scattering (ARIS) [11]. At normal incidence
the LEED sn 1 1y2, 0d and s0, m 1 1y2d spots for this
system were absent and since, in principle, this may r
sult either from ap4g or a pgg symmetry, the actual
space group symmetry of this surface had been a subj
of debate.

STM results clearly showed a fourfold-type recon
struction of the top rhodium layer, which appeared t
confirm the p4g symmetry [8]. From the comparison
of these STM images with those of the closely relate
C and N on Ni(100) systems [12], for which a quan
titative structural determination has been performed,
structural model was proposed, where the oxygen atom
occupy hollow sites of the first Rh layer, with alternative
clockwise and counterclockwise rotations of the occupie
Rh squares. More recently an ARIS investigation con
0031-9007y99y82(24)y4874(4)$15.00
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firmed this model [11], which we indicate as “B” (black
reconstruction [Fig. 1(a)].

However, very recentab initio theoretical calculations
carried out for this system by Alfèet al. [13] concluded
that the reconstruction consists of the same type of ro
tions but applied to the empty Rh squares, i.e., rotatio
around the empty hollow sites. We show this model, i
dicated as “W” (white) reconstruction, in Fig. 1(b). Al-
though both models present ap4g symmetry, their oxygen
bonding geometries differ considerably. In B, the oxy
gen atoms essentially maintain the fourfold arrangeme
of the cs2 3 2d geometry (adsorption at the hollow site)
whereas in model W the local symmetry is reduced a
the adsorbate is now located at the centers of the rhom
so that for large enough Rh in-plane displacements,
adsorption site may be regarded as pseudobridge. Mo
over, the model W predicted by Alfèet al. presents an
even lower minimum in energy, when the oxygen atom
move from the pseudobridge site along the main diag
nal of the rhombus, becoming essentially threefold coor
nated. The group symmetry for this new model is thoug
reduced fromp4g to pg, and therefore thesn 1 1y2, 0d

FIG. 1. Top views of the black “B” (a) and white “W” (b)
models for the Rh(100)s2 3 2dp4g-2O phase. Surface unit
cells (thick lines), top Rh layer reconstruction (thin lines), an
glide symmetry lines (dashed lines) are shown.
© 1999 The American Physical Society



VOLUME 82, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 14 JUNE 1999

fin-
y,

y

the
W

he
res
),
he
e
ral
and

cal
g

h

e

ands0, m 1 1y2d spots in the LEED pattern should not be
missing, in contrast to what was experimentally observe

In order to clarify this still open problem, we report in
this Letter the results of our LEEDI-V experiment on the
Rhs100d 1 s2 3 2d-2O system.

The experiment was performed in the ultrahigh vacuu
chamber of the SuperESCA beam line of ELETTRA
which is equipped with a Fisons rearview LEED instru
ment. The Rh(100) sample was prepared by a sputt
annealing-oxidation procedure as previously reporte
[4–7]. The s2 3 2d-2O structure has been prepared b
oxygen exposure of 20 Ls1 L ­ 1026 mbar sd at 370 K.
The LEED I-V curves, collected at 150 K by using a
CCD camera, are shown in Fig. 2 as solid lines.

On the theoretical part, we have performed ful
dynamical LEEDI-V curves calculations with modified
versions of the Tong-Huang codes [1,14–17]. The
programs include symmetrization both in real an
reciprocal space so that, for relatively simple system
(small and/or highly symmetric surface unit cells),I-V
curves for thousands of trial structures may be calculat
at a moderate computational cost.

In the calculations, we simulated the surface by stac
ing the oxygen overlayer and the two first Rh layers on to
of a Rh bulk with a lattice parameter ofa ­ 1.902 Å. We
employed up to a total of 277 beams and 8 phase sh
per element which were computed relativistically with th
Van Hove–Barbieri package and were then spin ave

FIG. 2. Experimental (solid lines) and theoretical (dashe
lines) LEEDI-V curves for the Rh(100)s2 3 2dpg-2O system.
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aged [19]. Nonstructural parameters such as the muf
tin radii of the elements, the imaginary part of the energ
Ei, or the Debye temperatures,QD , were checked during
the optimization processes and corrected accordingly.

We employed Pendry’s reliability factor,Rp , in order
to quantify the theory-experimentI-V curves agreement
[18], while error bars were estimated from theRp

variance,DRp , which is given by [18]:DRp ­ Rmin
p ­p

h8EiyDEj, where DE corresponds to the total energ
range analyzed (in our case, 2312 eV).

