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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 diffractibiv structural investigation, the surface geometry of
the RK100) + (2 X 2)-20 phase has been determined. The oxygen is found to adsorb in an unusual
threefold site of the rhombi created by the reconstruction of the first rhodium layer, produgigg a
symmetry, in agreement with theoretical predictions but at variance with previous experimental conclu-
sions. Our result indicates that there is a strong tendency of oxygen to adsorb in threefold sites on all
Rh surfaces. [S0031-9007(99)09340-0]

PACS numbers: 68.35.Bs, 61.14.Hg

The adsorption geometry of atoms on single crystafirmed this model [11], which we indicate as “B” (black)
surfaces is closely related to many of the fundamentateconstruction [Fig. 1(a)].
properties of a surface overlayer: determination of the ad- However, very recenab initio theoretical calculations
sorption site, bond length, and site symmetry contribute ircarried out for this system by Alfét al. [13] concluded
a fundamental way to the understanding of electronic anthat the reconstruction consists of the same type of rota-
vibrational surface properties. In this context, low energytions but applied to the empty Rh squares, i.e., rotations
electron diffraction (LEED) [1] has proven to be one of thearound the empty hollow sites. We show this model, in-
most powerful techniques, since a qualitative inspection oflicated as “W” (white) reconstruction, in Fig. 1(b). Al-
the diffraction pattern already provides important informa-though both models presenpdg symmetry, their oxygen
tion on the periodicity and symmetry of the system undeibonding geometries differ considerably. In B, the oxy-
investigation, while a theory-experiment comparison of thegen atoms essentially maintain the fourfold arrangement
LEED -V curves permits the determination of the atomicof the c(2 X 2) geometry (adsorption at the hollow site),
positions. Among the symmetry properties that a surfacevhereas in model W the local symmetry is reduced and
may exhibit [2], the existence of glide planes represents ¢he adsorbate is now located at the centers of the rhombi,
special case, since at normal LEED incidence it leads tgo that for large enough Rh in-plane displacements, the
the systematic absence of some diffraction spots and, caadsorption site may be regarded as pseudobridge. More-
therefore, be easily detected experimentally. over, the model W predicted by Alfet al. presents an

One example is the nonprimiti¥@ X 2) oxygen struc- even lower minimum in energy, when the oxygen atoms
ture obtained on Rh(100) at 0.5 ML. This structure hasnove from the pseudobridge site along the main diago-
been previously investigated using LEED [3—8], scanninghal of the rhombus, becoming essentially threefold coordi-
tunneling microscopy (STM) [8], core level photoemis- nated. The group symmetry for this new model is though
sion [9], angle resolved photoemission [10], and angle rereduced fromp4g to pg, and therefore thén + 1/2,0)
solved ion scattering (ARIS) [11]. At normal incidence,
the LEED (n + 1/2,0) and (0,m + 1/2) spots for this
system were absent and since, in principle, this may re ()
sult either from ap4g or a pgg symmetry, the actual
space group symmetry of this surface had been a subjeq
of debate.

STM results clearly showed a fourfold-type recon-
struction of the top rhodium layer, which appeared to
confirm the p4g symmetry [8]. From the comparison
of these STM images with those of the closely related
C and N on Ni(100) systems [12], for which a quan- T
titative structural determination has been performed, 3 four-fold hollow site bridge site

structural model was proposed, where the oxygen atom'§| G.1. Top views of the black “B” (a) and white “W" (b)

occupy hollow sites of the firgt Rh Iayer, with alternati\_/e models for the Rh(100J2 X 2)p4g-20 phase. Surface unit
clockwise and counterclockwise rotations of the occupiegelis (thick lines), top Rh layer reconstruction (thin lines), and

