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Scanning-tunneling-microscopy study of the oxygen-induced reconstruction of Rh(110)
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Scanning-tunneling microscopy has been used to investigate the oxygen-induced c(2X2n) (n =3, 4,
and 5) structures on Rh(110). The results show that oxygen induces a (1X#n) reconstruction of the Rh
substrate with every nth close-packed row along the [ 110] direction missing. This is in contrast to other
oxygen-induced reconstructions of face-centered-cubic (110) surfaces where [001] rows are missing, and
implies a different driving mechanism for the present case. On the basis of the images and the symmetry
of the diffraction patterns, structural models are proposed.

It is well known that the (110) surfaces of most fcc
transition metals show a strong tendency to reconstruct,
either spontaneously in the cases of Au, Pt, and Ir, or in
the presence of adsorbates for metals such as Pd, Ag, Cu,
and Ni.! 712 For example, oxygen adsorption on the (110)
surfaces of Cu, Ni, and Ag leads to a reconstruction with
added metal-oxygen-metal atoms in the [001] direction,
which form (n X 1) structures.” 112 Recently, it has been
reported that most oxygen-induced structures on Pd(110)
and Rh(110) involve a reconstruction of the substrate,
and that this reconstruction is preserved after removal of
the oxygen by reduction in hydrogen.!*»!* In particular
for oxygen on Rh(110), a variety of surface structures
have been reported, depending on the coverage and tem-
perature of treatment.!*”!° Adsorption followed by an-
nealing to 700 K results in (2X3)pg, (2X2)p2mg, and
c(2X2n) structures (n =3, 4, and 5) for coverages of
0.25, 0.5, and 0.6 —1 ML (monolayer), respectively, with
the ¢ (2X 10) structure appearing at the highest coverage.
Reduction by hydrogen at 370 K results, respectively, in
(1X3), (1X2), and (1Xn) structures which are metasta-
ble and revert to (1X1) at temperatures above 480 K.'*
These studies showed that oxygen induces a (1Xn)
reconstruction of the rhodium substrate which contrasts
with the oxygen-induced (n X 1) reconstructions observed
on the (110) surfaces of Cu, Ni, and Ag.

Recent He-diffraction studies of the (2X2)p2mg struc-
ture have shown that the (1X2) reconstruction in this
structure is of the “missing-row” type, where every alter-
nate close-packed [110] row is missing.?° In the present
work, we cannot distinguish between a “missing row”
and an “added row,” since both appear equivalent under
the static equilibrium conditions of the experiment. In
order to satisfy the (2X2)p2mg symmetry seen in low-
energy electron diffraction (LEED) and He diffraction,
the oxygen atoms have been postulated to sit in the
threefold-coordinated sites along the missing-row troughs
of the (1X2) reconstructed Rh substrate.!®!® Each oxy-
gen atom has two equivalent sites within the substrate
unit cell and they are alternatively occupied, forming a
zigzag chain of oxygen atoms along the troughs. The size
of the unit cell is doubled in the [110] direction, and the
zigzag structure gives rise to the glide symmetry of the
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(2X2)p2mg structure, with a coverage of 0.5 ML.

This paper presents scanning-tunneling-microscopy
(STM) results of the ¢ (2X2n) O-Rh(110) phases. The re-
sults indicate a missing-row reconstruction, where every
nth row is missing, and allow us to construct a model for
the structure of these high-coverage phases. The advan-
tages of STM in this type of investigation have been
demonstrated successfully in a number of recent studies,
which are reviewed in Ref. 10.

The STM measurements were performed in an Omi-
cron UHV instrument operated at a base pressure of
<107 mbar. The ¢(2X6) and ¢ (2X 8) oxygen-induced
structures were prepared by exposing the clean Rh(110)
sample to 6 and 12 L of oxygen at 570 K, respectively,
while observing the LEED pattern. Although the LEED
patterns indicated either c(2X6) or c(2X8) patterns,
STM showed that there were small domains of both as
well as the ¢(2X10) structure coexisting with the
predominant structure (see below). In the present case
this turns out to be advantageous, since it allowed us to
examine the three phases from the same set of STM im-
ages. The LEED patterns were examined before and
after imaging in the STM, and remained unchanged dur-
ing the measurement, indicating the stability of these
structures. .