The structural analysis for the Rh(100)s2 3 2d-2O
system has been carried out in several stages. In
first step, in order to discriminate between the B and
reconstructions, we have performedRp optimizations for
both cases by considering a multidimensional grid in t
hyperspace of structural parameters. Only trial structu
preserving ap4g symmetry were considered (see Fig. 1
which leaves the oxygen overlayer unchanged from t
cs2 3 2d phase. We also ignored any buckling of th
second Rh layer, so that we varied a total of four structu
parameters, namely, the first three interlayer spacings
the in-plane displacement of the first layer Rh atoms,dRh.
The resultingRp optimization clearly favors model W
sRp ­ 0.35d over model BsRp ­ 0.44d. Since theRp

variance around the latter isDRp sW d ­ 0.05, model B
can be safely ruled out, in accordance with the theoreti
predictions. Further evidence is given by comparin
the Rp behavior for each model as a function ofdRh,
as shown in Fig. 3(a).Rp shows a clear minimum at
dRh ­ 0.20 Å for model W, whereas for model B,Rp

continuously increases asdRh is increased.

FIG. 3. Rp vs (a) in-plane displacement of the first layer R
atoms, dRh, for the models “B” and “W” and (b), in-plane
displacement of the O atoms,dO. For eachdRh sdOd value in
the graph, theRp value corresponds to the minimum within th
other parameters hyperspace.
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Further refinements for this model, this time allowin
for buckling of the second Rh layer, hardly improve
the fit sRp ­ 0.34d, while the optimized coordinates
were almost unchanged. The final geometry deduced
this way leads to two different oxygen-rhodium bon
lengths:dO-Rh ­ 2.3 Å, and dO-Rh ­ 2.0 Å. While the
shortest distance is close to the bond length found f
the ps2 3 2d-O phase, the larger one is about 10%
expanded. Interestingly, the second Rh layer presents
buckling and, therefore, hardly contributes to thes2 3 2d
reconstruction.

Although the overall agreement is acceptable, a val
of Rp ­ 0.34 is still somewhat large, suggesting tha
the substrate reconstruction, by itself, cannot fully ex
plain the structural transition from thecs2 3 2d phase to
the s2 3 2d. Hence, we also considered the possibilit
of distortions in thecs2 3 2d oxygen overlayer. As al-
ready mentioned, the theoretical calculations of Alfèet al.
predicted that the oxygen atoms move away from the pse
dobridge sites towards one of the Rh atoms located at
corners of the rhombi, adopting a local threefold adsorptio
geometry. Obviously, there are four symmetry-equivale
configurations depending on towards which of the cente
of the two adjacent triangles the two oxygen atoms shift

This asymmetric model is shown in Fig. 4. The
distortion of thecs2 3 2d oxygen overlayer drastically
reduces the symmetry of the system from ap4g to a pg:
both oxygen atoms are still symmetry equivalent, whi
in the first and second Rh layers there are two differe
inequivalent atoms, so that, in principle, the surfac
structure comprises now up to a total of 15 paramete
However, since rhodium is a strong scatterer as compa
to oxygen, any small distortion of thep4g symmetry at
the first Rh layer already yields non-negligible intensitie
for the s0, m 1 1y2d and sn 1 1y2, 0d spots, which is
in contrast with the experimental evidence. Therefor
in the searches for this asymmetric model we hav
only considered, besides all the parameters optimiz
in the previous step, the in-plane displacements of t
oxygen atoms along the main diagonal of the rhomb

FIG. 4. Top and side views of the Rh(100)s2 3 2dpg-2O
structure. Unit cell and glide lines are indicated in the to
view (left).
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dO (i.e., we imposed a localp4g symmetry to the first
two Rh layers). In order to recover the experimen
diffraction pattern symmetry, we added the theoretic
LEED intensities arising from the four symmetry relate
domains through a proper beam intensity averagi
This procedure is equivalent to regard the two oxyg
atoms as incoherently hopping between their adjac
triangles, which is precisely the situation proposed
Alfè et al.