Rh squares. More recently an ARIS investigation conglide symmetry lines (dashed lines) are shown.
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and(0,m + 1/2) spots in the LEED pattern should not be aged [19]. Nonstructural parameters such as the muffin-
missing, in contrast to what was experimentally observedtin radii of the elements, the imaginary part of the energy,
In order to clarify this still open problem, we report in E;, or the Debye temperature®,,, were checked during
this Letter the results of our LEEDV experiment on the the optimization processes and corrected accordingly.
Rh(100) + (2 X 2)-20 system. We employed Pendry’s reliability factor,, in order
The experiment was performed in the ultrahigh vacuunto quantify the theory-experimerdtV curves agreement
chamber of the SuperESCA beam line of ELETTRA,[18], while error bars were estimated from the,
which is equipped with a Fisons rearview LEED instru-variance,AR,,, which is given by [18]:AR, = R =

ment. The Rh(100) sample was prepared by a sputte(/{8£;/AE}, where AE corresponds to the total energy
annealing-oxidation procedure as previously reportegange analyzed (in our case, 2312 eV).
[4-7]. The (2 X 2)-20 structure has been prepared by The structural analysis for the Rh(100} X 2)-20
oxygen exposure of 20 [1 L = 107° mbar$ at 370 K.  system has been carried out in several stages. In the
The LEED -V curves, collected at 150 K by using a first step, in order to discriminate between the B and W
CCD camera, are shown in Fig. 2 as solid lines. reconstructions, we have perform&g optimizations for

On the theoretical part, we have performed full-poth cases by considering a multidimensional grid in the
dynamical LEED/-V curves calculations with modified hyperspace of structural parameters. Only trial structures
versions of the Tong-Huang codes [1,14-17]. Thesgyreserving gp4g symmetry were considered (see Fig. 1),
programs include symmetrization both in real andwhich leaves the oxygen overlayer unchanged from the
reciprocal space so that, for relatively simple systemg(2 x 2) phase. We also ignored any buckling of the
(small and/or highly symmetric surface unit cell§}V  second Rh layer, so that we varied a total of four structural
curves for thousands of trial structures may be Ca|CU|ategarameterS, namely, the first three interlayer spacings and
at a moderate computational cost. the in-plane displacement of the first layer Rh ato#is,.

In the CalCUlationS, we simulated the surface by StaCkThe resumngRP Optimization C|ear|y favors model W
ing the oxygen overlayer and the two first Rh layers on top(Rp = 0.35) over model B(R, = 0.44). Since ther,
of a Rh bulk with a lattice parameter of= 1.902 A. We  variance around the latter B8R, (W) = 0.05, model B
employed up to a total of 277 beams and 8 phase shiftsan be safely ruled out, in accordance with the theoretical
per element which were computed relativistically with thepredictions.  Further evidence is given by comparing
Van Hove—Barbieri package and were then spin averthe R, behavior for each model as a function 8k,
as shown in Fig. 3(a).R, shows a clear minimum at
Srn = 0.20 A for model W, whereas for model B,
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Further refinements for this model, this time allowing ¢ (i.e., we imposed a locgb4g symmetry to the first
for buckling of the second Rh layer, hardly improvedtwo Rh layers). In order to recover the experimental
the fit (R, = 0.34), while the optimized coordinates diffraction pattern symmetry, we added the theoretical
were almost unchanged. The final geometry deduced ihEED intensities arising from the four symmetry related
this way leads to two different oxygen-rhodium bonddomains through a proper beam intensity averaging.
lengths:dory, = 2.3 A, anddor, = 2.0 A. While the  This procedure is equivalent to regard the two oxygen
shortest distance is close to the bond length found foatoms as incoherently hopping between their adjacent
the p(2 X 2)-O phase, the larger one is about 10%triangles, which is precisely the situation proposed by
expanded. Interestingly, the second Rh layer presents rilfe et al.
buckling and, therefore, hardly contributes to {Bex 2) We plot in Fig. 3(b) ther, vs 6o behavior obtained
reconstruction. from these searches. Once again, Rje analysis con-