Figure 1 shows a 200X 200-A scan image of the same
structure, and several features are apparent. Bright
bands are resolved in the [ 110] direction, forming groups
of three rows parallel to [110], followed by a trough or
missing row. The conventional ¢ (2 X 8) unit cell consists
of two of these repeat units, i.e., there are six atomic rows
and two missing rows per unit cell. Similarly, the
c(2X6) structure consists of a sequence of two atomic
rows and one missing row. The image in Fig. 1, while
dominated by the ¢ (2 X 8) structure, also shows defects in
the form of a local sequence of two or four rows of atoms,
followed by a missing row. These may be regarded as
small areas of c¢(2X6) and c(2X10) structure in the
¢(2X8) matrix. The very bright protruding patches are
contaminants.

The c(2X6), c(2X8), and c(2X10) phases are shown
in detail in Fig. 2. There is a slight elongation of the
bright protruding spots in the rows in the direction of the
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FIG. 1. A 200X200-A image of the Rh(110) surface after ox-
ygen exposure (12 L, 570 K). The image shows a domain
boundary (D) between two different reconstructed regions with
coexisting phases of (A4)c(2X6), (B)c(2X8), and
(C) ¢(2X10) structures (V' =0.35V, I =0.25 nA).

scan, which is an artifact of the scan conditions. Howev-
er, it is possible to measure the cell dimensions from con-
stant current profiles taken along the two principal direc-
tions of the surface, as shown in Fig. 3. The results indi-
cate that the three structures are very similar except for
the distances between missing rows, which depend on the
number of rows between the missing rows. An important
point to note is that there are always two missing rows in
each conventional unit cell, as required by the centered
space-group symmetry.

The spacing between adjacent bright rows along the
[001] direction is found to be 3.9%+0.1 A which com-
pares well with the expected value of 3.8 A. In the [110]
direction along the rows, the maxima in the current
profiles are measured to be 5.8+0.2 A apart, which com-
pares reasonably with the doubling of the lattice spacing
in this direction, expected to be 5.4 A. The dlscrepancy
in the measured values from the expected values is attri-
buted to instrumental factors such as thermal drift and
piezoelectric creep.

The corrugation measured along the [001] direction
confirms the presence of missing rows of atoms, e.g., for
the ¢(2X6) structure, we measured a corrugation of
0.7 A in the missing row compared to 0.16 A in the pro-
truding rows. This is very similar to the case of the
(1X2) missing-row structure of Au(110), where the STM
corrugation was found to be 0.8 A,2! which provides
qualitative support to the interpretation.

Our STM images do not resolve the oxygen site in the
reconstructed ¢ (2X2n) structures. However, the obser-
vation of the missing row, and the fact that the removal
of oxygen leads to a metastable (1Xn) structure,'* sug-
gests a possible model for the structures (Fig. 4). We pro-
pose a (1Xn) missing-row structure, with oxygen in a
zigzag arrangement in the troughs along the [110] direc-
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(a)

(b)

FIG. 2. (a A 50X50-A image of the c(2X6) structure
(V=1.5V,I=1nA). (b) A 90X 110-A image of the ¢(2X8)
structure (¥ =0.4 V, I =0.25 nA). (c) 80X 80-A image of the
¢(2X10) structure (¥ =0.4 V, I =0.25 nA).
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tion and occupying a threefold-coordinated site. This
model is based on a number of observations concerning
the LEED patterns. At low temperature and high cover-
age, a (2 X 1)p2mg structure is formed, in which the oxy-
gen is believed to form zigzag rows in the troughs. At a
coverage of 0.5 ML and a temperature sufficient for sur-
face diffusion of rhodium, a (2X2)p2mg structure forms,
in which the oxygen again forms zigzag rows in the
troughs. In this case, the substrate is reconstructed to
form a (1X2) missing-row structure. For the ¢ (2X2n)
structures, the STM images show that the number of
missing rows varies with n, i.e., that one out of every n
rows is missing. The model is constructed from these two
structural elements, missing Rh rows and zigzag oxygen
chains, with the further requirement that the observed
space-group structure is present, i.e., centered rather
than glide-line structures. It can easily be shown that the
centered structures can only be produced by arranging
the zigzag rows out of phase; if they are in phase, glide
structures are produced. As noted in Ref. 18, the
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FIG. 3. Typical constant current profile scans along (a) the
[001] and (b) [110] directions, measured from the image of the
¢(2X10) structure.