We plot in Fig. 3(b) theRp vs dO behavior obtained
from these searches. Once again, theRp analysis con-
firmed the theoretical predictions, since a new minimu
was found,Rp ­ 0.28, for an oxygen displacement o
dO ­ 0.3 Å, while the Rp variance clearly excludes the
symmetric model. Again, further refinements hardly i
troduced any improvements to the fit. The final optimiz
parameter values, corresponding toRp ­ 0.28, ared01 ­
1.05 6 0.05 Å, d12 ­ 1.94 6 0.02 Å, d22 ­ 0.00 6

0.03 Å, d23 ­ 1.87 6 0.03 Å, dO ­ 0.29 6 0.15 Å, and
dRh ­ 0.20 6 0.07 Å. The theoretical LEEDI-V curves
obtained from this set of parameters are shown as das
lines in Fig. 2. The magnitude of the O displacemen
basically leaves the adsorbate atoms threefold coo
nated: dO-Rh ­ 2.02 Å for the two Rh atoms forming
the pseudobridge, whiledO-Rh ­ 2.09 Å for the Rh at
the corner of the rhombus. Apart from the considerab
in-plane substrate reconstructionsdRh ­ 0.2 Åd, we also
find a slight 2% expansion (contraction) between t
first and the second (second and third) Rh layers w
respect to the bulk interlayer distancedb ­ 1.902 Å.
This is a typical behavior for metal surfaces with high
electronegative species adsorbed, and stems from
metal charge transfer to the adsorbate.

It is important to notice that, despite the largedO
value, since the oxygen scattering strength is weak,
expected domain-averaged intensity for thesn 1 1y2, 0d
and s0, m 1 1y2d spots is, on the average, 1 order
magnitude smaller than the intensity for the rest of t
half-order spots, and 2 orders of magnitude smaller w
respect to the integer order beams. Such a low inten
can explain why these spots were regarded as absen
the previous experimental works and, consequently,
symmetry of this phase was erroneously assigned to
p4g group. Indeed also in our experiment these sp
could be distinguished from the background only aft
prolonged intensity integration and at specific electr
kinetic energies [e.g., 74 eV for thes1y2, 0d spot]. It
is interesting to note that these energies are in go
agreement with the intensity maxima predicted by o
simulations.

Our model involves in-plane displacements for the
and Rh atoms which are in very good agreement w
the values proposed by Alfèet al. [13]. On the basis of
our data though we can rule out the 0.08 Å buckling
the first Rh layer they found, as this would increase t
intensity of thes0, 1y2d ands1, 1y2d beams by an order of
magnitude, without improving theRp.
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On the other hand, our geometry is at contrast wi
the ARIS study, which proposed the B model with a
unusually small O-Rh distance:d01 ­ 0.6 6 0.1 Å [11].
We have found a very largeRp value sRp ­ 0.71d for
this geometry, which therefore is not compatible with ou
data. However, it should be noted that thedRh value
deduced in Ref. [11] is in very close agreement with th
value found in this work. It still needs to be explaine
why the STM images show acs2 3 2d arrangement of
the adsorbed oxygen atoms. As previously sugges
[13], this could be related to the different temperatur
of the STM experiment, which could induce oxyge
hopping between two inequivalent low-symmetry sites
a frequency higher than the STM scanning frequency.

Our result shows that there is a general tendency
oxygen to adsorb in threefold sites on Rh surfaces.
the present case, where such sites are not availab
the adsorbate forces the substrate to reconstruct. T
driving force for the reconstruction is therefore the energ
gain determined by the optimization of the O-Rh bon
[13]. This results in a very similar local environment fo
oxygen on Rh surfaces, i.e., similar bond lengths, bo
angles, and symmetry, regardless of the symmetry of t
substrate. In fact, on all low Miller index Rh surfaces
for medium-high oxygen coverages the O-Rh bond leng
is in the 2.00–2.06 Å range, the symmetry threefold, an
the Rh-O-Rh angle around 90± [20].

This observed peculiarity of Rh towards dissociativ
oxygen adsorption with respect to the other transitio
metal surfaces could be a key point for the understandi
of the unique properties of rhodium as NO reductio
catalyst. In fact, it has recently been suggested that t
energy of the transition state for a simple dissociatio
reaction closely follows the energy of the reaction fina
state, i.e., the adsorption energy of the chemisorbed ato
alone [21], which is strictly related to the local geometr
around the reaction products. The possibility for atom
oxygen to attain an ideal threefold geometry on all low
Miller index Rh surfaces could explain the very high
activity of this metal towards NO dissociation.

In conclusion, our work settles the controversy regar
ing thes2 3 2d-2O surface structure on Rh(100), indicat
ing that the preferred adsorption site for oxygen is a rath
unusual threefold site, in good agreement with a prev
ous theoretical calculation. Moreover, we show that th
reconstructed surface, induced by the oxygen adsorpti
presents apg surface symmetry which was not previously
identified by simple inspection of the diffraction pattern
due to the very low intensity of some of the diffraction
spots. A general tendency for oxygen to adopt the sam
local environment on different Rh surfaces is highlighted
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