Although the overall agreement is acceptable, a valuéirmed the theoretical predictions, since a new minimum
of R, = 0.34 is still somewhat large, suggesting thatwas found,R, = 0.28, for an oxygen displacement of
the substrate reconstruction, by itself, cannot fully ex-8o = 0.3 A, while the R, variance clearly excludes the
plain the structural transition from thg2 X 2) phase to symmetric model. Again, further refinements hardly in-
the (2 X 2). Hence, we also considered the possibilitytroduced any improvements to the fit. The final optimized
of distortions in thec(2 X 2) oxygen overlayer. As al- parameter values, correspondingip = 0.28, aredy; =
ready mentioned, the theoretical calculations of Adféal.  1.05 + 0.05 A, di, = 1.94 = 0.02 A, d»n = 0.00 =
predicted that the oxygen atoms move away from the psew.03 A, d,; = 1.87 + 0.03 A, 60 = 0.29 + 0.15 A, and
dobridge sites towards one of the Rh atoms located at th&z,, = 0.20 + 0.07 A. The theoretical LEED-V curves
corners of the rhombi, adopting a local threefold adsorptiorobtained from this set of parameters are shown as dashed
geometry. Obviously, there are four symmetry-equivalentines in Fig. 2. The magnitude of the O displacements
configurations depending on towards which of the centerbasically leaves the adsorbate atoms threefold coordi-
of the two adjacent triangles the two oxygen atoms shift. nated: do.r, = 2.02 A for the two Rh atoms forming

This asymmetric model is shown in Fig. 4. The the pseudobridge, whildor, = 2.09 A for the Rh at
distortion of thec(2 X 2) oxygen overlayer drastically the corner of the rhombus. Apart from the considerable
reduces the symmetry of the system fromp4g to a pg: in-plane substrate reconstructiodr, = 0.2 A), we also
both oxygen atoms are still symmetry equivalent, whilefind a slight 2% expansion (contraction) between the
in the first and second Rh layers there are two differenfirst and the second (second and third) Rh layers with
inequivalent atoms, so that, in principle, the surfacerespect to the bulk interlayer distanes = 1.902 A.
structure comprises now up to a total of 15 parametersThis is a typical behavior for metal surfaces with highly
However, since rhodium is a strong scatterer as compareglectronegative species adsorbed, and stems from the
to oxygen, any small distortion of the4g symmetry at metal charge transfer to the adsorbate.
the first Rh layer already yields non-negligible intensities It is important to notice that, despite the lardg
for the (0,m + 1/2) and (n + 1/2,0) spots, which is value, since the oxygen scattering strength is weak, the
in contrast with the experimental evidence. Thereforegexpected domain-averaged intensity for fhe+ 1/2,0)
in the searches for this asymmetric model we havend (0,m + 1/2) spots is, on the average, 1 order of
only considered, besides all the parameters optimizethagnitude smaller than the intensity for the rest of the
in the previous step, the in-plane displacements of théalf-order spots, and 2 orders of magnitude smaller with
oxygen atoms along the main diagonal of the rhombirespect to the integer order beams. Such a low intensity
can explain why these spots were regarded as absent in
the previous experimental works and, consequently, the
symmetry of this phase was erroneously assigned to the
p4g group. Indeed also in our experiment these spots
could be distinguished from the background only after
prolonged intensity integration and at specific electron
kinetic energies [e.g., 74 eV for thd/2,0) spot]. It

dz

dx

dg, is interesting to note that these energies are in good
T T, agreement with the intensity maxima predicted by our
i simulations.
Our model involves in-plane displacements for the O
. Rhy and Rh atoms which are in very good agreement with

the values proposed by Alfét al.[13]. On the basis of
our data though we can rule out the 0.08 A buckling in
FIG. 4. Top and side views of the Rh(10® x 2)pg20  the first Rh layer they found, as this would increase the

structure.  Unit cell and glide lines are indicated in the topintensity of the(0, 1/2) and(1, 1/2) beams by an order of
view (left). magnitude, without improving thg,,.
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