BRIEF REPORTS 47

threefold-coordinated site is not unreasonable for oxygen
on Rh(110), based on preliminary high-resolution
electron-energy-loss spectroscopy (HREELS) data. How-
ever, in this model, oxygen in the missing-row troughs
sits lower than in the (1X1) troughs. It is also possible
that the oxygen in the missing-row troughs may be ad-
sorbed in one of two threefold-coordinated sites of the
(111) facets.

The coverages indicated by the model of Fig. 4 are in
agreement with the reported coverages'!~1% for the
¢(2X2n) structures. The coverage can be varied con-
tinuously from 0.5 to 1.0 by adjusting the number of
missing rows. For a ¢(2X2n) structure, the coverage is
expected to be (n—1)/n. We suggest that at 0.5-ML
coverage, the lowest-energy state has oxygen adsorbed in
the troughs of missing rows, resulting in the (2X2)p2mg
structure. However, this minimum energy is only a little
lower than the unreconstructed state, because the interac-
tions of an oxygen atom with its nearest Rh and O neigh-
bors are similar and only the second nearest neighbors

FIG. 4. The missing-row structural model for the ¢(2X38)
oxygen-induced phase on Rh(110). The large circles are the Rh
atoms and the small circles are the oxygen atoms. The ¢(2X6)
and the ¢(2X10) structural models can be constructed in a
similar way with every third and fifth row, respectively, of Rh
atoms missing in the [110] direction.
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are different. As the coverage is increased, more oxygen
adsorption sites can be provided if the surface partially
reverts to the unreconstructed state, and it does so with a
regular array of missing rows, involving long-range
oxygen-oxygen interactions over at least half a unit cell in
the [001] direction.

The oxygen-induced reconstructions seen on Ag(110),
Ni(110), Cu(110), and Cu(100) appear to be driven by the
formation of chains of alternating metal and oxygen
atoms along the [001] direction.”!"!2 In contrast, the
present reconstruction seems to be driven by the forma-
tion of missing-row troughs, allowing the oxygen to be
more deeply embedded in the troughs. It is likely that
the oxygen-induced reconstruction of Pd(110) is like Rh,
as He et al.??> have suggested, since the reconstruction
has a (1X2) periodicity. Within the group-VIII and -IB
family of metals, it seems that the [110] missing-row
reconstruction is favored going down the Periodic Table
and to the left, so that the 5d metals are reconstructed
even without oxygen. The metals toward the top and
right evidently reconstruct in a different way.

The structural model proposed here is intended to indi-
cate only the overall arrangement of the surface atoms,
and does not take account of small relaxations of the sur-
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face atoms which may occur. Such displacements must
be consistent with the space-group symmetry of the sur-
face structure, and could involve relaxations of the Rh
atoms on the edges of the troughs away from the troughs,
for instance. Indeed there seems to be some evidence for
such displacements, as evidenced in the line scan of Fig.
3(a). The rows of atoms adjacent to the missing rows are
at a different vertical distance from other rows. This
could indicate a relaxation effect, although it may also be
caused by the limited lateral resolution of the tip. In ad-
dition, preliminary polar-angle x-ray-photoelectron-
diffraction results provide evidence of some lateral shift-
ing of the atoms away from their bulk positions.**

In summary, we have reported a STM study of the
oxygen-induced reconstruction of Rh(110). Three phases
of the type c¢(2X2n) (n =3, 4, and 5) have been imaged.
The results show that the associated substrate reconstruc-
tion is of the (1X=n) type with missing rows, in contrast
to that seen on Cu, Ni, and Ag. Structural models are
proposed involving oxygen in a zigzag arrangement along
the troughs.
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FIG. 1. A 200X200-A image of the Rh(110) surface after ox-
ygen exposure (12 L, 570 K). The image shows a domain
boundary (D) between two different reconstructed regions with
coexisting phases of (A)c(2X6), (B)c(2X8), and
(C) ¢(2X10) structures (¥ =0.35V, I =0.25 nA).



FIG. 2. (a) A 50X50-A image of the ¢(2X6) structure
(V=1.5V, I=1nA). (b) A 90X110-A image of the ¢(2X8)
structure (V' =0.4 V, I =0.25 nA). (c) 80X80-A image of the
¢(2X10) structure (¥ =0.4 V, I =0.25 nA).



